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A bstrac t 
Hydrotogical and bi0geocheaiic.l controlîs on mercury fate and transport in a 

southern Ontario fomted weîhnd 
Master of Science, 200 1 

Maggie E. Young 
Department of Geography, University of Toronto 

This study assessed linkages between wetland hydrology, total mercury (HgT) 

and rnethylmercury (MeHg) fate and transport in Beverly Swarnp, a forested swarnp in 

southern Ontario, Canada. The hydrologically distinct wetland reaches exhibited 

differences in wetland-strearn connectivity. Contined reaches showed little interaction 

with the wetland during low water levels, but there was hydrological and biogeochernical 

evidence of increased interaction at high flow. The unconûned reach showed 

discomected, effluent flow during periods of high flow, and an influent regime during 

low flow. HgT flux in both reaches was highest d u ~ g  comected flow. Increased flux 

of MeHg in the contined reaches was found during high flow, high water table C O M ~ C ~ ~  

penods due to decreasing redox and soi1 flushing. The unwnfined reach showed no 

relationship between MeHg and discharge due to penods of flow cessation and localized 

MeHg production in-stream. Overail, the wetland is a sink for HgT and a source for 

MeHg. 
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Chapter 1 

Introduction 

At the margin of aquatic and terrestrial habitats, wetlands are intimately comected 

to processes occurring in both ecological domains. Frequently. it is in wetland areas 

where surface and groundwater meet and where aquatic and terrestrial vegetation and 

wildlife interact. Wetlands have received increased recognition as important components 

of the naturai and urban environment due to their role as regulators of water quality and 

quantity. Providing functions such as flood mediation, erosion reduction, habitat 

provision and nutrient and metal retention, wetlands often improve the watersheds in 

which we live. Despite increased public attention to the values of wetland ecosystems 

and the development of numerous policies for wetland protection and guidelines for 

wetland creation and restoration, little is known about the intemal dynarnics that make 

wetlands unique and valuable to humans and wildlife, relative to other ecosystems 

(Mitsch and Gosselink, 2000). 

Wetlands are ofien defined as areas that are seasonally or permanently inundated by 

shallow water as well as lands where the water table is close to or at the surface (OMNR 

and Environment Canada, 1983), thus hydrology emerges as a key variable in the 

establishment, maintenance and functioning of wetland ecosystems (Sparling, 1966; 

LaBaugh, 1986; Mitsch and Gosselink, 2000). Wetland vegetation establishes itself in 

ponds, lakes, streams, groundwater discharge and recharge sites and inland depressions to 

f o m  the four primary wetland types, marsh, swamp, bog and fen (OMNR and 

Environment Canada, 1983). In inland wetlands, the degree of interaction between the 

wetland and local and regional surface a d o r  groundwater systems will determine the 

1 



impact of that wetland on the surrounding landscapes in terms of the retention and loss of 

water and contaminants (Devito and Hill, 1997; Devito et al., 1996). 

In the late 1970s, mercury surfaced as a contaminant of concem due to its 

potentially toxic impact on biota in the environment (More1 et al.. 1998). Originating 

fiorn both natural and anthropogenic sources, mercury in its inorganic fonn enters the 

wetland environment primarily fiom atmospheric deposition fiom local and rernote 

emissions fiom coai-fired power plants, incinerators and biler, as well as volcanic 

emissions and naturai mercury deposits (USGS, 2000). Following deposition, conditions 

occurring within wetlands result in the transformation of inorganic mercury to its organic 

fraction, methylmercury, which readily bioaccumulates in the tissues of fish and wildlife. 

When ingested by humans, over exposure to methylmercury can result in serious 

disorders of the central nervous system (USGS, 2000). For this reason, mercury 

contamination is one of the primary rasons for fish consurnption advisories in the Great 

Lakes (Environment Canada and U.S. EPA, 1999). The properties of many wetland soils 

and soi1 waters provide conditions optimal for mercury retention in wetlands thereby 

creating a mercuiy sink. However, production of methylmercury in wetlands and 

subsequent transport makes wetlands sources of methylmercury to downstream 

environments ( B d k e u n  et al., 1996; St. Louis et ai., 1 994). 

The type of wetland, position in the landscape, interna1 biogeochemistry and 

hydrological comection to local and regional surface and groundwater systems will 

determine a specific wetiands' strength as a sink for inorganic mercury and a source of 

methylmercury (Zillioux et al, 1993). Bacteria responsible for the reduction of sulphate 

to sulphide under anaerobic conditions are thought to be responsible for the methyiation 



of mercury in wetlands (Gilmour and Henry, 1991; Branfkun et al., 1999). Thus, in 

wetiands located in areas of high sulphate and inorganic mercury deposition, sulphate- 

reducing bacteria (SRB) are likely to be present and methylmercury production ofien 

results. Further, zones of groundwater discharge in wetlands are often sources of 

methylmercury due to passage of water through anaerobic mercury-laden peat 

(B-un et al., 1998). Wetlands perched above the regionai water table andor those 

with little connection to local surface water may support MeHg production, however 

environmental impact may be minimized due to the lack of a viable transport rnechanism 

fiom the wetland. 

While many studies have addressed mercury cycling in wetlands over the past 

decade (Waldron et al., 2000; Driscoll et al., 1998; Babiarz et al., 1998; Branfueun et al., 

1996; Hurley et al., 1995; St. Louis et al., 1994), no studies have been completed in 

southem Ontario which is an area of high mercury and sulphate deposition. This study 

presents resuits from a study of a southern Ontario forested swamp that has unique 

hydrology due to contrasting geomorphology of influent streams and upstream regdation 

at one inflow. The role of sulphate reduction, organic carbon transport and hydrological 

flow paths are investigated to assess the functioning of the wetland as HgT sink and 

MeHg source to the downstream. 



Chapter 2 

Review of Wetland Hydrology and Biogeochemistry and 
Mercury Transport and Fote 

2.1 Hydrological Controis on Wetiand Biogeochemïstry 

Many of the biogeochemical processes and reactions that occur in wetlands are 

governed by the reduction-oxidation (redox) potential of wetland soils. The d ynamic 

nature of wetland hydrology creates dynamic redox environrnents as temporal and spatial 

variation in water table position create alternating aerobic and anaerobic conditions in 

wetlands. This variability influences biogeochemical activity and the degree of 

connection between biogeochemical "hotspots" (zones of high biogeochemical activity) 

and export from the wetland. 

These "hotspots" of biogeochemical activity often occur in the nearstream zone, 

where surface waters, pore waters and pundwaters may interact. Other hotspots include 

seeps and stream beds which may also be included in the nearstrearn zone (Boulton et al., 

1998). Water flow through these areas may not be significant to the water budget, but 

may contribute greatly to water chemistry and biology (Vanek, 1997). In wetlands, 

where the water table and growid surface interact on a regular basis and periodic flooding 

and drying cycles are common, there may be hotspots dispersed across a given area, not 

only in the nearstrearn zone. However, there must be a periodic hydrological connection 

between hotspots and the stream in order for transport of materials between zones. 

