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Abstract 

In this dissertation I assess mercury dynamics in the Lake Ontario Basin.  In four interrelated 

phases, ecosystem mercury concentrations and fluxes were analyzed at increasing scales.  Each 

phase is presented in order of increasing scale, starting with a reach-by-reach analysis in the 

Seneca River in New York, then moving up to an analysis of the Lake Ontario watershed, 

followed by an assessment of Lake Ontario, and culminating with an estimate of atmospheric 

mercury exchange for the entire Great Lakes Basin.   

Phase 1 of my research is a multi-year study exploring mercury (Hg) dynamics in the Three 

Rivers system, with particular emphasis on the Seneca River in Central New York.  In addition 

to bi-weekly water sampling, additional field investigations were conducted to estimate 

elemental Hg (Hg
0
) volatilization rates from the river, and to assess the impacts of zebra mussel 

metabolism on Hg
0
 volatilization.  Elemental Hg volatilization was estimated at 1.3 ng m

-2
 hr

-1
 

for the field season, and was positively correlated to incident solar radiation.  It appears that the 

clearing of the water column caused by zebra mussels may increase Hg
0
 volatilization rates due 

to subsequent increased penetration of incident solar radiation, though additional limiting factors 

are apparent.  Reach-by-reach Hg mass balances were developed for three river reaches to assess 

the effects of an intervening hypereutrophic lake, a zone of intense zebra mussel infestation, and 

contributions from Onondaga Lake which is contaminated with elevated levels of Hg.  It was 

determined that particulate Hg (THgP) is the dominant form of Hg in the Seneca River, and Hg 

flux in the ecosystem is governed by flow characteristics.  Intervening Cross Lake serves an 

important role for Hg transport in the Seneca River, reducing total Hg (THg) flux in the river by 

over 65% due to deposition of THgP.  Methylmercury (MeHg) concentration increased over the 



 
 

reach of intense zebra mussel infestation, possibly due to support of anaerobic respiration as a 

result of the zebra mussel oxygen demand.  The river reach receiving input from Onondaga Lake 

shows a 15% increase in THg flux.  Net atmospheric Hg exchange is in the direction of 

deposition.  However, direct atmospheric Hg deposition to the water surface plays a minimal role 

in Seneca River reaches, representing less than 1% of the fluvial Hg flux of the river.  Overall, 

the Seneca River watershed is a sink for inputs of atmospheric Hg at a rate of 42 kg yr
-1

, and the 

watershed efficiently retains >85% of this Hg, exporting approximately 5 kg yr
-1

 to the Three 

Rivers confluence. 

For Phase 2, Hg speciation and concentrations were measured near the mouths of nine tributaries 

to Lake Ontario during two independent field-sampling programs.  Among the study tributaries, 

mean THg ranged from 0.9 to 2.6 ng L
-1

; mean dissolved Hg (THgD) ranged from 0.5 to 1.5 ng 

L
-1

; mean THgP ranged from 0.3 to 2.0 ng L
-1

; and mean MeHg ranged from 0.05 to 0.14 ng L
-1

.  

Watershed land-cover, total suspended solids (TSS), and dissolved organic carbon (DOC) were 

evaluated as potential controls of Hg.  Significant relationships between THgD and DOC were 

limited, whereas significant relationships between THgP and TSS were common.  

Methylmercury was largely associated with the aqueous phase, and MeHg as a fraction of THg 

was positively correlated to open water land-cover.  Wetland cover was positively correlated to 

THg and MeHg particle associations.  A relation was evident between dense urban land-cover 

and higher THgP fractions. 

Phase 3 utilized the results of Phase 2 to estimate Hg flux for ten inflowing tributaries and the 

outlet for Lake Ontario.  Total Hg flux for nine study watersheds that directly drain into the lake 

ranged from 0.2 kg yr
-1

 to 13 kg yr
-1

, with the dominant fluvial THg load from the Niagara River 



 
 

at 154 kg yr
-1

.  Total Hg loss at the outlet (St. Lawrence River) was 68 kg yr
-1

.  Fluvial Hg inputs 

largely (62%) occur in the dissolved fraction and are similar to estimates of atmospheric Hg 

inputs.  Fluvial mass balances suggest strong in-lake retention of THgP inputs (99%), compared 

to THgD (45%) and MeHg (22%) fractions.  Wetland land-cover is a good predictor of MeHg 

yield for Lake Ontario watersheds.  Sediment deposition studies and coupled atmospheric and 

fluvial Hg fluxes indicate that Lake Ontario is a net sink of Hg inputs and not at steady-state 

likely due to recent decreases in point source inputs and atmospheric Hg deposition. 

In Phase 4, rates of surface-air Hg
0
 fluxes in the literature were synthesized for the Great Lakes 

Basin (GLB).  For the majority of surfaces, fluxes were net positive (evasion).   Annual Hg
0
 

evasion for the GLB was estimated at 7.7 Mg yr
-1

, whereas Hg deposition to the area is estimated 

at 15.9 Mg yr
-1

.  This analysis therefore suggests the GLB is a net sink for atmospheric Hg.  

Land-cover types that contributed most to the annual Hg
0
 evasion for the GLB are agriculture 

(~55%) and forest (~25%), and the open water of the Great Lakes (~15%).  Most land-cover 

types displayed similar areal evasion rates, with a range of 7.0 to 21.0 µg m
-2

 yr
-1

.  The highest 

rates were associated with urban (12.6 µg m
-2

 yr
-1

) and agricultural (21.0 µg m
-2

 yr
-1

) lands.  

Considerable uncertainty was noted in estimates of Hg
0
 evasion.  Methods used to estimate Hg

0
 

evasion vary, and results are affected based on the methods applied.  A unified methodological 

approach could partially remedy uncertainty in estimating Hg
0
 fluxes. 
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1. Introduction 

Mercury (Hg) occurs naturally in the environment, but industrial activities, mining, and electrical 

generation have greatly increased Hg emissions to the atmosphere that are subject to long-

distance transport.  The result has been widespread Hg contamination of aquatic environments 

and dangerously high concentrations in biota.  Urban aquatic ecosystems are typically highly 

disturbed due to the number and intensity of stressors, such as domestic waste effluent, runoff 

from impervious surfaces, industrial contaminants, and exotic invasive species.  Effective 

management can be confounded by the complexity of these ecosystems, their responses to 

stressors, temporal and spatial manifestations of the impacts of stressors, and multiple use goals.  

Mercury is of particular concern to environmental managers, especially in zones that are 

conducive to the efficient production of methylmercury (MeHg), and consequent 

bioaccumulation in higher organisms.  The risks to society from Hg are reflected in long-

standing government-issued advisories to reduce human exposure by limiting fish consumption.   

My dissertation research focuses on the Hg dynamics of three linked systems: the 

Seneca/Oswego River, Lake Ontario, and the Great Lakes Basin (GLB).  Although efforts have 

been made to assess the impacts of Hg on some of the Great Lakes (Mason and Sullivan 1997; 

Hurley et al. 1998a; Hurley et al. 2003; Rolfhus et al. 2003; Back et al. 2003), little information 

is available on the inputs of Hg to Lake Ontario.     
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2. Literature Review 

2.1  Mercury Sources and Human Health Concerns 

Elevated emissions Hg occur in the United States (US) and globally, in the form of primary 

anthropogenic emissions such as waste incineration, industrial processes, mining, and the 

burning of fossil fuels (Seigneur et al. 2003; Driscoll et al. 2007b; Driscoll et al. 2013).  The 

increased global Hg pool that results from current and legacy anthropogenic emissions is chiefly 

responsible for elevated Hg levels in surface waters (Fitzgerald et al. 1991; Fitzgerald et al. 

1998). The extent of this contamination is highly variable in time and space due to watershed 

processes which influence transformations and ultimately the supply of Hg to surface waters. In 

addition to atmospheric Hg deposition, industrial processes and wastes, non-point runoff, and 

wastewater treatment plants (WWTPs) can contribute to local Hg problems, particularly in urban 

areas.  An example of local Hg contamination is evident in Onondaga Lake in Central New 

York, due to waste from a former chlor-alkali facility that historically operated on the shore of 

the lake.   

It is difficult to characterize and predict the effects of Hg contamination on humans and wildlife 

due to the complexity of Hg associated with transport, transformations/conversions, and 

bioaccumulation along food webs in the environment.  Of particular interest is the conversion of 

divalent Hg (Hg[II]) to MeHg, which largely occurs in wetlands, surface water sediments, and 

other reducing environments (Selvendiran et al. 2008a).  Methylmercury efficiently 

bioaccumulates and is biomagnified (by a factor of a million to 10 million) along food chains 

(Kamman et al. 2005a; Driscoll et al. 2007b).  This results in potentially dangerous levels of 

exposure of humans and wildlife to MeHg from consumption of fish, the extent and impact of 
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which is well documented in the literature (Mahaffey 1999; Mahaffey 2004; Evers et al. 2008; 

Sandheinrich and Wiener 2011).  In the US, fish consumption advisories have been established 

in all 50 states in an attempt to limit human Hg exposure (Schmeltz et al. 2011).  Similarly, 

Canada has fish consumption advisories in place for waterways in all the Provinces and 

Territories (except Nunavut) due to Hg contamination (Government of Canada 2007).  The 

prevalence of these advisories underscores the need for a quantitative understanding of Hg fate 

and transport in ecosystems.  This information will help environmental managers and 

stakeholders to characterize and quantify the effects of elevated Hg levels, and to anticipate 

ecosystem responses to controls and mitigation measures.   

2.2  Watershed Effects on Mercury 

Watershed characteristics, including topography and land-use patterns, have the potential to 

regulate the supply and bioavailability of Hg in receiving waters (Shanley et al. 2005; Riscassi et 

al. 2011).  Soils with poor drainage, either as a result of chemical/physical characteristics, steep 

slopes, or paving, support increased flow of water over the surface, and therefore increased 

flushing of Hg into receiving waters (Dennis et al. 2005; Shanley et al. 2005).  In watersheds 

dominated by urban, agriculture, or forest lands, Hg(II) is the dominant fraction and is most 

commonly associated with particulate or dissolved organic matter (Hurley et al. 1998b).  In 

urbanized and industrialized watersheds Hg contamination is associated with elevated particulate 

Hg (THgP) loads (Hurley et al. 1995; Mason and Sullivan 1998; Lyons et al. 2006).  Lyons and 

others (2006) suggest that urbanization has a greater effect on THgP loads than agricultural 

activities, though agricultural land-use is frequently linked to increased THgP concentrations and 

loading (Hurley et al. 1995; Babiarz et al. 1998; Wang et al. 2004).  As a result of the particulate-
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association, high discharge events that mobilize particulate matter in such watersheds can serve 

as an important transport mechanism for Hg.   

Forested catchments serve as sinks for Hg (St. Louis et al. 1996; Driscoll et al. 2007b).  Grigal 

(2002) suggests that Hg coming into temperate and boreal watersheds is dominated by 

throughfall and litterfall (approximately 38 µg m
-2

 yr
-1

), with precipitation providing a smaller 

contribution (approximately 10 µg m
-2

 yr
-1

).  He further suggests that only a small amount of 

deposited Hg is exported from watersheds via streamflow (approximately 2 µg m
-2

 yr
-1

), though 

the characteristics of this small relative amount of Hg are very important to its fate and potential 

bioavailability.  Strong associations with the dissolved phase (i.e., higher fractions of THgD) 

were noted by Hurley et al. (1998b) in heavily forested watersheds.  Additionally, associations 

between THgD and DOC are frequently reported in the literature (Driscoll et al. 1995; Hurley et 

al. 1998b; Selvendiran et al. 2009; Dittman et al. 2010).  Elevated DOC concentrations are 

typical of catchments with significant contributions of forest and wetland land-cover.  Some have 

suggested that a MeHg pulse occurs from litterfall inputs in forested catchments (St. Louis et al. 

2001; Balogh et al. 2003).   

Relationships between wetlands and MeHg are noted frequently throughout the literature (Hurley 

et al. 1995; St. Louis et al. 1996; Driscoll et al. 1998; Grigal 2002; Warner et al. 2005).  In 

watersheds that contain wetlands, Hg methylation is supported via anaerobic pathways 

(Selvendiran et al. 2008a).  As a result, streamflow with higher MeHg:THg ratios is commonly 

observed from watersheds with significant wetland coverage.  The positive correlation noted in 

the literature between watershed wetland area and MeHg flux has led one researcher to note the 

irony that wetlands are often targeted for protection via regulation and legislation, and yet are the 
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―single most identifiable source of MeHg in terrestrial systems,‖ and that an ―obvious method to 

reduce MeHg flux…would be to reduce the area of wetlands in watersheds‖ (Grigal 2002). 

2.3  Riverine Mercury Transport 

A number of studies have focused on Hg cycling in rivers (e.g., Babiarz et al. 1998; Balogh et al. 

1998; Dalziel et al. 1998; Hurley et al. 1998b; Lawson et al. 2001; Balogh et al. 2005; Lyons et 

al. 2006; Bradley et al. 2011; Burns et al. 2012; Bradley et al. 2013).  Most researchers compare 

and contrast Hg fate and transport among different watersheds, using factors such as watershed 

land-cover, geology, flow regimes, and particle-Hg relationships to explain trends in Hg 

observations (e.g., Babiarz et al. 1998; Balogh et al. 1998; Babiarz et al. 2012).  Many also 

combine discharge data with Hg concentrations to estimate Hg flux rates from rivers to receiving 

waters (e.g., Hurley et al. 1998b; Lawson et al. 2001; Balogh et al. 2005; Westenbroek 2010).     

The transport characteristics of Hg in rivers are often governed by the dominant phase 

associations of Hg, which in turn are largely a product of watershed characteristics.  Hurley and 

others (1998b) note strong relative particulate-phase associations for Hg (%THgP) as well as 

particle-enrichment in rivers with industrialized watersheds.  They also report a pattern of greater 

dissolved-phase associations (%THgD) in rivers draining more forested watersheds.  This pattern 

is a common, recurring theme throughout the literature; that is, rivers draining urbanized 

watersheds tend to have greater %THgP, and rivers draining forested watersheds often have 

greater %THgD.  This generalization can be further expanded: Hg in rivers draining watersheds 

with significant amounts of agriculture typically have higher %THgP, whereas Hg in rivers 

draining watersheds with significant wetland coverage more commonly have higher %THgD 

(Hurley et al. 1995; Babiarz et al. 1998; Balogh et al. 1998; Hurley et al. 1998b; Balogh et al. 
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2003; Babiarz et al. 2012).  Rivers with strong particle-Hg relationships typically exhibit 

elevated Hg transport during periods of high discharge (e.g., during rain events or spring melt) 

due to overland runoff and resuspension of sediments.  Conversely, rivers with weak particle-Hg 

relationships and higher %THgD will often exhibit a dilution effect during periods of elevated 

discharge (Babiarz et al. 1998; Hurley et al. 1998b).   

Though efforts have been made to estimate tributary Hg loading based on land-cover analysis 

(Babiarz et al. 2012), these generalizations should be used with caution in estimating Hg 

dynamics in rivers.  For example, the bulk of a single watershed may consist of forested land.  

Hypothetically, such a watershed might be expected to have high %THgD.  However, the river 

may pass through a relatively small, though densely urbanized area prior to reaching its outlet, 

which would have the potential to greatly increase the THgP load in the river due to runoff during 

precipitation events or point source discharges (Lawson and Mason 2001; Lyons et al. 2006).  

Similarly, physical alterations such as dams and impoundments, often located in urbanized rivers 

to support flood control and navigation, have been noted to decrease THgP concentrations due to 

reductions in water velocity and subsequent deposition of THgP to sediments (Lawson et al. 

2001).  Such characteristics of a river would not be ascertainable by land-cover analysis alone.  

Due to the strong potential for particle-Hg associations in rivers, the various watershed factors 

that can influence these associations, and the potential effects of in-river physical alterations, 

aquatic field sampling (in particular discharge event sampling) is a vital component in 

determining fluvial Hg transport in rivers (Shanley et al. 2008). 
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2.4  Mercury Mass Balances in the Great Lakes 

The Great Lakes are collectively one of the world’s largest sources of freshwater.  As such, they 

provide drinking water, food, recreation, employment, and transportation to a considerable 

number of stakeholders (Evers et al. 2011).  The region itself is characterized by elevated 

emissions and deposition of Hg (Pirrone et al. 1998; Miller et al. 2005; USEPA 2005; 

NESCAUM 2005; Choi et al. 2008; Denkenberger et al. 2012).  A review of Hg studies for the 

Great Lakes shows an intense research focus on certain lakes (e.g., Lake Michigan) alongside a 

striking dearth of studies on others (e.g., Lake Huron, Lake Erie).   

Lake Superior is the largest of the Great Lakes both in terms of water area (82,100 km
2
) and total 

volume (12,100 km
3
) (Government of Canada and United States Environmental Protection 

Agency 1995).  However, the ratio of drainage area (127,700 km
2
) to water area for Lake 

Superior is the lowest of all the Great Lakes, and the approximate population living within the 

Lake Superior watershed (i.e., 0.61 million) is less than 25% of the next smallest population of 

the Great Lakes watersheds (Lake Huron; 2.7 million) (Government of Canada and United States 

Environmental Protection Agency 1995).  Despite the size of Lake Superior, relatively few 

studies have been conducted to assess Hg dynamics in the lake, perhaps due to the relatively low 

human population living adjacent to the lake.  Some investigations have focused on Hg 

bioavailability (e.g., Kozie and Anderson 1991; Back et al. 2002; Back et al. 2003) and sediment 

Hg content (e.g., Kerfoot et al. 1999; Rossmann 1999).  Major studies addressing tributary Hg 

contributions and open water Hg processes have been limited to tributary sampling conducted in 

the 1990s (Babiarz et al. 2012) and research cruises conducted in April and August of 2000 

(Rolfhus et al. 2003) and May and July 2006 (Jeremiason et al. 2009).  Rolfhus and others (2003) 

synthesized results from the literature to develop a preliminary mass balance for Lake Superior, 
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where the dominant component of the Hg budget was found to be atmospheric exchange.  

However, the researchers noted that estimates of Hg evasion from the lake (720 kg yr
-1

) nearly 

balance estimates of atmospheric Hg deposition (740 kg yr
-1

).  With respect to net fluvial and 

atmospheric Hg, the researchers suggest that Lake Superior is a net Hg sink at a rate of 

approximately 270 kg yr
-1 

(Rolfhus et al. 2003).  Jeremiason et al. (2009) utilized most of the 

estimates of Rolfhus et al. (2003) in development of a mass balance model for Lake Superior, but 

substituted their own range of estimates of Hg evasion (160-310 kg yr
-1

) generated from research 

cruises conducted in 2006.  From these estimates, the researchers propose the dominant loss 

mechanisms of Hg from Lake Superior are sedimentation and volatilization.  The general lack of 

data for Lake Superior was noted as a source of uncertainty for the model (Jeremiason et al. 

2009).  An additional modeling attempt based off of the results reported by Rolfhus et al. (2003) 

has also proposed sedimentation and volatilization as the dominant loss mechanisms of Hg from 

Lake Superior (Qureshi et al. 2009). 

Lake Superior drains directly to Lake Huron through the St. Mary’s River.  Lake Huron and 

Lake Michigan are hydrologically the same lake, being joined by the Straits of Mackinac and 

having the same water elevation.  Viewed separately, Lake Huron is the second-largest of the 

Great Lakes by surface area (59,600 km
2
) and the third-largest by volume (3,540 km

3
); Lake 

Michigan is the third-largest of the Great Lakes by surface area (57,800 km
2
) and the second-

largest by volume (4,920 km
3
) (Government of Canada and United States Environmental 

Protection Agency 1995).  There is a general paucity of recent Hg data and research on Lake 

Huron.  Most of the literature that does address Lake Huron is four decades old (pre-dating clean 

sampling techniques; USEPA 1996), and does not address the lake from a mass balance 

perspective, but is instead limited to analysis of sediments (Thomas 1973; Kemp and Thomas 
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1976) or biota (Weseloh et al. 1983).  Conversely, Lake Michigan may be described as the most 

extensively monitored and studied of all the Great Lakes.  Most notably, a large-scale effort 

known as the Lake Michigan Mass Balance Study (LMMBS) was initiated by the US 

Environmental Protection Agency (USEPA) Great Lakes National Program Office (GLNPO) to 

gather information regarding persistent environmental pollutants in Lake Michigan.  The 

LMMBS supported several investigations regarding Hg in the water column (Mason and 

Sullivan 1997; Sullivan and Mason 1998), atmospheric Hg deposition (Landis and Keeler 2002), 

and Hg in tributaries to Lake Michigan (Hurley et al. 1998b).  These studies have, in turn, 

supported numerous consequential efforts in development of Hg cycling models for Lake 

Michigan (Qureshi et al. 2009; Jeremiason et al. 2009); these more recent works largely 

reference the Hg loading rates developed in the earlier LMMBS studies.  From the LMMBS 

effort, tributary Hg input to Lake Michigan was estimated at 230 kg yr
-1

 (Hurley et al. 1998b), 

fluvial Hg export was estimated to be 20 kg yr
-1

 (Mason and Sullivan 1997), atmospheric Hg 

deposition was estimated at 1,173 kg yr
-1

, and Hg evasion was estimated at 453 kg yr
-1

 (Landis 

and Keeler 2002).  These components suggest that Lake Michigan was a net sink for fluvial and 

atmospheric Hg at a rate of 930 kg yr
-1

.  A more recent USGS study revisited 5 of the original 11 

tributaries sampled as part of the LMMBS, sampling for Hg, nutrients, and polychlorinated 

biphenyls (PCBs) (Westenbroek 2010).  The USGS study described decreases in tributary Hg 

loading rates of approximately 50%, and attributed these observations to reduced sampling 

effort, different flow regimes during sampling periods, and overall net reductions in 

environmental Hg levels (Westenbroek 2010). As noted for Lake Superior, evasion and 

sedimentation are considered the dominant mechanisms of Hg loss from Lake Michigan (Qureshi 

et al. 2009; Jeremiason et al. 2009). 
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Lake Huron’s outlet is the St. Clair River, which in turn drains into Lake St. Clair.  With a 

surface area of 1,100 km
2
, Lake St. Clair is significantly smaller than any of the Great Lakes.  As 

such, it is not considered a Great Lake and therefore will not be addressed here.  Lake St. Clair is 

drained via the Detroit River, which empties into Lake Erie.  Of the five Great Lakes, Lake Erie 

is the fourth largest by surface area (25,700 km
2
) and the fifth largest by volume (484 km

3
) 

(Government of Canada and United States Environmental Protection Agency 1995).  Similar to 

Lake Huron, very little research has been published regarding Hg in Lake Erie.  What does exist 

is outdated or focused on sediments (Thomas and Jaquet 1976), biota (Kelso and Frank 1974; 

Hogan et al. 2007), or atmospheric deposition (Pirrone et al. 1995).  Estimates of Hg 

concentrations in Lake Erie are provided in a study by Dove and others (2012), which indicated 

that the western basin of the lake had THg concentrations of approximately 12 ng L
-1

, at least an 

order of magnitude higher than those observed in any of the other Great Lakes.  However, this 

study did not address tributary inputs of Hg.  Based on the Hg concentrations noted in the open 

water of the lake, it is apparent that additional research would be beneficial regarding Hg cycling 

and tributary Hg inputs to Lake Erie. 

The Niagara River drains Lake Erie from the eastern end of the lake into the southwestern end of 

Lake Ontario.  Lake Ontario is the fifth largest of the Great Lakes by surface area (18,960 km
2
) 

and the fourth largest by volume (1,640 km
3
).  Although efforts have been made to assess the 

impacts of Hg on some of the Great Lakes (e.g., Mason and Sullivan 1997; Hurley et al. 1998b; 

Hurley et al. 2003; Rolfhus et al. 2003; Back et al. 2003), little information is available on the 

inputs of Hg to Lake Ontario.  Lai et al. (2007) estimated net deposition of Hg to Lake Ontario, 

including wet deposition, net exchange of Hg
0
 with the atmosphere, and dry deposition of 

reactive gaseous Hg and particulate Hg to the lake surface.  However, the fluvial component of 
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Hg transport was not included in their study.  In addition, Ethier et al. (2012) developed a model 

depicting transport and transformations of Hg within the lake, with the concentration of Hg in 

inflow water noted as having one of the largest impacts on model predictions of Hg.  Despite this 

noted importance, fluvial inputs and export of Hg from the lake have not been characterized.  

French et al. (2006) suggested that while slight declines were occurring in fish tissue Hg 

concentrations, overall Hg levels remain high, and it is not clear what factors are responsible for 

these patterns.  Information that would provide for a quantitative understanding of Hg transport 

and cycling has been largely lacking for Lake Ontario.  A recent review of the literature found 

record of only three dated sediment cores from Lake Ontario that include Hg analysis, two of 

which were collected in 1981 and the other in 2008 (Drevnick et al. 2012).  Evidence of Hg 

deposition derived from these cores indicates that in recent years, Hg sedimentation has 

decreased up to 80% from peak levels.  However, flux ratios are still three- to seven-fold higher 

in Lake Ontario relative to what is expected in lakes without point sources (Drevnick et al. 

2012).  Further, though sedimentation may act as a sink for Hg, enriched sediments may also 

represent an important internal source of Hg to a lake (Todorova et al. 2009). 

2.5  Hg Emissions and Atmospheric Deposition in the Great Lakes Basin 

[Note: Section 2.5 includes material published in the journal Environmental Pollution by myself 

and the following coauthors: Charles T. Driscoll, Brian A. Branfireun, Chris S. Eckley, Mark 

Cohen, and Pranesh Selvendiran (Denkenberger et al. 2012).  The original material has been 

edited to comply with the dissertation format.  As such, the introduction of the publication is 

largely included here, the body of the work is included in Chapter 6, and the conclusions are 

presented in Chapter 8.4.  Reuse of the published material in this dissertation complies with the 
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publisher’s copyright policy, available at: www.elsevier.com/journal-authors/author-rights-and-

responsibilities.] 

The entire global Hg pool includes inputs from both natural processes and anthropogenic 

activities.  Important natural Hg emissions include processes such as volcanic eruptions, soil 

mineral weathering, and forest fires (Rasmussen 1994).  Industrial emissions, mainly from coal 

combustion, waste incineration, mining, and industrial processes, add significantly to the global 

pool and are the primary sources of Hg to the atmosphere (Seigneur et al. 2003; Driscoll et al. 

2007b; Pirrone et al. 2010).  Human-related contributions are particularly important in urban 

areas, where potential Hg sources are often more densely located.  These additional 

anthropogenic atmospheric emissions and subsequent deposition are largely responsible for Hg 

contamination in aquatic ecosystems (Fitzgerald et al. 1991; Fitzgerald et al. 1998).  Likewise, it 

has been previously discussed that atmospheric Hg exchange represents the largest component 

where Hg mass balances have been developed for the Great Lakes (Mason and Sullivan 1997; 

Landis and Keeler 2002; Rolfhus et al. 2003). 

The global biogeochemical cycle of Hg is characterized by numerous oxidation/reduction 

reactions, where Hg
0
 is oxidized through different mechanisms to Hg(II), and Hg(II) is in turn 

reduced through various pathways to Hg
0
.  In aquatic and terrestrial ecosystems, the majority of 

Hg is Hg(II) (typically bound to particulate matter or other complexing ligands) with lesser 

amounts occurring as Hg
0
 and MeHg.  There is a critical interplay of processes for Hg(II), where 

Hg(II) can be either methylated to MeHg or reduced to Hg
0
.  Evasion of Hg

0
 from lands and 

waters is a significant input to the atmosphere, and at the same time is an output of Hg from the 

terrestrial environment.   

http://www.elsevier.com/journal-authors/author-rights-and-responsibilities
http://www.elsevier.com/journal-authors/author-rights-and-responsibilities
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Terrestrial and aquatic processes can result in the chemical reduction of oxidized Hg species to 

Hg
0
, resulting in volatilization of Hg

0
.  Loss of Hg

0
 to the atmosphere can occur from water, 

vegetation, and soil surfaces (Amyot et al. 1994; Ericksen and Gustin 2004; Ericksen et al. 

2006).  For soils, Hg volatilization has been shown to vary spatially, as a function of surface 

characteristics such as Hg concentration, moisture content, and grain size distribution; and 

temporally as a function of changing meteorological conditions such as solar radiation, 

temperature, and soil moisture (Ericksen et al. 2006; Selvendiran et al. 2009; Choi and Holsen 

2009a; Eckley et al. 2011).  In lakes, photo-reduction of Hg(II) appears to be the primary process 

driving the production of dissolved gaseous Hg (DGM) and its subsequent loss to the atmosphere 

(e.g., Amyot et al. 1994; Lindberg et al. 2000b; O’Driscoll et al. 2003b).  Several proposed 

mechanisms include direct photolysis of Hg(II) to Hg
0
 (Munthe and McElroy 1992; Amyot et al. 

1994) including photosensitizing of Fe
3+

 complexes (Zhang and Lindberg 2001; Ababneh et al. 

2006), sulfite complexes (Munthe et al. 1991; Van Loon et al. 2000), DOC and humic substances 

(Xiao et al. 1991; Nriagu 1994; Xiao et al. 1995), and reduction of Hg(II) involving oxygen 

radicals such as O2
•-
, HO

•
, and H2O2 (Schroeder et al. 1992; Dommergue et al. 2003).  

Photodecomposition of MeHg directly to Hg
0
 has also been suggested (Tossell 1998).  Because 

photo-reduction of Hg(II) is an important driving mechanism in the volatilization of Hg
0
, studies 

are characterized by marked diel changes in evasion rates. 

Recent estimates have suggested that Hg
0
 evasion may account for a substantial fraction of Hg 

loss from ecosystems.  For example, Quémerais et al. (1999) estimated that the fluvial loss of Hg 

from Lake Ontario to its only outlet, the St. Lawrence River, is approximately 5.9 µg m
-2

 yr
-1

.  

The volatilization rate of Hg
0
 from Lake Ontario was estimated by Lai et al. (2007) to be 

approximately 5.8 µg m
-2

 yr
-1

.  Likewise, in a Hg mass balance for Arbutus Lake in the 
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Adirondack Mountains, New York, Selvendiran et al. (2009) estimated fluvial Hg loss to be 1.2 

µg m
-2

 yr
-1

 and Hg
0
 volatilization to be 7.8 µg m

-2
 yr

-1
. 

