Comments on conditions affecting transport of MeHg from flooded soil with application to Muskrat Falls.
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Transport zones
With respect to transport, the reservoir and its flooded soils can be divided into four regions. Starting from the bottom, these are:

1. The flooded soil matrix (FS)
2. The diffusive boundary layer (DBL) adjacent to the upper side of the FS surface 
3. The “Bottom waters” (BW) that may comprise a hypolimnion if the reservoir is stratified and 
4. The surface mixed layer (SML) in contact with the atmosphere. 

The flooded soil matrix (FS)
The FS is a matrix of organic and mineral material, the pore spaces of which were filled with air prior to flooding and are subsequently filled with floodwaters. The specific characteristics of the zones of the FS at different vertical levels may be varied but all are characterized by small pore spaces. The waters filling the pore spaces are physically constrained so that any turbulence that was introduced would rapidly decay and the system would return to one dominated by molecular processes. As far as I am aware, the only exception to the domination by molecular processes would be as a result of benthic macro-organisms living in the top few cm of the FS. Most of the literature discussing significant bioturbation of sediments is focused on marine sediments. These sediments have low organic carbon content and high oxygen penetration. There is little literature on bioturbation in anaerobic flooded soils. Although the molecular processes dominate, the vertical transport rates may in fact be sub-molecular because of the increased mean vertical distances imposed by porosity and tortuosity. There are many treatments of this in the literature: Hesslein 1980, Sweerts et al. 1989 and Sweerts et al. 1991 are examples.

The diffusive boundary layer (DBL)
The DBL is a layer of water (without sediment particulate) lying just on the sediment-water interface. The DBL, as its name implies, is also characterized by vertical transport at molecular rates. Because it is a water layer, it has no interferences by porosity and tortuosity. The thickness of the DBL is controlled by the turbulence or current in the water above it. The greater the turbulence or current, the thinner is the DBL. The physics of the DBL have been discussed in a number of papers but I believe the relatively recent description by Lorke et al. 2003, from both a theoretical and experimental perspective is the most elegant and useful. Sweerts et al. 1989 and Jorgensen and Des Marais, 1990 also give good discussions. All three of these papers present oxygen data take by microelectrodes in the sediment and water above the sediment. In the example below from Lorke et al. 2003, the data clearly show the gradient in the sediment and in the DBL above the sediment.
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The papers cited by Calder et al.; Peterson 1999 and Wilcox 1996, both also discuss the conditions controlling the formation and depth of the DBL. Typically the DBL ranges from about 50 microns (5E-5 m) in more vigorous regimes to 2 mm (2E-3 M) in calm waters. 

For chemicals like oxygen that can often be consumed by bacterial mineralization of organic matter in the top mm or two of the FS (or sediments as shown in the figure from Lorke et al. 2003), the DBL can impose a significant impediment to the transport and thus be a limiting factor in the flux. A DBL of 2 mm could reduce the flux of oxygen into a FS by 75%. In more turbulent systems a thin DBL of 50 microns would impose only a small restriction on the flux. For chemicals like methane that are generated deeper in the FS and must move at molecular rates over distances of cm to the surface, the DBL is of little consequence to the overall transport.

Because mercury methylation occurs under anaerobic conditions, e.g. where sulfate reduction occurs, it cannot occur in the FS underlying oxygenated reservoir water except below the aerobic zone. Because the zone of sulphate reduction with which methylation is usually associated, is typically mm to cm into the FS, the thickness of the DBL has only a small effect on transport. This is true particularly when overlying waters are more turbulent because the thickness of the DBL is much smaller than the total distance to the anaerobic zone of methylation. Methylation can occur at the surface of flooded soils or sediments if the overlying water is anoxic. However these systems are characterized by low turbulence. The water in the Muskrat Falls Reservoir is expected to be well oxygenated throughout.

Measurements of fluxes of oxygen, carbon dioxide, sulphate and MeHg to and from the FS suggest that within days to a few weeks after flooding the system is in a quasi steady state. Fluxes are relatively constant, as are concentration profiles in the FS. Under the conditions of steady state, the flux of MeHg must be proportional to the rate of production. If the system had developed in a more turbulent environment and therefore was characterized by a thinner DBL, the shape of the profile would be different but as long as the MeHg production rate was not different, the flux would also be the same. It is possible that the decreased DBL would enhance the transport of sulphate to the sediment water interface and an increased flux of sulphate could increase the production of MeHg. However, because sulfate reduction does not occur until aerobic conditions exist, a few mm into the FS, most of the diffusive control of the sulphate transport is exerted by the distance from the FS-water interface to the anoxic zone, not the thickness of the DBL. 

In his reply to a question about the effect of higher turbulence in the overlying water on the flux Calder stated “My model considers homogeneous MeHg in the relevant depth of the soil below the interface with water.” Because the literature strongly argues that Hg is not methylated in the aerobic zone of the FS, it is highly unlikely that the MeHg is homogeneous. The thickness of the aerobic layer (about 1mm in the Lorke sediment study) provides a much greater inhibition to diffusive transport than the DBL, especially under turbulent conditions.

Overall, assuming an oxygenated water column, methylmercury would be produced within the FS zone and the rate limiting step for transport to overlying waters would be diffusion within the FS layer.   Velocity-related differences in the DBL would not have a large impact on diffusion of methylmercury to the water column.
 
The bottom waters (BW)

In unstratified reservoirs, the BW are part of the SML and provide no transport inhibition to the reservoir surface. In temporally or permanently stratified systems the density gradients due to thermal or salinity gradients can very effectively keep chemicals in the BW that were derived from the FS away from the SML. For MeHg this can affect the food chain pathways that the MeHg follows and can change the rates of reactions such as photolytic demethylation.

The surface mixed layer (SML)

The SML normally provides transport of MeHg downstream (although there are dam outflows that draw BW). The SML is the warmest layer so all enzyme driven biological activities a generally fastest here. It is also the layer exposed to sunlight and gas exchange with the atmosphere. It is important to remember that even in stratified reservoirs, much of the FS underlies the SML directly. It is also important to remember that the FS in the shallower waters of a reservoir may be alternately drained and flooded, providing an important alternate pathway to deliver chemicals dissolved in the surface flood waters to the entire FS profile.
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Fig. 1. Two O, microprofiles (circles) recorded at 32-m depth
in Lake Alpnach simultaneously with two sensors (3rd profile, 13
August 1530-1700 h). Horizontally, the sensors were positioned 25
mm apart, and the difference in the vertical positions corresponded
to a time difference of about 10 min. The lines are model results.
The bars represent standard deviations calculated from the 260 val-
ues measured at each depth. Measurements in profile (b) show an
irregular profile in the water overlying the sediment (see Discus-
sion). The DBL thicknesses calculated from these profiles were (a)
0.45 mm and (b) 042 mm.