This co~ectedness of wetland and stream will depend upon the type of wetland, 

the hydrologic regirne of the year in study, the hydrologic conductivity of the soils, the 



position of the wetland within the surrounding landscape and the morphology of the 

stream channel. Warren et al. (2001) found that the degree of connectivity between 

wetland and stream was the dominant control on sulphate release fiom a temperate 

swamp during drought conditions. In a cornparison of contrasting reaches, a stream with 

an existing hydrological comection to the wetland continuously exported sulphate, 

whereas in a confined Stream with no comection to the wetland. sdphate accumulated 

over time. Even within the same reacb different transects and soi1 depths may exhibit 

spatial variability of solute concentrations reinforcing the importance of knowing small 

and large scale hydrological flow paths when determining contributing areas of a 

ca tchent  to a stream (Folster, 2001). 

Riparian wetlands ofien have strong connections to the streams dong which they 

are located. Lee et al. (1995) report a 30% difference between methylmercury 

production in two distinct riparian zones. As methylmercury production is a redox 

dependant reaction, the catchent  with riparian peat depth twice as much as the fmt had 

significantly higher methylmercury output. Similady, Olivie-Lauquet et al. (2001) found 

that during storm periods the comection of riparian wetland and Stream is great, with 

wetland water accounting for 30% of the stream flow during spring storm events. 

However, during inter-storm periods, the connection is insignificant and the stream water 

flowing out of the wetland area is the same water at the infiow. Consequently, s tom 

events account for a significant portion of chemical flux h m  the wetland to the downstrearn. 

Groundwater discharge through peat areas also creates an environment for 

biogeochemical activi ty and subsequent transport of hotspot chemical products. This is 

primady true when the groundwater emerges through mainly anaerobic sediments thus 



negatively impacting surface water quality (Vanek, 1997). In groundwater discharge 

areas of a small peatland in Northem Ontario, Branfireun et al. (1996) found that 

methylmercury in stream water increases with increasing water table due to the influx of 

methylmercury laden pore waters fiom anaerobic peat. Similarly, Krabbenhoft et al. 

(1995) found that methyimercury in groundwater increased substantially as it emerged 

through peat and became stream flow. 

2.2 Mercury 

Mercury (Hg) emissions to the atmosphere have risen substantially due to industrial 

activities. In the United States, 98% of the anthropogenic atmospheric Hg originates 

fkom coai-fired power plants, municipal and medical waste incinerators and 

commerciaVindustria1 boilers (Driscoll et al., 1998). Mercury contamination of aquatic 

ecosystems is gaining increased recognition as a widespread problem that impacts many 

parts of the world, including northeastem North Amenca (Scherbatskoy et al., 1998). It 

is the concentration of methylmercury (MeHg) in water that determines the 

bioconcentration of Hg in biota. The hydrological and biogeochernical efficiency of an 

ecosystem to methylate or demethylate Hg will ultimately determine the concentration of 

MeHg in the systems. 

There are three forms of Hg most commonly found in the natuml environment: 

elemental rnercury ( ~ ~ 4 ,  ionic rnercury @&II)), and the most cornmon organic Hg 

species, MeHg (More1 et al., 1998). Ml species of rnercury considered together are 

commonly referred to as total rnercury or HgT. Inputs to the aquatic Hg cycle include 

wet and dry deposition of Hg directly to water, m o f f  of Hg associated witb particles 



fiom the terrestrial environment and resuspension of sedirnents from river or lake beds. 

Pnmary outputs from a closed system are volatilization of H ~ *  back to the atmosphere 

and complexation and sedimentation of Hg assoçiated with particles. Intemal cycles 

include the bioconcentration of Hg in biota, oxidation/reduction reactions of eiemental 

and ionic mercury and methylation/demethylation reactions. Because of 1ow atmospheric 

loadings of MeHg in rnost regions, in-situ MeHg production is the focus of many studies 

that have shown that different types of wetlands, lakes and reservoirs act as downstream 

sources of MeHg (St. Louis et al., 1994; Gilrnour et al., 1998; Branfireun et al., 1996). 

2.2. t HydmIogic Controls on Mercury Trensport and Cycling 

There is increasing evidence that individual storm events and spring melt high flow 

periods may dominate Hg flux to and fkom wetlands. Branfireun et al. (1996) reported 

that 58% of MeHg leaving a peatland over approximately 4 months was transported by 

storm flow, though storm flow occurred only 16% of the time. Similarly, Sherbatskoy et 

al. (2998) found that 84% of the annual flux of HgT fiom a forested catchment draining 

into Lake Champlain occurred during the three month period encompassing the spring 

melt between March and May. This study also showed importance of single high flow 

events. In the first year of study, almost half the annual Hg flux occurred on the single 

day of peak snowrnelt, with concentrations reaching 79.6 ng le'. 

The dominance of event-based concentration increase is dependant upon where the 

water originates. Areas surromdeci by agricdtural land use often have low infiltration 

capacities and have high runoff ratios compared to forested areas or wetlands. Soils 

eroded during high intensity precipitation events provide an efficient vector for 



downstrearn transport of Hg (Babiarz et al., 1998). In water originating from wetfands or 

reservoir flow, where there is diminished runoff response to high flow, concentrations 

rnay not show a significant increase. At the Moose River, a wetland-dominated site in 

Wisconsin, HgT concentrations were found to be 8.05 and 7.95 ng 1-' for base flow and 

stonn flow respectively (Babiarz et al., 1998). While concentrations rnay not Vary, an 

increase in total discharge will account for increases in total flux during these periods. 

2.2.2 Biogeochemical Contmb on Memuty Transport and Cycling 

Relationships between Hg and other biogeochemical parameters rnay explain a 

large portion of the variability in Hg concentrations and flwes seen in different systems. 

For example, adsorption to organic carbon rnay impact the availability of Uiorganic Hg 

for rnethylation and also the rate of export of Hg from a catchment. Further, the 

methylation of Hg occurs under highly reduced conditions, is stimulated at high 

temperatures and at low pH, and is thought to be mediated by the rnicrobial activity of 

sulfate-reducing bacteria (Schlesinger, 1997; More1 et al., 1998). 

HgT and MeHg exhibit strong relationships with different fractions of organic 

matter. Both species have shown strong positive correlation with dissolved organic 

carbon (DOC) (Mierle and Ingram, 1991), while HgT is also associated with the 

particdate phase (POC) (Kolka et al., 1999). These relationships rnay be a combination 

of causal factors such as Hg species complexing with organic materials, or a tertiary 

control that impacts the movement of both substances (Dncoll et al., 1998). It is also 

believed that DOC rnay act as a substrate for methylating bactena thus creating a 

relationship between DOC and MeHg (Gilmour and Henry, 199 1). The complexation of 



Hg to particles c m  have considerable influence on the transport of Hg through a 

watershed. This complexation of HgT with DOC or POC may inhibit methylation in 

some systems due to the unavailability of the inorganic fiaction of Hg to methylators. 

Babiarz et al. (1998) calculated the afEnity of Hg for the particulate phase in different 

catchments. They found that high Hg yields during increased flow are in the particle 

phase in agriculturai areas, but are in the dissolved-phase in wetland sites. Their results 

also suggest that there is greater complexation to the particulate phase when particulate 

concentrations are low. When results of al1 catchments were combined, much of the 

increase in dissolved Hg was accounted for by DOC with R~ values of 0.41 and 0.61 for 

HgT and MeHg, respectively. 