Published measurements of Hg
0
 volatilization rates include both aquatic and land surfaces.  The 

rates of Hg volatilization reported in the literature range from < 5 ng m
-2

 hr
-1

 from pristine lakes 

and forest soils to >10,000 ng m
-2

 hr
-1

 from contaminated soils (Gustin et al. 2003; Amyot et al. 

2004).  Gaseous Hg
0
 has an atmospheric residence time of around 1 year (Fitzgerald and Mason 

1997; Smith-Downey et al. 2010).  As a result, Hg
0
 may be transported globally prior to being 

deposited back to the Earth’s surface following volatilization.  Deposition occurs following 

oxidation of Hg
0
 to Hg(II), and subsequent complexation of Hg(II) with airborne particulates or 

dissolution in water.  In forest systems Hg
0
 can also enter the stomata of leaves which can be 

deposited to the forest floor during litter fall (Driscoll et al. 2007a).  Divalent Hg returns to the 

Earth’s surface as wet (i.e., rain), dry (i.e., particulate, gaseous), or litter fall deposition.   

2.6  Dissertation Objectives and Approach 

The objectives of my research are: 1) to perform a large river reach analysis by characterizing 

and quantifying the transport, transformations, and fate of Hg in the Seneca River; 2) to perform 

a sub-watershed analysis for major tributaries to Lake Ontario with respect to land-cover and Hg 

dynamics; 3) to collect and analyze tributary samples for Lake Ontario and develop a preliminary 

mass balance of Hg for the lake; and 4) to perform a literature review and synthesis of Hg 

emissions estimates and examine these in the context of atmospheric emissions, deposition, and 

fluvial losses of Hg for the GLB. 
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Three interrelated field efforts in conjunction with laboratory and data analyses have been 

carried out to meet these goals, and the research has been divided into the following four phases 

in order to address the proposed objectives:   

Phase 1:   In order to improve understanding of Hg fate and transport in the Seneca River, water 

samples were collected every two weeks from multiple locations along an approximate 38 

kilometer reach beginning immediately upstream of Cross Lake (navigation buoy 430) to just 

upstream of the Oneida River/Seneca River juncture (navigation buoy 224).  Sample collection 

occurred during the summer field seasons (approximately June through September) of 2007, 

2008, and 2009, and these samples have been analyzed for both whole-water (i.e., THg) and 

filtered (i.e., THgD) forms of THg, and whole-water MeHg.  Methylmercury analysis was 

initially performed on filtered samples as well, but it was determined that all detectable MeHg in 

samples collected from the Seneca River was associated with the particulate form, and therefore 

MeHg analysis of filtered samples was abandoned.  Additional detailed field sampling, involving 

novel Hg evasion equipment, was conducted over a diurnal period at points directly above and 

below the reach of intense zebra mussel infestation.  During the diurnal experiments evasion 

measurements were made hourly over 24 hour periods.  Additional water quality parameters (i.e., 

dissolved oxygen [DO], chlorophyll-a [Chla], turbidity [Tn], pH, temperature, and specific 

conductance) were routinely recorded at each sampling station throughout the field seasons using 

computer controlled robotic profiling platforms (Effler et al. 2002) and field-deployed Yellow 

Springs Instruments (YSI) DataSonde 6600 units configured with probes for each parameter 

(O’Donnell 2001).  These measurements, coupled with flow data available from US Geological 

Survey (USGS) gauging stations, have supported fate determination of mass fluxes of Hg species 

on a reach-by-reach basis.  By coupling discharge with river concentrations, the mass fluxes of 
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Hg species were calculated.  The details and results of Phase 1 of my research are presented in 

Chapter 3.   

Phase 2:  The Lake Ontario tributary sampling involved the collection of samples twice per 

month from nine rivers within the lake’s immediate watershed (i.e., not connected via Lake Erie 

and the Niagara River).  Sample analysis included supplementary chemistry (e.g., TSS, cations, 

anions, particulate organic carbon [POC], DOC, pH) in addition to THg and MeHg.  Four of the 

study rivers are located in the US (Genesee, Oswego, Salmon, and Black) and were sampled 

between June 2009 and May 2010.  The remaining five study rivers are located in Canada 

(Twenty Mile, Credit, Humber, Ganaraska, and Trent) and were sampled between June 2008 and 

December 2009.  Results from the sample analysis have been used in conjunction with a 

geographic information system (GIS) approach to assess the effects of watershed characteristics 

on Hg speciation and fluxes.  The details and results of Phase 2 of my research are presented in 

Chapter 4. 

Phase 3:  In addition to the rivers discussed for Phase 2, the Niagara and St. Lawrence rivers 

were also sampled twice per month between June 2008 and December 2009 (Niagara) and from 

June 2009 to May 2010 (St. Lawrence).  The mass transport of Hg species for all sampled 

tributaries has been estimated by coupling fluvial concentration measurements with discharge 

data available from USGS and Environment Canada stations.  An overall Hg budget was 

developed for the lake based on fluvial inputs and losses.  The results of this exercise have been 

used in conjunction with independent estimates of atmospheric Hg exchange and in-lake 

sedimentation to develop a Hg mass balance for Lake Ontario, and are presented and discussed 

in Chapter 5.   
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Phase 4: In order to better place results of the Lake Ontario mass balance within the context of 

the GLB, part of my research also included a literature review and synthesis of atmospheric Hg 

evasion for the GLB.  Atmospheric Hg evasion fluxes were estimated for land-cover classes 

within the GLB based on published data, and scaled in conjunction with digital land-cover data 

to estimate annual Hg
0
 evasion for the entire basin.  This flux was put in context by comparison 

with estimates of direct anthropogenic Hg emissions, atmospheric Hg deposition, and riverine 

Hg loss.  The details of the literature review and synthesis conducted for Phase 4 of my research 

are provided in Chapter 6.  
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3. Seneca River Analysis 

3.1 Introduction 

Considerable research has been conducted on the Seneca River.  However, despite elevated Hg 

inputs resulting from Onondaga Lake, there is no information on Hg transport and 

transformations in the river.  Likewise, there is no information on the effects on Hg cycling of 

the dense population of zebra mussels that have infested the river.  The formation of MeHg is 

favored under reducing conditions, as this process is largely mediated by sulfate reducing 

bacteria, which are strict anaerobes (Benoit et al. 2001).  The dense population of zebra mussels 

documented in the Seneca River Barge Canal Cut results in a significant oxygen demand across 

this reach as a result of both zebra mussel respiration and the decomposition of zebra mussel 

pseudofeces (Effler et al. 1996).  As a result, zebra mussel metabolism may facilitate the 

formation of MeHg by supporting the potential for anaerobic conditions in the river.  In addition, 

zebra mussels are nondiscriminatory filter feeders and as such, they will take in and process any 

particulate matter possible.  This may result in dissociation and mobilization of Hg from 

particulate matter following egestion.  The documented clearing of the water column by the 

zebra mussels (Denkenberger et al. 2007) allows additional penetration of solar radiation.  

Reduction of Hg(II) to volatile Hg
0
 has been identified to occur largely via sunlight-induced 

reactions (Xiao et al. 1995; O’Driscoll et al. 2003a).  Increases in light penetration as a result of 

zebra mussel metabolism may therefore increase volatilization (i.e., loss) of Hg from the Seneca 

River.  The effects of zebra mussels on Hg cycling are therefore expected to be complex and 

variable. 
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The results of a multi-year study have been combined to explore Hg dynamics in the Three 

Rivers system, with particular emphasis on the Seneca River.  Results from these sampling 

efforts are presented here in the context of a reach-by-reach Hg mass balance analysis for the 

Seneca River.  Relationships between ancillary chemistry and Hg speciation and transport are 

also explored.  It is hypothesized that Hg in the Seneca River is largely in a particulate form and 

transport is therefore governed by flow.  This largely unavailable form of Hg can be altered in 

space and time due to shifts in redox conditions associated with the stratification of adjacent 

lakes (Onondaga Lake, Cross Lake) and zebra mussel metabolism. 

3.2 Study System 

The Seneca River is a river system located in Central New York that drains the Finger Lakes 

region and is influenced by diverse land-cover and associated human activities (i.e., urban, 

forest, agricultural lands; Figure 3.1, p. 21).  The Seneca River flows eastward through Cross 

Lake towards the outlet of Onondaga Lake, and turns northward to join the Oneida River.  At 

this confluence, both rivers form the Oswego River.  The Oswego River flows northward, 

draining into Lake Ontario.  Collectively, these rivers are known as the Three Rivers system.  

The Three Rivers support multiple uses including navigation, power generation, and waste 

discharge.  All three rivers are channelized, with a minimum maintained depth of 4.5 meters, and 

all support a series of locks and impoundments due to inclusion in the NYS Barge Canal System.  

As a result of this channelization, natural reaeration has been greatly reduced (Canale et al. 

1995).  Also, a 1.7 km reach of the Seneca River supports a considerable infestation of invasive 

zebra mussels (Dreissena polymorpha) (Effler et al. 2004).  Numerous water quality impacts 

have been documented over this reach resulting from zebra mussel metabolism, including 

depletion of DO and increased water clarity (Effler et al. 2004; Denkenberger et al. 2007; Effler 
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et al. 2010).  Onondaga Lake is an important site of local Hg contamination from the former 

chlor-alkali facility and urban runoff from the city of Syracuse.  Indeed, the sediments of 

Onondaga Lake are on the National Priority List.  Fluvial Hg inputs from Onondaga Lake are 

transported downstream to the Seneca/Oswego River system and ultimately Lake Ontario.     

Samples were collected at four navigational buoys along the Seneca River (Figure 3.1, p. 21).  

Navigational buoy 430 (B430) is located approximately 1.5 km upstream of the Seneca River’s 

entrance into the southern end of hypereutrophic Cross Lake (Effler and Carter 1987).  Cross 

Lake is approximately 1.5 km wide between the points where the Seneca River enters and exits.  

Navigational buoy 409 (B409) is located approximately 1.5 km downstream of Cross Lake, at 

the beginning of the NYS Barge Canal Cut.  Immediately downstream of B409, the Seneca River 

flow follows the NYS Barge Canal Cut, which is characterized by a significant infestation of 

zebra mussels.  The water quality signatures of this invasive species have been recorded by 

routine monitoring at Navigational Buoy 317 (B317), and are described elsewhere (Effler and 

Siegfried 1998; Effler et al. 2004; Denkenberger et al. 2007; Glaser et al. 2009).  Specific effects 

of the zebra mussels include reductions in Tn, Chla, and DO, as well as increases in water clarity.  

Below the Cut, the Seneca River has no significant point-source inputs or notable physical 

characteristics until it reaches Lock 24 in Baldwinsville, NY.  The river is slow-moving through 

this reach and often exhibits evidence of stratification, with minimal reaeration potential as a 

result of channelization (Glaser et al. 2009; Effler et al. 2010).   

The downstream boundary of the study system is marked by Navigational Buoy 224 (B224), 

which is located just upstream of the confluence of the Seneca River and the Oneida River, and 

the beginning of the Oswego River (Figure 3.1, p. 21).  The Seneca River travels approximately 
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19 km between B317 and B224.  The single most notable characteristic of this reach occurs 

approximately 7 km downstream of B317, where the only outlet of Onondaga Lake discharges 

into the river.  In the past, Onondaga Lake has been characterized as one of the most 

contaminated lakes in the country (Hennigan 1990).  This distinction came as a result of the lake 

receiving significant industrial and domestic waste inputs during the settling and industrialization 

of the area, and failure to meet a number of water quality standards.  Most notably, 

approximately 75,000 kg of Hg were disposed of in the lake as a by-product of a chlor-alkali 

facility situated near the lake’s southwestern shore between the 1940s and mid-1980s (Effler and 

Bloom 1990).  As a result of this severe Hg contamination, Onondaga Lake has been the focus of 

significant remediation efforts since the latter part of the 20
th

 century; dredging activities began 

in 2012 as part of the selected remedy to address this Hg contamination (Honeywell 2013).  

However, the period of this study (i.e., 2007-2009) was prior to in-lake remediation activities. 

 

Figure 3.1  Study system and sample locations (B430, B409, B317, and B224).  Aerial image 

from Google Earth. 
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3.3 Methods 

In order to improve understanding of Hg fate and transport in the Seneca River, water samples 

were routinely collected every two weeks from four locations (Figure 3.1, p. 21) along an 

approximate 38 kilometer reach beginning immediately upstream of Cross Lake (B430) to just 

upstream of the Oneida River/Seneca River confluence (B224).  Sample collection occurred 

during the summer field seasons (approximately June through September) of 2007, 2008, and 

2009.  Samples were collected from a depth of 3-m at all locations; additional samples were 

collected from a depth of 1-m at B409 and B224.  Samples collected from the Seneca River were 

analyzed for both THgP and THgD, and whole-water MeHg.  

Sample collection was performed using trace metal clean protocols as described in Method 1669 

(USEPA 1996).  Upon arrival at the laboratory, 250-500 mL water sample aliquots were filtered 

through pre-cleaned 0.45-µm filters.  Whole and filtered water samples were then preserved 

using 4 mL L
-1

 11.6 M trace metal grade hydrochloric acid.  Total Hg analysis was conducted 

using cold vapor atomic fluorescence spectrometry (CVAFS; Bloom 1989; USEPA 2002).  

Methylmercury determination was performed via aqueous phase ethylation with sodium 

tetraethylborate (NaB[C2H5]4), purge and trap separation and detection by CVAFS (Horvat et al. 

1993a; Horvat et al. 1993b; Liang et al. 1994).  Total particulate Hg was calculated as the 

difference between whole- and filtered-sample results; consequently, some reported THgP 

concentrations are below THg and MeHg detection limits (0.20 and 0.02 ng L
-1

, respectively).  

Supplementary water quality measures included DO, Chla, Tn, pH, temperature, and specific 

conductance.  The supplementary measures were collected as discussed earlier using computer 

controlled robotic profiling platforms (Effler et al. 2002) and field-deployed YSI DataSonde 
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6600 units configured with probes for each parameter (O’Donnell 2001).  Collection of 

supplemental measures did not extend beyond the Seneca River.   

Additional detailed field sampling, involving novel Hg evasion equipment, was conducted over a 

diurnal period at points immediately upstream and downstream of the reach of intense zebra 

mussel infestation (i.e., the NYS Barge Canal Cut; Figure 3.1, p. 21).  The upstream site was 

forested to the river bank, while the downstream site was a privately-owned lawn with some 

trees nearby.  Three field sampling events were conducted over the summer of 2010 (July 13-15, 

July 26-28, and August 24-26).  During each event, the sampling equipment was initially 

deployed in the late afternoon at the upstream site and allowed to run for nearly 24 hr.  In the 

mid-afternoon of the following day, the instrumentation was disassembled, moved, and 

redeployed at the downstream site, where it was again allowed to run for nearly 24 hr. 

The Cut is particularly well-suited for analysis of the water quality signatures of zebra mussels, 

as there are no point-source loadings or noteworthy tributary inflows along this 1.7 km reach.  It 

can therefore be viewed as an input-output system.  Gaseous Hg
0
 flux (i.e., Hg

0
 volatilization) 

from the Seneca River was estimated using a variation of the method detailed by O’Driscoll et al. 

(2003b).  A 1.5 L volumetric glass sparger in series with a Hydrolab Minisonde 4a and Tekran 

2537A elemental Hg analyzer was used to measure dissolved gaseous Hg (DGM) in river water 

every 5 minutes.  A 0.64-cm diameter Teflon sample inlet tube was installed as far from the river 

bank as possible without impeding the navigational channel (approximately 50 feet from shore at 

the upstream site and 20 feet from shore at the downstream site).  The sample inlet was 

suspended approximately 15 cm below the river surface.  River water was continuously pumped 

at a rate of 50 mL min
-1

 using a Cole Parmer 7524-40 peristaltic pump.  The sample water first 
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passed through the Hydrolab flow cell for measurement of temperature, pH, redox potential, 

conductivity, and DO.  The river water was then pumped into the bottom of the 1.5-L glass 

sparger, where a glass frit bubbled 1.0 L min
-1

 of Hg-free air as provided by a Tekran Model 

1110 zero-air generator.  Sample water exited the sparger at the 1.0 L mark, and sample air was 

flushed through Teflon tubing to the Tekran 2537A, where it was analyzed for gaseous Hg 

concentration.  Weather conditions (i.e., temperature [°C], humidity, wind speed [km h
-1

], 

barometric pressure [Pa], solar radiation [W m
-2

]) were continually recorded by a Vantage Pro 2 

Plus weather station.  Electricity was provided by both a gasoline-powered generator and deep-

cycle batteries. 

Elemental Hg volatilization was calculated as outlined by Selvendiran et al. (2009).  Specifically, 

the following mass transfer model (Liss and Slater 1974) was used to estimate gaseous Hg
0
 flux 

from DGM measurements: 

    
          

 
  

⁄       
⁄

  (Eq. 3.1) 

where F = Hg
0
 volatilization, reported as a flux (ng m

-2
 hr

-1
); Ca = concentration of Hg

0
 in air (ng 

m
-3

); H = dimensionless Henry’s Law constant; Cw = concentration of DGM in water (ng m
-3

); 

Ka = air mass transfer coefficient of Hg
0
 (9 m hr

-1
); and Kw = water mass transfer coefficient of 

Hg
0
 (0.09 m hr

-1
).  A value of 1.5 ng m

-3
 was used for Ca (Selvendiran et al. 2009).  Values for 

Ka and Kw were estimated by Schroeder et al. (1992).  The Henry’s Law constant was calculated 

using a temperature-variable model developed by Sanemasa (1975): 

H = 0.0074T + 0.1551  (Eq. 3.2) 
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where H = Henry’s Law constant (dimensionless) and T = water temperature (°C). 

Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, Inc. 2008).  For tests 

of significance, α was set to 0.05 unless otherwise noted.  Student’s t-tests were used to test for 

sample differences unless normality tests failed, in which case Mann-Whitney rank sum tests 

were applied.  For calculation of means, medians, and standard deviations, non-detect samples 

were assigned a value of one-half the detection limit of 0.20 ng L
-1

 for THg and 0.02 ng L
-1

 for 

MeHg.  This approach was used to fill data gaps for less than 4% of all Hg analyses (15 of 473 

samples), though the majority of non-detects occurred for MeHg analyses (10 of 108 samples).   

The mass transport of Hg species was estimated by coupling fluvial concentration measurements 

with discharge data available from the USGS station in Baldwinsville, New York (USGS Station 

04237500).  Calculations were performed using FLUX32 software, version 3.03 (Walker 1987).  

The FLUX32 model utilizes daily discharge rates (where available) in conjunction with analyte 

concentrations to estimate material fluxes.  Multiple calculation methods are provided in the 

software package, allowing the user to choose the one that best suits the flow and concentration 

characteristics of each tributary.  Continuous flow data are available for the Seneca River, and 

sample data are available for most Hg species on a biweekly basis for the field seasons (i.e., June 

through September) of 2007, 2008, and 2009.  Estimates of fluxes for Hg species in this study 

generally displayed small relative variations among most calculation methods.  However, the 

smallest coefficients of variation were typically noted for Calculation Method 2 (which bases 

flux estimates on flow-weighted concentrations), and as a result this method was selected for 

generation of the reported flux rates. 
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The Community Multi-scale and Air Quality (CMAQ; http://www.epa.gov/asmdnerl/ 

EcoExposure/deposition Mapping.html; Bullock and Brehme 2002) model was used to support 

development of mass balances for the river reaches based on the Hg emission inventory for 2005.  

This model has been used to develop estimates of particulate and ionic atmospheric Hg 

deposition on a 12 km grid.  A GIS approach was used to analyze depositional rates for each of 

the 12 km squares over the Three Rivers watershed. 

A simple input/output model was used to assess Hg fate and transport through the river reaches.  

Key elements included estimates of fluvial Hg flux at each bounding station.  Flux estimates at 

upstream buoys were considered as inputs to the reach whereas estimates at downstream buoys 

where expressed as outputs.  Atmospheric exchange was held constant across all river reaches as 

the net sum of evasion and deposition estimates.  Net gains or losses across reaches are explored 

relative to reach characteristics. 

3.4 Results and Discussion 

3.4.1 Physical Controls on Mercury Volatilization in the Seneca River 

In situ measurements of DGM resulted in detailed time series records over the study periods.  

The complete records of DGM, modeled Hg
0
 volatilization flux, solar radiation, and water 

temperature for the bounding sites are illustrated as time-series in Figures 3.2.1, 3.2.2, and 3.2.3 

(pp. 28-30).  The DGM concentration and Hg
0
 volatilization flux were low during the evening 

and night, and increased markedly during the day with increases in solar radiation and 

temperature.  Air temperature and river discharge varied during the study periods as outlined in 

Table 3.1 (p.27). 

  

http://www.epa.gov/asmdnerl/%20EcoExposure/deposition%20Mapping.html
http://www.epa.gov/asmdnerl/%20EcoExposure/deposition%20Mapping.html
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Table 3.1  Summary of Seneca River discharge and air temperature during the 2010 Hg
0
 

volatilization field sampling events.  Air temperature recorded in the field using Vantage Pro 2 

Plus weather station.  Daily river discharge recorded at the USGS station in Baldwinsville, New 

York (USGS Station 04237500). 

Event Date Range 

Air Temperature  

(°C) 

Daily River Discharge  

(m
3
 s

-1
) 

Min Max Min Max 

1 
Upstream July 13-14 21.1 28.8 52.7 78.2 

Downstream July 14-15 19.3 32.4 52.7 78.7 

2 
Upstream July 26-27 17.6 27.8 135.9 176.4 

Downstream July 27-28 17.5 29.9 62.9 135.9 

3 
Upstream August 24-25 17.3 22.3 100.2 104.5 

Downstream August 25-26 15.8 23.0 92.6 100.2 

 

Preliminary studies in 2008 and 2009 suggested a relationship of increasing Hg evasion from the 

water column with increases in incident solar radiation.  Regression analysis of data collected in 

2010 supported these observations.  Daytime (i.e., sunrise to approximately 15:00 hours) Hg
0
 

volatilization as a function of solar radiation is shown in Figure 3.3 (p. 33).  Note that each event 

at the upstream site appears to follow a distinct relationship between Hg
0
 volatilization and solar 

radiation.  Data from the downstream site may also exhibit different Hg
0
 volatilization – solar 

radiation relationships for each event, though the differences are not as evident and all three 

sampling events seem to blend together due to considerable scatter in the data with increasing 

solar radiation.  At the upstream site, maximum observed Hg
0
 volatilization values varied by 

nearly an order of magnitude between events, from approximately 0.7 ng m
-2

 hr
-1

 during Event 3 

to approximately 5.5 ng m
-2

 hr
-1

 during Event 1.   A lesser degree of variability was noted 

between events at the downstream site, where maximum observed Hg
0
 volatilization values 

varied twofold between events, from approximately 2.9 ng m
-2

 hr
-1

 during Event 3 to 
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approximately 5.8 ng m
-2

 hr
-1

 during Event 2.   Based on these results, it is likely that an 

additional factor is limiting Hg
0
 volatilization. 

In addition to solar radiation, Hg
0
 volatilization has been linked to water temperature (Xiao et al. 

1991; Schroeder et al. 1992; Amyot et al. 1994; Gårdfeldt et al. 2001).  The observations in my 

study suggest both physical factors may limit volatilization in the Seneca River.  Linear 

regression suggested that solar radiation could explain 29% of daytime Hg
0
 volatilization in the 

study system, whereas water temperature appeared to be a much stronger predictor of Hg
0
 

volatilization (r
2
 = 0.77).  However, regardless of water temperature, overnight Hg

0
 volatilization 

values are largely zero or slightly negative (i.e., suggesting deposition; Figures 3.2.1, 3.2.2, and 

3.2.3; pp. 29-31).  Though the lower overall water temperatures recorded during Event 3 (Figure 

3.2.3, p. 31) appear to have decreased the response of Hg
0
 volatilization to solar radiation (Figure 

3.3, p. 33), net volatilization does not generally occur without solar radiation. 

The scatter plot presented in Figure 3.4 (p. 34) provides a closer look at the relationship between 

water temperature and Hg
0
 volatilization.  The figure presents Hg

0
 volatilization at the upstream 

site during the 13-15 July 2010 event (Event 1) as a function of water temperature, with separate 

symbols used to identify (1) the first day and night of sampling (―Day 1 and Night;‖ open 

triangle), and then (2) the second day of sampling (―Day 2;‖ closed circle).  Nonlinear 

relationships appear evident; however, as water temperature continued to increase on Day 2, Hg
0
 

volatilization values appeared to peak and then decrease.  This observation indicates that Hg
0
 

volatilization is not primarily driven by water temperature.  Instead, solar radiation, which is 

related (r
2
 = 0.26) to water temperature (Figure 3.5, p. 35), appears to be the strongest primary 

factor influencing Hg
0
 volatilization.  As solar radiation decreases, Hg

0
 volatilization values   
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Figure 3.2.1  Event 1. Time series of DGM concentration and Hg
0
 volatilization (reported as 

flux) and supporting values of water temperature and solar radiation for a sampling event July 

13-15, 2010 upstream and downstream of the Cut in the Seneca River. 
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Figure 3.2.2  Event 2. Time series of DGM concentration and Hg
0
 volatilization (reported as 

flux) and supporting values of water temperature and solar radiation for a sampling event July 

26-28, 2010 upstream and downstream of the Cut in the Seneca River.  
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Figure 3.2.3  Event 3. Time series of DGM concentration and Hg
0
 volatilization (reported as 

flux) and supporting values of water temperature and solar radiation for a sampling event August 

24-26, 2010 upstream and downstream of the Cut in the Seneca River.  
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almost immediately decrease (Figures 3.2.1, 3.2.2, and 3.2.3; pp. 29-31).  On the other hand, 

water retains heat from solar radiation for a short period, and therefore water temperature is not 

as responsive to changes in solar radiation as Hg
0
 volatilization.  Note the different values of Hg

0
 

volatilization at equivalent temperatures between the ―Day 1 and Night‖ and ―Day 2‖ periods on 

Figure 3.4 (p. 34).  At equal water temperatures ―Day 2‖ Hg
0
 volatilization values are as much as 

threefold higher than ―Day 1 and Night‖ Hg
0
 volatilization values.  The ―Day 1 and Night‖ data 

in the temperature range of 24- to 27 °C were collected overnight, between 19:00 and sunrise of 

the following day (Figure 3.2.1, p. 29).  The ―Day 2‖ data in the same temperature range were 

collected after sunrise on the following day (Figure 3.2.1, p. 29).  This observation underscores 

the direct dependence of Hg
0
 volatilization on solar radiation.The data recorded in my study 

suggest that solar radiation predicts 33% and 42% of Hg
0
 volatilization at the upstream and 

downstream sites, respectively, and that water temperature predicts 69% and 80% of the 

variation in Hg
0
 volatilization at the upstream and downstream sites, respectively.  In addition, 

solar radiation is less strongly correlated to water temperature at the upstream site (r
2
 = 0.19) 

than at the downstream site (r
2
 = 0.40).  Although best efforts were made to collect comparable 

field data at both sites, sun exposure was more limited at the upstream site due to adjacent forest 

cover.  The decoupling of solar radiation and Hg
0
 volatilization, particularly at the upstream site, 

may therefore be partly attributable to experimental conditions.  In addition, the photoreduction 

of Hg(II) is more efficient when caused by light with shorter wavelengths (i.e., ultraviolet, < 400 

nm) (Costa and Liss 2000).  The solar radiation sensor included with the Vantage Pro 2 Plus 

weather station used for my study detects wavelengths in the range of 400 – 1,100 nm.  As a 

result, variations in ultraviolet radiation were not recorded, though these variations may be partly  
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Figure 3.3  Elemental Hg volatilization as a function of solar radiation at upstream (upper panel) 

and downstream (lower panel) sites for all three sampling events. Note relationship at both 

upstream and downstream sites between solar radiation and Hg
0
 volatilization (reported as flux) 

at low solar radiation (i.e., < 400 W m
-2

). 
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Figure 3.4  Elemental Hg volatilization (reported as flux) as a function of water temperature 

during 13-15 July 2010 event (Event 1).  Note that time advances from right to left along the 

―Day 1 and Night‖ symbols (5 PM, July 13 to 5 AM, July 14; open triangle), and then from left 

to right along the ―Day 2‖ symbols (5 AM, July 14 to 4 PM, July 14; closed circle). 

responsible for the noted disparity between solar radiation and Hg
0
 volatilization relative to 

water temperature and Hg
0
 volatilization.  

The suggestion that solar radiation drives Hg
0
 volatilization has been reported elsewhere (Xiao et 

al. 1995; O’Driscoll et al. 2003a; O’Driscoll et al. 2007; Selvendiran et al. 2009).  In some 

studies, the relationship between Hg
0
 volatilization and solar radiation was strengthened by 

shifting solar radiation to some period approximately 60-90 minutes prior to the DGM value 

recorded (O’Driscoll et al. 2003a; Selvendiran et al. 2009).  In this study, however, the 

relationship between solar radiation and Hg
0
 volatilization was not strengthened by shifting solar 
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Figure 3.5  Water temperature as a function of solar radiation at both sites during all events.  

radiation.  A similar observation was made in another study performed on the St. Lawrence 

River (O’Driscoll et al. 2007).  The experiments that exhibited stronger relationships with shifted 

solar radiations were conducted on lentic systems, whereas my experiment and that by 

O’Driscoll et al. (2007) were conducted on lotic systems.  Perhaps the well-mixed nature of a 

river relative to a lake may increase exposure of Hg(II) to solar radiation and thus increase rates 

of photoreduction. 

3.4.2 Effects of Zebra Mussels on Mercury Volatilization 

The New York State Barge Canal Cut is particularly well-suited for analysis of the water quality 

signatures of zebra mussels, as there are no point-source loadings or noteworthy tributary inflows 

along this 1.7-km reach.  In order to determine whether Hg
0
 volatilization was different between 

the upstream site (i.e., above the dense concentration of zebra mussels) and the downstream site 

(i.e., below the dense concentration of zebra mussels), t-tests were attempted on the daytime Hg
0
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volatilization data using SigmaPlot (Systat Software, Inc. 2008).  However, the Hg
0
 volatilization 

data were not normal, and efforts to achieve normality via transformations were not successful.   