In a study of fluxes of HgT and DOC and POC fiom five uplandpeatland 

watersheds, Kolka et al. (1999) report that although POC accounted for only 10 to 20 % 

of the organic carbon transported, it was associated with 52 to 80% of the unfiltered HgT 

transported from the watersheds. In the same study, the HgT associated with DOC 

decreased as peatland size increased. This is indicative of the high DOC concentrations 

found in wetlands ovewhelming any available Hg. They also conclude that in areas with 

longer water residence times, the association of HgT with POC will decrease as more 

HgT volatilizes or complexes with less mobile fonns of organic carbon. 

When Hg concentrations were related to water colour (an indicator of aquatic humic 

matter), Mierle and Ingram (1991) concluded that humic rnatter controls the solubility 

and watershed export of al1 Hg that is deposited in precipitation in headwater catchments 

in Ontario. Similady, Waîras et al. (1995) found that under ice cover in Wisconsin lakes, 

variation in DOC accounts for 87 and 79% of the variability in HgT and MeHg, respectiveiy. 



A second important biogeochemical relationship is that with the redox environment. 

The balance between methylation and demethylation processes has been observed to 

favour methylation in most aquatic systems with increasing depth away fiom the 

aidwater boundary towards the watedsediment interface where dissolved oxygen 

concentrations are low (More1 et al., 1998). In many wetland environrnents, stagnant 

water or water with long residence times allow for the maintenance of reducing 

conditions thereby increasing the likelihood of Hg methylation. However, in areas where 

flushing is significant, the anoxic zone would be disturbed by the influx of oxic waters 

and methylation may be disturbed. In an third scenario, a wetland that undergoes 

alternating wetting and drying may experience Hg methylation during sustained wet 

conditions, however if dry conditions prevail pior  to a flushing event, the MeHg may be 

demethylated in the peat and never be transported to the down Stream. 

Seasonal temperature differences may also account for a significant portion of the 

increases in MeHg production in some ecosystems (Lee et al., 1995). Methylation has 

been observed to increase with increasing temperature between 10 and 35°C and decrease 

thereafier (Mauro et a1.,1999). Further, experiments have shown that at high 

temperatures methylation rates increase at a higher rate than demethylation reactions, 

thus leading to higher MeHg concentrations in water (Zillioux et al., 1993). However, 

cold temperatures do not necessarily preclude the persistence of MeHg. Watras et al. 

(1995) studied 19 Wisconsin lakes under icecover and found MeHg and HgT 

concentrations ranging between 0.01 to 2.8 ng 1-' and 0.3 and 5.3 ng 1-' respectively. 

These low temperature concentrations are well within, or above, the range seen during 



s u e r  months in many other regions indicating temperature is not the dominant factor 

controlling methylation of Hg. 

Further, due to a strong correlation between acidic lakes and high Hg concentrations 

in fish (Scheuhammer and Graham, 1999; Westcott and Kalff, 1996), the influence of 

aquatic acidity on Hg cycling in lakes has k e n  well researched. Since v i d l y  d l  of the 

Hg found in fish is MeHg (Bloom, 1992), this suggests that low pH environments may be 

stimulating Hg methylation, or that high pH environments inhibit methylation. Several 

differing hypotheses have been suggested to explain the relationship. 

A first hypotheses sugesting that pH impacts methylation rates is supported by 

Mauro et al. (1999) who reported on the relationship between pH and methylation 

occurring on the roots of water hyacinth (Eichhornia crassipes) in a fieshwater coastal 

lagoon. They found that at pH 6 and 7 methylation was stimulated but that at pH 8, this 

stimulation dropped significantly. Leng and Nies (1 999) provide analytical support for 

this finding in a controlled laboratory setting where the maximum rate of mercury 

methylation occurred at a pH of 4.5 and that the fomation of mercury hydroxides at 

higher pH inhibited the formation of MeHg by reducing total Hg availability. More1 et 

al. (1998) report on the processes impacting rnicrobial uptake of Hg. To be methylated, 

inorganic Hg must be carried across the lipid membrane of the methylating organisms. 

Any chemical or physical impediment to this uptake will greatly effect methylation. 

Known impediments occur at high pH and high chloride levels where the fomation of 

lipid insoluble mercuric chloride and hydroxide compounds occur and impede the 

transport of Hg across bacterial membranes. Similarly, high pH and chlonde will 

decrease bioaccumulation of MeHg in biota due to impediment of MeHg compounds 



crossing the lipid membrane. Morel et al. also suggest that mercury-suiphide complexes 

may play the most important role in anoxic waters. This is supported by Jay et al. (2000) 

who suggest that at high pH the formation of charged Hg-polysulphide complexes 

decreases the lipid solubility of Hg. 

Giimour and Henry (1991) suggest a second hypothesis that in the same way that 

low pH results in the irnmobilization of inorganic Hg, it may also account for the 

increased mobifity and detection of MeHg, but not necessarily increased methylation. 

A third hypotheses presented by Miskimrnin et al. (1992) does not support the 

contention that inorganic Hg is more tightly bound at low pH, but suggests that low pH 

may actually change the character of DOC thereby reducing the binding of inorganic Hg 

and making it available to methylators. A recent study by Thompson-Roberts and Pick 

(2000) support this daim reporting that in a study of 45 wetlands in Ontario, there is a 

significant but weak negative correlation between pH and water HgT concentrations. 

Lady ,  low pH environrnents are oflen found in areas impacted by acid rain which 

includes sulphate deposition. This increased sulphate availability may stimulate the 

activity of sulphate reducing bacteria thereby methylating available inorganic Hg and 

potentially explaining the pH-MeHg relationship (Branfiireun et al., 1999). 

As a final biogeochemical controi, the presence of sulphate-reducing bacteria has 

been s h o w  to stimulate methylation of Hg (Benoit et al, 2001; Branfireun et al., 1999). 

This suggests that under reducing conditions, areas that have sulphate deposition, such as 

acid-rain impacted environrnents, will aiso support sulphate-reducing bacteria and hence 

exhibit higher production of MeHg. Morel et al. (1998) reports that 'there has been 

massive circurnstantial evidence that sulphate-reducing bactena are responsible for the 



bulk of mercury methylation in natural waters: sulphate-reducers in cultures are effective 

at methylating mercury; methylation rates are observed to correlate in time and space 

with the abundance and activity of sulphate-reduzers; and the addition to natural samples 

of molybdate, a specific inhibitor of sulphate reduction, inhibits mercury methylation". 

Oremland et al. (1 99 l), report that the same types of organisms that methylate may also 

be responsible for demethylation reactions in the sarne freshwater sediments. 

During experirnental additions of sulphate to anoxic sediments in a reservoir, 

Gilmour et al. (1992) found sediment depth profiles of sulphate reduction and Hg 

methylation to be similar, with both reaching a maximum at the sediment-water interface 

in shallow sediments. Branfireun et al. (1999) carried out sirnilar experiments with the in 

situ addition of sulphate to peat and peat pore water in a poor fen at the Experimental 

Lakes Area in northwestern Ontario. They also found a significant increase in Hg 

methylation in these areas. Despite the stimulation of methylation by sulphate, there 

may be a limit where high concentrations actually inhibit methylation. Methylation may 

increase up to 200-500 pM sulphate and decrease at higher concentrations (Gilmour and 

Henry, 1991). This impacts estuarine and salt water systems, or regions impacted by 

extremely high atmospheric loadings. Gilmour et al. (1998) found contrasting MeHg 

production rates in pristine versus eutrophic portions of the Florida Everglades related to 

sulphate reduction. In the eutrophic waters, high sulphate delivery and sulphate reduction 

rates cause high sulphide production and accumulation. This appears to inhibit MeHg 

production through the formation of HgS precipitates andor bacterial inhibition. In the 

more pristine areas, lower sulphate delivery depresses sulphate reduction rates thus 

limiting the accumulation of sulphide and favouring MeHg production. 



2.3 Fabe of Mercury in Aquatic SysWrns 

Completing a chemical mass balance of Hg, either total or methyl, can be a usefiil 

tool for estimating the relative importance of pollutant sources in aquatic systems. 

Substantial research in the field of Hg has provided enough global knowledge of mercury 

cycling in aquatic systems to allow the completion of reasonable mass balance 

calculations at the local or regional scales (Quemerais et d., 1999). This process 

involves collection of water samples and calculation of fluxes fkom al1 inputs and outputs 

of the study area and an estimation of the storage within the area. Inputs include wet and 

dry deposition, surface runoff and groundwater flow. Outputs include evasion, surface 

water and groundwater outflow and sediment burial (Scherbatskoy et al., 1998). 

Quemerais et al. (1999) completed a mass balance to quanti@ the main sources of 

rnercury to the St. Lawrence River basin. Using a reconstruction of daily fluxes 

throughout the basin, they found that gross mercury export fiom the river was 5.9 km01 

yf', 73% of which was particulate. Input fiom lower tributaries and intemal erosion 

accounted from 75% of the gross load, the upper river (Lake Ontario) IO%, and direct 

industrial sources 5%. After estimating mercury evasion and deposition on the 

watershed, and total mercury flux, they concluded that 88% of deposited mercury was 

retained in the watershed. At a much smailer catchment in Vermont, Scherbatskoy et al. 

(1998) found catchment retention of HgT at 92 - 95%. Wetlands and reservoirs have 

also been shown to be net sinks of deposited Hg. Driscoll et al. (1 998) reported areal 

fluxes of HgT fiom a small beaver pond and riparian wetland system in the Adirondack 

region of New York in the order of 2.2 pg m-2 Given atmospheric deposition 

estirnates of 9 pg m'2 yf' ,  this small wetland is also acting as a sink of deposited Hg. 



Diamond et al. (2000) applied a fugacity/aquivalence multispecies mode1 to a heavily 

contaminated reservoir in Nevada in order to examine Hg dynamics and fate. They found 

negligible volatilization and that more than 90% of incorning Hg fiom the upstrearn 

surface water was retained in the sediment of the reservoir due the unreactive mineralogy 

of particdate Hg. At the reach scale, Waldron et al. (2000) completed Hg budgets to 

=sess HgT sedimentation rates and MeHg production in an impounded versus fiee- 

flowing reach. They found that within the flowing reaches with no flooded terrestrial 

surface areas, there was linle Hg exchange with the atmosphere or sediments and that 

HgT and MeHg behaved very conservatively with little change from stream water input 

to output. In an impounded reach contained a reservoir, they f o n d  that the reservoir 

acted as a sink for HgT, retaining 27% of the incoming HgT. Despite high levels of HgT 

in this reach, they found no elevation in MeHg concentrations as water passed through 

the reservoir reach. In addition, they budgeted two wetland-associated reaches and found 

the wetland areas to act as sources of both MeHg and HgT to the down stream. 

Considerable research has shown that wetlands act a net sources of MeHg to the 

downstream. St. Louis et al. (1994) reported yields of MeHg fiom wetland portions of a 

boreal forest ecosystem to be 26-79 time higher than fiom upland areas. Krabbenhofi et 

al. (1995) found MeHg yield fiom a wetland in the Allequash Creek watershed in 

Wisconsin of 0.6 to 1.5 mg d". This was 3-6 fold higher than the calculated 

atmospheric deposition rate, thus indicating a net source of MeHg to the downstream. 

This is in contrast to HgT for which they calculated a wetland retention rate of 70%. 

Similady, in a small headwater peatland in northwestem Ontario, Branfireun et al. ( 1996) 



found that MeHg concentrations in Stream base flow increased 3 fold while passing 

through the peatland. 

It is the interaction among al1 biogeochemical and hydrological variables that will 

ultimately detennine the Hg export and cycling in wetlands. 

The body of knowledge encompassing mercury transport and fate is growing. 

Regardless, there are areas within the science that remain unclear. Many studies 

completed to date have been in similar or repeated locales which may not be 

representative of processes occurring in different environrnents. Wetlands environments 

such as northem peatlands in Ontario and the northem Great Lakes States have been 

home to several studies of Hg dynamics, as have the Flonda Everglades. No studies have 

been completed in wetlands in Southern Ontario, an area of high sulphate and Hg 

deposition which may provide conditions ideai for MeHg production in wetlands. In 

addition, few papers have been published on mercury dynamics and transport in non- 

headwater environments, in regulated watersheds or in high pH environments. Further, 

wetlands and specifically the nearstream zone have been identified as important areas of 

MeHg production, however specific controls impacting Hg export into adjacent surface 

waters remain unclear. 

In light of these gaps in the literature, the current study is designed to address some 

of the following general research questions: 

How does strearn geomorphoZogy affect Hg transport und fate? 
What is the impact of upstream fIow regdation on Hg dynamics? 
Do variables such as high Hg and S a  deposition resulr in high Meffgproduction 

in afl environrnents? 



Chapter 3 

Study Area and Project Objectives 

3.1 Study Area 

Beverly Swamp is a forested. temperate swarnp located in Southem Ontario 

(43"22'N, 80°07'W) near the bighly industrialized areas of Toronto and Hamilton. The 

wetland covers an area of approximately 10 km2 and is surrounded by the predominantly 

agricultural Spencer Creek watershed which drains into Lake Ontario at Hamilton. The 

area is surrounded by landscapes impacted by the most recent glaciation with the Niagara 

Escarpment located to the southwest and dml in s ,  till plains and terminal moraines 

defining the local topography (Vedorn, 1999). 

The swamp formed in two dolomitic depressions overlain by tayers of gravel, silt, 

clay, sand, rnarl and fmally peat. Peat depth within the swamp varies fiom 37 cm to 150 

cm, with an average depth of 70-80 cm and an organic content averaging 75% (Woo, 

1977). The rnarl layer at about 1 rn below the surface, is between 1 and 0.5 m thick and 

acts as an aquiclude restricting the flow of water downward. The peat becomes a perched 

aquifer and is the primary layer of hydrologicai activity (Woo and Valverde, 1981). 

Vegetation in the swamp is mixed and varies spatially within the swamp. In addition to 

cedar (Thuja occidentalis), dominant deciduous species include red maple (Acer rubrum), 

trembling aspen (Populus tremuloides), white birch (Betula papyri$era) and black ash 

(Munro, 1 98 7). 

Two creeks, Fletcher and Spencer, enter the swamp at distinct inflows and join to 

form the larger Spencer Creek at a confiuence in the centre of the wetland (Figure 3.1). 

The two inflows are quite distinct geomorphically and hydrologically. Fletcher Creek is a 

fast flowing cold-water creek with headwaters in a groundwater discharge area 

approximately 4 km upstrearn fiom Beverly Swamp. Fletcher Creek accounts for the 



majority of surface water inflow and is considered a well channelized, confinai Stream 

fiom its entry to the swarnp until its terminus at the confluence with Spencer Creek. 