The Mann-Whitney Rank-Sum Test is a non-parametric hypothesis test; as such, it does not 

require observations to follow any particular probability distribution, and was therefore applied 

to the dataset.  Since Hg
0
 volatilization values were almost non-existent overnight (see Figures 

3.2.1, 3.2.2, and 3.2.3; pp. 28-30), testing was conducted on mid-day values, when solar 

radiation and Hg
0
 volatilization values were strongest.  Event 1 exhibited no significant 

difference between upstream and downstream values (p = 0.531).  This result was likely 

influenced by a rain event that occurred the first afternoon of deployment at the upstream site.  

Lindberg et al. (2000) noted that rain resulted in immediate increases in DGM levels, likely due 

to inputs of photoreducible Hg(II) from rainwater.  This hypothesis is supported in the Seneca 

River, as the measured DGM concentrations and calculated Hg
0
 volatilization during and 

immediately following the rain event were the highest noted for all sampling events at both sites 

(Figures 3.2.1, 3.2.2, and 3.2.3; pp. 28-30), and likely influenced the lack of statistical difference 

between sites for Event 1.  Events 2 and 3, however, did exhibit significant differences between 

upstream and downstream Hg
0
 volatilization, with higher median Hg

0
 volatilization noted at the 

downstream site for both events.  In addition, when all daytime data from all events were 

compared, a significant difference was also noted, again with a higher median Hg
0
 volatilization 

noted from the data collected at the downstream site.  These results indicate that Hg
0
 

volatilization at the downstream site was significantly greater than Hg
0
 volatilization at the 

upstream site.  However, significant differences were also noted among solar radiation records at 

the two sites for all three events.  These statistical tests were likewise conducted using the Mann-

Whitney Rank-Sum Test due to lack of normality for the solar radiation record.  In this case, the 
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median solar radiation values were higher at the downstream site for Events 1 and 2, but lower 

for Event 3.  The variability in the record of solar radiation is attributed to differences in 

experimental conditions between the two sites, as discussed below.   

Deployment conditions were not equivalent between the upstream and downstream sites: the 

upstream site was forested to the river’s edge, whereas the downstream site was a privately 

owned lawn, largely clear of trees.  Best efforts were made to place the weather station in the 

river as far from the bank as possible at the upstream site in order to record open-water 

conditions.  River depth and encroachment upon the navigational channel precluded deployment 

more than 15-m from the bank.  Nearby trees were well over 15-m tall, and thus shaded the 

weather station at certain times of the day.  Since the water being sampled had flowed from 

further upstream, where it was fully exposed to incident solar radiation, the solar record provided 

by the weather station may not be completely representative.  As a result, the importance of 

statistical differences observed in the solar radiation record between the upstream and 

downstream sites is unclear.   

Varying responses of Hg
0
 volatilization to both water temperature and solar radiation were 

observed at both upstream and downstream sites.  At the upstream site, Hg
0
 volatilization 

response to solar radiation differed noticeably among events, whereas responses were similar 

among events at the downstream site (Figure 3.3, p. 33).  The maximum observed Hg
0
 

volatilization rates are displayed in Figure 3.6 (p. 39) for each event by site as functions of 

average mid-day (10:00-15:00) solar radiation.  These data suggest that the maximum attainable 

Hg
0
 volatilization is more strongly controlled by solar radiation at the upstream site, as indicated 

by the greater slope of the upstream site’s regression line (0.015) versus the downstream site’s 
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regression line (0.007), though limited sample size results in a lack of significance.  The apparent 

difference in slope between upstream and downstream sites suggests an intervening effect.  The 

only significant change in the channel between the sites is the dense zebra mussel population in 

the Cut.  The documented water quality effects of this filter-feeding invader include significant 

clearing of the water column (Effler et al. 1996; Effler et al. 2004; Denkenberger et al. 2007).  

Therefore, I propose that the differences observed among events at the upstream site are the 

result of varying water quality signatures of hypereutrophic Cross Lake on the Seneca River 

immediately upstream of the Cut, with a specific emphasis on algal blooms (Effler et al. 2011).  

Further, the lack of apparent differences in the response of Hg
0
 volatilization to solar radiation 

among the three events at the downstream site (Figure 3.3, p. 33) is likely due to the erasure of 

Cross Lake’s signature by the clearing of the water column as it passes through the zebra mussel-

infested Cut.  Unfortunately, no field data exist for Cross Lake during my study period that could 

corroborate this speculation.  However, these observations do indicate that the processing of the 

Seneca River water column by the zebra mussels may reduce Hg
0
 volatilization limitation by 

solar radiation. 

3.4.3 Atmospheric Mercury Exchange in the Seneca River 

To support the reach-by-reach Seneca River mass balance estimates discussed in the subsequent 

sections of this chapter, all evasion values for the three summertime events discussed in the 

Chapter Section 3.4.1 were averaged.  The resulting estimate of Hg evasion from the Seneca 

River is thus 1.3 ng m
-2

 hr
-1

 (or 11.4 µg m
-2

 yr
-1

).  This flux is assumed to apply to the entire year 

for purposes of mass balance estimates, and likely results in a positive bias, as Hg volatilization 

during the winter months is likely reduced due to ice cover, cold conditions, and reductions in 

incident solar radiation.  Measurements do not currently exist for this system that account for 
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these seasonal effects.  The seasonality of Hg volatilization is discussed further in Chapter 6.  

The estimate of 1.3 ng m
-2

 hr
-1

 generated here for the Seneca River is approximately 45% higher 

than the value noted for inland waters (0.9 ng m
-2

 hr
-1

) in Chapter 6.  However, the 

measurements in Chapter 6 are largely derived for lentic systems. 
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Figure 3.6  Maximum observed Hg
0
 volatilization (reported as flux) as a function of average 

mid-day (i.e., 10:00-15:00) solar radiation.  Elemental Hg volatilization displays greater 

dependence on solar radiation at the upstream site, suggesting solar radiation is less limiting at 

the downstream site.  Correlations are strong but relationships are not significant due to small 

sample size. Mid-day solar radiation used to reduce bias from varying site conditions (i.e., 

forested banks vs. non-forested banks). 

A GIS approach was used in conjunction with estimates of atmospheric Hg deposition generated 

from CMAQ (Bullock and Brehme 2002) to determine deposition rates of Hg(II) and particulate 
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Hg (HgP) to the Seneca River based on the Hg emission inventory for 2005.  This analysis 

suggested deposition rates of 14.6 and 1.8 µg m
-2

 yr
-1

 for Hg(II) and HgP, respectively.  These 

values were summed for a gross Hg deposition rate of 16.4 µg m
-2

 yr
-1

 to the Seneca River 

watershed.  This deposition rate was used in conjunction with the Hg evasion rate noted above 

(11.4 µg m
-2

 yr
-1

) to estimate net atmospheric exchange to each study reach of the Seneca River, 

as outlined in Table 3.2 and integrated with estimates of fluvial Hg flux in Chapter Sections 

3.4.3, 3.4.4, and 3.4.5. 

Table 3.2  Net atmospheric Hg exchange in the Seneca River.  Note that negative values indicate 

net loss from the ecosystem and positive values indicate net deposition.  Estimated fluvial Hg 

fluxes are included for comparison. 

Reach 
Length 

(m) 

Width 

(m) 

Area  

(m2) 

Evasion 

Flux (µg 

m-2 yr-1) 

Gross 

Evasion 

(g yr-1) 

Deposition 

Rate (µg 

m-2 yr-1) 

Gross 

Deposition 

(g yr-1) 

Net 

Atmospheric 

Exchange  

(g yr-1) 

Fluvial 

Hg 

Flux 

(g yr-1) 

B430 to 

B409 
3,000 150 450,000 -11.4 -5 16.4 7 2 4,500 

Cross 

Lake 
-- -- 9,000,000 -11.4 -103 16.4 148 45 -- 

B409 to 

B317 
14,000 150 2,100,000 -11.4 -24 16.4 34 10 4,500 

B317 to 

B224 
19,000 150 2,850,000 -11.4 -32 16.4 47 15 5,200 

3.4.4 Navigational Buoy 430 to 409 

Previous work has focused on the effects of intervening Cross Lake on Seneca River water 

quality, and has indicated that during high-flow conditions the river short-circuits the lake by 

flowing straight through with minimal interaction between lake and river waters (Schindel et al. 

1977).  During low-flow conditions it is apparent that some mixing occurs, and a ―signature‖ is 

imparted to the river water exiting the lake that is representative of lakewide surface water 

conditions (Effler et al. 2011).  In this study, samples were collected from a depth of 3-m at 



41 

 

 

B430.  At B409, samples were collected from depths of both 1-m and 3-m to assess stratification 

imparted to the river waters from the lake.  The only significant differences between the 1-m and 

3-m data were for THg and Chla: mean THg was significantly higher at 3-m, while mean Chla 

was significantly higher at 1-m.  The elevated productivity of Cross Lake manifested itself by 

significantly higher values of Chla at B409 relative to B430, regardless of sample depth.  Mean 

Chla levels increase by approximately 50% between B430 and B409 (Table 3.3, p. 44).   

Cross Lake’s presence had a significant effect on Hg in the Seneca River.  At B430, 

approximately 80% of THg was associated with particulate material.  At B409, however, THgP 

made up only 60% of THg (Figure 3.7, p. 46).  More significantly, mean THgP concentrations 

decreased nearly 70% from 2.6 ng L
-1

 at B430 to 0.8 ng L
-1

 at B409, and overall mean THg 

concentrations decreased over 55% from 3.2 ng L
-1

 to 1.4 ng L
-1

.  These decreases likely result 

from the settling of particulate matter in Cross Lake due to reductions in flow velocity across the 

lake, as also evidenced by measures of Tn between the two sites: mean Tn decreased over 55% 

from 24.1 Nephelometric Turbidity Units (NTU) at B430 to 10.3 NTU at B409 (Table 3.3, p. 

44).  Based on these results, Cross Lake acts as a significant sink for fluvial loading of Hg from 

the Seneca River.   

Bookman et al. (2008) noted a high Hg sedimentation rate (248.8 µg m
-2

 yr
-1

) in Cross Lake 

relative to other regional lakes.  This sedimentation rate equates to a yearly depositional Hg flux 

of 2.6 ± 0.1 kg yr
-1

, based on the following assumptions: (1) the sedimentation rate is 

homogenous across the entire lake bottom, and (2) the area of the lake bottom is 15% (± 5%) 

greater than the surface area of the lake (i.e., 10.35 ± 0.45 km
2
).  It is likely that the majority of 

this sedimentation results from fluvial input of THgP from the Seneca River, which contributes 



42 

 

 

approximately 98% of Cross Lake’s inflow.  Analysis of atmospheric Hg exchange suggests a 

net deposition of 5 µg m
-2

 yr
-1

, or approximately 47 g yr
-1

 (Cross Lake plus the river reach; Table 

3.2, p. 40).  Fluvial Hg flux into Cross Lake was calculated at 13.3 kg yr
-1

, and fluvial Hg export 

was estimated to be 4.5 kg yr
-1

, suggesting a net Hg retention of 8.8 kg yr
-1

 (approximately 66%) 

in Cross Lake.  Based on this estimate, the Hg sedimentation flux of 248.8 µg m
-2

 yr
-1

 (2.6 kg  

yr
-1

) underestimates actual Hg sedimentation flux.  Due to the rapid flushing rate of Cross Lake 

(i.e., 51 yr
-1

; O’Donnell 2001) and the variable interaction of the Seneca River with the lake 

(Schindel et al. 1977; Effler et al. 2011), it is likely that sedimentation is not homogenous across 

the lake bottom.  Bookman et al. (2008) developed their estimate from four cores collected from 

the northern half of Cross Lake.  Effler and Carter (1987) noted higher net sedimentation rates in 

the area of the lake where the Seneca River passes through.  It is likely that cores collected from 

the southern half of Cross Lake, where the Seneca River enters and exits, would exhibit higher 

rates of Hg sedimentation compared to a lake wide average.   

3.4.5 Navigational Buoy 409 to 317 

There was no significant difference between THg concentrations at B409 and B317, nor between 

THgP concentrations at the bounding sites (Table 3.4, p. 44; Figure 3.7, p. 46).  At B409, mean 

THg concentrations during the study were 1.1 ng L
-1

 in surface waters and 1.4 ng L
-1

 at 3-m 

depth.  Water samples were only collected at 3m depth from B317, and the mean THg 

concentration was 1.2 ng L
-1

.  I hypothesized that the documented reductions in DO resources 

(Effler et al. 2004; Denkenberger et al. 2007; Effler et al. 2010) caused by the zebra mussel 

infestation in the Cut may support anaerobic Hg methylation.  The data indicate an increase in 

MeHg across the reach (Figure 3.7, p. 46).  Dissolved oxygen concentrations were significantly 

higher at B409 relative to B317 (Table 3.3, p. 44).  Methylmercury concentrations at B409 were 
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0.037 and 0.034 ng L
-1

 at 1- and 3-m, respectively (Table 3.4, p. 44).  At B317, mean MeHg 

concentrations were significantly higher at 0.087 ng L
-1

.  In addition, %MeHg as a fraction of 

THg was significantly higher at B317 (9%) than at B409 (4%).  Other water quality indicators of 

the zebra mussel metabolism, notably the significant decrease in Chla between B409 and B317 

(Table 3.3, p. 44), suggest the continued presence and activity of this invader during the study 

period.  However, the lack of a shift in THgP concentrations across this reach suggests either 

selective feeding by the zebra mussels with rejection of material with high particle-Hg 

associations, or efficient processing and egestion of THgP. 

Analysis of atmospheric Hg exchange suggests a net deposition of approximately 10 g yr
-1

 to the 

Seneca River between B409 and B317 (Table 3.2, p. 40).  Fluvial Hg flux into the reach at B409 

was estimated at 4.5 kg yr
-1

, and fluvial Hg export past B317 was estimated to be 4.5 kg yr
-1

, 

suggesting no net Hg retention between B409 and B317. 

3.4.6 Navigational Buoy 317 to 224 

Onondaga Lake waters have high specific conductance (SC; approximately 2,000 µS cm
-1

; Effler 

et al. 2010) relative to the Seneca River (approximately 750 µS cm
-1

 upstream of the Onondaga 

Lake outlet; see Table 3.3, B317; p. 44), and therefore Onondaga Lake waters are relatively 

dense compared to the Seneca River.  As a result of this density differential and the 

channelization of the river, unique bidirectional flow patterns often occur during low flow 

conditions at the Onondaga Lake outlet (Owens and Effler 1996), where river water will flow 

into the lake over the top of lake water, and lake water outflows plunge below the incoming river 

water.  The plunging lake water has been documented to travel some distance upstream as well 

as downstream before fully mixing with the river water (Effler et al. 1984; Effler et al. 2010).  
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Table 3.3. Summary of 2007-2009 monitoring buoy data from the Seneca River.  Descriptive statistics are limited to data collected on 

same dates as Hg grab samples. 

 

 

Table 3.4.  Summary of 2007-2009 grab sample sampling depths and data from the Seneca River. 

Navigational 

Buoy–depth 

THg (ng L-1) THgD (ng L-1) THgP (ng L-1) 

Min Max Mean Median S.D. Min Max Mean Median S.D. Min Max Mean Median S.D. 

B430 – 3m 1.2 9.1 3.2 3.0 1.7 0.1 1.6 0.6 0.5 0.4 0.9 7.5 2.6 2.4 1.6 

B409 – 1m 0.4 1.9 1.1 1.1 0.4 0.1 0.9 0.4 0.5 0.2 0.1 1.2 0.7 0.7 0.4 

B409 – 3m 0.6 2.7 1.4 1.3 0.5 0.1 1.3 0.6 0.5 0.3 0.0 1.9 0.8 0.8 0.5 

B317 – 3m 0.6 3.6 1.2 1.0 0.6 0.1 1.4 0.5 0.5 0.3 0.1 2.9 0.7 0.6 0.6 

B224 – 1m 0.5 10.3 1.5 0.9 2.1 0.2 1.3 0.7 0.7 0.4 0.0 2.1 0.4 0.2 0.6 

B224 – 3m 0.4 3.6 1.4 1.0 0.8 0.2 1.0 0.5 0.5 0.2 0.2 2.9 1.0 0.5 0.8 

Navigational 

Buoy–depth 

MeHg (ng L-1) 

Min Max Mean Median S.D. 

B430 – 3m 0.010 0.410 0.085 0.074 0.088 

B409 – 1m 0.010 0.110 0.042 0.037 0.029 

B409 – 3m 0.010 0.120 0.048 0.034 0.035 

B317 – 3m 0.010 0.200 0.087 0.090 0.054 

B224 – 1m 0.010 0.130 0.055 0.058 0.034 

B224 – 3m 0.000 0.300 0.087 0.080 0.068 

Navigational 

Buoy–depth 

DO (mg L-1) Chla (µg L-1) Tn (NTU) 

Min Max Mean Median S.D. Min Max Mean Median S.D. Min Max Mean Median S.D. 

B430 – 3m 3.5 9.5 7.4 7.6 1.5 4.2 22.4 10.9 9.0 5.2 10.7 91.8 24.1 16.3 21.4 

B409 – 1m 6.8 13.2 9.0 8.7 1.7 8.2 63.8 16.5 12.9 13.1 6.0 14.5 9.7 9.7 2.4 

B409 – 3m 6.4 11.6 8.4 8.0 1.4 5.0 58.2 12.6 9.7 12.0 7.0 15.0 10.1 10.3 2.1 

B317 – 3m 4.4 8.8 6.8 7.2 1.3 1.9 12.0 5.9 4.8 3.5 3.8 45.9 10.7 7.2 10.5 

B224 – 2.5m 3.4 8.1 6.2 6.4 1.0 1.7 28.9 6.8 4.6 6.9 1.1 88.9 10.1 3.0 22.1 

Navigational 

Buoy–depth 

pH T(°C) SC (µS cm-1) 

Min Max Mean Median S.D. Min Max Mean Median S.D. Min Max Mean Median S.D. 

B430 – 3m 7.6 8.3 7.9 7.9 0.2 19.2 26.1 23.0 22.9 1.8 615.3 936.3 761.5 780.7 75.2 

B409 – 1m 7.7 8.6 8.3 8.3 0.3 20.4 26.8 23.7 23.5 1.8 539.0 860.0 734.6 761.0 80.1 

B409 – 3m 7.7 8.7 8.2 8.1 0.3 20.3 26.8 23.4 23.3 1.7 540.0 858.0 738.2 766.0 81.8 

B317 – 3m 7.4 8.3 7.8 7.7 0.2 19.8 27.0 23.6 23.6 1.8 642.7 826.0 747.6 764.3 54.5 

B224 – 2.5m 7.4 7.8 7.6 7.6 0.1 19.9 26.6 23.5 23.4 1.6 734.5 1327.1 1021.1 1031.4 135.3 
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Due to the levels of Hg contamination in Onondaga Lake, it was hypothesized that the lake 

would contribute a significant amount of Hg to the river.  At B224, water samples were collected 

from both the 1-m and 3-m depths.  However, THg concentrations were not significantly 

different between B317 and B224 at either depth, nor were THg concentrations significantly 

different between the 1-m and 3-m depths at B224 (Table 3.4, p. 44; Figure 3.7, p. 46).  The only 

significant difference noted between the 1-m and 3-m data at B224 was for THgP; mean THgP 

was significantly higher at 3-m (1.0 ng L
-1

; Table 3.4, p. 44) than at 1-m (0.4 ng L
-1

; Table 3.4, p. 

44).  Effler et al. (2010) noted infrequent thermal and chemical stratification extending from the 

Onondaga Lake outlet to B224, indicating that Onondaga Lake waters are generally mixed 

throughout the water column at this location.  Profile data were collected manually on all days 

that Hg samples were collected; a review of SC data from these profiles indicated that the river 

water column was infrequently stratified during the sampling events.  Dates exhibiting 

stratification showed no relationship to dates with greater differences between THgP at the 1-m 

and 3-m depths.  The elevated mean THgP at 3-m may be a result of scour-related sediment 

resuspension.  However, results of linear regression analysis of THgP as a function of discharge 

at B224 were not significant at either 1-m or 3-m.   

Analysis of atmospheric Hg exchange suggests a net deposition of approximately 15 g yr
-1

 to the 

Seneca River between B317 and B224 (Table 3.2, p. 40).  Fluvial Hg flux into the reach at B317 

was estimated at 4.5 kg yr
-1

, and fluvial Hg export past B224 was estimated to be 5.2 kg yr
-1

, 

suggesting a net Hg gain of 0.7 kg yr
-1

 between B317 and B224.  It is quite likely that this 

additional Hg input is provided by the Onondaga Lake outlet.  Also, Hg inputs from Onondaga 

Lake may be deposited to Seneca River sediments in this reach, particularly in light of the  
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Figure 3.7  Total Hg, THgP, and MeHg concentrations and fractions at Seneca River sampling 

locations: Navigational Buoys 430, 409, 317, and 224.  Significant reductions in THg and THgP 

occur between 430 and 409 (Cross Lake).  Significant increases in MeHg occur between 409 and 

317 (zebra mussels and Baldwinsville dam).  No significant changes occur between 317 and 224 

(Onondaga Lake). 

bidirectional flow often observed.  As a result, some Hg outputs from Onondaga Lake may not 

be recorded at B224. 
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3.4.7 Seneca River Watershed Analysis 

At 8,935 km
2
, the Seneca River watershed makes up over two-thirds (68.5%) of the greater 

Three Rivers watershed (13,045 km
2
).  Analysis of watershed land-cover is detailed further in 

Chapter 4, and land-use data were provided by Natural Resources Canada/Canadian Centre for 

Remote Sensing et al. (2010).  Land-use in the Seneca River watershed consists primarily of 

agriculture (50%) and forest (35%), with urban areas (7%), open water (7%), and wetland (1%) 

making up the rest.  Total Hg
0
 evasion and Hg deposition for the Seneca River watershed and 

greater Three Rivers watershed were calculated based on an integration of land-use patterns with 

literature-based estimates of atmospheric Hg flux (Denkenberger et al. 2012), and direct 

estimates of Hg
0
 volatilization from the Seneca River (section 3.4.3).  For the Seneca River 

watershed, total Hg
0
 evasion and Hg deposition were estimated at 131 and 173 kg yr

-1
, 

respectively, or 74% and 66% of evasion and deposition in the greater Three Rivers watershed.   

These estimates suggest that the Seneca River watershed is a net sink for atmospheric Hg at a 

rate of 42 kg yr
-1

.  Calculations of fluvial Hg flux (section 3.4.6) indicate that the Seneca River 

exports 5.2 kg yr
-1

 Hg to the Three Rivers.  The watershed therefore retains over 85% (36.8 kg 

yr
-1

) of atmospherically deposited Hg, over 20% (8.8 kg yr
-1

) of which is deposited in Cross Lake 

via sedimentation.  Note that this estimate ignores leaching of natural levels of Hg from the soils, 

which are expected to be low relative to atmospheric inputs (Nater and Grigal 1992).  In a study 

of tributaries to the Chesapeake Bay, retention of atmospheric Hg in most watersheds was 

observed to be over 60% (Lawson et al. 2001).  Similar to the effect of Cross Lake on Hg flux in 

the Seneca River, heightened retention was noted in rivers with intervening features that promote 

settling (Lawson et al. 2001).   
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Rivers with watersheds dominated by agriculture often exhibit high THgP fluxes due to strong 

particle-Hg associations and erosional processes (Hurley et al. 1995; Babiarz et al. 1998; Balogh 

et al. 1998; Hurley et al. 1998b; Engstrom et al. 2007; Babiarz et al. 2012).  Accordingly, Hg 

fluxes in the Seneca River are dominated by the THgP fraction (Table 3.4, p. 44).  This strong 

association of Hg with the particulate fraction has dynamic effects on Hg export from the 

watershed: strong particle-Hg relationships facilitate sedimentation, thereby reducing overall Hg 

export.  Conversely, precipitation and other overland runoff events significantly increase Hg 

export via erosion and resuspension in rivers and watersheds with dominant THgP fractions 

(Babiarz et al. 1998).  In summary, the land-use patterns of the Seneca River watershed, along 

with intervening Cross Lake, are the dominant controls of Hg transport in the river and Hg flux 

from the watershed.  Increases in urban or agricultural land-use patterns are expected to increase 

Hg flux in the watershed, along with the total fluvial Hg contribution of the Three Rivers 

watershed to Lake Ontario.  
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4. Lake Ontario Sub-Watershed Analysis 

4.1 Introduction 

Watersheds serve as sources of Hg to receiving waters.  In this study, the results of two 

independent field-sampling programs have been combined into a bi-national study to explore Hg 

dynamics in the Lake Ontario basin, with an emphasis on Hg speciation and particle 

relationships from the watersheds of major tributaries.  Results from these sampling efforts are 

presented here in the context of relationships between concentrations of Hg species and measures 

of hydrology, watershed land-cover, and ancillary chemistry.  The relationships noted are used to 

explore watershed land-cover effects and controls on Hg speciation. 

4.2 System Description 

Tributaries sampled in Canada included the Niagara, Twenty Mile Creek, Credit, Humber, 

Ganaraska, and Trent; those sampled in the US included the St. Lawrence, Black, Salmon, 

Oswego/Three Rivers, and Genesee (Figure 4.1, p. 50).  The study watersheds vary with respect 

to size, land-cover, and discharge (Table 4.1, p. 51).  In Figures 4.2-4.10 (pp. 50, 53, 54, 56-60), 

land-cover is listed as provided by Natural Resources Canada/Canadian Centre for Remote 

Sensing et al. (2010).  To support data analysis, land-cover categories were lumped as shown in 

Table 4.2 (p. 52).  In Canada, the study watershed closest to the Niagara River is Twenty Mile 

Creek (Figure 4.2, p. 50).  The Twenty Mile Creek watershed is the second smallest of those 

included in the study with respect to area (295 km
2
) and with the Ganaraska has the smallest 

mean discharge during the study period (4 m
3
 s

-1
).  The Twenty Mile Creek watershed consists 

mostly of agricultural lands (90%; Table 4.1, p. 51). 
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Figure 4.1  Lake Ontario and watersheds of study tributaries.  
 

 

Figure 4.2  Twenty Mile Creek watershed and land-cover. 



 

  

5
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Table 4.1  Summary of study watershed characteristics. 

Watershed 

Notable Urban 

Centers within 

Watershed 

Total 

Area 

(km2) 

Daily Discharge for Daily Discharge for Areal Discharge for Land-cover Percent Coverage 

Period of Record Sampling Period Sampling Period 
Forest Agriculture Urban Wetland Water 

(m3 s-1) (m3 s-1) C.V. (m3 km-2 d-1) 

Three 

Rivers 

Syracuse, 

Oswego 
13,045 195 200 0.7 1,325 43 42 7 3 6 

Black Watertown 5,015 120 124 0.7 2,137 78 12 2 6 2 

Genesee Rochester 6,550 80 78 0.9 1,032 51 43 5 0.5 0.7 

Salmon Pulaski 713 22 22 0.9 2,663 89 3 0.2 6 2 

    Average of US Study Watersheds: 65 25 4 4 3 

    Total Coverage in US Study Area: 53 35 5 3 4 

Trent Trenton 12,560 198 226 0.7 1,555 70 23 0.3 0.4 6 

Credit Mississauga 950 9 11 1.0 1,017 35 46 17 1 0.3 

Humber Toronto 910 6 9 1.5 881 31 53 16 0.2 0.06 

Twenty 

Mile 
none 295 3 4 2.3 1,202 9 90 1 0 0.3 

Ganaraska Port Hope 275 3 4 0.8 1,413 62 37 1 0 0.02 

    Average of Canadian Study Watersheds: 41 50 7 0.3 1 

    Total Coverage in Canadian Study Area: 54 38 4 0.4 3 

Notes: 

1. Sample period discharge for US rivers represents mean of 2009 and 2010 daily discharge estimates.  Record periods vary. 

2. Sample period discharge for Canada rivers represents mean of 2008 and 2009 daily discharge estimates.  Record periods vary. 

3. C.V. = coefficient of variation. 
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Table 4.2  Aggregate of land-cover categories used in this study. 

Land-cover Description Final 

Category 

Temperate or sub-polar 

needleleaf forest 
Forest 

 

 

 

 

Temperate or sub-polar broadleaf 

deciduous 

Mixed Forest 

Temperate or sub-polar shrubland 

Sub-polar or polar shrubland-

lichen-moss 

Cropland 

Agriculture 

 

 

 

 

Temperate or sub-polar grassland 

Sub-polar or polar grassland-

lichen-moss 

Sub-polar or polar barren-lichen-

moss 

Barren Lands 

Wetland Wetland 

Urban and Built-up Urban 

Water Open Water 

Note: Land-cover descriptions provided by Natural Resources Canada/Canadian Centre for Remote Sensing et al. (2010) 

At approximately 950 km
2
, the Credit River (Figure 4.3, p. 53) is the second largest of the study 

watersheds in Canada.  The Credit is the most urbanized of the study watersheds (17%; Table 

4.1, p. 51), and passes through Mississauga, part of the Greater Toronto Area, before it outlets to 

Lake Ontario.  During the study period, the Credit River had a mean discharge rate of 11 m
3
 s

-1
.  

Aside from the urban land-cover mentioned, the Credit River watershed contains significant 

agricultural and forested lands (46% and 35%, respectively).  

The Humber River watershed lies directly adjacent to and northeast of the Credit River 

watershed (Figure 4.4, p. 53).  It is similar in size (910 km
2
) and composition to the Credit River 

watershed.  The Humber contains approximately the same distribution of urban land-cover (16%; 

Table 4.1, p. 51) and agricultural and forest coverage.  The Humber passes through Toronto  
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Figure 4.3  Credit River watershed and land-cover. 
 

 

Figure 4.4  Humber River watershed and land-cover. 
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before it outlets to Lake Ontario, and exhibited a mean discharge rate of 9 m
3
 s

-1
 during the study 

period. 

The Ganaraska River watershed lies east of the Humber River watershed, and directly south of 

the western extent of the Trent River watershed (Figures 4.1, p. 49, and 4.5).  At 275 km
2
, the 

Ganaraska watershed is the smallest of all the study watersheds, though it is quite similar in size 

to the Twenty Mile Creek watershed.  However, the land-cover of the Ganaraska differs from 

that surrounding Twenty Mile Creek in that nearly two-thirds of the watershed area is forested; 

the remainder is mostly agricultural land (Table 4.1, p. 51).  The Ganaraska River empties into 

Lake Ontario at Port Hope, and had a mean discharge rate of 4 m
3
 s

-1
 during the study period.  

 

Figure 4.5  Ganaraska River watershed and land-cover. 
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The largest study watershed in Canada is the Trent River (Figure 4.6, p. 56).  It is located 

immediately east of the Ganaraska River watershed, and at approximately 12,560 km
2
, it covers 

over ten times the area of the next largest study watershed in Canada, and is the second largest of 

the sampled watersheds.  Aside from size, the Trent River watershed is similar in composition to 

that of the Ganaraska – approximately two-thirds of the watershed is forested land, while nearly 

all of the remaining third is agricultural (Table 4.1, p. 51).  The Trent River outlets at Trenton 

into the Bay of Quinte, near the northeastern shore of Lake Ontario.  Current gauged discharge 

data are not available for the Trent River outlet.  Discharge for the Trent was therefore 

composited from gauged subwatershed and discharge data provided by Ontario Power 

Generation.  Discharge data for the Trent River over the Healey Falls Spillway was provided by 

Ontario Power Generation up to October 2, 2009.  Approximately 9,090 km
2
 of the 12,560 km

2
 

Trent River watershed is upstream of the Healey Falls Spillway.  A gauged subwatershed of the 

Trent River that is below the Healey Falls Spillway is that of the Crowe River.  Discharge data 

are available for the Crowe River at Marmora, Ontario, near the confluence of the Crowe River 

and the Trent River.  The drainage area for the Crowe River at the gauging station is 

approximately 1,990 km
2
.  Daily discharge at Healey Falls Spillway was added to daily 

discharge from the Crowe River, representing 11,080 km
2
 of the total 12,560 km

2
 Trent River 

watershed (i.e., 88% of the total Trent River watershed).  A scaling factor based on watershed 

area was then applied to estimate daily discharge for the entire Trent River.  To estimate daily 

discharge data after October 2, 2009 (i.e., where data are not available from Ontario Power 

Generation at Healey Falls), the estimated total daily discharge of the Trent River was regressed 

against daily discharge from the Moira River at Foxboro, Ontario, which is adjacent to the Trent 

River.  This regression relationship was used to develop a flow record for the Trent River after 
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October 2, 2009.  Based on this approach, a daily discharge record was developed for the Trent 

River for the entire study period, and a mean discharge rate of 226 m
3
 s

-1
 was estimated.  This 

rate is over tenfold higher than any of the other Canadian study rivers. 

 

Figure 4.6  Trent River watershed and land-cover. 

In the US, the study watershed closest to the Niagara River is that of the Genesee River (Figure 

4.7, p. 57).  With an area of 6,550 km
2
, the Genesee watershed is over five times larger than any 

of the Canadian study watersheds, excluding the Trent, and is second in size of the study 

watersheds in the US.  The Genesee watershed consists mostly of forested and agricultural lands 

(51% and 43%, respectively; Table 4.1, p. 51).  Though urban land-cover makes up only 5% of 

the Genesee watershed, nearly 100% of the total urban land-cover consists of the city and 

attending suburbs of Rochester, which surround the last 25 kilometers of the river prior to 
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discharge into Lake Ontario.  During the study period, the mean discharge of the Genesee River 

was 78 m
3
 s

-1
. 

 

Figure 4.7  Genesee River watershed and land-cover. 

The Three Rivers watershed lies adjacent to and east of the Genesee River watershed (Figure 4.8, 

p. 58).  It consists of the combined watersheds for the Seneca River, which drains the Finger 

Lakes region, the Oneida River, and the Oswego River, which outlets to Lake Ontario at 

Oswego.  At 13,045 km
2
, the Three Rivers watershed is the largest study watershed.  The mean 

discharge was the second highest during the study period, at 200 m
3
 s

-1
.  Major land-cover is 

equally split between forested and agricultural lands (43% and 42%, respectively; Table 4.1, p. 

51), and at 7%, urban land-cover is the highest of all US study watersheds. 
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Figure 4.8  Three Rivers watershed and land-cover. 
 

 

Figure 4.9  Salmon River watershed and land-cover. 
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The Salmon River watershed lies adjacent to and northeast of the Three Rivers watershed (Figure 

4.9, p. 58).  At 713 km
2
, it is the smallest of the US watersheds.  It is also the most heavily 

forested of the study watersheds (89%; Table 4.1, p. 51) and has a large wetland coverage (6%).  

Mean discharge during the study period was low relative to other US watersheds (22 m
3
 s

-1
), 

largely due to the small relative size of the watershed and the large forest cover. 

The Black River watershed is adjacent to and north of the Salmon River watershed (Figure 4.10).  

It is the third largest study watershed in the US (5,015 km
2
).  Land-cover in the Black watershed 

is dominated by forest (78%; Table 4.1, p. 51), though this watershed and the Salmon has the 

greatest wetland coverage (6%).  Mean discharge for the Black River during the study period 

was 124 m
3
 s

-1
. 

 

Figure 4.10  Black River watershed and land-cover. 
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In summary, land-cover and land-use patterns were variable and mixed within and among the 

study watersheds.  Of the four land-cover categories, forest and agriculture dominated in both 

Canada and the US, and urban areas and wetlands were less significant.  When the percent land-

cover in the study watersheds in Canada is averaged, forest and agriculture coverage were 

similar at approximately 40% and 50%, respectively.  Urban land-cover averages approximately 

7%, water makes up an average of about 1%, and wetlands average less than 1%.  On the other 

hand, when percent coverage in the US study watersheds was averaged, forest lands (~65%) 

were much higher than agricultural lands (~25%).  Urban and wetland coverage average the 

same among the US study watersheds at approximately 3.5%, and water coverage averages about 

3%. 

4.3 Methods 

Water samples were collected in both Canada and the US from the ten major tributaries into 

Lake Ontario and from the lake’s outlet at the St. Lawrence River.  Researchers from Canada and 

the US performed bimonthly sampling in Canada from June 2008 to December 2009, and in the 

US from June 2009 to May 2010.  For purposes of the work presented in this chapter, the nine 

sampled tributaries located in the immediate watershed of Lake Ontario are discussed.  Results 

from the Niagara and St. Lawrence rivers are presented here, but are discussed later in Chapter 5. 

Sample collection was performed using trace metal clean protocols as described in Method 1669 

(USEPA 1996).  Analysis of US tributary samples was conducted at Syracuse University; 

analysis of Canadian tributary samples was conducted at the University of Toronto.  Both 

laboratories used the same or similar methods for analysis.  Upon arrival at the laboratory, 250-

500 mL water sample aliquots were filtered through pre-cleaned 0.45-µm filters.  Whole and 
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filtered water samples were then preserved using 4 mL L
-1

 11.6 M trace metal grade hydrochloric 

acid.  Sample analysis included supplementary chemistry (e.g., TSS, DOC).  Total Hg analysis 

was conducted using CVAFS (Bloom, 1989; USEPA, 2002).  Methylmercury determination was 

performed via aqueous phase ethylation with NaB(C2H5)4, purge and trap separation and 

detection by CVAFS (Horvat et al. 1993a; Horvat et al. 1993b; Liang et al. 1994).  Total 

particulate Hg was calculated as the difference between whole- and filtered-sample results; 

consequently, some reported THgP concentrations are below THg and MeHg detection limits 

(0.20 and 0.02 ng L
-1

, respectively).  Supplementary water quality measures were analyzed using 

Standard Methods (Eaton et al. 1998): for DOC, the persulfate-ultraviolet oxidation method 

(5310C); for TSS, method 2540D.   

The tributaries selected make up the majority of the non-Niagara fluvial inputs to Lake Ontario.  

In 2009, the volume discharged to the lake by the sampled tributaries represented approximately 

90% of the flow at the lake’s outlet (i.e., St. Lawrence River), and the Niagara River contributed 

approximately 91% of the sampled tributaries’ inflow.  Excluding the Niagara input, the 

remaining tributaries contributed the following percent total flows during the study period, in 

descending order: Trent (33%), Oswego/Three Rivers (29%), Black (18%), Genesee (12%), 

Salmon (3%), Credit (1.6%), Humber (1.4%), Ganaraska (0.7%), and Twenty Mile Creek 

(0.6%).  Flow duration curves for the sampling period are shown in Figure 4.11 (p. 63).  Samples 

were collected over a broad range of recorded flows, with no emphasis on any specific flow 

regime.  Mean discharge during the sample period (2009-2010) was similar to the period of 

record for the US tributaries, while the Canadian tributaries averaged over 25% higher flows 

(2008-2009) than those on record (Table 4.1, p. 51).  Overall, discharge was approximately 10% 
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higher in 2008 than 2009, and 2009 and 2010 were similar to each other and to the period of 

record.   

Analysis of watershed land-cover characteristics was performed with a GIS approach.  Land-

cover data with 250-m spatial resolution from the North American Land Change Monitoring 

System were used to describe land-use patterns in each of the nine study watersheds (Natural 

Resources Canada/Canadian Centre for Remote Sensing et al. 2010).  To facilitate analysis, the 

land-cover categories provided were generalized into the following groups: forest, agriculture, 

wetland, urban, and open water (detailed in Table 4.2, p. 52).  Watershed boundaries for the US 

tributaries were developed from data provided by the New York State Department of 

Environmental Conservation (2000).  Watershed boundaries for the Canadian tributaries were 

developed from data provided by the Ontario Ministry of Natural Resources (2011).   

Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, Inc. 2008).  For tests 

of significance, α was set to 0.05 unless otherwise noted.  For calculation of means, medians, and 

standard deviations, non-detect samples were assigned a value of one-half the detection limit of 

0.20 ng L
-1

 for THg and 0.02 ng L
-1

 for MeHg.  This approach was used to fill data gaps for less 

than 9% of all Hg analyses (91 of 1,020 samples), though the majority of non-detects occurred 

for MeHg analyses (77 of 440 samples), and are discussed later in the manuscript.   
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Figure 4.11  Flow duration curves for sampled tributaries.  The conditions during sample 

collection over the range of flow conditions are shown. 
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4.4 Results and Discussion 

4.4.1 Mercury Concentrations in Tributaries: Total Mercury 

Mean THg concentrations in the study tributaries ranged from 0.9 ng L
-1

 in the Trent River to 2.6 

ng L
-1

 in the Genesee River (Table 4.3, p. 65).  The concentrations observed are generally low 

compared to those noted in studies of multiple rivers and streams in the Midwestern US (Babiarz 

et al. 1998; Hurley et al. 1998a; Balogh et al. 2005), but are similar to those sampled in Maine 

(Peckenham et al. 2003).  Minimum THg concentrations for Lake Ontario study tributaries were 

typically less than 1 ng L
-1

 (range: 0.3 – 1.1 ng L
-1

), while maximum THg concentrations varied 

nearly an order of magnitude with a range of 2.3 ng L
-1

 (Salmon River) to 14.0 ng L
-1

 (Genesee 

River).  The maximum observation in the Genesee River was nearly two-fold higher than the 

next highest tributary (i.e., 7.5 ng L
-1

; Twenty Mile Creek).  This observation in the Genesee 

River, along with the next highest observation in the Genesee (11.2 ng L
-1

), both occurred during 

sample collection on the rising limb of separate high-flow events.  Of the nine study tributaries, 

six exhibited positive, significant relationships between flow and THg concentrations (Black, r = 

0.57; Oswego, r = 0.61; Salmon, r = 0.73; Ganaraska, r = 0.73; Twenty Mile, r = 0.76; Genesee, r 

= 0.88).  

Mean THgD concentrations were less variable than THg, ranging from 0.5 ng L
-1

 (Ganaraska 

River) to 1.5 ng L
-1

 (Twenty Mile Creek).  These concentrations of THgD are similar to values 

noted in rivers and streams of the Midwestern US (Hurley et al. 1996; Balogh et al. 1998; Hurley 

et al. 1998a) and in tributaries to Sepetiba Bay, Brazil (Paraquetti et al. 2004).  Minimum 

observations ranged from below detection (<0.20 ng L
-1

) in several Lake Ontario study 

tributaries to 0.8 ng L
-1

 in the Black River.  Maximum observations ranged from 1.2 ng L
-1
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Table 4.3  Summary of concentrations of Hg fractions, TSS, and DOC for Lake Ontario tributaries. 

Tributary 
THg (ng L-1) THgD (ng L-1) THgP (ng L-1) MeHg (ng L-1) TSS (mg L-1) DOC (mg L-1) 

N x  M SD N x  M SD N x  M SD N x  M SD N x  M SD N x  M SD 

Genesee 23 2.6 1.0 3.5 23 0.7 0.6 0.4 23 2.0 0.6 3.3 21 0.05 0.04 0.05 23 52.5 15.2 95.9 21 3.6 3.3 1.2 

Black 23 2.5 2.0 1.5 23 1.4 1.4 0.4 23 1.1 0.5 1.4 19 0.09 0.06 0.11 23 6.0 1.6 15.1 21 4.5 4.5 0.8 

Twenty 

Mile 
33 2.5 2.5 1.6 26 1.5 1.4 1.0 25 1.0 0.6 1.1 21 0.14 0.06 0.24 24 367.1 314.7 420.6 24 9.1 8.9 2.3 

Humber 29 2.0 2.0 1.1 23 0.8 0.7 0.5 22 1.0 1.0 1.0 21 0.06 0.04 0.05 21 280.2 305.2 77.0 23 5.6 5.7 1.0 

Credit 33 1.6 1.7 0.9 25 0.7 0.5 0.4 24 0.7 0.6 0.8 19 0.11 0.05 0.16 23 229.3 255.1 127.8 24 4.6 4.4 1.0 

Salmon 23 1.4 1.3 0.3 23 1.1 1.1 0.3 23 0.3 0.2 0.3 21 0.10 0.09 0.10 23 2.5 1.0 3.2 21 3.4 3.2 0.6 

Ganaraska 33 1.1 0.9 1.0 26 0.5 0.4 0.4 26 0.6 0.3 0.9 22 0.06 0.05 0.06 24 155.9 120.2 101.5 26 3.5 3.2 0.8 

Oswego 23 1.0 0.7 0.6 23 0.6 0.5 0.3 23 0.4 0.2 0.5 20 0.11 0.05 0.19 23 3.8 2.2 4.8 21 3.9 4.0 0.4 

Trent 33 0.9 0.6 0.6 26 0.6 0.5 0.3 26 0.3 0.2 0.2 17 0.07 0.02 0.11 24 146.0 94.4 106.1 26 5.9 5.9 1.2 

Niagara 34 0.8 0.8 0.5 29 0.6 0.4 0.4 29 0.3 0.2 0.3 26 0.11 0.04 0.24 24 128.3 82.8 99.8 26 2.9 2.8 0.6 

St. 

Lawrence 
23 0.3 0.2 0.2 23 0.3 0.3 0.2 23 0.1 0.0 0.1 18 0.07 0.04 0.08 23 0.3 <0.10 0.3 21 2.1 2.0 0.2 

Notes: 

1. N = total number of samples 

2. x  = mean 

3. M = median 

4. SD = standard deviation 
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(Ganaraska River) to 3.7 ng L
-1

 (Twenty Mile Creek), although most THgD maxima for the study 

tributaries fell on the low end of the range (i.e., between 1 and 2 ng L
-1

).   Differences between 

means and medians were generally small, suggesting minimal effects of flow events on THgD 

(Table 4.3, p. 65).  The lack of response of THgD to flow was underscored by the few significant 

relationships between flow and THgD in the study tributaries.  Only two tributaries exhibited 

such a relationship, and in each instance the correlation is positive (Salmon, r = 0.62; Twenty 

Mile, r = 0.69).   

Unlike THg and THgD, which were analyzed directly, THgP concentrations were obtained by 

calculating the difference between THg and THgD.  Similar to Babiarz and others (1998) noting 

for agricultural watersheds in Wisconsin, little variability was observed in THgD concentrations; 

therefore the variability noted in THg for the study tributaries was largely a function of the THgP 

fraction.  Mean THgP ranged from 0.3 ng L
-1

 (Trent River) to 2.0 ng L
-1

 (Genesee River).  

Results from the study tributaries were higher than estimates of THgP observed in the Everglades 

(Cai et al. 1999), though this is to be expected due to the sheet flow, high DOC concentrations, 

and the wetland land-cover of that ecosystem.  When compared to small forested watersheds in 

the northeastern US, mean THgP concentrations from the study tributaries are generally similar 

(Dittman et al. 2010).  On the other hand, my results are lower than THgP concentrations noted 

for the Lower Fox River, Wisconsin (Hurley et al. 1998a), perhaps due to the heavy 

industrialization of that area.  Minimum THgP concentrations for tributaries in this study ranged 

from 0 to 0.02 ng L
-1

.  The range of maximum THgP concentrations was similar to the range of 

maximum THg concentrations in the tributaries (0.8 – 13.4 ng L
-1

 for THgP; 2.3 – 14.0 ng L
-1

 for 

THg), again underscoring the link between THg and THgP.  Total particulate Hg was correlated 

to flow more frequently than THgD; six of the nine study tributaries exhibited significant, 
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positive relationships between THgP and flow (Trent, r = 0.41; Black, r = 0.60; Oswego, r = 0.60; 

Twenty Mile, r = 0.62; Ganaraska, r = 0.83; Genesee, r = 0.87).   

4.4.2 Mercury Concentrations in Tributaries: Methylmercury 

Mean tributary MeHg concentrations (Table 4.3, p. 65) ranged from 0.05 ng L
-1

 (Genesee River) 

to 0.14 ng L
-1

 (Twenty Mile Creek), similar to those noted in Chesapeake Bay tributaries 

(Lawson et al. 2001), but lower than MeHg concentrations reported for streams and rivers in the 

Midwest (Babiarz et al. 1998; Balogh et al. 2003; Balogh et al. 2005).  Although the mean THg 

concentration in the Genesee River was the highest of all tributaries sampled (i.e., 2.6 ng L
-1

), the 

mean MeHg concentration at that site was the lowest.  On the other hand, Twenty Mile Creek, 

which also had a relatively high mean THg concentration (i.e., 2.5 ng L
-1

) for the study period, 

had the highest mean MeHg concentration.  Minimum observed MeHg concentrations for all 

sampled tributaries were below detection limits (i.e., <0.02 ng L
-1

).  This condition occurred in 

approximately 31% of all tributary samples analyzed for MeHg.  Maximum MeHg observations 

in the tributaries ranged from 0.14 ng L
-1

 in the Genesee River to 1.08 ng L
-1

 in Twenty Mile 

Creek.  No tributaries exhibited a significant relationship between flow and MeHg.  This lack of 

significant correlation between flow and MeHg may be partially due to limitations in the 

analytical detection of MeHg. 

The ratio of MeHg as a fraction of THg (%MeHg) varied nearly four-fold among the study 

tributaries.  The Genesee River had the lowest mean %MeHg (3.9%) for the study period, while 

the Trent River had the highest (13.8%).  When median %MeHg values were considered, three 

of the nine tributaries fell within 5 to 7% MeHg (Ganaraska, 5.0%; Salmon, 6.7%; Oswego, 

7.0%).  Median %MeHg for the remaining six tributaries ranged between 2.7 and 3.8% (Credit, 

2.7%; Twenty Mile, 2.7%; Black, 2.9%; Genesee, 3.0%; Humber, 3.1%; Trent, 3.8%).  Note that 
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the Genesee River and Trent River, which had the lowest and highest mean %MeHg, 

respectively, had relatively similar median %MeHg values.  The range of mean %MeHg values 

observed in this study are similar to those noted for streams and rivers in the midwestern US 

(i.e., 1 to 15%; Babiarz et al. 1998; Balogh et al. 2003; Balogh et al. 2005) and the northeastern 

US (i.e., 13-15%; Dennis et al. 2005).  Though percent MeHg was highly variable within and 

among the study tributaries (standard deviations ranged from 3.6 to 30.3% MeHg), a seasonal 

variation was noted.  Methylmercury ratios were higher in the spring relative to other seasons in 

the Genesee and Ganaraska rivers.  In the summer, MeHg was a more dominant contributor in 

the Black, Salmon, Oswego, and Trent rivers.  Study tributaries that had higher %MeHg in the 

fall relative to other seasons included Twenty Mile Creek, and the Credit and Humber rivers. 

The aqueous- and particulate-phase MeHg datasets were not as complete as for other Hg species.  

This was a result of low sample volume and possible demethylation in some particulate-phase 

samples due to sample holding times despite acid preservation.  Nevertheless, the available data 

suggested that MeHg was largely associated with the aqueous phase, which may explain the lack 

of relationships described earlier between flow and MeHg in the study tributaries.  Due to 

analytical variability and typically very low MeHg concentrations, some filtered samples 

exhibited MeHg concentrations greater than MeHg concentrations in the corresponding 

unfiltered samples.  As a result, the calculated mean %MeHg in the dissolved phase (i.e., the 

percent of unfiltered MeHg that is filterable) was virtually 100% in every tributary indicating 

that MeHg in Lake Ontario tributaries is predominantly dissolved. 

4.4.3 Effects of Land-cover on Mercury Fractions 

Flow-weighted fractions of THgD, THgP, and MeHg were similar across most study watersheds 

(Figure 4.12, p. 70), with THgD and THgP fractions typically falling between 45% and 55% of 
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THg, and MeHg evenly distributed between 1% and 9% of THg.  However, three of the nine 

study watersheds (Genesee, Salmon, and Trent) did not follow this pattern, instead displaying 

dominant Hg associations with either the dissolved or the particulate phase.  Mercury from the 

Genesee was primarily associated with the particulate phase (>80%).  The Genesee watershed 

was the only one of the study watersheds where THgP dominated the estimated Hg load.  The 

GIS analysis indicated that the watershed surrounding the final 25 km of the tributary is almost 

exclusively urbanized.  Urbanized watersheds are commonly linked to elevated THgP loads due 

to localized industrial inputs and the lack of exposed soil to retain atmospheric Hg inputs (Hurley 

et al. 1995; Mason and Sullivan 1998; Lyons et al. 2006).  Though both the Credit and Humber 

watersheds exhibit greater total urban land-cover than the Genesee, the urban coverage in the 

Canadian watersheds is more fragmented, with forested area in the lower reaches of each 

watershed in addition to riparian zones.  These down-river forested reaches may serve as sinks 

for particulate matter, thereby attenuating watershed export (Peterjohn and Correll 1984).  Such 

forested reaches are not as evident in the lower Genesee watershed. 

The other two watersheds that did not exhibit comparable fractions of THgP and THgD were the 

Salmon and the Trent (Figure 4.12, p. 70).  Flow-weighted Hg speciation in both of these 

watersheds was dominated by the dissolved fraction (75% and 65% for the Salmon and Trent, 

respectively; Figure 4.12, p. 70).  Forested lands cover large portions of both watersheds, with 

the Salmon watershed being almost exclusively forested (~89%) and the Trent more mixed (70% 

forest, 23% agriculture).  Land-cover in the Ganaraska watershed is similar to that in the Trent, 

though THgP was slightly higher than THgD for the Ganaraska (Figure 4.12, p. 70).  The 

Ganaraska River has one impoundment located <5 km from the mouth of the tributary, although 
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the tributary in general is relatively shallow and swift-flowing.  In comparison, the Trent River is 

heavily 

 

Figure 4.12  Annual volume-weighted mercury concentration and distribution of speciation for 

each tributary. 

impounded, with at least eight dams in the final 25 km of the tributary, which would promote 

settling of particulate matter and associated Hg.  The TSS was not significantly different between 

the Ganaraska and Trent, but DOC was significantly greater in the Trent River. 

While it appears that characteristics of the tributary may influence the partitioning of Hg in the 

Trent River (e.g., impoundments promote settling of THgP), it is likely that the nearly 

homogenous forest cover of the Salmon watershed contributes to the strong THgD signature 

observed in that tributary by limiting particulate input.  Similar Hg filter-phase associations were 

noted by Hurley et al. (1998b) in heavily forested watersheds.  Although the Black River 

watershed has similar land-cover characteristics to the Salmon (i.e., nearly 80% forest cover), Hg 
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was more associated with the particulate-phase in the Black.  A closer analysis of land-cover 

distribution in the watershed offered a possible explanation: agricultural lands cover about 12% 

of the Black River watershed.  Although this is a relatively small area of land, nearly all of it is 

concentrated within a 10 km buffer immediately adjacent to the lower 100 km of the tributary.  

Agricultural land-cover is commonly linked to increased THgP concentrations and loading 

(Hurley et al. 1995; Babiarz et al. 1998; Wang et al. 2004).  It is plausible that the higher THgP 

fraction noted in the Black River is a result of the localized agricultural activities noted in the 

watershed. 

Regression analysis was performed on Hg fractions and percent land-cover.  Only one 

relationship was significant.  Methylmercury fraction was positively correlated to percent open 

water coverage (r
2
 = 0.56).  Loss of Hg mass from an ecosystem is linked to open water coverage 

(Burns et al. 2012), and photodemethylation processes can decrease MeHg in open water (Sellers 

et al. 1996; Bradley et al. 2011).  The increases in MeHg fraction with increases in open water 

coverage may be a result not of increases in MeHg concentration, but instead decreases in THg 

concentration with relatively stable MeHg concentrations.  Although the relationship between 

THg concentration and open water coverage in the study watersheds was weak and not 

significant (r = -0.47), it was nevertheless negative.  In addition, MeHg concentrations were not 

significantly different among the study tributaries. 

4.4.4 Linkages with Dissolved Organic Carbon and Total Suspended Solids 

The transport of Hg species is often linked to organic carbon and suspended sediment 

characteristics (Dittman et al. 2010).  The concentrations of DOC and TSS were analyzed to 

explore possible relationships with Hg in the sampled tributaries.  For DOC, means and medians 

from all sampled tributaries were similar, suggesting little skew of observations among 



72 

 

  

tributaries, and standard deviations were relatively small (Table 4.3, p. 65).  Mean values of 

DOC for the Salmon, Ganaraska, Genesee, and Oswego tributaries ranged between 3 and 4 mg C 

L
-1

; the Black, Credit, Humber, and Trent tributaries ranged between 4.5 and 6 mg C L
-1

; and the 

mean for Twenty Mile Creek was slightly over 9 mg C L
-1

. 

Total suspended solids characteristics were markedly more variable than DOC in the study 

tributaries.  A very large range of mean TSS concentrations (2.5 – 367 mg L
-1

) was evident.  In 

addition, seven of the nine tributaries exhibited larger mean than median TSS values, with 

standard deviations at least 50% of the magnitude of the respective means.  In fact, standard 

deviations for several tributaries were over 100% the magnitude of the respective means (e.g., 

Genesee, Black, Twenty Mile, Salmon, Oswego; Table 4.3, p. 65).  This difference indicates the 

influence of high-flow events during the study period.  An extreme example was the Genesee 

River, with a median TSS of 15 mg L
-1

 and a mean TSS threefold higher (53 mg L
-1

).  Study 

tributaries with substantially lower TSS values also exhibited this pattern: mean TSS 

concentrations for the Black and Salmon rivers (2.5 to 6 mg L
-1

, respectively) were two or more 

times higher than median values.  Interestingly, the two tributaries with the most urbanized 

watersheds exhibited a contrasting pattern.  Both the Humber and Credit rivers, which pass 

through urban areas, had mean TSS concentrations lower than median TSS concentrations over 

the course of the study.  Removal of the TSS data from a single high-flow event that occurred on 

the same date in both tributaries suggests a very weak TSS concentration-flow relationship with 

a negative slope, so it is possible that this pattern is the result of an effect of dilution. 

Mercury is commonly mobilized in association with organic carbon (Driscoll et al. 1994; 

Driscoll et al. 1995; Schuster et al. 2008; Shanley et al. 2008; Demers et al. 2010; Dittman et al. 
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2010).  The variable nature of DOC and TSS for each tributary during the study period is 

illustrated in Figure 4.13 (p. 74).  The correlations between DOC and TSS in the study tributaries 

and between DOC and Hg in the literature suggest that increases in Hg may also result from 

increases in TSS.  When viewed in its entirety, the dataset for this project indicated that a 

positive relationship may exist between THg and TSS in the study tributaries; however, the 

relationship was not statistically significant.  A weak, positive correlation was evident between 

THg and DOC (r = 0.32) in the study tributaries.   

Potential correlations between DOC, TSS, and Hg were explored further based on the THgD and 

THgP fractions.  The only tributary that exhibited a significant relationship between THgD and 

DOC (positive) was Twenty Mile Creek (r = 0.59).  However, when viewed seasonally both the 

Black (r = 0.88) and Salmon (r = 0.86) rivers had positive, significant relationships between 

THgD and DOC in the spring.  A significant, positive relationship was also noted between THgP 

and TSS in six of the nine study tributaries (Ganaraska, r = 0.41; Oswego, r = 0.41; Credit, r = 

0.66; Salmon, r = 0.71; Black, r = 0.73; Genesee, r = 0.94).  Some seasonality was apparent in 

the correlation between THgP and TSS.  Strong, significant relationships were evident in spring 

for the Black (r = 0.99) and Oswego (r = 0.99); in summer for the Salmon (r = 0.97), Genesee (r 

= 0.97), and Twenty Mile Creek (r = 0.89); in fall for the Salmon (r = 0.94), Twenty Mile Creek 

(r = 0.98), and Credit (r = 0.83); and in winter for the Black (r = 0.99), Salmon (r = 0.86), and 

Genesee (r = 0.99).  

Due to the relationships noted between Hg, DOC, and TSS, regression analysis was performed to 

determine how DOC and TSS are affected by flow in the study tributaries.  Results of the 

analysis varied considerably from tributary to tributary, with most exhibiting no discernible 
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correlation.  Relationships between TSS and instantaneous discharge were positive and 

significant in three of the nine study tributaries (Salmon, r = 0.60; Black, r = 0.81; Genesee, r = 

 

Figure 4.13  Dissolved organic carbon as a function of total suspended solids in the study 

tributaries. Several of the study watersheds show large variability in TSS. 

0.94).  Data for the remaining tributaries indicated no significant relationship between TSS and 

flow.  Relationships between DOC and flow were positive and significant in two of the nine 

study tributaries (Genesee, r = 0.52; Twenty Mile, r = 0.67).  None of the other tributaries 

showed a significant relationship between DOC and flow. 