Conversel y, Spencer Creek is regulated by a construc ted reservoir upstream of the swmp 

that controls flow to Spencer Creek. The creek is channelized as it enters the wetland, 

however shortly thereaiter breaks into several small unconfiined channels and 

subsequently disappears underground for approximately 1 km before re-emerging 

upstream of the confluence of Spencer and Fletcher Creeks. Spencer Creek downstream 

of the confluence takes the charnel morphology of its more confined tributary, Fletcher 

Creek. These differences between areas of the wetland iead to the identification and 

assessrnent of 3 hydrologically distinct reaches within the wetland: 1) Spencer Reach 

upstream of the confluence, 2) Fletcher Reach upstream of the confluence and 3) lower 

wetland reach below the confluence. 

Figure 3.1 Map of Beverly Swarnp, near Hamilton, Ontario, Canada. 



Based on the various reaches of Beveriy Swamp, 5 sites were selected for 

hydrologicd monitoring and stream water sampling (Figure 3.1): S9 (Spencer at the 9h 

concession), representing the contribution of Hg fiom the Spencer Creek and the 

upstream Valen's Reservoir; (ii) F9 (Fletcher at the 9h concession) at the swamp i d o w  

of Fletcher Creek; (iii) SC (Spencer Confluence), the outflow of the intemal Spencer 

reach before it joins with Fletcher Creek; (iv) FC (Fletcher Confluence), representing the 

outflow of the interna1 Fletcher reach; and (v) SW (Spencer at Westover Road) 

representing the outflow of the swamp and hence the contribution of Hg to the 

downstrearn. 

Due to the impermeable marl layer and significant surface water inputs, it is very 

common for the water table to be above the peat surface during high flow conditions. 

The unconfined Spencer reach is more prone to flooding than Fletcher Creek where 

bankfull volume is much greater. However, during very high flow, areas within the 

Fletcher reach also exhibit standing water. Downstream of the confluence, standing 

water is comrnon following rain events, despite the confinement of the stream channel. 

During these very saturated periods, the ability of the swamp to reguiate flooding 

downstrearn is diminished and high discharges are recorded at the outfiow. 

A gauging station at Westover located a short distance down stream of the outflow 

has been monitored by Environment Canada for 45 years. Long-term mean discharge at 

Westover is 0.35 m3 s-' (Warren, 2000). Average annuai mean temperature is 6.6 - 7.6 

OC with extreme values of -3 1.9 OC in Janiiary and 37.4 OC in July. Annual precipitation 

ranges from 890 to 920 mm with 83% falling as rab. Snow cover is variable fiom 

November to March and in recent years, multiple melts may occur throughout the winter 

months (Vedom, 1999). 

Like ail wetlands in Southern Ontario, anthropogenic pressures have influenced the 

development of Beverly Swamp. Encroachment of rural development, water extractions 



and upstream reservoir control today, and peat excavation, road construction, dredging 

and hydro transmission line installation in the past have ail impacted the hydrology and 

biogeochemistry of Beverly Swamp. 

The general research questions identified in Chapter 2 merge to create the overall 

goal of this project, to identim links between mercury transport and fate and wetland 

hydrology. High atmosphenc deposition of Hg (120 mg ha-' yr"(this study)) and 

sulphate (wet deposition > 25 kg ha-' y f '  (Environment Canada and U.S. EPA)) in 

southern Ontario coupled with observations of extended penods of standing water within 

the swamp suggest conditions ideal for the production of MeHg within the sw-amp and its 

subsequent transport to the downstrearn ecosystem. Three specific hypotheses were 

tested in order to address the general goal and research questions of the project: 

1. Wetland Hg yield. Like wetland systems in orher regions, Beverly Swamp 
wiZZ be a ner sink for HgT and net source of MeHg to the downstrearn. 
Intemally, Fletcher and Spencer reaches will show differing degrees of Hg 
retention and export due to their morphological differences and degree of 
wetland interaction. 

II. Reach morpbology and wetland connectivity. Biogeochemical processes, 
including but not Zimited to Hg, in Beverly Swamp are controlled by 
contrasting rnorphological churucteristics found in hydrologicully distinct 
reaches of the wetland Specifically, the unconfined Spencer reach will 
exhibit processes more dependent upon interaction with anoxic peat such as 
Hg methylation, sulphate reduction, pH depression, increased DOC and low 
dissolved oxygen, whereas the confined Fletcher reach will exhibit limited 
response with respect to these variables. 

1 Sulphate reduction and methylation. The CO-deposition of large amotcnts of 
armospheric sulphate and Hg onto a wetland area with a known high sulphute 
reduction potential will result in high rates of methylation in areus of the 
wetland This will be reveaied by coincident decreasing sulphate 
concentrations and increasing MeHg concentrations in Stream water 
throughout the season. 



Chapter 4 

Methods 

4.1 Wetland Hydrology 

4. f .  1 H y c i n , ~ a i  D.b Colkcfîon 

The study period for hydrological and chemical monitoring was April 26 to 

November 25,2000 inclusive. Continuous half-hourly average stage rneasurements were 

taken at each of the 5 sites discussed previously: S9, F9, SC, FC and SW. At the intlows 

and oualow, S9, F9 and SW, continuous records began on May 18, while at the 

confluence sites, SC and FC, the record began June 1. Prior to this date, manual point 

measures were taken in the stilling wells and translated to match the continuous record. 

Continuous records were monitored using Keller pressure transducers installed inside 

stilling wells located on the bank of each sampling site. Measurements were made using 

Campbell Scientific dataloggers. 

Discharge was manually calculated for various stage levels at each site using the 

velocity/area method. Using these data, stage/discharge rating c w e s  and equations were 

compiled for each site and then applied to the continuous stage measures to enable 

calculation of continuous discharge measurements. R2 values for the rating c w e s  range 

between 0.95 and 0.98 for the 4 upstream sites and was 0.75 for SW. Relationships for 

S9 and FC were exponential and F9, SC and SW were linear (Appendix 1). 

Precipitation was monitored using tipping bucket rain gauges at 4 sites thughout the 

swamp. Half-howly total precipitation was recorded at S9 (open canopy). SC and SW 

(throushfall). Precipitation data for dates previous to May 18. 2000 were obtained h m  

Environment Canada for the Millgrove, Ontario weather station located approximately 15 km 

to the southeast of Beverly Swarnp. Values for evapotranspiration (ET) were estimated using 

studies camied out at Beverly Swamp by M m  (2000), Warren (2000) and Valverde (1 979). 

21 



4.1.2 WeUand and Reach Budget Estimations 

The hydrological balance of the wetland and each of the 3 reaches was examined 

in ternis of their hydrologically gaining or losing behaviour (Equation 4.1). 

Gaining or Losing = Inputs ( R ~  + p) - Outputs ( R ~  + E) (4. 1 

where Gaining or Losing = water lost or gained h m  wetland storage or pundwater  
flux. Negative implies an increase in water flux between inflow and outflow. 
while positive suggests a decrease in water flux between inflow and outfiow. 
R, = surface water inputs to reach or wetland 
P = precipitation over wetland area or sub-wetland area contributing to individual 
reach 
& = surface water outputs fiom each mach or wetland 
E = evaporation fiom wetland area or sub-wetland area contributing to individual 
reach 

Total discharge for each site was calculated using the equations derived fiom the 

stage/discharge rating curves (Appendix 1) to obtain instantaneous discharge values. 

These values were then used to calculate half hourly total discharge and summed to get 

total discharge for the duration of the study period. Precipitation reaching the ground 

was taken from the tipping bucket rain gauge at SC as it was the only continuously 

recording gauge throughout the season, is located centrally within the s w a p  and would 

reasonably represent the total precipitation reaching the ground surface. Precipitation and 

ET were normalized for the area of each subcatchment. 

Subcatchment areas were estimated ushg a 1:25 000 topographie map of the 

region. The wetland was visually divided into three subcatchments using contour lines to 

determine drainage divides. 

4.2 General Water Chemistry 

Grab samples were taken mid-stream, mid-colurnn for cation and anion analysis 

on a weekly or twice-weekly basis over the study period. These were analysed at the 



University of Toronto using ion chromatography for PO,", NO,-, S04-2. F-, Cl-, NaZ+, Mg 

2+. Ca 2+, and NH,. 

Samples were taken for the analysis of organic carbon in surface water at al1 sites 

on a weekly or bi-weekly basis by collaborative research on-going at Beverly Swamp. 

These samples were analysed for dissolved organic carbon (DOC), particulate organic 

carbon (POC) and dissolved inorganic carbon (DIC). Detailed sampling and analysis is 

descnbed in Bourbonniere (2000). 

Continuous hourly averages of pH, DO, conductivity and temperature were also 

recorded at SC and FC from June 1 to November 25,2000. This continuous record was 

verified by weekly m o n i t o ~ g  of pH, DO, conductivity, temperature and oxidation- 

reduction potential using a YS1 portable multi-probe sonde. 

4.3 Hg Sample Collection 

4.3.1 Surface Water 

Surface water samples were collected for Hg analysis at the five sampling sites on 

a weekly basis between April26 and August 3 I ,  2000 and then biweekiy or monthiy until 

November 25. Surface water samples were taken mid-stream and half-way up the water 

column and were unfiltered thus representing the dissolved plus particulate load unless 

otherwise noted. In addition to routine sampling, the direct outflow of Valen's Reservoir 

was sampled on September 19 and a series of 4 samples were taken on September 13 

during the breakdown of a beaver dam created across our sampling reach at SW. Winter 

and spring melt samples were aiso taken in March 2001. 

Ultraclean sampling protocol was followed. Sample bottles were 125 or 250 ml acid- 

washed Teflon, stored filled with 1 % HCl and double bagged in polyethylene bags. The 

bottles were triple rinsed with sample before collection. Manual collection was done 

using the "clean handddirty hands" method, whereby after gloving, one researcher 



handles oniy the sample bottle and the other field assistant handles any 0 t h  equipment 

that might contaminate the sample. Samples were cmied and kept cool in the field in a 

clean cooler designated for Hg samples only and double bagged. Upon retum to the lab, 

samples were preserved with 0.5 % ultra-pure HCl and stored in the dark at room 

temperature until analysis. 

4.3.2 Priecipitation 

A trial collection and analysis of Hg in precipitation was undertaken fiom August 

3 1 to November 15, 2000. Precipitation collectorç were set up at S9 (open canopy) and 

SW (throughfall) and samples were collected on a weekly or bi-weekly basis. The 

sampler design is a bulk precipitation modified IVL sampler (see Chatin et al., 1995 and 

Momson et al. 1995) (Figure 4.1). Samples were acidified as collected in situ by leaving 

5 ml of ultra-pure concentrated HCl in the collection bottle. A total of 15 samples were 

collected and analyzed for HgT. Two samples were saved and run for MeHg. 

Figure 4.1 Modified IVL sampler deployed 
at Beverly Swamp SW. 

The samplers were assembled using 1.5 rn hi&, PVC 
pipe inserted into the ground with an opening cut out 
about 30 cm above the ground surface to allow for 
sample access. A glass fllnnel rcsts on the top 
opening on a silicone cushion and is connecteci to a 
60 cm glas capilla~y tube that extends downward 
within the pipe. The tube is comected to a 500 ml 
acid-washed glas bottle fitted with a custom made 
Teflon stopper that allows air out of the bottle, but 
without losing sample to evaporation. AH glas-ta- 
glas connections are made with short pieces of C- 
Flex tubing. An invertcd watch glass sits in the 
mouth of the f imet  to prevcnt larger particles and 
in- h m  entering the collection bottle. Inside the 
imer housing, the collection bottle rcsts a shelf and is 
accesscd by an opcning in the PVC pipe. The 
opening is protectcd by a second length of PVC pipe 
that fits over the outsidc of the entire samplet and 
rests on the ground. Tbis lcngth is cut in half with 
the lower half supporting the uppcr which slidcs up 
to allow access to the inner housing and collection 
bottle. 



4.3.3 Pom Waîw 

On September 14, 2000 a series of soi1 pore water sarnples were taken for HgT and 

MeHg analysis. Samples were taken at SC and FC at distances of O and 5 m h m  the creek 

and depths of O and 30 cm below the water table at each distance. A portable stainless steel 

piezometer with slotted Teflon tip was inserted into the peat to the desired depth and the 

sample was withdrawn using a manually operateci vacuum pump and acid-washed Teflon 

tubing. Samples were pumped into an acid washed transfer container, transferred to Teflon 

bottles and kept in double Ziploc bags in a cooler. Samples were filtered in the laboratory 

with 0.45 p m  filters and preserved until analysis with 0.5 % ultra-pure HCI. 

4.4 Hg iaboratory Analysis 

Al1 water sarnples were analyzed for HgT and MeHg at the University of Toronto 

in a Class 100 Clean Room dedicated to Hg anaiysis. Maximum effort is taken to 

minimize Hg contamination fiom al1 external sources. In-line gold traps are used with 

high grade nitrogen and argon gases to minimize gas contribution of Hg. Al1 Teflon 

vessels and gas Iines that are in contact with sarnple are acid-washed d e r  each run to 

ensure minimum cross-sarnple contamination. Purge vessels are stored with 10% HCI at 

the end of each m. 

MeHg analysis was completed using methods outlined in Horvat ,l. (1993a and 

b) and Bloom and Fitzgerald (1988). Analysis consisted of steam distillation of MeHg 

h m  the preserved sarnple, aqueous phase ethylation of the distillate, concentration on 

Tenex traps, gas chromatography separation and detection by Cold Vapour Atomic 

Fluorescence Spectrometry (CVAFS). Distillation blanks, bubbler blanks and a standard 

run of at least 3 known MeHg concentrations was completed each day to encompass the 

expected concentrations of the sarnples. The mean blank concentration was 0.0 16 ng 1 -1. 

Concentrations are determined based on the equation of the standard curve for that day 



and corrected for contribution fiom reagents or deionized water by subtracting the 

concentration of the blanks. Check standards are run at the end of each run to check 

system reliability over the course of a day. If discrepancies were detected, samples were 

re-run after the problem was resolved. Spiked samples are included in each distillation 

and m n  as samples to ensure al1 MeHg in the samples is k i n g  detected. Sarnple 

concentrations are then corrected based on spike recovery. Spike recovery of the system 

during the analysis period (November 2000 - March 2001) averaged 100.3 %. Replicate 

samples were also run to ensure reproducibility. The standard deviation around the mean 

slope of the standard curves was 16 96. 