4.4.5 Particle Partitioning of Mercury 

The partitioning of Hg between TSS and water strongly influences Hg dynamics in lotic systems 

(Balogh et al. 1998; Brigham et al. 2009).  Discharge events such as rainfall and snowmelt 

increase TSS in tributaries via flushing of overland particulate and sediment scour.  Such events 

can accelerate Hg transport in tributaries where there exists a strong association between Hg and 
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TSS.  Alternatively, increases in flow may result in little change in load rates if dilution of Hg 

concentrations occurs with increasing flow.  A broad range of particle enrichment (PE; the Hg 

concentration of TSS, calculated as THgP/TSS) was encountered in the sampled tributaries (0 – 

67,650 ng Hg g
-1

 TSS).  The dataset was strongly skewed, with some mean values being 

considerably larger than medians (e.g., Genesee, Black rivers; Table 4.4).  In addition, a clear 

distinction was evident between the Canadian tributaries (mean range: 3.2 – 4.4 ng g
-1

; median = 

2.4 ng g
-1

) and the US tributaries (mean range: 144 – 2,979 ng g
-1

; median = 122.1 ng  

g
-1

).  Based on the available data, PE was significantly higher in US tributaries (p < 0.001; 

Mann-Whitney Rank Sum Test).  Though THgP concentrations in water were similar in 

Canadian and US tributaries, TSS concentrations were much higher in Canada relative to the US, 

resulting in a dilution effect on particle Hg content.   

Table 4.4  Summary of particle Hg relationships in the study tributaries. 

Tributary THg MeHg 

PE (ng g-1) Log Kd PE (ng g-1) Log Kd 

Mean Median Mean Median Mean Median Mean  Median 

Genesee 2,978.56 32.92 4.33 4.82 115.50 0.00 1.89 0.00 

Black 857.28 317.22 5.40 5.38 24.74 0.00 2.37 0.00 

Salmon 262.07 164.05 4.87 5.17 44.76 0.00 2.68 0.00 

Oswego 143.98 107.11 4.61 5.28 29.32 0.69 2.98 2.36 

Twenty Mile 4.36 1.55 2.98 3.33 0.03 0.00 1.31 0.60 

Ganaraska 3.85 2.63 3.68 3.70 0.08 0.00 1.68 0.00 

Humber 3.71 3.54 3.68 3.65 0.08 0.00 1.52 0.00 

Trent 3.52 1.66 3.39 3.62 0.31 0.00 1.85 0.00 

Credit 3.17 2.55 3.61 3.61 0.07 0.00 1.46 0.00 

Increased retention of atmospherically deposited Hg in forested areas (i.e., US watersheds) 

relative to more urbanized and agricultural areas (i.e., Canadian watersheds) may support the 

elevated particle enrichment noted in the US watersheds in this study.  Based on 2005 estimates 

of atmospheric Hg deposition derived from CMAQ (http://www.epa.gov/asmdnerl/EcoExposure/ 

http://www.epa.gov/asmdnerl/EcoExposure/%20depositionMapping.html
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depositionMapping.html; Bullock and Brehme 2002), Hg inputs from the atmosphere do not vary 

significantly among the study watersheds.  However, Lyons et al. (2006) suggests that urbanized 

regions may retain lower percentages of atmospherically deposited Hg than other land-covers.  In 

a study of midwestern states it was noted that forest floors exhibit higher Hg concentrations than 

surface mineral soils (Nater and Grigal 1992), largely as a result of higher organic matter 

content.  Organic matter contains significant amounts of reduced sulfur sites that readily form 

complexes with Hg (Ravichandran 2004).  The US watersheds average 50% more forested land-

cover than the Canadian watersheds, while the Canadian watersheds exhibit 100% more 

agricultural and urban land-cover.  Based on these observations, the higher Hg particle 

enrichment of the US watersheds may be influenced by differences in the land-cover between US 

and Canadian watersheds.     

A similar pattern was evident for MeHg PE values.  The Canadian tributaries exhibited a lower 

range of MeHg PE values (mean range: 0.03 – 0.31 ng g
-1

; median = 0 ng g
-1

) than the US 

tributaries (mean range: 24.7 – 115.5 ng g
-1

; median = 0 ng g
-1

).  Due to the low and often non-

detect MeHg analytical results, particulate MeHg values of zero were often calculated.  This 

resulted in the zero values reported for medians on both sides of Lake Ontario (Table 4.4, p. 75), 

and the subsequent lack of significant difference between the US and Canadian tributaries (p = 

0.078; Mann-Whitney Rank Sum Test). 

Multiple linear regression was employed to explore the relationship between percent land-cover 

and mean particle enrichment.  For this analysis, PE values had to be log-transformed to satisfy 

assumptions of normality.  Following transformation, forward stepwise regression was carried 

out on the datasets.  The only land-cover category found to have a statistically significant effect 

http://www.epa.gov/asmdnerl/EcoExposure/%20depositionMapping.html
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was percent wetland coverage, and that applied only to log MeHg PE.  The equation shown 

below represents this model (r
2
 = 0.46): 

Log MeHg PE = -0.636 + (0.400 * [% Wetland]) (Eq. 4.1) 

Though not significant at α = 0.05, the best predictive model for log THg PE is represented by 

the following equation, which was also limited to percent wetland coverage (r
2
 = 0.38): 

Log THg PE = 0.970 + (0.298 * [% Wetland]) (Eq. 4.2) 

Distribution coefficients (Kd) may be used to assess the relative affinity of Hg for the particulate 

or the dissolved phase.  Values of Kd can be useful in comparing particle-Hg relationships among 

different rivers (Babiarz et al. 1998).  Commonly reported in logarithmic terms, Kd values for 

data in this study were calculated using the following equation: 

Kd = Cp/Cf (Eq. 4.3) 

Cp represents a calculated value, the concentration of Hg on particles, in ng kg
-1

, and Cf 

represents the measured concentration of THgD in ng L
-1

.  Higher relative log Kd values therefore 

indicate a greater affinity for the particulate phase.  For THg, mean log Kd values ranged from a 

low of 2.98 in the Twenty Mile Creek to a high of 5.40 in the Black River.  Perhaps not 

surprisingly, based on PE observations, mean log Kd values were higher in the US tributaries 

relative to the Canadian tributaries, suggesting a greater particle affinity for Hg in the US 

watersheds.  Relationships between land-cover and log Kd values were not readily discernible, 

with most watersheds having largely mixed land-use as discussed earlier.  However, the only 

tributary with a mean log Kd less than 3.0, suggesting the lowest relative affinity with the 



78 

 

  

particulate phase, was Twenty Mile Creek.  Twenty Mile Creek has the most homogenous land-

cover of the watersheds studied, at ~90% agricultural cover.  This observation fails to support the 

assertion that agricultural land-cover can increase THgP.  However, the mean DOC in the 

Twenty Mile Creek was the highest of all tributaries in the study, over 50% higher than the next 

highest tributary (Table 4.3, p. 65).  This relatively high amount of DOC may cause preferential 

partitioning of Hg with dissolved organic matter in the Twenty Mile Creek, and hence influence 

the Kd.  In Twenty Mile Creek, it is likely that atmospherically deposited Hg (largely Hg[II]) is 

preferentially complexed by DOC. 

The log Kd values for MeHg were somewhat lower than for THg; mean values ranged from a 

low of 1.31 for Twenty Mile Creek to a high of 2.98 in the Oswego River.  Tributaries with 

MeHg log Kd > 2.0 drained more forest-dominated watersheds, while those with log Kd < 2.0 

drained more mixed watersheds, often with significant contributions from agricultural and urban 

lands.  These patterns are different than what might be expected.  As discussed in previous 

sections, positive relationships are commonly observed between agricultural land-use and 

particulate-phase associations, and also between forested land-use and dissolved-phase 

associations (Balogh et al. 1998).  However, it is likely that particulate matter from forested 

watersheds has a higher organic carbon content, and as a result may offer preferential binding 

sites over particulate matter draining more agricultural or urban watersheds.  POC has been 

shown to have an inverse relationship with TSS (Meybeck 1982), and TSS increases with 

agricultural and urban land-cover in the study watersheds (Tables 4.1 and 4.3, pp. 50 and 65, 

respectively).  As discussed earlier, agricultural and urban lands retain lower percentages of 

atmospherically deposited Hg (Lyons et al. 2006), and forest floors have higher Hg 

concentrations than mineral soils, largely due to higher relative organic matter conent.  The 
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higher particle-Hg associations for MeHg noted here for forested watersheds is likely due to the 

strong attraction of MeHg for organic matter. 

The distribution coefficients presented here are similar to those presented elsewhere for THg 

(e.g., Hurley et al. 1994; Hurley et al. 1996; Mason and Sullivan 1997; Babiarz et al. 1998; 

Quémerais et al. 1998; Paraquetti et al. 2004).  The MeHg Kd values for Lake Ontario tributaries 

are lower than those observed in some midwestern US studies (e.g., Mason and Sullivan 1997; 

Babiarz et al. 1998), and similar to those reported in a study conducted in the Everglades (Cai et 

al. 1999).  The lower MeHg Kd values in this study may be an artifact of the strong observed 

affinity of MeHg for the dissolved phase in the sampled tributaries.  Filtered MeHg results for 

the entire dataset had a mean of 0.07 ng L
-1

 and a median of 0.05 ng L
-1

.  Particulate MeHg 

estimates for the entire dataset had a mean of 0.04 ng L
-1

 and a median of 0 ng L
-1

.  A significant 

number of MeHg PE values were at or very close to zero due to analytically equivalent whole-

water and filter-phase MeHg results.  In fact, median MeHg PE values for eight of the nine 

sampled tributaries were zero.  As previously mentioned, MeHg was difficult to thoroughly 

characterize in this ecosystem due to a majority of the observations having been very near to or 

below the detection limit (i.e., 0.02 ng L
-1

). 

With most watersheds having mixed land-cover, a multiple linear regression approach was used 

to determine relationships between percent land-cover and log Kd.  For THg, a backward 

stepwise regression suggested that percent wetland was the only significant (r
2
 = 0.78) predictor 

of THg log Kd, as follows: 

THg log Kd = 3.53 + (0.277 * [% Wetland])  (Eq. 4.4) 
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Performing a backward stepwise regression for MeHg suggested that all land-cover variables 

could be used to predict MeHg log Kd (r
2
 = 0.97).  A forward stepwise regression proved more 

selective, indicating that percent wetland and percent water were most appropriately used to 

predict MeHg log Kd, and that the remaining land-cover categories did not contribute appreciably 

to predictive ability.  The final model for MeHg log Kd (r
2
 = 0.82) is: 

MeHg log Kd = 1.47 + (0.147 * [% Wetland]) + (0.111*[% Open Water])  (Eq. 4.5) 

Interestingly, both models indicate positive relationships among the variables, suggesting an 

increased affinity for the particulate phase for THg with percent wetland coverage, and MeHg 

with percent wetland and percent open water coverage.  The pattern noted with the wetland 

variable may be a result of increases in POC, and consequent increases in binding sites for Hg on 

particulate matter.  The positive correlation between percent open water land-cover and the 

association of MeHg with the particulate phase is less clear, and may be coincidental.    
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5. Lake Ontario Mercury Mass Balance 

5.1 Introduction 

Lake Ontario is the fourth largest of the Great Lakes with respect to volume (1,640 km
3
) and the 

fifth largest with respect to surface area (18,960 km
2
).  The direct watershed area of the lake is 

64,030 km
2
, for a watershed area to lake surface area ratio of 3.4 (the largest of the Great Lakes).  

The mean hydraulic residence time is estimated at 6 years, which is the second shortest of all the 

Great Lakes (Government of Canada and United States Environmental Protection Agency 1995).   

The objective of this portion of the study was to build upon the results generated in Chapter 4 

and improve the understanding of Hg cycling for Lake Ontario by quantifying fluvial loading of 

Hg, previously identified as a significant factor in the mass balance, yet largely unquantified.  

These critical data are then used in conjunction with estimates of atmospheric Hg exchange and 

Hg sedimentation to develop a comprehensive Hg budget for the lake.   

5.2 Methods 

Samples were collected from ten major rivers discharging into Lake Ontario and from the outlet 

at the St. Lawrence River.  Rivers sampled in Canada included the Niagara, Twenty Mile Creek, 

Credit, Humber, Ganaraska, and Trent; those sampled in the US included the St. Lawrence, 

Black, Salmon, Oswego, and Genesee (Figure 4.1; p. 49).  The volume discharged to Lake 

Ontario by these tributaries represents approximately 90% of the flow at the St. Lawrence River, 

with the Niagara River contributing approximately 91% of the measured tributary inflow during 

2009.  Samples were collected over a broad range of recorded flows, with no emphasis on any 

specific flow regime (Figure 4.11, p. 63).  Mean discharge during the sampling period was 

similar to the period of record for the US tributaries, while the Canadian tributaries averaged 
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approximately 30% higher flows during the study period than the long-term mean (Table 4.1, p. 

51).  Bimonthly sampling was performed in Canada from June 2008 to December 2009, and in 

the US from June 2009 to May 2010.  Discharge for all tributaries was generally higher in 2008 

than either 2009 or 2010, supporting the higher relative flows recorded in the Canadian rivers 

over the study period. 

Sample collection was performed using trace metal clean protocols (USEPA 1996).  Either in the 

field or upon arrival at the laboratory, 250-500 mL water sample aliquots were filtered through 

pre-cleaned 0.45-µm filters.  Whole and filtered water samples were then preserved using 4 mL 

L
-1

 11.6 M trace metal grade hydrochloric acid.  Sample analysis included ancillary chemistry 

(e.g., TSS, DOC).  Analysis of US tributary samples was conducted at Syracuse University; 

analysis of Canadian tributary samples was conducted at the University of Toronto.  Both 

laboratories used the same or similar methods for analysis.  Total Hg analysis was conducted 

using CVAFS (Bloom 1989; USEPA 2002).  Methylmercury determination was performed via 

aqueous phase ethylation with NaB(C2H5)4, purge and trap separation and detection by CVAFS 

(Horvat et al. 1993a; Horvat et al. 1993b; Liang et al. 1994).  Total particulate Hg 

concentrations, flux, and yield were calculated as the difference between whole- and filtered-

sample results; consequently, some reported THgP concentrations are below the THg detection 

limit (0.20 ng L
-1

).  Ancillary water quality measures were analyzed using Standard Methods 

(Eaton et al. 1998): for DOC, the persulfate-ultraviolet oxidation method (5310C) and for TSS, 

method 2540D.   
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For calculation of means, medians, standard deviations, and mass balances, non-detect samples 

were assigned a value of ½ the detection limit of 0.20 ng L
-1

 for THg and 0.02 ng L
-1

 for MeHg.  

This approach was used to fill data gaps for less than 9% of all Hg analyses.   

The mass transport of Hg species was estimated by coupling fluvial concentration measurements 

with discharge data available from USGS and Environment Canada stations.  Calculations were 

performed using FLUX32 software, version 3.03 (Walker 1987).  The FLUX32 model utilizes 

daily discharge rates (where available) in conjunction with analyte concentrations to estimate 

material fluxes.  Multiple calculation methods are provided in the software package, allowing the 

user to choose the one that best suits the flow and concentration characteristics of each tributary.  

Mean daily discharge data are available for most of the tributaries in this study, with the 

exceptions of the St. Lawrence River (weekly data only) and the Trent River.  Daily discharge 

for the Trent River was composited from a gauged subwatershed and discharge data provided by 

Ontario Power Generation, as described in Chapter Section 4.2.  Sample data are available for 

most analytes on a biweekly basis between June 2008 and December 2009 for Canada and June 

2009 and May 2010 for the US.  Estimates of fluxes for Hg species in this study generally 

displayed only small relative variations among most calculation methods.  Disregarding the flux 

estimates for Twenty Mile Creek (which has a small watershed and flashy flow characteristics; 

Table 4.1, p. 51), the mean variation for estimates of THg flux based on different calculation 

methods was approximately 10%.  Flux estimates for Twenty Mile Creek varied considerably 

(i.e., over 100%) due to the variable flow regime of the Creek and differences in how each 

calculation method handles the concentration-flow relationship.  In the end, the calculation 

method was individually selected for each tributary based on the lowest coefficient of variation 
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reported for each method by FLUX32, and by the general agreement of multiple calculation 

methods.   

Retention coefficients (R) for Lake Ontario were estimated for all analytes using the following 

equation: 

R = (flux in – flux out)/(flux in) (Eq. 5.1) 

The R values were calculated on a solely riverine (Rriverine) basis, including dissolved (Rdissolved), 

particulate (Rparticulate), and MeHg fractions (Rmethyl), on an atmospheric basis (Ratmos), and on an 

atmospheric plus riverine (Rtotal) basis.  Though values of Rriverine and Ratmos greatly oversimplify 

retention and loss of Hg from Lake Ontario, they are nevertheless provided to indicate relative 

retention and loss from different sources.  Analysis of watershed land-cover characteristics was 

performed with a GIS approach as discussed in Chapter 4, and is summarized in Table 4.1 (p. 

51).  Watershed yields were calculated based on estimates of flux, according to the following 

equation: 

Watershed Yield = flux / watershed area (Eq. 5.2) 

Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, Inc. 2008) and alpha 

was set to 0.05 for significance in all statistical tests. 

5.3 Results and Discussion 

5.3.1 Total Mercury Flux 

The yearly THg flux estimates were highly variable among the study rivers (Figure 5.1, p. 86; 

Table 5.1, p. 87).  While some of this variation can be attributed to differences in Hg 
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concentration, the major driver of Hg loading rates to the lake is river discharge.  Although the 

Niagara River had the lowest average THg concentration of the inflowing tributaries (0.8 ng L
-1

; 

Table 4.3, p. 65), its THg flux (154 kg yr
-1

) dominated the fluvial THg load to Lake Ontario, 

constituting nearly 80% of the annual total.  The next closest fluvial source of THg to the lake 

was the Black River (13 kg yr
-1

).  The smallest contributor was the Ganaraska River, which 

supplied THg at a rate of 0.2 kg yr
-1

 during the study period.  Based on these estimates, the total 

fluvial THg load was approximately 197 kg yr
-1

 to Lake Ontario. The St. Lawrence River is the 

sole fluvial export for Lake Ontario (assuming groundwater seepage constitutes a negligible 

mass flux of Hg).  Total Hg export from the lake was estimated to be 68 kg yr
-1

.  The mean THg 

concentration for the St. Lawrence River (0.3 ng L
-1

; Table 4.3, p. 65) was lower than any of the 

inflowing rivers, including the Niagara River.  Therefore, similar to fluvial THg loads, the 

magnitude of THg export via the St. Lawrence River is driven by water flux.  Summed together, 

the riverine THg flux estimates indicated net fluvial retention of approximately 129 kg yr
-1

 THg 

(Rriverine = 0.65; Table 5.2, p. 88). 

5.3.2 Dissolved Mercury Flux 

Estimates of THgD flux are similar to THg flux estimates because the total annual THgD load 

was likewise dominated by the Niagara River (105 kg yr
-1

).  As was observed with THg 

estimates, the next highest contributor was the Black River (5.5 kg yr
-1

) and the lowest 

contributor was the Ganaraska River (0.1 kg yr
-1

).  Total dissolved Hg export via the St. 

Lawrence River (67 kg yr
-1

) constituted over 95% of total fluvial Hg loss from Lake Ontario.  

Unlike most of Lake Ontario’s tributaries, the Hg in the St. Lawrence River consisted almost 

entirely (i.e., > 90%) of the dissolved fraction.  The riverine mass balance of THgD for the lake 

suggests fluvial retention of approximately 56 kg yr
-1

 (Rdissolved = 0.45; Table 5.2, p. 88). 
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Figure 5.1  Summary of fluvial Hg flux into and out of Lake Ontario for the study period. 

5.3.3 Particulate Mercury Flux 

Total particulate Hg loads to the lake were also dominated by the Niagara River (i.e., 50 kg yr
-1

), 

despite the Niagara having the lowest mean THgP concentration of all sampled tributaries (i.e., 

0.3 ng L
-1

; Table 4.3, p. 65).  Unlike THg and THgD fluxes to the lake, where the contribution of 

the Niagara River was nearly fifteen- to twenty-fold higher than the next largest tributary source, 

THgP flux from the Niagara was not as dominant relative to other fluvial sources.  The next 

highest source of THgP to Lake Ontario was the Genesee River at 10 kg yr
-1

, followed by the 

Black River (7.5 kg yr
-1

) and the Oswego River (3.9 kg yr
-1

).  Interestingly, net THgP loads to the 

lake exceeded net THgD loads.  Gross THgD loads to the lake were approximately 60% higher 

than gross THgP loads.  However, over 95% of the fluvial THgP load was retained in the lake 

(i.e., 75 kg yr
-1

; Rparticulate = 0.99; Table 5.2, p. 88), emphasizing the role of Lake Ontario as a 

depositional basin for Hg.  Note that while this calculation depicts net THgP transport, 

undoubtedly some THgP is produced within the lake. 
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Table 5.1  Summary of Hg fluxes and yields for rivers and outlet of Lake Ontario. 

Watershed 
Watershed 

Area (km2) 

Flux and Yield 

THg THgD THgP
(3) MeHg 

(kg yr-1) (g km-2 

yr-1) 

C.V. S.D. (kg yr-1) (g km-2 

yr-1) 

C.V. S.D. (kg yr-1) (g km-2 

yr-1) 

(kg yr-1) (g km-2 

yr-1) 

C.V. S.D. 

Niagara -- 154 -- 0.1 15.52 105 -- 0.1 14.35 49 -- 20 -- 0.5 9.57 

Oswego 13,045 8.0 0.6 0.2 1.55 4.1 0.3 0.2 0.71 3.9 0.3 0.6 0.05 0.48 0.35 

Trent 12,560 6.5 0.5 0.1 0.86 4.1 0.3 0.2 0.63 2.4 0.2 0.6 0.04 0.44 0.24 

Genesee 6,550 12 1.8 0.2 2.51 2.0 0.3 0.1 0.25 10 1.5 0.1 0.02 0.32 0.04 

Black 5,015 13 2.6 0.2 2.19 5.5 1.1 0.1 0.28 7.5 1.5 0.3 0.05 0.24 0.06 

Credit 950 0.5 0.6 0.1 0.04 0.3 0.3 0.1 0.03 0.3 0.3 0.04 0.04 0.43 0.02 

Humber 910 0.6 0.7 0.1 0.06 0.3 0.3 0.1 0.03 0.4 0.4 0.02 0.02 0.23 0.004 

Salmon 713 1.2 1.6 0.1 0.07 0.9 1.2 0.1 0.08 0.3 0.4 0.06 0.08 0.24 0.01 

Twenty Mile 295 0.5 1.8 0.2 0.08 0.3 1.0 0.1 0.04 0.2 0.7 0.01 0.03 0.21 0.002 

Ganaraska 275 0.2 0.9 0.4 0.10 0.1 0.3 0.3 0.02 0.2 0.5 0.01 0.03 0.16 0.001 

St. Lawrence -- 68 -- 0.1 8.12 67 -- 0.08 5.59 0.9 -- 17 -- 0.27 4.47 

Notes: 

1. C.V. = coefficient of variation. 

2. S.D. = standard deviation. 

3. THgP is the calculated difference between THg and THgD.  As a result, measures of variation are not reported for THgP. 
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Table 5.2  Summary of flux estimates and retention coefficients for Lake Ontario. 

Basis 
Flux In Flux Out Retention Coefficient 

(kg yr-1) (kg yr-1) (R) 

Riverine(1) THgD 122 67 0.45 

 THgP 74 1 0.99 

 MeHg 22 17 0.22 

 THg 197 68 0.65 

Atmospheric HgP + Hg(II)(2) 233 0 1.00 

 Hg0 (3) 300 410 -0.37 

 THg 533 410 0.23 

Total THg 730 478 0.35 

Notes: 

1. This study. 

2. CMAQ (Bullock and Brehme 2002). 

3. LOADS (Lai et al. 2007). 

 

5.3.4 Methylmercury Flux 

Methylmercury fluxes for the study period were substantially smaller than all other forms of Hg.  

The MeHg flux from the Niagara River (i.e., 20 kg yr
-1

) was far greater than any of the other 

tributaries.  The next closest MeHg input was for the Oswego River at 0.6 kg yr
-1

, over an order 

of magnitude less than the Niagara’s contribution.  Methylmercury fluxes from the remaining US 

study rivers were all higher than the Canadian tributaries except for the Trent River.  At 0.6 kg 

yr
-1

, the Trent River contributed approximately the same amount of MeHg as the Oswego River.  

The observed spatial distribution of MeHg fluxes reflects variation in river discharge.  The 

smallest US tributary (Salmon River) contributed approximately twice the volume of water to 

Lake Ontario than the second largest Canadian study tributary (Table 4.1, p. 51).  The gross 

fluvial MeHg load to the lake was estimated at 22 kg yr
-1

.  Export via the St. Lawrence River 

was estimated to be 17 kg yr
-1

, for a net fluvial retention of 5.0 kg yr
-1

 MeHg (Rmethyl = 0.22; 

Table 5.2).  As with other Hg forms, while Lake Ontario is a net sink for MeHg inputs, likely 
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some production of MeHg occurs within the water column and sediments of the lake (Eckley and 

Hintelmann 2006; Achá et al. 2012). 

5.3.5 Watershed Mercury Yield and Land-cover 

Annual THg yields ranged from a low of 0.5 g km
-2

 yr
-1

 (Trent River watershed) to a high of 2.6 

g km
-2

 yr
-1

 (Black River watershed); THgD yields ranged from 0.3 g km
-2

 yr
-1

 (all watersheds but 

Black, Salmon, and Twenty Mile) to 1.2 g km
-2

 yr
-1

 (Salmon watershed); THgP yields ranged 

from 0.2 g km
-2

 yr
-1

 (Trent watershed) to 1.5 g km
-2

 yr
-1

 (Black and Genesee watersheds); and 

MeHg yields ranged from 0.02 g km
-2

 yr
-1

 (Humber and Genesee watersheds) to 0.08 g km
-2

 yr
-1

 

(Salmon watershed) (Table 5.1, p. 87).  Only MeHg yield estimates were normally distributed – 

all others were positively skewed.   

Watershed yields of THg, THgD, THgP, and MeHg were modeled by regression analysis with 

percent land-cover (forest, agriculture, wetland, urban, open water) for each of the watersheds.  

Three of the four significant relationships observed suggest land-cover controls on MeHg yield.  

Of these three, two were positive (forest, r
2
 = 0.39; wetland, r

2
 = 0.73); and one was negative 

(agriculture, r
2
 = 0.43).  The observed relationship between increases in wetland coverage and 

increases in watershed yields of MeHg is consistent with others in the literature (Hurley et al. 

1995; St. Louis et al. 1996; Driscoll et al. 1998; Grigal 2002; Warner et al. 2005).  The positive 

link between MeHg and forest cover is not as common in the literature, though some studies 

suggest that a MeHg pulse occurs from litterfall inputs in forested catchments (St. Louis et al. 

2001; Balogh et al. 2003).  Note that a positive relationship exists between forest and wetland 

cover (r
2
 = 0.44).  The correlation between MeHg and forest cover may therefore be coincident 

with the link observed between forest and wetland cover.  Finally, the inverse relationship 

between agricultural land-use and MeHg yield seen in this study is not frequently noted in the 



90 

 

  

literature, though Kamman et al. (2005b) documented a positive correlation between sediment 

MeHg concentrations expressed as a percentage of THg and agricultural land-cover in 

waterbodies of northeastern North America.  There was a significant negative relationship 

between percent wetland coverage and percent agricultural coverage among the Lake Ontario 

watersheds (r
2
 = 0.50), as well as a significant negative relationship between percent forest 

coverage and percent agricultural coverage (r
2
 = 0.94).  The relationship observed between 

MeHg yield and agricultural land-use may therefore be coincident with land-use dynamics: study 

watersheds with higher agricultural land-cover had less wetland and forest coverage.  Driscoll et 

al. (2012) described a dampening of MeHg production resulting from nutrient loading to coastal 

ecosystems, where subsequent increases in biomass decrease MeHg trophic transfer by dilution.  

In addition, they noted that increases in carbon deposition from higher rates of primary 

production can result in reductions in methylation rates.  A similar process may also be occurring 

in study watersheds with higher relative agricultural land-cover. 

Wetlands are typically important sources of natural organic matter to connected surface waters 

(Mulholland and Kuenzler 1979; Eckhardt and Moore 1990).  A positive relationship was 

evident between watershed yield of THgD and percent wetland coverage in the study.    Strong 

associations between THgD and DOC are regularly reported in the literature (Schuster et al. 

2008; Shanley et al. 2008).  There was also a weak, though significant, positive relationship 

between DOC and THgD for the entire dataset (r
2
 = 0.27).    However, there were no significant 

relationships between either percent wetland or wetland area and measures of DOC in the study 

watersheds.  This lack of a pattern may be a result of the relatively small (i.e., ≤ 6%) amount of 

wetland coverage for the study watersheds and, hence, a very small range of percent wetland 

area among the watersheds.  Also, there is likely an additional small amount of wetland coverage 
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that escapes the resolution (i.e., 250-m) of the land-cover data or low-lying terrain that escapes 

wetland classification, yet still affects stream water chemistry and that of adjacent water bodies 

(Driscoll et al. 1998). 

5.3.6 Atmospheric Mercury Fluxes to Lake Ontario 

Unfortunately, detailed measurements of atmospheric exchange and sediment deposition are not 

available for Lake Ontario for the study period.  However, to help put the fluvial measurements 

into perspective, I summarize reports in the literature on atmospheric Hg fluxes.  The CMAQ 

(Bullock and Brehme 2002) model has been used to develop estimates of particulate and ionic 

atmospheric Hg deposition on a 12 km grid.  In order to estimate deposition for Lake Ontario 

based on the CMAQ output, a GIS approach was used to analyze depositional rates for each of 

the 12 km squares over the lake based on the Hg emission inventory for 2005.  These rates 

ranged from a low of 7.0 µg m
-2

 yr
-1

 Hg (near the central-northern shore and the outlet) to a high 

of 19.4 µg m
-2

 yr
-1

 Hg (in the vicinity of the western end of the lake).  The resulting mean of all 

squares covering the lake (12.3 µg m
-2

 yr
-1

 Hg) was applied for budget estimates.  Based on a 

total open water area of 18,960 km
2
 for Lake Ontario, this analysis suggests a particulate and 

ionic Hg input of approximately 233 kg yr
-1

 to the lake via wet and dry deposition.  Gaseous Hg
0
 

exchange was estimated based on a field study performed on Lake Ontario between April 2002 

and July 2003.  Gross deposition and emission of Hg
0
 were estimated at 300 and 410 kg yr

-1
, 

respectively (Lai et al. 2007).  Combining these estimates with the CMAQ values for particulate 

and ionic deposition results in a net atmospheric THg flux of 123 kg yr
-1

 to the lake (Ratmos = 

0.23; Table 5.2, p. 88), which is similar in magnitude to the fluvial THg flux from the Niagara 

River (i.e., 154 kg yr
-1

).   
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5.3.7 Sedimentation of Mercury in Lake Ontario 

There are few empirical data for lake-wide THg sedimentation rates.  Data from a single dated 

sediment core collected in the western basin of Lake Ontario in 2008 suggest a recent THg net 

sedimentation rate of approximately 190 µg m
-2

 yr
-1

 (Drevnick et al. 2012).  This value results in 

a THg flux to the sediments on the order of 4,000 kg yr
-1

 when applied across the entire lake 

bottom (assuming a lake bottom area of approximately 20,000 km
2
).  This estimate doubles to 

approximately 8,000 kg yr
-1

 when using sedimentation rates based on cores collected in 1981 

(Pirrone et al. 1998).  Decreases in anthropogenic Hg emissions over the past two decades 

(Drevnick et al. 2012) support reductions in THg sedimentation.  However, in light of the net 

estimates of atmospheric plus fluvial THg flux to the lake (total = 252 kg yr
-1

), these values 

almost certainly greatly overestimate total net Hg deposition to sediments.  Sedimentation across 

the lake bottom is not homogenous, making a basin-wide estimate of net THg sedimentation 

based on sediment cores a challenge.  Thomas et al. (1972) indicate that sedimentation is limited 

to the three major sub-basins of the lake (i.e., Niagara, Mississauga, Rochester); this has been 

more recently been modified to include the Kingston sub-basin (Kaur et al. 2012).  Oliver et al. 

(1989) suggested that little net sediment accumulation occurs outside these sub-basins.  

Estimates of the combined area of these four sub-basins range from 8,660 km
2
 to 11,390 km

2
 

(Oliver 1984; Kaur et al. 2012).  Application of the more recent net sedimentation estimate from 

Drevnick et al. (2012) to this range of depositional area results in a net THg sedimentation flux 

of approximately 1,660 to 2,180 kg yr
-1

.  Though this range is approximately half the value of 

that calculated from application of Hg fluxes from individual cores to the entire lake bottom, it is 

still high relative to my estimates of fluvial and atmospheric THg loads to the lake. 
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None of the above studies discuss the effects of sediment re-suspension, though it can be 

assumed that sedimentation rates developed from sediment cores represent net sedimentation.  In 

a recent modeling effort, gross THg sedimentation was estimated at approximately 3,530 kg yr
-1

 

(Ethier et al. 2012).  Ethier et al. (2012) also estimated re-suspension of sediment THg for areas 

of the lake bottom likely to be affected by atmospheric conditions and water currents (i.e., the 

nearshore zone), and found this flux to be approximately 3,370 kg yr
-1

.  The balance between 

these values suggests an approximate net THg sedimentation flux of 160 kg yr
-1

 to lake 

sediments, a value that is on the same order of magnitude as my net sum estimate of atmospheric 

and fluvial THg flux to the lake (i.e., 252 kg yr
-1

).  Further, total solids deposition to Lake 

Ontario sediments have been estimated at approximately 4.26 × 10
9
 kg yr

-1
 (DePinto et al. 

2004).  Assuming all Hg sedimentation results from THgP, particle enrichment (i.e., PE; the 

concentration of Hg on particles) for solids contributing to sedimentation is estimated at 38 ng  

g
-1

.  This value is well within the range of PE observed for the riverine dataset reported in this 

study (median = 4.9 ng g
-1

; mean = 470 ng g
-1

). 
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6. Great Lakes Basin Atmospheric Mercury Budget 

6.1 Introduction 

Given the importance of Hg
0
 evasion to the overall mass balance of watersheds, in this chapter I 

review the literature on surface-air fluxes of Hg
0
 in terrestrial and freshwater aquatic 

environments and provide a synthesis of these studies. The focus of this analysis is the Great 

Lakes Basin (GLB).  Overall Hg
0
 losses from the GLB are estimated, and these fluxes are 

compared with estimates of Hg emissions and inputs from wet, dry and litterfall Hg deposition 

through a synthesis of the best available information in the published literature. 

6.2 Literature Review of Mercury Evasion Estimates 

This review of Hg
0
 evasion studies is organized by land-cover type: forest, agriculture, grassland, 

urban, wetlands, inland lakes, and the open waters of the Great Lakes.  Based on this review, 

rates of Hg
0
 evasion were selected for each land-cover, and used to calculate Hg evasion for the 

GLB.  For the purpose of this analysis, Hg fluxes discussed and selected for scaling purposes are 

net gaseous exchange values (i.e., flux values presented account for both gaseous Hg deposition 

and emission). 

Surface Hg
0
 fluxes are influenced by diel and seasonal variability under environmental 

conditions.   Variables that have been found to be important in influencing fluxes include solar 

radiation, temperature, precipitation and atmospheric turbulence and chemistry (summarized in 

Gustin et al. 2008; Stamenkovic et al. 2008).  There is considerable variation in estimates of Hg
0
 

evasion for various land-cover types. This large overall variability occurs due to large temporal 

variability over the time of day and season, relatively large spatial variability, and substantial 

differences in the nature and intensity of measurements among studies.  For example, Poissant et 
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al. (2004) observed a greater than 50% increase in Hg
0
 volatilization from the same wetland site 

under dry conditions compared to when it was flooded.  Moreover, soil temperature became a 

more important controller of Hg
0
 evasion than solar radiation during the dry period.  While some 

studies have suggested that prolonged soil moisture might inhibit Hg
0
 evasion (Schroeder et al. 

2005; Selvendiran et al. 2008b), others have noted elevated Hg
0
 evasion rates immediately 

following precipitation events (Lindberg et al. 1999; Engle et al. 2001; Eckley et al. 2011).  

Marked spatial variability has also been documented in the literature.  Eckley and Branfireun 

(2008) noted an approximate four-fold difference in Hg
0
 evasion between some pavement sites 

in Toronto, and suggested this difference was a result of different pavement compositions.   

Some studies have measured Hg
0
 flux during different seasons to establish an annual ecosystem 

flux which accounts for temporal variability, whereas other studies conduct measurements over a 

range of days (or hours) during a single season.  Several studies have identified that flux 

increases with temperature and solar radiation and as a result, fluxes are higher during the 

daytime than at night and generally higher in the summer than in winter (Gabriel et al. 2006; 

Choi and Holsen 2009a; Eckley et al. 2011); however, some studies have also identified that 

lower solar radiation under deciduous canopies and lower soil moisture content results in lower 

summertime fluxes (Kuiken et al. 2008; Hartman et al. 2009).   Because several studies have 

shown diel Hg
0
 fluxes to generally follow a pattern similar to solar elevation, measurements 

conducted only during daylight hours will greatly overestimate mean daily emissions (e.g., 

Chapter 3; Engle et al. 2001; Gustin et al. 2003; Gabriel et al. 2006).  Therefore, for land-cover 

types where multiple studies have been conducted, selection of data that incorporate daily and 

seasonal variability in developing annual flux estimates has been prioritized, as well as studies 

from within/near the GLB. 
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Surface Hg
0
 fluxes can be measured/modeled using several approaches.  For soils, dynamic flux 

chambers (DFC) and micrometeorological methods (MM) are the most common techniques and 

for aquatic ecosystems, DFCs and purge/trap methods are routinely applied.  Additionally, both 

Hg
0
 detectors and mathematical models used to estimate Hg

0
 evasion vary.  Studies that compare 

different techniques used to measure flux suggest that the methodological approach and 

operating parameters influence the magnitude of the calculated flux (Gustin et al. 1999; Rolfhus 

and Fitzgerald 2001; Eckley et al. 2010).  Therefore, because there is no standard protocol for 

conducting measurements of gaseous Hg
0
 flux, some component of the variability in Hg

0 
fluxes 

among landscapes reported is a function of differences in flux measurement techniques.   To 

minimize this artifact, flux datasets that used similar methodological approaches were selected as 

part of this review.  For soil surfaces, fluxes measured using DFCs were available for all surface 

types and were prioritized for scaling.  For aquatic surfaces, where DFC measurements were 

available they were selected; however for some surfaces only purge/trap data were available and 

applied for scaling.  

Note that in many of the studies reviewed it was assumed that soil Hg
0
 evasion during periods of 

snow cover is minimal.  While this may be true for the soil itself, studies have reported 

substantial rates of Hg
0
 evasion from snowpack (e.g., Lalonde et al. 2002; Ferrari et al. 2005).  A 

considerable portion of the GLB is snow-covered during the winter season.  Few studies were 

found that estimated Hg
0
 evasion from snowpack in the GLB (Schroeder et al. 2005), and many 

of the emission studies reviewed had no or limited measurements during winter.  Additional 

studies are necessary to quantify Hg
0
 emission from the snow cover period in the GLB. 
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6.2.1 Forests 

Fluxes (based on DFC) from a deciduous forest in the Adirondack region of New York were 

selected for scaling forest lands that incorporated diel measurements conducted during each 

season (Choi and Holsen 2009a; Table 6.1, p. 98).  The seasonal flux data were then scaled 

annually to account for seasonal changes in canopy coverage in the summer and snow coverage 

in the winter; expressed as an annual hourly average this flux was 0.8 ng m
-2

 hr
-1

.  Other studies 

of Hg flux from North American forests using DFCs include Carpi and Lindberg (1998) and 

Zhang et al. (2001) both of which measured spring/summer daytime-only fluxes from the soil 

beneath a deciduous forest in Tennessee (flux range: 2 to 7 ng m
-2

 hr
-1

) and Michigan (average 

flux: 1.4 ±1.4 ng m
-2

 hr
-1

) and Schroeder et al. (2005) which measured summertime fluxes from 

forest soil in Nova Scotia (flux average: 1.1 ng m
-2

 hr
-1

).  While the Choi and Holsen (2009a) 

flux value appears lower than measurements from other studies, this is because their value 

incorporates diel and seasonal variability, whereas the other studies do not.  During warm, sunny 

conditions, Choi and Holsen (2009a) measured Hg
0
 fluxes that were in excess of 10 ng m

-2
 hr

-1
, 

which is of similar magnitude as measured during peak emissions in the other studies.

6.2.2 Agricultural Lands 

Agricultural lands include areas used for crop production.  Grasslands, including areas used for 

livestock pasture, are discussed in the Grasslands section.  Using the DFC method, Carpi and 

Lindberg (1998) measured Hg
0
 fluxes from a simulated plowed agricultural field in Tennessee 

(vegetation was manually removed from the surface before measurements were conducted) and 

found fluxes ranging from -0.66 to 44.8 ng m
-2

 hr
-1

. This large range incorporates values at 

different sample locations (two different fields) and levels of daytime solar radiation. The fluxes 

from the Nelson field site in Carpi and Lindberg (1998) are considered more representative of
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Table 6.1  Summary of terrestrial Hg fluxes measured in or near the Great Lakes Basin.  Note: some studies only measured Hg fluxes 

during the daytime—to estimate diel fluxes from daytime measurements, a Gaussian distribution was assumed following the methods 

of Engle et al. (2001) and Nacht and Gustin (2004).  All estimated diel fluxes are presented in italics in the Table.  For land-covers 

where multiple DFC measurements exist, a potential range of values is given in parenthesis that reflects diel and seasonally adjusted 

flux estimates.  

Land-cover Site Description Season Method 
Daily flux  

(ng m-2 d-1) 

Hourly flux 

(ng m-2 hr-1) 

Flux used for scaling 

(ng m-2 d-1) 

Soil THg 

Conc. 

(ng g-1) 

Reference 

Forest 

 

 

 

Deciduous forest--

Adirondacks, NY, 

USA 

Spring 

DFC 

15 0.64a 

19 

(Potential range: 6.2 to 33) 

81.9 ± 24.7 
Choi and Holsen 2009a; 

Choi and Holsen 2009b 

Summer 32 1.34a 

Fall 19 0.77a 

Winter 22 0.09a 

Annual Ave. 19 0.80b 

Deciduous forest--

Oak Ridge, TN, 

USA 

Spring/ 

Summer 
DFC 10 to 33* 2.0 to 7.0c 469 ± 75 Carpi and Lindberg 1998 

Forest-- Nova 

Scotia, Canada 
Summer DFC 8.5 1.1c 150 - 330 Schroeder et al. 2005 

Deciduous forest—

Upper Peninsula 

Michigan, USA 

Summer DFC 22 1.4 ±1.4c 69 - 98 Zhang et al. 2001 

Deciduous forest—

Standing Stone 

State Forest, TN, 

USA 

Spring 

DFC 

0 0.0 ± 0.3c 

92 Kuiken et al. 2008 

Summer 3.1 0.4 ± 0.3c 

Fall 7.0 0.9 ± 0.6c 

Winter 4.7 0.6 ± 0.5c 

Annual Ave 6.2 0.4 ± 0.5 

Agriculture 

Disturbed soil—

Tennessee, USA 

Spring/ 

Summer 
DFC 82 to 230 

12 ± 5.4 to 

45 ± 5.2c 

58 

(Potential range: 82 to 230) 

61 ± 19 to 

111 ± 14 
Carpi and Lindberg 1998 

Cropland-Maryhill, 

Ontario, Canada 
Fall MM 2.4 0.1 ± 0.2d 400e 

Cobbett and Van Heyst 

2007 

Cropland-

Minnesota, USA 
Spring MM 230 9.67d 24.8 ± 4.2 Cobos et al. 2002 
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Land-cover Site Description Season Method 
Daily flux  

(ng m-2 d-1) 

Hourly flux 

(ng m-2 hr-1) 

Flux used for scaling 

(ng m-2 d-1) 

Soil THg 

Conc. 

(ng g-1) 

Reference 

Agriculture 

(cont’d) 

Snow covered rural 

soil—Elora, 

Ontario, Canada 

Winter DFC 1.0 0.09 ± 0.03c 
 

NA Schroeder et al. 2005 

Grassland 

Pasture, Ontario 

and Quebec, 

Canada 

Summer 

DFC 43* 3.0d 

40 

(Potential range: 36 to 43) 

6 

Schroeder et al. 2005 MM 26 1.1d 47 

MM 70 2.9d 100 

Pasture—Upper 

Peninsula 

Michigan, USA 

Summer DFC 36* 7.6 ±1.7c 16 Zhang et al. 2001 

Wisconsin 
Not 

specified 
DFC 7.2 0.3± 0.07d <10 to 28 Ericksen et al. 2006 

Urban 

Pavement—

Toronto, Ontario, 

Canada 

Summer DFC 4.3* 1.0f 

Pavement: 3.6 

(Potential range: -0.24 to 4.3) 

 

 

Soil: 55.2 

(Potential Range: 29 to 62) 

16 
Eckley and Branfireun 

2008 
Soil—Toronto, 

Ontario, Canada 
Summer DFC 29* 6.2f 61 

Pavement—

Tuscaloosa, 

Alabama, USA 

Spring 

DFC 

139 5.8a 

Not 

measured 

Gabriel et al. 2006 

Summer 264 11a 

Fall 26 1.1a 

Winter 34 1.4a 

Annual Ave 62 2.6 

Soil—Tuscaloosa, 

Alabama, USA 

Spring 

DFC 

-0.48 -0.02a 

25 to 47 

Summer 0.48 0.02a 

Fall -3.6 -0.15a 

Winter 2.2 0.09a 

Annual Ave -0.24 -0.01 

aMedian value from diel measurements  

bAnnual estimate adjusted (+20%) to account for limited UVB permeability of polycarbonate chamber 

cHourly average measurements during daytime/sunlight conditions.  

dDiel average 

eConcentration after biosolids application 

fMedian value from daytime measurements conducted at several locations 

*Adjusting this value to account for seasonal variability based on the findings of Choi and Holsen (2009a)  
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the GLB because the Hg concentration of the soil (61±19 ng g
-1

) was similar to values measured 

from crop and pastureland within the GLB (see Table 6.1, p. 98).  Because these measurements 

were conducted during the spring/summer daytime conditions, they needed to be adjusted to 

account for diel and seasonal flux variability.  Flux measurements obtained during only specific 

periods of the day can be extrapolated to diel averaged fluxes assuming a Gaussian distribution 

(Engle et al. 2001; Nacht and Gustin 2004).  Using the daytime sunny conditions average flux of 

12.5 ng m
-2

 hr
-1

 to represent noontime emissions, and the average from measurements obtained 

in the shade to represent nighttime fluxes (-0.66 ng m
-2

 hr
-1

), to fit a Gaussian distribution 

resulted in an estimated diel flux of 3.4 ng m
-2

 hr
-1

.  Furthermore, since this flux was measured 

during the spring/summer, it is not representative of fall and winter emissions.  If a similar 

decrease in fluxes is assumed during the fall as was observed from the seasonal measurements 

from a GLB forest (Choi and Holsen 2009a), then the diel autumn Hg
0
 fluxes are estimated to be 

2.7 ng m
-2

 hr
-1

.  During the winter, Schroeder et al. (2005) measured low fluxes (0.09 ± 0.03 ng 

m
-2

 hr
-1

) from an agricultural area in Southern Ontario covered in snow.  Averaging these fluxes 

by their respective seasonal time intervals results in an estimated annual average flux from GLB 

cropland of 2.4 ng m
-2

 hr
-1

. Several studies have shown that Hg
0
 fluxes increase following 

surface disturbance, however these elevated emissions are temporary and fluxes return to pre-

disturbance levels within a week after soil disturbance (Gustin et al. 2003; Eckley et al. 2011).  

While the results of Carpi and Lindberg (1998) indicate that Hg
0
 fluxes from agricultural lands 

can be elevated during periods of active plowing/harvesting, it is not clear from their study how 

long the emissions remained elevated.  In the annual average flux applied for scaling, the fluxes 

from the disturbed surfaces from Carpi and Lindberg (1998) were applied over a 6 month period, 

which may be an overestimation of the emissions during this period depending on how often the 
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fields are disturbed from farming activities and how long the emissions remained elevated 

following surface disturbances.  Other MM measurements of Hg
0
 fluxes on agricultural lands 

found values ranging from an average autumn diel flux of 0.1 ± 0.2 ng m
-2

 hr
-1

 at an Ontario 

cropland field (Cobbett and Van Heyst 2007) to an average spring diel flux of 9.67 ng m
-2

 hr
-1

 at 

a Minnesota cropland field (Cobos et al. 2002).  The large range in reported Hg
0
 fluxes for 

croplands does not appear to be related to differences in soil Hg concentrations, which were 

highest in the Cobbett and Van Heyst (2007) study where the fluxes were the lowest; instead 

variations in Hg
0
 fluxes may reflect varying levels of surface disturbance associated with 

agricultural activity.   

Analysis of GLB Hg
0
 evasion (see below) suggests that agricultural lands account for more than 

50% of total Hg evasion from the GLB.  It is not clear from these studies when and for how long 

Hg
0
 evasion rates are elevated from agricultural lands. Elevated Hg

0
 evasion rates also may 

reflect high rates of carbon mineralization and Hg(II) cycling associated with land disturbance or 

materials added to agricultural lands.  Based on the literature review and the elevated rates 

associated with this review, there is a clear need for more rigorous evasion studies on agricultural 

lands, quantifying rates and climatic and landscape level drivers that control evasion rates. 

6.2.3 Grasslands 

For grasslands/pastures, Schroeder et al. (2005) used both the DFC and MM techniques to 

measure average diel summertime Hg
0
 fluxes in Ontario (3.0 and 1.1 ng m

-2
 hr

-1
 respectively) 

and Quebec (MM only: 2.9 ng m
-2

 hr
-1

) and Zhang et al. (2001) used a DFC to measure mid-day 

summer fluxes from the Upper Peninsula in Michigan (7.6 ± 1.7 ng m
-2

 hr
-1

).  While the values 

from Zhang et al. (2001) appear much larger than those from Schroeder et al. (2005), this 

difference is likely due to the fact that the latter considered diel conditions.  Assuming the 
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Gaussian flux distribution the diel flux from Zhang et al. (2001) was estimated to be 2.6 ng m
-2

 

hr
-1

, which is similar to values of Schroeder et al. (2005), suggesting that these measurements are 

representative of grassland emissions.  Ericksen et al. (2006) measured diel fluxes with a DFC 

from grasslands in Wisconsin and found that some fluxes were similar in magnitude to those of 

Schroeder et al. (2005) and Zhang et al. (2001) (maximum flux: 3.5 ng m
-2

 hr
-1

), but overall 

Ericksen et al. (2006) reported a much lower mean flux of 0.3 ± 0.07 ng m
-2

 hr
-1

 (the season 

these measurements were conducted is not reported).  Their lower flux may be a function of their 

grassland site being under forest cover and not exposed to direct sunlight, which is not a typical 

condition for grasslands.  As such, an average of the Schroeder et al. (2005) and Zhang et al. 

(2001) values were used for scaling in the overall GLB analysis (i.e., 2.8 ng m
-2

 hr
-1

).  Because 

this value represents summer conditions, it was adjusted to be seasonally representative as was 

described for the agricultural lands resulting in an annual estimated average flux of 2.0 ng m
-2

  

hr
-1

. This value is slightly lower, but of similar magnitude as the fluxes reported for agricultural 

cropland.  Similar rates of Hg
0
 evasion are anticipated for agricultural lands and grasslands of the 

GLB, as both land-covers are exposed to full solar radiation (i.e., limited canopy cover, which 

can decrease emissions).  The slightly lower fluxes from the grasslands may reflect the lower 

level of disturbance these surfaces encounter relative to croplands.  

6.2.4 Urban Lands 

Urban areas largely consist of impervious surfaces, such as pavement, and pervious soils.  

Eckley and Branfireun (2008) used DFCs to measure fluxes from both types of surfaces from 

several locations from a major urban center within the GLB (Toronto, Ontario).  The median 

fluxes they reported were based on summertime daytime measurements (1.0 and 6.2 ng m
-2

 hr
-1

 

for pavement and soil, respectively).  Using the Gaussian distribution to estimate diel Hg
0
 fluxes, 
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values of 0.3 and 2.0 ng m
-2

 hr
-1

 for pavement and soil are estimated, respectively. These values 

are similar to a more intensive diel and seasonal sampling campaign conducted from urban soils 

and pavement from outside of the GLB (Tuscaloosa, Alabama; Gabriel et al. 2006).  Gabriel et 

al. (2006) found a median annual flux of -0.01 ng m
-2

 hr
-1

 for pavement, and 2.64 ng m
-2

 hr
-1

 for 

urban soils.  The similarity in flux magnitudes may be due to similar soil Hg concentrations 

between the two sites (Table 6.1, p. 98).  The measurements of Eckley and Branfireun (2008) 

included good spatial coverage.  In contrast, Gabriel et al. (2006) characterized temporal 

variability (which was based on a single location).  However, because the magnitude of 

measurements from these two studies is similar, they have been averaged to obtain values for 

urban lands of the GLB that are both spatially and temporally representative (pavement: 0.15 and 

soil: 2.3 ng m
-2

 hr
-1

).   Urban lands of the GLB are assumed to be 40% impervious surfaces and 

60% pervious land (Akbari et al. 2003).  The relatively few urban evasion studies in the GLB, as 

well as the spatial heterogeneity noted in Eckley and Branfireun (2008) (i.e., median values at six 

sample sites in one city ranging from below detection limit to 5.2 ng m
-2

 hr
-1

), suggests that 

additional research is needed to better characterize Hg emissions from urban environments.  

6.2.5 Wetlands 

Of the three surface-air Hg-flux studies for wetlands reviewed, two used DFCs (Poissant et al. 

2004; Selvendiran et al. 2008b) while the other applied MM gradients (Lindberg and Meyers 

2001).   Poissant et al. (2004) compared Hg
0
 evasion from a wetland in Quebec during a flooded 

period with values during a dry period.  Diurnal measurements were made during both periods; 

the median values were calculated from both daytime and nighttime measurements.  They found 

a median Hg
0
 flux of 0.83 ng m

-2
 hr

-1
 during the dry period (August to September, 1999), and a 

median Hg
0
 flux of 0.5 ng m

-2
 hr

-1
 during the flooded period (May 2000).  Selvendiran et al. 
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(2008b) found a similar pattern from a riparian zone in the Adirondack region of New York.  

During flooded conditions, net volatilization was -1.3, -3.9, and -3.6 ng m
-2

 hr
-1

 for spring, 

summer and fall, indicating deposition; during drier conditions, net volatilization was observed 

(3.8 ng m
-2

 hr
-1

).  They also evaluated a beaver meadow, estimating an annual Hg
0
 evasion flux 

of 0.52 ng m
-2

 hr
-1

.  This estimate included both seasonal and diurnal measurements from a 

wetland in close proximity to the GLB, and as a result may be more representative of the annual 

evasion rate for wetlands in the GLB.  Note, however, the differences observed between flooded 

and dry conditions at different wetlands.  Seasonal changes, as well as periods of drought or 

elevated precipitation, could have considerable effects on Hg
0
 evasion rates from wetlands. 

6.2.6 Lakes (Inland) 

In addition to the MM gradient and DFC methods typically used for Hg
0
 evasion work on soils, 

estimates of evasion from aquatic environments include the use of a purge and trap system (e.g., 

Chapter 3; O’Driscoll et al. 2003b).  While DFC and MM methods measure net Hg
0
 exchange, 

the purge and trap methods measure DGM, and use models to determine air-water Hg
0
 exchange.  

Selvendiran et al. (2009) applied the purge and trap system to estimate Hg
0
 evasion from Arbutus 

Lake in the Adirondacks, New York.  They developed an annual estimate of Hg
0
 evasion from 

the lake surface, 0.89 ng m
-2

 hr
-1

.  During the study, mean daytime evasion was 1.6 ng m
-2

 hr
-1

 

and mean nighttime evasion was estimated at 0.7 ng m
-2

 hr
-1

.  The value proposed as an annual 

estimate accounts for diel as well as seasonal variation.  Vandal et al. (1991) developed an 

annual estimate of Hg
0
 evasion (0.17 ng m

-2
 hr

-1
) for seepage lakes in Wisconsin.  All other 

studies provided estimates specific to the study period, or did not define a study period: 

O’Driscoll et al. (2003a) noted a daytime range of 2.1 to 3.8 ng m
-2

 hr
-1

 during the summer for 

two lakes in Nova Scotia;  Xiao et al. (1991) developed a mean daily estimate of 7.9 ng m
-2

 hr
-1
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during the warmer season for four lakes in Sweden; Wollenberg and Peters (2009) noted a range 

of 0.14 to 20.95 ng m
-2

 hr
-1

 from a dimictic lake in eastern Pennsylvania during fall turnover.  Of 

these, the Selvendiran et al. (2009) estimate, which accounts for both diurnal and seasonal 

variations, was used to represent Hg
0
 evasion from inland lakes in the GLB.  Of the literature 

reviewed, Hg
0
 evasion estimates for inland lakes exhibit the greatest variability in 

methodological approach.  It is therefore difficult to reconcile values across a region and 

objectively compare Hg evasion values among different lakes. 

6.2.7 Great Lakes 

Estimates of gaseous Hg
0
 evasion from the surfaces of the Great Lakes have largely been 

developed using data collected from grab samples that were promptly analyzed for DGM.  Four 

recent studies were reviewed, and the only one not employing grab samples simply estimated 

gaseous Hg evasion by difference to close a Hg
0
 budget (i.e., Rolfhus et al. 2003).  That study 

estimated an annual Hg
0
 volatilization rate of 1.0 ng m

-2
 hr

-1
 from Lake Superior.  The remaining 

studies reviewed focused on Lake Superior, Lake Ontario and Lake Michigan.   

Jeremiason et al. (2009) estimated evasional Hg
0
 fluxes for Lake Superior and Lake Michigan, 

with annual values of 0.22 and 0.75 ng m
-2

 hr
-1

, respectively.  Vette et al. (2002) also studied 

Lake Michigan, and found a similar estimate of 0.89 ng m
-2

 hr
-1

.  Due to the more recent 

observations that are based on DGM measurements, the estimates of Jeremiason et al. (2009) 

were used to represent Hg
0
 evasional flux from both Lake Superior and Lake Michigan in this 

analysis.  As part of an atmospheric deposition study for Lake Ontario, Lai et al. (2007) 

estimated an annual Hg
0
 evasion rate of 0.66 ng m

-2
 hr

-1
.  This was the only report in the 

literature for Lake Ontario, and was therefore used to represent that lake’s annual Hg
0
 emission 

rate.  No studies were found for either Lake Huron or Lake Erie.  However, since Lake Huron 
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and Lake Michigan are geologically considered the same body of water (Great Lakes 

Environmental Research Laboratory 2006), the Lake Michigan Hg
0
 evasion rate was used to 

represent Lake Huron as well.  Due to the proximity of Lake Ontario and Lake Erie, the Hg
0
 

evasion rate for Lake Ontario was used for Lake Erie.  More studies on Hg evasion from the 

Great Lakes would be beneficial, particularly with respect to Lakes Erie and Huron, and also to 

estimate localized influences of large river discharges and urban centers. 

6.3 Relative importance of Hg evasion for the Great Lakes Basin 

A GIS approach was utilized to attempt to place estimates of rates of Hg
0
 evasion in the context 

of the Hg dynamics across the GLB.  Values of Hg
0
 evasion rates for land-cover type were used 

based on the literature review discussed above.  These rates were applied to the distribution of 

land-cover for the GLB from USGS Global Land Cover Characterization (Table 6.2, p. 107).  

Due to the limited number of evasion studies that have been conducted for certain land-cover 

types, land-cover classes have been lumped to describe forests, agricultural lands, grasslands, 

urban lands, inland waters including lakes, reservoirs, rivers and wetlands; and the individual 

Great Lakes. Rates of Hg
0
 evasion for the GLB are compared with: values of Hg emissions for 

the US and Canada for 2005; wet Hg deposition for 2002-2008 obtained from the Mercury 

Deposition Network (Risch et al. 2012b); estimates of Hg dry deposition calculated from the 

CMAQ model (Bullock and Brehme 2002) for 2001; and forest litterfall Hg deposition in the 

GLB.   