Total Hg anaiysis was completed using methods described in EPA Method 163 1 

(July 1996 Draft), BIoom and Fitzgerald (1988) and Gill and Fitzgerald (1987), and 

consisted of BrCl digestion, SnCl, reduction, dual stage concentration on gold traps, and 

CVAFS detection. Bubbler blanks and at least 3 standards of known concentrations were 

analysed each day and concentrations were calculated in the same way as MeHg. 

Average HgT in blanks was 2.3 ng or 0.08 ng 1-1. In addition, aliquots of deionized 

water were treated as samples and preserved with HCl and digested with BrCl in order to 

account for the contribution of Hg fiom acid addition. This contribution of HgT fiom the 

acid blank is also subtracted fiom the sample concentrations. The standard deviation 

around the mean siope of the standard curves was 6 %. 

4.5 Calculation of Hg Fluxes 

Daily fluxes for HgT and MeHg were caîculated using summed half hourly 

discharge values and weekly concentrations. Three different methods were used to 

determine variability between estimates. 



Method 1 

Method 1 used 2 separate equations obtained fiom regression analyses between 

HgT and MeHg concentrations and instantaneous discharge at each site. The resulting 

Hg - discharge relationships were then applied to al1 discharge values to obtain 

instantaneous concentrations of HgT and MeHg. These values were then used to 

calculate Hg flux for the wetland (Equation 4.2) 

where C F = sum of half howly instantaneous fluxes of HgT and MeHg 
Ci = instantaneous concentration of HgT or MeHg 
Qi = instantaneous discharge 

Results f?om this method were discardecl as Hg and discharge are poorly related at most sites. 

Method 2 

Method 2 used the instantaneous HgT and MeHg concentrations to represent the 

period surrounding the sampling date, i.e., when sarnples were taken on a weekly bais  

the concentration was applied to the instantaneous discharge values for 3.5 days pnor and 

3.5 days after sampling. These instantaneous concentrations were then applied to 

Equation 4.2 to obtain daily and total fluxes. 

Method 3 

Method 3 used adjacent sampling concentrations and daily time steps between 

sampling days to find the linear equation for the line between two concentrations. This 

equation was caiculated for al1 pairs of adjacent points and applied to each time step 

between sampling dates to obtain instantaneous Hg concentrations. These values were 

applied to Equation 4.2 to calculate fluxes. 

The differences between Methods 2 and 3 were negligible when tried for one 

sarnpling site. Therefore Method 2 was selected for its relative simplicity for calculating 

fluxes at the remaining sites. 



Chapter 5 

Hydrology of Beverly Swamp 

This chapter uses hydrometric and biogeochemicai observations to develop a 

concepnial mode1 of water movement in Beverly Swamp. Due to the complex. 

heterogeneous nature of the wetland, understanding relative contributing source areas of 

water will aid in the future understanding of chernical transport through the wetland and 

potential source areas of contaminants such as MeHg. Solutes such as CI-, conductivity, 

Ca2+, Na' and Mg2+ are often considered "conservative" in mixing models (Hooper et 

1990), whereby any alteration of influent concentrations suggests a new water input. In 

addition, pararneters such as DO, DOC, temperature, S0,2- and pH can be considered 

wetland-dependent as their availability will Vary due to interaction with wetland soils and 

pore water. By monitoring these "consewative" and wetland-dependent pararneters in 

surface water at each reach inflow and outflow and combining them with hydrometric 

data, a picture of the sources of water in each of the three reaches emerges. An 

examination of the annual mean "con~ervative'~ and wetland-dependent variables for each 

of Fletcher, upper Spencer and lower Spencer reaches is supplemented by an assessment 

of temporal variability in each of the same variables over the study penod of Apnl 26 to 

November 20, 2000. These biogeochernical data are preceded by a qualitative 

assessrnent of reach hydrology using estimates of reach water budgets to identify the 

hydrological regime (gaining or losing) of each reach. 



Results 

5.1 Precipitation 

Precipitation amount was monitored throughout the wetland over the shidy period 

at SW, S9 and SC. Data obtained fiom S9 and SW were incornplete due to technical 

dificulties therefore data from the rain gauge at SC were used to represent throughfàll for 

the entire swamp from June 1 (installation date) to November 20. As this site is centrally 

located and overstory vegetation is representative of the swamp canopy, data are likely 

indicative of achlal rainfall reaching the wetland surface. From May 18 to June 1, data 

fiom SW were used and p ior  to May 18, data fiom the nearby Environment Canada 

weather station at Millgove were used. Data from the Millgrove site were compared for 

the remainder of the study period to Beverly Swamp precipitation data in order to assess 

the comparability of the two locations. 

Between June and November, Millgrove station recorded 534 mm of precipitation 

and 458 mm were recorded in Beverly Swamp. This discrepancy c m  be atûibuted to the 

sites at Beverly Swamp representing throughfall while Millgrove station represents open 

canopy precipitation. This suggests an average 15% interception of precipitation by 

canopy vegetation at BeverIy Swamp, however that value varies *40% between months 

suggesting that weather patterns are different between the two locations. This wide 

range is supported by data obtained during a period when the Beverly Swamp S9 tipping 

bucket was functional and represented an open canopy measurement for the wetland and 

allowed interception calculations using throughfall measurements fiom SW. During 

small precipitation events recorded at SW and S9 on May 19 and June 18 there was a 

calculated interception of 25% and - 20% respectively. Valverde (1978) reports an 

average interception at Beverly Swamp of 20Y0. Spatial variability is M e r  revealed by 

examining differences in recorded throughfdl for SW and SC during a high intensity 

event. On August 1. a major precipitation event of 40.4 mm was recorded between 1 100 



and 1300 at SW while at SC, 26.8 mm was recorded between 1200 and 1400. At 

Millgrove, August 1 precipitation was recorded at only 3.6 mm suggesting the extreme 

locality of this particular event. 

Due to the wide positive and negative interception variability between events, the 

values obtained for Millgrove early in the season were used "as is" without adjustment 

for interception. Using these values, the total precipitation for Beverly Swamp during the 

study period was 595 mm. Temporal variability in precipitation was as dynamic as 

spatial variability. The majority of precipitation (23 and 3 1%) came in the months of 

May and June, while each of July, August and September accounted for approximately 

10% of total precipitation and October and November were quite dry with 3 and 5% 

respectively. August was also quite dry overail, as more than half of the total 

precipitation of the month fell on the first day of the month. The maximum number of 

days without measurable precipitation was 9 and occurred beginning August 24, while 

the maximum consecutive days of 6 occurred June 1 1. There were several occurrences of 

5 consecutive days of precipitation. 

5.2 Evapotranspiration 

Equipment failure at the meteorological tower hindered the calcdation of accurate 

evapotranspiration data for the 2000 water year. For the purposes of examinhg the 

gaining and losing behaviour of the wethnd and reaches, estimates for ET were made 

using data obtained fiom past work done at Beverly Swamp. Valverde (1 978) reported 

total ET for the period between Apnl 29 and September 25 of 572 mm. This was a 

period where precipitation was 541 mm. Coincidentally, during the same t h e  firime in 

2000, precipitation was also equal to 541 mm. This information was used together with 

data fkom Vedom (1999) who reported an estimated 4 mm &y -l ET fiom the wetland 

during June, July and August, and Warren (2000) who suggested an average ET of 4.5 



mm day -1. Using these values as guides, the total study period ET was estirnated at 780 

mm was used for 2000,580 mm of which occurred between May and September. This is 

very close to that of Valverde (1978). Values used for April, May, October and 

November were qualitatively estimated at 20, 100, 100 and 80 mm respectively due to 

lower air temperatures that would limit ET. Although this is lower than the 4 mm &y-[ 

used for the surnmer, estimates may still exceed acnial ET during the spring and fall. 