Litterfall Hg deposition was estimated by litter studies conducted by forest type (Demers et al. 

2007; Risch et al. 2012a) and GIS forest cover.  For the U.S., forest cover type data were 

available by tree species association classes from the USGS (e.g., maple-birch-beech, spruce-fir, 
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oak-hickory).  Litterfall Hg deposition rates for forest species classes were multiplied by the land 

area of these classes for the U.S. area of the GLB.  Unfortunately a comparable GIS of tree 

species association classes are not available for Canada.  As a result, the forest cover classes in 

the USGS Global Land Cover Characterization for Canada were used (discussed above for land-

cover classes), which include hardwood, conifer and mixed forest cover classes.  The mean 

litterfall Hg deposition reported in Risch et al. (2012a) was used for conifer and mixed forest 

classes.  It was assumed in the GLB in Canada that the hardwood forest class is largely 

comprised of maple-birch-beech forest class and therefore the data for that forest association 

class in Risch et al. (2012a) was selected.  Values of litterfall Hg deposition for forest species 

association classes in the U.S. and the three forest cover classes in Canada were summed.  Note 

that forest lands represent 37% of the Great Lakes watershed area (Table 6.2).  The total litterfall 

Hg deposition estimated for forest lands was prorated to the entire GLB.  Total Hg deposition 

was estimated as the sum of wet Hg deposition, dry Hg deposition and litterfall Hg deposition 

(Driscoll et al. 2007a). 

Table 6.2  Area of land-cover types, areal Hg evasion rate for land-cover type, and total and 

percentage of Hg evasion by land-cover type for the Great Lakes Basin. 

Land-cover 

Area Hg Evasion Rate Total Hg 

Evasion  

(kg yr
-1

) 

Percentage of 

Total Hg 

Evasion 
(km

2
) (% of total) (μg m

-2
 yr

-1
) (ng m

-2
 hr

-1
) 

Urban 9,420 1 12.6 1.4 120 1.5 

Agricultural 202,600 27 21 2.4 4,260 55.0 

Grassland 198 0.03 17.5 2.0 35 0.4 

Forest 277,700 37 7.0 0.8 1,900 25.1 

Inland waters 24,200 3 7.8 0.9 190 2.4 

Great Lakes 244,160 32 4.9 0.6 1,190 15.4 

Total 760,000 100 10.2 1.2 7,700 100 
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This analysis suggests an overall Hg
0
 evasion for the GLB of about 7.7 Mg yr

-1
, corresponding to 

an areal rate of 10.2 µg m
-2

 yr
-1

 (Tables 6.2 and 6.3, pp. 106 and 108, respectively).  Total Hg
0
 

evasion is distributed among the various land-cover types (Table 6.2, p. 107; Figure 6.1, p. 110).  

As the areal evasion rates reported in the literature for urban lands, agricultural lands and 

grasslands are greater than the other land-cover types and the region as a whole, these land-cover 

types had a disproportionate contribution to the total emissions.  Evasion from agricultural lands, 

grasslands and urban lands is estimated to have contributed 55%, 0.4% and 1.5% to the total, 

respectively.  Forest land contributed a relatively large fraction of total Hg
0
 evasion (25.1%) due 

to its large area of the GLB.  Inland waters and the Great Lakes also contributed to the total Hg
0
 

evasion of the GLB (2.4 and 15.4%, respectively).  It appears that areal evasion rates from inland 

waters (7.8 µg m
-2

 yr
-1

) are somewhat greater than the Great Lakes (4.9 µg m
-2

 yr
-1

).  The lower 

value for the Great Lakes is in part due to lower areal rates for Lake Superior (1.9 µg m
-2

 yr
-1

).  

Total direct anthropogenic Hg emissions for 2005 for the GLB were 10.2 Mg yr
-1

, which 

corresponds to an areal flux of 13.4 µg m
-2

 yr
-1

 across the entire GLB (Table 6.3, p. 109).  Of 

these emissions about 60% are as Hg
0
 and 40% occurred as oxidized Hg.  The Hg emissions in 

the GLB represent 8.8% of the total anthropogenic Hg emissions for the U.S. and Canada (115.3 

Mg yr
-1

).  The Great Lakes themselves are 32% of the area of the GLB.  As a result of this 

relatively large fraction of open water area, the total and areal fluxes of anthropogenic Hg 

emissions give the appearance of being relatively low.  Note however, there are numerous Hg 

emission sources in close proximity to the GLB.  As 50, 100 and 200 km buffers adjacent to the 

GLB are considered, there is a considerable increase in total Hg emissions to a value of 30.2 Mg 

yr
-1

 for the GLB plus a 200 km buffer or 26.2% of the Canadian and U.S. total Hg emissions 

(Table 6.3, p. 109). Increasing the buffer area from 50 to 100 and to 200 km around the GLB   
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Table 6.3  Comparison of rates of Hg evasion estimated for the Great Lakes Basin with direct 

total Hg emissions (including Hg
0
 and oxidized [ox] Hg), wet, dry and litter Hg deposition. Note 

that total Hg deposition is the sum of wet, dry and litter deposition.  Because many emission 

sources are proximate to the Great Lakes Basin also included are direct total Hg emissions for 

the GLB plus for the lands within 50, 100 and 200 km buffer areas.  Note that areal fluxes are 

prorated across the entire GLB (plus any buffer area), including the Great Lakes. 

Flux Total Hg flux (kg yr
-1

) Areal Hg flux (μg m
-2

 yr
-1

) 

Evasion 7,700 10.2 

Direct anthropogenic emissions 10,185 (ox 4,100, Hg
0
 6,100) 13.4 

Direct emissions with 50 km buffer 14,608 (ox 5,200, Hg
0
 9,500) 14.2 

Direct emissions with 100 km buffer 19,200 (ox 7,500, Hg
0
 11,700) 15.2 

Direct emissions with 200 km buffer 
30,200 (ox 12,900,  

Hg
0
 17,300) 

17.1 

Wet deposition 6,100 8.1 

Dry deposition 7,400 9.8 

Litter deposition 2,400 3.1 

Total deposition 15,900 21.0 

 

direct, increases the areal fluxes of total anthropogenic Hg emissions over these areas from 14.2 

to 15.2 to 17.1 µg m
-2

 yr
-1

, respectively (Table 6.3), demonstrating the importance of emission 

sources adjacent to the Great Lakes watershed.  Note that these proximate emission sources are 

highly relevant to Hg dynamics for the GLB because they are within the spatial scale for 

deposition of oxidized species of Hg emissions (reactive gaseous Hg and particulate Hg; Driscoll 

et al. 2007b).  Within the GLB plus the 200 km buffer region, emissions of oxidized Hg are 12.9 

Mg yr
-1

, or 43% of total Hg emissions.  This pattern indicates that regional and local scale Hg 

emissions are undoubtedly important to the ecosystem effects of Hg deposition for the GLB 

(Drevnick et al. 2012).  For the GLB, direct anthropogenic Hg emissions are somewhat 



110 

 

  

 

Figure 6.1  Map of the Great Lakes Basin showing rates of elemental mercury evasion. 

greater but comparable in magnitude to this study’s estimate of Hg re-emissions indicating that 

re-emission (i.e., evasion) is an important pathway of Hg to the atmosphere.   

Rates of Hg
0
 evasion are found to be less than total atmospheric Hg deposition, within the 

uncertainty of this analysis.  From the MDN, 6.1 Mg wet Hg deposition for the GLB, or an areal 

rate of 8.1 µg m
-2

 yr
-1

, are estimated.  This input is somewhat less than this study’s estimate for 

Hg
0
 evasive losses. Estimated dry Hg deposition from USEPA CMAQ simulations for 2001 is 

7.45 Mg yr
-1

 or 9.8 µg m
-2

 yr
-1

, somewhat greater than the estimate of wet Hg deposition for the 

GLB.  The estimate of litterfall Hg deposition for forest lands of the Great Lakes watershed 

generated from this literature review is 2.37 Mg yr
-1

, for an areal rate of 8.3 µg m
-2

 yr
-1

.  As 

forest cover is 36%, this flux is prorated to 3.1 µg m
-2

 yr
-1

over the entire GLB.  The sum of the 

estimates of these three deposition fluxes is 15.95 Mg yr
-1

 or 21.0 μg m
-2

 yr
-1

, more than double 
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the estimate of evasion Hg losses.  Quémerais et al. (1999) observed fluvial Hg losses for Lake 

Ontario of 0.112 Mg yr
-1

 for 1995 to 1996, suggesting a total fluvial Hg loss of approximately 

0.15 μg m
-2

 yr
-1

 from the entire GLB.  In contrast, I estimate a fluvial outflow of THg of 0.068 

Mg yr
-1

 from Lake Ontario or 0.09 μg m
-2

 yr
-1

 (Chapter 5) for 2008-2010, approximately a 

decade after Quémerais et al. (1999).  This marked decrease in THg outflow shows the response 

of the GLB and Lake Ontario to recent decreases in Hg inputs.  This analysis also indicates that 

the GLB is currently a net sink for atmospheric inputs of Hg.  
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7. Recommendations for Future Work 

Considerable research has been conducted on the Seneca River.  However, prior to the work 

reported here, there was no information on Hg transport and transformations in the river despite 

its fluvial connection to Hg-contaminated Onondaga Lake.  The database that exists as a result of 

this work was generated prior to the commencement of remedial activities at Onondaga Lake 

intended to address the severe Hg contamination in the lake.  During this study, it was estimated 

that Onondaga Lake contributed an additional 15% to the fluvial Hg load of the Seneca River.  A 

future sampling and analysis program is therefore recommended to assess the impacts of 

Onondaga Lake remedial activities on Hg levels in the Seneca River.   

A common, recurring theme observed in this research and throughout the literature is that 

patterns of land-use and distribution in a watershed play a significant role in Hg speciation and 

transport.  More specifically, the relative amounts of different land-cover types are not the only 

important aspect driving land-cover effects on Hg fate and transport.  The location of different 

types of land-cover relative to the river are at least as important, as noted in this study with the 

down-river tracts of forested land in the Humber and Credit Rivers potentially serving as THgP 

sinks, and the down-river tracts of agricultural land immediately adjacent to the Black River 

potentially serving as a THgP source.  Future studies addressing the effects of watershed land-use 

on riverine Hg fate and transport should consider land-use immediately adjacent to the river, and 

be cognizant of the fact that some land-cover patterns may escape the resolution of available 

land-cover models.  For example, wetlands may exist immediately bordering a river and be too 

small to be resolved by commonly available land-cover databases.  However, wetlands are key 

sources of MeHg and can also serve to increase THgD levels, thereby increasing the fraction of 

bioavailable Hg in waters. 
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In addition to watershed land-cover controls on Hg, it was observed that in-river physical 

characteristics can have important effects on the mass transport of Hg species.  An example of 

anthropogenic in-river characteristics occurs in the Trent River, where concentrations of THgP 

were lower than expected.  The Trent River is heavily impounded in the last 25 km prior to 

discharging into Lake Ontario, and the impoundments likely promote THgP deposition.  A 

natural example of in-river characteristics is observed in the Seneca River, where intervening 

Cross Lake supports removal of over 65% of the mass flux of Hg from the Seneca River.  This 

signature of reduced Hg flux is sustained over 60 km downriver, past the Three Rivers junction 

to the outlet of the Oswego River.  Mercury flux increases somewhat between the outlet of Cross 

Lake and the mouth of the Oswego River, likely due to inputs from Onondaga Lake and the 

Oneida River, but is still approximately 40% lower at the mouth of the Oswego River (8.0 kg  

yr
-1

) than at the outlet of Cross Lake (13.3 kg yr
-1

).  Cross Lake therefore significantly reduces 

the Hg load of this river to Lake Ontario.  The data collected in this study support a robust 

assessment of the effects of Cross Lake on Hg transport in the Seneca River.  However, the same 

assessment cannot be made for the effects of impoundments on Hg transport in any of the study 

rivers.  It is recommended that future studies be conducted immediately above and below 

impoundments to quantify their effects on Hg transport and speciation.  Such studies would be 

particularly informative in rivers where existing impoundments are proposed for 

decommissioning and removal.  It is plausible to assume that impoundments serve as a sink for 

fluvial THgP.  

Budget constraints and resource limitations make it important to focus investigations on the more 

significant components of a mass balance.   Results of this study suggest that increases in light 

penetration as a result of zebra mussel metabolism may increase volatilization (i.e., loss) of Hg 



114 

 

  

from the Seneca River.  However, confounding factors during field analysis (e.g., weather, 

canopy cover) introduced uncertainty to estimates of the effects of zebra mussel metabolism on 

Hg
0
 volatilization.  Moreover, estimates of atmospheric Hg deposition were found to be slightly 

larger, though similar in magnitude, to average Hg
0
 volatilization rates from the Seneca River.  

Based on the level of effort required to measure Hg
0
 volatilization in the field, these activities are 

not recommended unless Hg
0
 volatilization is presumed to be a large component of an 

ecosystem’s Hg mass balance.  In the case of the Seneca River, the surface area does not allow 

for significant volatilization relative to the fluvial mass transport of Hg.  The results of the work 

presented here are helpful in showing that volatilization does not represent a significant loss 

mechanism of Hg from rivers of this size.  In addition, it is worth noting that application of the 

Hg
0
 volatilization rate generated from a literature review for inland waters (reported in Chapter 

6) over the volatilization rate measured in the field would have had no measurable effect on the 

reach-by-reach mass balance estimates reported for the Seneca River in Chapter 3.  Elemental 

Hg volatilization would represent a much more significant portion of a mass balance for a 

quiescent system with large surface area (e.g., a lake or wetland), and such a system would be a 

more appropriate application for such intensive field efforts. 

The importance of event sampling was underscored by the Lake Ontario tributary study.  Total 

Hg concentrations were observed to increase 5-fold over average concentrations in response to 

elevated runoff from snow-melt or precipitation.  The THg flux during such events can represent 

a significant portion of the yearly flux.  Failure to characterize the response of THg transport to 

such events can result in severe underestimation of THg flux to receiving waters.  Future studies 

should target several runoff events, with a concentrated rate of sample collection prior to the 



115 

 

  

event, during the rising limb, and following the peak, to adequately assess ecosystem response 

and support accurate flux estimates. 

When viewed independently, the components of atmospheric Hg exchange (HgP, Hg(II), and Hg
0
 

deposition, and Hg
0
 volatilization) are the largest factors of the Hg mass balance in Lake 

Ontario. Similar results have been observed in other Great Lakes (e.g., Mason and Sullivan 1997; 

Landis and Keeler 2002; Rolfhus et al. 2003).  However, when summed to represent net 

atmospheric Hg exchange (i.e., 123 kg yr
-1

 deposition), these values are comparable to fluvial 

loading from the Niagara River (i.e., 154 kg yr
-1

).  Prior to the research conducted as part of this 

dissertation, the total fluvial load of Hg was largely unquantified.  Other researchers have 

developed robust mathematical models to estimate the transport and transformations of Hg 

within Lake Ontario (Ethier et al. 2012).  It is recommended that the results of the Lake Ontario 

sampling effort reported in this dissertation be integrated into these models and used for further 

calibration and verification.   

It is recommended that future Hg studies be conducted on Lakes Huron and Erie, as there is a 

striking paucity of Hg data on these systems.  Further, although open-water studies may provide 

important estimates of whole-lake Hg concentrations in any or all of the Great Lakes, it is 

recommended that future Hg studies conducted on any of the Great Lakes focus on near-shore 

areas.  These areas support a significant amount of the lakes’ biota.  As a result of this and the 

more accessible nature of near-shore areas, they are the most likely pathways of human and 

wildlife exposure to Hg.  Although the fluvial Hg loads to Lake Ontario from the adjacent study 

watersheds are small relative to the Niagara River and atmospheric inputs, tributaries have strong 

controls on nearshore areas, and tributary inputs appear to remain in the nearshore zones rather 



116 

 

  

than being exported into open waters of the lake (Howell et al. 2012; Makarewicz et al. 2012a).  

As noted in this dissertation, riverine Hg inputs are largely particulate-related and are likely to 

settle in near-shore areas, where secondary processes such as resuspension, remineralization, and 

methylation will then play a much more important role (Hurley et al. 1998b).  In addition, 

Makarewicz et al. (2012b) noted a thin band of water with unique chemistry isolated to the 

nearshore zone of Lake Ontario, specifically in late spring and summer.  Rolfhus et al. (2003) 

suggested tributary MeHg loading is possibly more available to biota, as they noted elevated Hg 

concentrations in biota during the spring season.  Rolfhus et al. (2003) also noted that MeHg is 

diffuse in open waters of Lake Superior, yet at times orders of magnitude higher in nearshore 

zones.  It is therefore prudent to focus future research efforts in these areas. 

In addition to a focus on near-shore zones, the variability noted in Hg concentrations within and 

among the watersheds of this study underscores the importance of an aquatic sampling and 

analysis plan for any study intending to evaluate Hg dynamics.  Dependence on land-cover 

characteristics or surrogate measures to accurately estimate Hg transport characteristics is 

unlikely to be reliable.  Though land-cover and surrogate measures may be used to develop 

plausible hypotheses and assumptions related to watershed Hg export, the results of this study 

indicate little reliable predictive relationships between them and estimates of Hg dynamics. 

Efforts to further improve the efficiency, accuracy, and precision of ultra-low level (i.e., 

picogram per liter; pg L
-1

) MeHg analysis would be welcome and would support further research 

on the cycling of this key form of Hg.  The process has been greatly simplified in the Syracuse 

University laboratory, yet it is still apparent that limitations in detection limits as well as 

evidence of demethylation hindered estimation of MeHg flux in this study, and some of the 
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available data suggested conflicting results: MeHg was found to be almost exclusively associated 

with the aqueous phase for the Lake Ontario tributary study, but was observed to be almost 

exclusively associated with the particulate phase in samples collected from the Seneca River.  

Improvements in detection limits, at a minimum, would serve to confirm this observation, and 

may provide insight into any potential causes. 

The analysis presented in this dissertation suggests that the GLB is currently a net sink for 

atmospheric inputs of Hg.  Interestingly, though atmospheric Hg exchange is inconsequential 

when viewed relative to the smallest scale of the research presented here (i.e., reaches of the 

Seneca River), it becomes the most important element of any mass balance at larger scales (i.e., 

watersheds, Lake Ontario, GLB).  In the GLB, the research presented here determined that direct 

anthropogenic Hg emissions (e.g., incinerators, coal-fired power plants) are similar in magnitude 

to estimates of Hg re-emissions (i.e., Hg
0
 volatilization, or evasion), indicating that re-emission 

is an important pathway of Hg to the atmosphere.  Based on this importance, methodological 

standardization of Hg
0
 volatilization measurements is needed, and additional studies utilizing this 

standardized approach should be conducted on all significant land-cover surfaces in the GLB, 

including snow, agricultural lands, urban lands, inland lakes, and the Great Lakes (particularly 

Lakes Erie and Huron). 

The data presented in this dissertation represent the largest Hg database for the Lake Ontario 

basin, and are a result of the first binational effort to develop a Hg dataset for Lake Ontario.  The 

findings discussed provide insight into Hg fate and transport within the Seneca River, and have 

allowed for the development of a Hg budget for the Lake Ontario basin.  It is suggested that the 

results from the Lake Ontario portion of this project be used in support of the development of a 
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more comprehensive proposal to investigate Hg dynamics in the Lake Ontario basin.  For future 

studies it will be important to evaluate variation between wet and dry years.  Further, a spatially 

robust sediment sampling program involving dated sediment cores would be helpful to improve 

the current understanding of Hg sedimentation and re-suspension in the lake.  
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8. Conclusions 

8.1 Seneca River 

Total particulate Hg is the dominant form of Hg in the Seneca River.  In addition, it is clear that 

Cross Lake serves an important role for Hg transport in the Seneca River.  Total Hg flux from 

the Seneca River to the Oswego River, and ultimately Lake Ontario, is reduced by approximately 

65% due to the loss of THgP to intervening Cross Lake, presumably largely via sedimentation.  

Throughout the study reach, Hg is largely associated with the particulate fraction (i.e., greater 

than 50%).  This association facilitates removal via settling dynamics in intervening quiescent 

systems (e.g., Cross Lake).  Methylmercury concentration and %MeHg significantly increase 

across the reach between B409 and B317 (0.048 ng L
-1

 to 0.087 ng L
-1

, and 4% to 9%, 

respectively), likely due to zebra mussel metabolism.  However, THgP concentrations are 

unaffected by the zebra mussels.  Further, the Onondaga Lake outlet likely contributes some Hg 

to the Seneca River.  Although mean concentrations of THg are not significantly different 

between sites upstream and downstream of the outlet, flux estimates suggest an approximate 

15% increase in THg load to the river between B317 and B224 (i.e., upstream and downstream 

of the Onondaga Lake outlet).  No other significant point sources exist over this reach of the 

river.  Elemental Hg volatilization rates are limited by solar radiation and water temperature, and 

it appears that zebra mussels may dampen these limitations via clearing of the water column.  

Regardless of any effect of zebra mussels on Hg
0
 volatilization, atmospheric Hg exchange 

represents a negligible component of a Hg mass balance for river reaches.  The Seneca River 

watershed is a net sink for atmospheric inputs of Hg at a rate of 42 kg yr
-1

, and the watershed 

efficiently retains this Hg (>85%), while exporting approximately 5 kg yr
-1

 via the Three Rivers 

confluence. 
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8.2 Lake Ontario Sub-Watershed Analysis 

Watershed characteristics have complex and mixed effects on Hg dynamics in the study 

tributaries.  Total particulate Hg accounts for the bulk of the variability observed in THg 

concentrations; Hg associated with the dissolved fraction is less variable, and makes up a smaller 

fraction of the total Hg load from Lake Ontario’s immediate watershed (i.e., not including the 

Niagara River).  As a result, Hg entering Lake Ontario from tributaries is strongly influenced by 

the partitioning between Hg and particles, and therefore by any phenomena that affect particle 

transport.  Mixed land-use among most of the study watersheds confounds discernible patterns.  

A stronger affinity of both Hg and MeHg for the particulate phase is noted in some tributaries 

draining watersheds that are more forest-dominated, though in general MeHg is more associated 

with the dissolved phase in all study tributaries.  Mercury fractionation is similar across most 

watersheds, though localized land-cover patterns appear to have an effect on Hg speciation.  For 

example, significant amounts of agriculture or urban land-cover adjacent to tributaries favor 

higher particulate fractions, though forested reaches may serve to attenuate such signatures.  

Wetlands and forested reaches may also serve to enrich the particle-Hg concentrations (i.e., Cp). 

Physical characteristics within the tributaries also seem to affect speciation.  Total dissolved Hg 

fractions are favored in heavily impounded tributaries such as the Trent, while THgP fractions are 

favored in shallower, swifter flowing tributaries such as the Ganaraska, though both watersheds 

exhibit similar land-cover patterns.  Land-cover did not prove to be a reliable predictor of PE in 

the study watersheds, though weak, positive relationships were noted between percent wetland 

cover and log-transformed values of THg PE and MeHg PE.  On the other hand, percent wetland 

cover was a strong predictor of log Kd for both THg and MeHg, and percent open water was also 

linked to MeHg log Kd (positive relationships in each case).  These positive relationships are 
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counter to what was expected, as they suggest a greater affinity for the particulate phase occurs 

with greater coverage of wetland or open water.   

8.3 Lake Ontario Mass Balance 

For many contaminants, the Niagara River is the main source to Lake Ontario (Oliver 1984; 

Oliver et al. 1989).  In contrast, atmospheric exchange appears to be an important input and loss 

of Hg to and from Lake Ontario.  The data collected in this study represent the most 

comprehensive dataset for Hg in Lake Ontario tributaries.  Given the uncertainties and year-to-

year variation, atmospheric and fluvial fluxes of Hg to and from the lake are similar in 

magnitude.  Lake Ontario is clearly a net sink for Hg inputs (Rtotal = 0.35; Table 5.2, p. 88).  The 

Hg fluxes from tributaries are largely driven by river discharge.  Therefore, significant variation 

in inflows from tributary watersheds as a result of wet or dry years may result in widely varying 

Hg loads.  In addition, atmospheric emissions of Hg for the Lake Ontario source area and 

atmospheric Hg deposition have been decreasing since the mid-1980s (Drevnick et al. 2012).  

These changes have driven decreases in atmospheric Hg loading but also have likely contributed 

to decreases in riverine inputs.  The marked decreases in sediment Hg deposition for Lake 

Ontario and the other lower Great Lakes and decrease in fluvial losses of THg from Lake Ontario 

are also suggestive of decreases in point Hg inputs.   

Lake Ontario is clearly not at steady-state with respect to Hg inputs.  With anticipated future 

decreases in Hg emissions from the Mercury and Air Toxics Standards and possibly the United 

Nations Environment Programme (UNEP) Minamata Hg treaty, it is hypothesized that 

atmospheric Hg inputs will eventually decrease to values below fluvial inputs.  The long 

hydraulic residence time of the lake (i.e., 6-8 years) and the dynamic physical nature and 
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potential bioavailability of Hg provides for complex cycling patterns that challenge a simplistic 

input-output view of Lake Ontario (Ethier et al. 2012; Kaur et al. 2012).  The data presented here 

provide robust Hg input estimates for further characterization of the response of the lake to 

decreases in, and the shifting nature of, Hg inputs. 

8.4 Great Lakes Basin Evasion Synthesis 

Rates of Hg
0
 evasion have been synthesized from a comprehensive literature review to develop 

an estimate of annual Hg
0
 evasion from the GLB.  This literature review identifies the need for 

standardized analytical and reporting methods for Hg
0
 evasion measurements.  In addition, 

specific land-cover areas would benefit from increased research efforts, particularly agricultural 

lands, where few studies have been conducted, and Lakes Erie and Huron, which appear to be 

unstudied relative to Hg
0
 evasion.  Some difficulty arises in synthesizing Hg

0 
evasion rates from 

the literature due to seasonal and diel changes in evasion rates, coupled with methodological 

variations between studies.  There is a need for additional measurements of Hg
0
 evasion in the 

winter and from snowpack.  Within the GLB, areal evasion rates for urban, agricultural, and 

grasslands are greater than other land-cover types, and the estimate for evasion in the region as a 

whole.  Agricultural, forest, and the Great Lakes together contribute approximately 95% of the 

region’s total Hg evasion, due in large part to the high areal coverage of the Great Lakes and 

forest, and both coverage and evasion rates of agricultural land.  In conjunction with mass 

balance elements of the GLB, this analysis indicates that the GLB is a net sink for atmospheric 

inputs of Hg.   
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9. Appendices 

9.1 Seneca River Data 

Table 9.1  Analytical results of mercury sampling at Navigational Buoy 430 in the Seneca River 

(43.100129, -76.498893). 

Sample Date THg (ng L
-1

) THgD (ng L
-1

) MeHg (ng L
-1

) 

2007 

6/27/2007 4.19 — 0.07 

7/25/2007 4.19  — 0.09 

8/8/2007 2.83 0.63 0.09 

8/29/2007 1.49 0.28 0.06 

9/12/2007 2.98 0.16 0.08 

9/26/2007 1.18 0.12 0.04 

2008 

6/25/2008 2.65 — — 

7/8/2008 3.50 0.99 0.15 

7/22/2008 5.41 0.72 — 

8/5/2008 2.31 0.42 0.11 

8/21/2008 2.71 — 0.09 

9/5/2008 3.99 0.87 0.04 

9/18/2008 1.71 0.37 0.41 

9/30/2008 1.82 0.46 0.03 

2009 

6/16/2009 3.39 0.29 ND (0.02) 

6/30/2009 3.23 1.00 —  

7/14/2009 2.97 0.41 0.027 

7/28/2009 3.17 0.42 0.073 

8/11/2009 9.08 1.57 0.080 

8/25/2009 4.00 0.56 0.071 

9/10/2009 2.38 0.54 ND (0.02) 

9/22/2009 1.40 0.48  — 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses.  

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample.  
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Table 9.2  Analytical results of mercury sampling at Navigational Buoy 409 in the Seneca River 

(43.104011, -76.445517). 

Sample Date 
THg (ng L

-1
) THgD (ng L

-1
) MeHg (ng L

-1
) 

1-m 3-m 1-m 3-m 1-m 3-m 

2007 

6/27/2007 0.75 2.18 — — 0.04 0.09 

7/25/2007 1.87 1.08 — — 0.02 0.02 

8/8/2007 1.07 1.20 0.51 0.47 — 0.12 

8/29/2007 1.31 1.14 0.42 0.29 0.07 0.06 

9/12/2007 0.99 1.04 0.09 0.18 0.05 0.07 

9/26/2007 0.48 0.58 0.16 0.11 0.04 0.05 

2008 

6/25/2008 — 1.30 — 1.28 — — 

7/8/2008 0.98 1.47 0.85 0.60 0.11 0.02 

7/22/2008 1.54 1.73 0.54 0.93 — — 

8/5/2008 1.03 1.31 0.88 0.95 0.07 0.06 

8/21/2008 1.37 1.40 — — 0.02 0.02 

9/5/2008 0.39 1.23 ND (0.20) 0.54 ND (0.02) 0.12 

9/18/2008 1.17 1.26 — 1.15 0.09 0.06 

9/30/2008 1.14 2.16 0.49 0.49 0.05 — 

2009 

6/16/2009 0.83 1.20 ND (0.20) 0.25 0.01 0.03 

6/30/2009 1.73 2.71 0.51 0.81 — — 

7/14/2009 1.33 1.49 0.34 0.75 0.03 0.02 

7/28/2009 0.74 1.41 0.35 0.33 0.01 0.03 

8/11/2009 1.68 1.59 0.56 0.54 0.04 0.03 

8/25/2009 1.25 1.77 0.53 0.55 0.06 ND (0.02) 

9/10/2009 0.90 1.04 0.52 0.55 ND (0.02) ND (0.02) 

9/22/2009 1.04 1.31 0.54 0.66 0.02 — 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses.  

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 
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Table 9.3  Analytical results of mercury sampling at Navigational Buoy 317 in the Seneca River 

(43.144022, -76.312571). 

Sample Date THg (ng L
-1

) THgD (ng L
-1

) MeHg (ng L
-1

) 

2007 

6/27/2007 1.06 — 0.06 

7/25/2007 0.70 — 0.07 

8/8/2007 0.88 0.56 0.18 

8/29/2007 0.70 0.33 0.05 

9/12/2007 1.15 0.16 0.13 

9/26/2007 0.71 0.12 0.05 

2008 

6/25/2008 1.51 0.67 — 

7/8/2008 1.81 1.43 0.11 

7/22/2008 0.83 0.74 — 

8/5/2008 0.81 0.61 0.09 

8/21/2008 0.95 — 0.09 

9/5/2008 0.89 0.44 0.13 

9/18/2008 0.73 0.51 0.20 

9/30/2008 1.40 ND (0.20) 0.04 

2009 

6/16/2009 0.56 0.24 — 

6/30/2009 1.15 0.47 — 

7/14/2009 1.08 0.40 0.03 

7/28/2009 0.68 0.39 0.09 

8/11/2009 3.55 0.66 0.09 

8/25/2009 1.36 0.71 0.13 

9/10/2009 1.66 0.57 ND (0.02) 

9/22/2009 1.63 0.65 ND (0.02) 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses.  

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 
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Table 9.4  Analytical results of mercury sampling at Navigational Buoy 224 in the Seneca River 

(43.197093, -76.283007). 

Sample Date 
THg (ng L

-1
) THgD (ng L

-1
) MeHg (ng L

-1
) 

1-m 3-m 1-m 3-m 1-m 3-m 

2007 

6/27/2007 0.91 0.85 — — 0.02 0.03 

7/25/2007 10.33 1.54 — — 0.02 0.13 

8/8/2007 1.17 1.83 0.56 0.32 — 0.30 

8/29/2007 0.86 0.81 0.27 0.42 0.10 0.12 

9/12/2007 1.67 2.14 0.17 0.19 0.06 0.12 

9/26/2007 0.66 1.45 0.17 0.15 0.09 ND (0.02) 

2008 

6/25/2008 — 1.55 — 1.01 — 0.12 

7/8/2008 1.00 3.57 1.07 0.70 0.04 0.08 

7/22/2008 1.20 1.68 1.31 0.50 — — 

8/5/2008 0.71 0.74 0.24 0.44 0.13 0.15 

8/21/2008 0.47 0.72 — — 0.06 0.08 

9/5/2008 1.09 0.44 0.9 — 0.02 0.03 

9/18/2008 0.79 1.40 1.07 0.48 0.06 0.09 

9/30/2008 1.20 0.90 0.41 0.40 0.06 0.04 

2009 

6/16/2009 0.84 0.62 0.25 0.29 ND (0.02) 0.03 

6/30/2009 0.96 2.00 0.92 0.59 — — 

7/14/2009 0.85 0.96 0.63 0.45 0.09 0.12 

7/28/2009 0.72 0.78 0.85 0.60 0.02 — 

8/11/2009 3.05 3.36 0.96 0.66 0.07 0.06 

8/25/2009 0.82 0.59 0.72 0.30 0.08 0.09 

9/10/2009 0.89 0.89 0.76 0.54 0.04 ND (0.02) 

9/22/2009 0.78 0.96 0.59 0.77 0.02 0.05 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 
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9.2 Lake Ontario Tributary Data 

Table 9.5  Analytical results of mercury sampling at St. Lawrence River.  Samples collected and 

analyzed by Syracuse University from Cape Vincent Public Boat Launch in Cape Vincent, NY 

(44.133256, -76.322039). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg 

(ng L
-1

) 

MeHgD 

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/17/2009 0.43 0.55 0.08 0.12 0.51 2.25 

7/1/2009 0.29 0.51 0.08 0.06 0.22 2.40 

7/21/2009 0.22 0.28 0.12 0.14 0.81 2.02 

8/12/2009 0.70 0.65 0.35 0.19 ND (0.10) 2.03 

8/27/2009 0.56 0.58  — ND (0.02) ND (0.10) 2.20 

9/10/2009 0.29 0.35  — ND (0.02) 0.74 1.97 

9/23/2009 0.20 0.39  — 0.27 0.84 2.17 

10/8/2009 0.22 0.26  — ND (0.02) ND (0.10) 2.02 

10/21/2009 0.35 0.40 ND (0.02) ND (0.02) ND (0.10) 2.70 

11/11/2009 ND (0.20) 0.21 0.15 0.12 0.23 2.16 

11/25/2009 0.20 0.25 0.03 0.05 ND (0.10) 2.05 

12/9/2009 ND (0.20) 0.27 0.14 0.15 0.34  — 

12/23/2009 0.20 0.14 —  0.11 ND (0.10) —  

1/13/2010 0.23 0.38 0.08 0.10 ND (0.10) 1.82 

1/27/2010 0.35 0.30 ND (0.02) ND (0.02) 0.61 2.09 

2/10/2010 0.38 0.20 0.04 ND (0.02) ND (0.10) 1.88 

2/24/2010 0.51 0.27 ND (0.02) ND (0.02) 0.81 2.22 

3/10/2010 0.73 ND (0.20) ND (0.02) 0.30 ND (0.10) 1.83 

3/24/2010 0.50 0.32 ND (0.02) 0.03 ND (0.10) 1.86 

4/2/2010 ND (0.20) ND (0.20) 0.03 0.03 ND (0.10) 1.87 

4/26/2010 ND (0.20) 0.27 0.07 0.08 ND (0.10) 1.92 

5/12/2010 ND (0.20) ND (0.20) 0.03 0.03 ND (0.10) 1.83 

5/26/2010 ND (0.20) ND (0.20) 0.04 0.02 ND (0.10) 2.05 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon.  
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Table 9.6  Analytical results of mercury sampling at Black River.  Samples collected and 

analyzed by Syracuse University from the Vanduzee St Bridge, Watertown, NY (43.985309,  

-75.924580). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg 

(ng L
-1

) 

MeHgD 

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/17/2009 1.77 1.36 0.18 0.26 4.48 4.79 

7/1/2009 2.45 1.57 0.23 ND (0.02) 2.34 4.47 

7/21/2009 2.76 1.87 — 0.25 3.12 5.96 

8/12/2009 2.51 1.85 0.43 0.36 1.10 5.44 

8/27/2009 2.53 2.11 ND (0.02) 0.09 2.53 5.08 

9/10/2009 6.48 1.72 0.09 0.11 1.06 4.74 

9/23/2009 1.25 1.23 — 0.09 1.34 4.22 

10/8/2009 3.54 1.04 — ND (0.02) 6.30 5.69 

10/21/2009 1.94 1.51 ND (0.02) 0.08 1.60 5.17 

11/12/2009 1.56 1.16 0.08 0.03 0.25 5.10 

11/25/2009 3.09 1.60 ND (0.02) 0.02 1.87 4.88 

12/9/2009 2.78 1.52 ND (0.02) ND (0.02) 3.98 — 

12/23/2009 2.00 1.17 0.20 0.05 1.19 — 

1/13/2010 1.19 0.91 0.05 0.06 1.11 3.42 

1/27/2010 6.91 1.30 ND (0.02) ND (0.02) 72.49 4.24 

2/10/2010 1.46 1.09 — ND (0.02) ND (0.10) 3.95 

2/24/2010 1.24 0.92 ND (0.02) 0.07 0.64 3.47 

3/10/2010 1.13 0.76 ND (0.02) 0.10 1.12 3.38 

3/24/2010 4.16 1.56 0.06 ND (0.02) 21.88 4.39 

4/2/2010 1.90 1.43 0.07 0.06 2.28 3.85 

4/26/2010 1.65 1.33 0.13 0.12 1.20 3.62 

5/12/2010 2.71 2.09 0.14 0.15 5.40 4.70 

5/26/2010 1.46 0.97 0.04 0.08 1.42 3.89 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon. 
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Table 9.7  Analytical results of mercury sampling at Salmon River.  Samples collected and 

analyzed by Syracuse University from the NYS DEC public fishing area off Rt. 2A in Pulaski, 

NY (43.550032, -76.093674). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg 

(ng L
-1

) 

MeHgD 

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/17/2009 1.43 1.20 0.16 0.20 0.82 3.27 

7/1/2009 1.54 1.37 0.11 ND (0.02) 0.98 2.86 

7/21/2009 1.44 0.74 0.11 0.12 4.32 3.22 

8/12/2009 1.21 1.05 0.45 0.27 1.30 3.44 

8/27/2009 1.35 1.16 0.06 0.08 1.32 3.95 

9/10/2009 1.18 0.72 — 0.03 6.76 3.46 

9/23/2009 1.23 1.11 0.21 ND (0.02) 0.77 3.66 

10/8/2009 1.53 1.09 ND (0.02) ND (0.02) 4.34 4.32 

10/21/2009 1.57 1.33 ND (0.02) 0.06 1.41 4.94 

11/12/2009 1.10 0.98 0.18 0.18 0.24 4.27 

11/25/2009 1.08 1.03 0.13 0.02 0.33 4.25 

12/9/2009 2.22 0.95 ND (0.02) 0.04 11.34 — 

12/23/2009 1.31 0.89 ND (0.02) 0.11 0.81 — 

1/13/2010 1.31 0.51 ND (0.02) 0.04 0.77 3.17 

1/27/2010 2.33 1.34 0.12 ND (0.02) 9.91 3.57 

2/10/2010 1.69 1.17 ND (0.02) ND (0.02) 0.99 3.14 

2/24/2010 1.22 1.07 — 0.07 0.45 2.96 

3/10/2010 1.25 0.90 ND (0.02) 0.06 1.83 2.64 

3/24/2010 1.86 1.89 0.14 0.04 6.07 3.21 

4/2/2010 1.35 1.11 0.02 0.02 0.34 2.79 

4/26/2010 1.13 0.97 0.09 0.12 0.96 2.79 

5/12/2010 1.20 1.09 0.08 0.07 0.34 2.98 

5/26/2010 0.88 0.93 0.12 0.04 1.24 2.89 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon. 
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Table 9.8  Analytical results of mercury sampling at Oswego River.  Samples collected and 

analyzed by Syracuse University from East Cayuga St, Oswego, NY (43.459496, -76.509756). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg 

(ng L
-1

) 

MeHgD 

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/17/2009 1.36 0.55 0.47 0.24 2.79 3.98 

7/1/2009 1.10 0.78 0.09 ND (0.02) 2.25 3.48 

7/21/2009 0.69 0.43 0.10 ND (0.02) 2.65 4.10 

8/12/2009 1.27 1.11 0.78 0.19 2.80 4.10 

8/27/2009 1.26 1.06 ND (0.02) 0.05 19.16 4.76 

9/9/2009 0.74 0.64 0.25 ND (0.02) 8.03 4.11 

9/23/2009 0.74 0.86 0.04 0.12 2.26 4.86 

10/8/2009 0.50 0.47 — 0.20 2.22 2.96 

10/21/2009 0.73 0.56 — 0.16 1.54 4.39 

11/12/2009 1.98 0.33 — 0.03 2.67 3.75 

11/25/2009 0.55 0.27 0.03 0.05 0.57 4.32 

12/8/2009 0.63 0.30 0.08 0.03 1.54 — 

12/23/2009 0.44 0.40 0.08 0.03 0.36 — 

1/13/2010 0.37 0.55 0.06 0.15 ND (0.10) 4.08 

1/27/2010 1.73 0.55 ND (0.02) 0.05 9.50 4.01 

2/9/2010 0.48 0.38 0.03 0.02 0.61 3.46 

2/23/2010 0.41 0.56 0.03 0.04 0.27 3.73 

3/9/2010 0.47 0.40 ND (0.02) 0.03 1.03 3.65 

3/24/2010 3.00 1.42 0.04 0.03 13.35 4.04 

4/1/2010 1.34 0.63 0.06 0.09 5.94 3.60 

4/23/2010 0.75 0.47 0.07 0.05 1.19 4.04 

5/11/2010 1.23 0.53 0.03 0.04 6.92 3.66 

5/25/2010 0.55 0.37 ND (0.02) 0.03 0.77 3.84 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon. 
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Table 9.9  Analytical results of mercury sampling at Genesee River.  Samples collected and 

analyzed by Syracuse University from River St, Rochester, NY (43.251970, -77.609651). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg 

(ng L
-1

) 

MeHgD 

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/17/2009 2.44 0.80 0.12 0.12 14.72 3.33 

6/30/2009 4.30 0.81 0.13 0.15 78.38 3.53 

7/22/2009 1.79 1.80 0.12 0.12 29.40 3.30 

8/11/2009 11.18 1.35 ND (0.02) 0.08 349.53 4.20 

8/26/2009 2.74 1.00 ND (0.02) ND (0.02) 34.31 4.26 

9/9/2009 0.51 0.71 ND (0.02) 0.05 5.78 2.82 

9/22/2009 0.59 0.32 0.05 0.21 8.27 2.71 

10/7/2009 0.28 0.34 0.03 ND (0.02) 15.24 2.67 

10/20/2009 0.77 0.54 ND (0.02) 0.14 28.36 4.14 

11/12/2009 3.04 0.90 ND (0.02) 0.07 13.84 5.50 

11/24/2009 0.78 0.32  — ND (0.02) 7.35 2.71 

12/8/2009 1.52 0.61 ND (0.02) 0.02 28.66  —  

12/22/2009 0.94 0.55 —  ND (0.02) 14.50  —  

1/12/2010 0.59 0.45 ND (0.02) ND (0.02) 6.93 2.50 

1/26/2010 14.02 0.60 ND (0.02) 0.02 333.40 4.30 

2/8/2010 1.01 0.34 0.06 —  24.51 2.33 

2/23/2010 0.59 0.27 ND (0.02) ND (0.02) 16.25 2.70 

3/9/2010 0.89 0.45 0.04 ND (0.02) 11.13 3.15 

3/23/2010 4.43 1.05 0.14 0.03 ND (0.10) 7.81 

4/1/2010 5.11 0.92 0.07 0.05 141.25 3.12 

4/23/2010 0.84 0.27 0.07 0.06 13.69 3.21 

5/11/2010 1.52 0.68 0.07 0.05 18.35 3.64 

5/25/2010 0.98 0.41 0.13 0.03 13.67 4.11 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon. 
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Table 9.10  Analytical results of mercury sampling at Niagara River.  Samples collected and 

analyzed by University of Toronto from dock at Fort George, Niagara-on-the-Lake, Ontario 

(43.252173, -79.058627). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg  

(ng L
-1

) 

MeHgD  

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/14/2008 0.68 0.63 0.13 0.02 — — 

6/28/2008 0.80 — 0.14 — — — 

7/17/2008 0.85 — 0.23 — — — 

8/15/2008 0.33 — 0.03 — — — 

8/27/2008 1.14 — ND (0.02) — — — 

9/9/2008 1.06 0.65 0.18 — — — 

9/24/2008 0.88 — 0.21 — — — 

10/7/2008 1.50 1.06 0.02 — — 5.13 

10/22/2008 0.96 0.78 — — 47.53 — 

11/6/2008 0.32 0.28 0.05 ND (0.02) 63.12 2.90 

11/28/2008 0.63 0.45 ND (0.02) 0.02 64.28 3.24 

12/14/2008 0.54 0.32 0.02 0.02 50.92 2.06 

1/4/2009 2.63 2.16 — — 81.73 2.84 

1/13/2009 1.27 0.90 0.02 — 76.33 3.22 

2/20/2009 1.10 0.88 1.26 0.10 72.55 3.25 

3/16/2009 0.38 0.38 0.03 0.03 48.33 2.41 

3/17/2009 0.21 0.12 0.03 ND (0.02) 106.33 1.85 

4/3/2009 0.99 1.09 — — 107.13 3.10 

4/19/2009 0.87 0.62 — — 83.25 3.01 

4/27/2009 0.21 0.06 — 0.05 328.60 4.01 

5/13/2009 0.49 0.11 — — 316.20 3.16 

5/26/2009 0.40 0.27 ND (0.02) ND (0.02) 318.00 2.59 

6/9/2009 0.43 0.36 — ND (0.02) 158.70 3.52 

6/21/2009 1.50 1.08 0.02 ND (0.02) 83.50 2.81 

7/7/2009 1.33 0.76 — — 82.35 2.37 

7/22/2009 0.47 0.24 0.06 0.07 47.29 2.56 

8/4/2009 0.84 0.62 0.09 0.07 — 2.58 

8/24/2009 0.90 0.66 ND (0.02) — 53.10 2.76 

8/31/2009 1.32 0.75 0.04 0.03 127.62 2.49 

9/24/2009 0.41 0.35 0.02 ND (0.02) 100.50 2.62 

10/1/2009 1.21 0.21 0.05 0.03 275.00 2.81 

10/15/2009 0.39 0.38 0.04 0.04 318.80 2.52 

11/12/2009 0.27 0.13 0.02 ND (0.02) 68.17 2.56 

12/17/2009 1.52 0.32 0.04 0.05 — 2.60 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon.  
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Table 9.11  Analytical results of mercury sampling at Twenty Mile Creek.  Samples collected 

and analyzed by University of Toronto near Balls Falls Conservation Area, Jordan, Ontario 

(43.134643, -79.381825). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg  

(ng L
-1

) 

MeHgD  

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/14/2008 0.76 0.89 1.08 0.16 — — 

6/28/2008 2.54 — 0.38 — — — 

7/17/2008 1.31 — 0.05 — — — 

8/15/2008 3.21 — 0.07 — — — 

8/27/2008 2.62 — — — — — 

9/9/2008 1.52 — 0.04 — — — 

9/24/2008 2.57 — 0.43 — — — 

10/7/2008 1.73 — 0.04 — — — 

10/22/2008 2.04 1.46 — — 145.10 — 

11/6/2008 0.93 1.01 0.02 0.03 295.80 11.40 

11/28/2008 4.24 3.48 0.05 0.08 670.80 14.37 

12/14/2008 3.04 2.88 — 0.02 260.80 10.14 

1/4/2009 2.35 2.14 — — 234.60 6.36 

1/13/2009 — — — — — — 

2/20/2009 3.91 1.10 0.06 0.18 72.50 6.51 

3/16/2009 3.89 3.00 0.02 0.02 155.90 10.81 

3/17/2009 2.82 1.46 — — 335.00 7.50 

4/3/2009 7.48 3.72 — — 359.40 10.78 

4/19/2009 2.82 1.97 — — 174.80 8.05 

4/27/2009 5.02 1.88 — 0.10 353.60 14.41 

5/13/2009 0.84 0.48 — — 332.00 8.12 

5/26/2009 0.66 0.44 ND (0.02) ND (0.02) 310.00 7.26 

6/9/2009 0.51 0.56 — 0.02 329.80 6.22 

6/21/2009 1.59 1.37 0.09 0.07 162.70 8.69 

7/7/2009 4.56 2.48 — 0.09 361.80 10.95 

7/22/2009 0.83 0.55 0.09 0.18 168.30 9.16 

8/4/2009 3.30 1.95 0.06 — 346.60 10.07 

8/24/2009 3.67 2.15 0.12 0.11 402.50 9.43 

8/31/2009 3.24 1.89 0.03 0.08 415.00 8.73 

9/24/2009 0.84 0.46 — 0.02 264.83 5.98 

10/1/2009 0.55 0.44 0.05 0.05 90.00 7.47 

10/15/2009 0.67 0.38 0.07 0.06 319.40 9.25 

11/12/2009 1.50 0.92 0.15 0.06 2249.33 9.45 

12/17/2009 4.45 1.02 0.06 0.07 — 7.49 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon.  
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Table 9.12  Analytical results of mercury sampling at Credit River.  Samples collected and 

analyzed by University of Toronto from Credit Memorial Park, Mississauga, Ontario 

(43.551223, -79.58784). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg  

(ng L
-1

) 

MeHgD  

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/14/2008 2.22 1.60 0.53 0.45 — — 

6/28/2008 2.45 — 0.07 — — — 

7/17/2008 1.74 — 0.03 — — — 

8/9/2008 1.98 — ND (0.02) — — — 

8/13/2008 2.01 — 0.04 — — — 

8/27/2008 1.78 — ND (0.02) — — — 

9/9/2008 2.89 — 0.49 — — — 

9/25/2008 2.28 — 0.32 — — — 

10/7/2008 1.36 — — — — — 

11/7/2008 0.65 0.41 — 0.06 66.20 5.96 

11/28/2008 — — — — — — 

12/14/2008 — — — — — — 

1/9/2009 0.33 0.32 — — 58.28 2.94 

1/13/2009 — — — — — — 

2/20/2009 1.42 0.81 — 0.12 55.04 6.71 

3/16/2009 0.46 0.39 ND (0.02) 0.03 48.07 4.39 

3/17/2009 0.61 0.50 — — 47.00 4.39 

3/27/2009 2.00 1.59 — — 162.10 4.93 

4/3/2009 1.51 0.95 — — 338.20 3.81 

4/19/2009 1.03 0.78 — — 180.50 4.30 

4/21/2009 1.66 1.10 — — 115.33 4.50 

4/27/2009 1.01 0.32 ND (0.02) 0.04 169.30 5.92 

5/13/2009 0.56 0.24 — — 322.80 6.81 

5/26/2009 1.72 0.39 ND (0.02) 0.02 330.00 4.00 

6/9/2009 1.12 0.55 — 0.03 337.00 5.46 

6/21/2009 1.74 1.22 0.09 0.06 333.80 4.76 

7/8/2009 2.11 0.99 0.06 0.05 339.60 3.50 

7/21/2009 0.68 0.30 0.08 0.14 255.08 3.84 

8/5/2009 2.16 1.09 — 0.03 321.00 5.23 

8/25/2009 1.93 0.86 0.05 0.04 270.00 4.43 

9/1/2009 1.85 1.04 0.02 0.05 197.78 4.40 

9/24/2009 4.80 0.45 0.02 0.04 504.89 3.65 

10/1/2009 0.67 0.44 0.11 0.06 145.22 5.59 

10/15/2009 1.52 0.28 0.17 0.06 338.00 4.51 

11/12/2009 0.77 0.29 — 0.08 338.00 3.83 

12/17/2009 0.43 0.24 ND (0.02) 0.04 — 3.61 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon. 
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Table 9.13  Analytical results of mercury sampling at Humber River.  Samples collected and 

analyzed by University of Toronto from Humber Bay Park, Etobicoke, Ontario (43.620419,  

-79.479563). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg  

(ng L
-1

) 

MeHgD  

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/14/2008 2.28 — 0.12 — — — 

7/2/2008 3.28 — ND (0.02) — — — 

7/17/2008 2.01 — 0.04 — — — 

8/13/2008 2.17 — 0.02 — — — 

8/27/2008 2.41 — 0.03 — — — 

9/9/2008 3.75 — ND (0.02) — — — 

9/25/2008 2.47 — 0.13 — — — 

10/7/2008 1.79 1.77 — — — 7.04 

11/7/2008 0.60 0.50 — — 65.84 4.85 

11/28/2008 — — — — — — 

12/14/2008 — — — — — — 

1/9/2009 — — — — — — 

1/13/2009 — — — — — — 

2/20/2009 — — — — — — 

3/16/2009 1.13 0.60 ND (0.02) 0.03 151.70 4.45 

3/17/2009 1.90 0.60 — — 222.10 5.82 

3/27/2009 2.92 2.04 — 0.03 325.20 5.72 

4/3/2009 2.41 1.11 — — 305.20 6.10 

4/19/2009 1.47 1.00 — — 175.00 4.66 

4/21/2009 1.54 1.14 — — 224.67 5.98 

4/27/2009 1.38 0.34 0.06 0.09 238.67 7.14 

5/13/2009 0.83 0.26 0.03 0.15 330.20 6.52 

5/26/2009 1.24 0.69 — — 338.00 5.21 

6/9/2009 2.12 0.86 ND (0.02) 0.05 350.40 6.70 

6/21/2009 3.15 1.35 0.13 0.08 344.60 6.14 

7/8/2009 2.19 0.87 0.04 0.06 340.20 5.71 

7/21/2009 1.55 0.46 0.09 0.07 285.33 3.50 

8/5/2009 2.40 1.10 0.09 ND (0.02) 369.00 7.54 

8/25/2009 5.99 1.09 0.03 0.06 344.00 5.81 

9/1/2009 2.02 0.88 ND (0.02) 0.06 276.67 5.98 

9/24/2009 1.87 0.53 0.10 0.09 274.67 3.92 

10/1/2009 0.98 0.34 0.17 0.03 276.67 5.38 

10/15/2009 0.55 0.28 0.08 0.12 317.20 5.13 

11/12/2009 0.66 ND (0.20) 0.05 0.03 328.00 4.70 

12/17/2009 — 0.22 — 0.06 — 4.44 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon.  
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Table 9.14  Analytical results of mercury sampling at Ganaraska River.  Samples collected and 

analyzed by University of Toronto from Walton Street Bridge, Port Hope, Ontario (43.951088,  

-78.29233). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg  

(ng L
-1

) 

MeHgD  

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/14/2008 0.89 — 0.12 — — — 

7/2/2008 0.61 — 0.28 — — — 

7/18/2008 0.63 — — — — — 

8/18/2008 0.57 — 0.02 — — — 

8/27/2008 0.89 — ND (0.02) — — — 

9/9/2008 2.22 — 0.07 — — — 

9/22/2008 1.74 — 0.08 — — — 

10/7/2008 3.44 1.08 — — — 3.60 

11/7/2008 0.34 0.29 — — 64.60 3.07 

11/28/2008 0.90 0.38 0.02 0.04 106.87 6.03 

12/12/2008 0.72 0.49 ND (0.02) ND (0.02) 59.64 4.03 

12/30/2008 1.39 0.32 — — 50.88 3.71 

1/13/2009 0.43 0.40 0.05 0.03 84.12 2.97 

2/17/2009 1.51 0.89 — — 52.90 2.90 

3/16/2009 0.44 0.20 0.04 0.03 63.56 3.22 

3/17/2009 0.91 0.25 — — 224.80 2.93 

4/3/2009 5.33 1.06 — — 371.80 4.06 

4/19/2009 0.91 0.76 — — 87.25 2.94 

4/27/2009 0.33 ND (0.20) 0.07 0.08 164.60 4.08 

5/13/2009 0.32 ND (0.20) 0.10 0.05 320.20 3.39 

5/26/2009 0.43 0.33 — — 314.00 2.62 

6/9/2009 1.29 0.44 — — 232.93 3.64 

6/21/2009 1.51 1.19 0.08 0.06 112.20 4.43 

7/8/2009 1.16 1.14 ND (0.02) 0.06 84.90 2.50 

7/21/2009 0.42 0.35 0.12 — 149.27 2.52 

8/5/2009 1.07 0.83 ND (0.02) 0.04 295.83 2.69 

8/25/2009 1.16 0.90 ND (0.02) — 57.89 3.05 

9/1/2009 1.53 1.07 ND (0.02) 0.05 100.63 4.96 

9/24/2009 0.75 0.58 0.09 0.08 148.58 3.42 

10/1/2009 0.99 0.25 0.02 0.07 128.15 4.43 

10/15/2009 0.63 0.24 — — 320.80 2.97 

11/12/2009 0.50 ND (0.20) 0.08 0.09 144.09 2.53 

12/17/2009 0.40 ND (0.20) 0.05 0.03 — 3.15 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon.  
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Table 9.15  Analytical results of mercury sampling at Trent River.  Samples collected and 

analyzed by University of Toronto from upstream of the Glen Miller Dam, Trenton, Ontario 

(44.131864, -77.593439). 

Sample Date 
THg  

(ng L
-1

) 

THgD  

(ng L
-1

) 

MeHg  

(ng L
-1

) 

MeHgD  

(ng L
-1

) 

TSS  

(mg L
-1

) 

DOC  

(mg L
-1

) 

6/14/2008 0.65 — 0.46 — — — 

7/2/2008 0.62 — 0.13 — — — 

7/18/2008 0.58 — — — — — 

8/18/2008 0.55 — 0.02 — — — 

8/27/2008 0.95 — 0.04 — — — 

9/9/2008 1.13 — 0.02 — — — 

9/22/2008 2.64 — ND (0.02) — — — 

10/7/2008 0.74 0.74 — — — 11.25 

11/7/2008 0.45 0.53 — — 63.28 5.42 

11/28/2008 0.42 0.30 0.02 ND (0.02) 62.32 5.42 

12/12/2008 1.95 1.16 — — 47.48 5.11 

12/30/2008 1.36 0.52 — — 47.57 5.35 

1/13/2009 0.98 0.62 — 0.22 85.88 5.12 

2/17/2009 1.88 1.30 — — 48.30 6.08 

3/16/2009 0.49 0.36 0.07 0.04 59.44 6.21 

3/17/2009 0.35 0.35 — — 106.53 6.39 

4/3/2009 1.52 0.94 — — 96.53 6.03 

4/19/2009 1.51 0.99 — — 308.27 5.87 

4/27/2009 0.55 0.23 0.06 0.03 170.30 6.09 

5/13/2009 0.46 0.29 ND (0.02) 0.07 320.40 6.46 

5/26/2009 0.53 0.44 — — 318.00 6.18 

6/9/2009 0.50 0.37 — — 82.00 5.71 

6/21/2009 1.21 1.08 — 0.06 81.25 6.59 

7/8/2009 1.23 1.04 ND (0.02) 0.03 324.20 5.90 

7/21/2009 0.34 0.20 0.16 0.08 58.54 5.85 

8/5/2009 0.93 0.80 — 0.03 223.29 6.10 

8/25/2009 1.10 0.80 — 0.03 185.88 5.92 

9/1/2009 1.09 0.72 ND (0.02) 0.03 258.33 4.06 

9/24/2009 0.44 0.21 0.10 0.04 41.71 5.75 

10/1/2009 0.35 0.25 ND (0.02) ND (0.02) 102.58 4.70 

10/15/2009 0.32 0.22 — — 320.80 5.38 

11/12/2009 0.45 0.20 0.02 0.37 92.18 5.67 

12/17/2009 0.45 ND (0.20) 0.13 0.13 — 6.00 

Notes: 

1. ND is non-detect.  Detection limit provided in parentheses. 

2. ―—‖ denotes insufficient sample volume for analysis or loss of sample. 

3. TSS is total suspended solids. 

4. DOC is dissolved organic carbon. 
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