However, the mid surnmer estimates may be lower than actual ET due to long periods of 

standing water in the wetland during May, June, July and early August. Thus an over and 

under estimation in different seasons may balance each other out. Using these values, P 

> ET for May and June and P < ET for the rest of the season. 

5.3 Discharge 

Continuous stage measurernents taken at al1 sites were converted to continuous 

discharge using rating cuves described in Chapter 4. Figure 5.1 shows the hydrographs 

for each site and the corresponding precipitation. 

5.3.1 Swamplwide Seasonal Tmnds 

Discharge measured at SW can be used for an analysis of seasonal trends within 

the swamp. The mean discharge at SW was 0.71 m3 s-1 with a maximum occuning on 

June 16 of 2.3 m3 s-1 and minimum on November 7 of 0.02 m3 s-1. In sirnila. pattern to 

precipitation, 2 1% of total discharge occurred in both May and June; 16, 17 and 10% in 

July, August and September respectively and 10 and 4% of total discharge occurred in 

October and November. The Valens reservoir upstream of the Spencer reach was 

released on October 1 1 and lefi at high levels for a two week p e n d  This was the &est 

month of the season hence this runoff fiom the reservoir accounted for most of the 

discharge dong both the upper and lower Spencer reaches. 



Figure 5.1 Hydrographs for each of 5 sampling sites and swampwide 
precipitation. 



There were very few times when conditions at the outflow might be considered 

base flow. If base flow is defined as discharge not exceeding the 10th percentile of the 

range of measured discharge (Babiarz al., 1998), then base flow at SW occurred in 24 

days out of the 30 week study period. These days were scattered in early May, late 

August, early October and esuly November. Other areas in the wetland have longer 

contiguous occurrences of base flow due to their faster response to precipitation events. 

To illustrate the longer lag time generated by the wetland around the lower Spencer 

Reach, it took greater than 10 days for the swamp water levels to return to pre-event 

levels at SW following a 26 mm event in late September. For the same storm response 

times were approximately 5 days for SC, FC and F9. 

5.3.2 Long-tenn Temporal Variability in Beverly Swamp 

Through examination of past discharge and precipitation trends at Beverly 

Swamp, the hydrological conditions of the wetland can be assessed in relative temporal 

terms. Warren (2000) details the occurrence of  drought at Beverly Swamp during 

summer 1999. In this discussion, details of long tenn averages for Beverly Swamp are 

included which allows cornparison with the current year. 

The long-term historical average discharge for a gauging station at Westover, 

located just downstream of  SW, is 0.35 m3 s-1 * 0.15 m3 s-1. In swnmer 2000, it was 0.71 

m3 s-1 which is more than double the long-term average. This represents the highest year 

since 199 1 (0.76 m3 s-1) and the second highest since the beginning of the record in 1972. 

This is due to the high precipitation (456 mm) and runoff fiom the surrounding ca tchen t  

over the same time penod. The hi& precipitation also resulted in the reservoir upstrearn 

of Spencer Creek to remain open for much of June, July and parts of October which leads 

to increased discharge at the outflow. The wet conditions that prevailed for much of the 



season led to the water table being above the ground surface through much of the 

wetland, namely the upper and lower Spencer reaches. 

In contrast, 1999 was the driest year since 1 972. Precipitation between May and 

August inclusive, totded only 92.5 mm, with discharge at the outflow representing only 

17% of the 25-year average. The two preceding summers were also very dry. thus 

combined with low precipitation reduced spring runoff and human disturbances, drought 

conditions were prevalent in 1999 (Warren, 2000). 

This combination of drought conditions followed by a year with a very wet 

hydrologic regime such as 2000, raises interesting questions about the potentid effect on 

wetiand biogeochemistry. 

5.4 Reach Variability Assessment using ~Conservative" and Wetland- 
dependent Biogeochemical Parameters 

5.4.1 Confined Reach (Site F9 to FC) 

Fletcher Creek is the larger of the two surface water inflows, with discharge 

averaging 0.35 m3 s-1 at F9 and 0.37 m3 s-1 at FC. Water budget estimations (Equation 

4.1) suggest that îhis is a slightly gaining reach, with a 6% gain in water at FC when 

surface flow and precipitation and evaporation fiom the contributing wetland area are 

considered. This overdl gain is well within the range of error associated with 

calculations of discharge and cannot be considered significant. The water balance for this 

reach varies seasonally. In May and June the reach was balanced and losing respectively, 

while in the rest of the year it was gaining. 

Although the confinement of the channel and hydrometric sirnilarities between F9 

and FC suggest a non mixing, "pipe flow" mode1 for the Fletcher Reach, it is possible 

that a combination of gaining and losing is occurring dong the mach with new water 

k ing  introduced with no change in discharge. It is these types of uncertainties that 



warrants the use of biogeochemical pararneters in the assessrnent of water flow paths and 

mixing relationships. Table 5.1 shows the biogeochemical parameters of the different 

sites at Beveriy Swamp. "Conservative" solutes al1 show insignificant variability in 

seasonal mean concentrations between F9 and FC; [Cl-] and Fra+] remain constant, 

[Mg2+] rises slightly h m  33 to 35 pprn, [Ca2+] decreases fiom 75 to 73 pprn and 

conductivity drops slightly fiom 448 to 424 pS cm-' between F9 and FC. None of this 

variability is significant. Other pararneters such as temperature, DOC, pH, [SO,2-1, DO, 

and [Kf] should be more influenced by passage through a forested wetland. Temperature 

decreased dong the Fletcher reach likely due to increased shading from F9 to FC, DOC 

increased from 9.9 to 12.0 mg 1-1, pH decreased from 8.2 to 7.9, [SO,2-] showed 

insignificant variation from 2 1 to 20 ppm, and [K+] showed a slight increase fiom 1.45 to 

1.5 1 ppm. DO, impacted by increased decomposition and respiration of organic matter in 

wetlands would be expected to decrease dong the reach and did slightly, with a drop 

fiom 9.6 to 8.8 mg 1-1 or 96% saturation to 83% saturation. 

Table 5.1 Surnrnary of seasonal mean wetland-dependent and conservative 
biogeochemical parameters fiom Beverly Swamp 2000 

Fletcher Reach Smncer Reach Lomtr Wetîand 

Temperatun, (OC) (n=20) 15.8 13.7 20.2 14.5 13.9 15.7 
pH (n = 20) 8.18 7.92 8.12 7.60 7.86 7.76 
DO (mg 1") (n = 20) 9.60 8.80 7.69 6.80 8.44 7.10 
DOC (mg i-') (n = 16) 9.90 12.0 7.60 10.4 11.7 15.5 

Conductivity (pS s")(n = 20) 448 424 374 337 408 404 
Cl (pprn) (n = 24) 37.3 36.1 26.9 18.3 32.9 29.6 

(1 8.81~ 
Na ( P m  (n = 24) 20.7 21.0 15.5 10.4 19.1 15.6 

(1 0.8)~ 
Ca ( P P ~  fn = 24) 74.9 73.0 55.9 56.9 70.1 66.4 
ml (Pm) fn = 24) 33.2 35.2 29.9 27.2 33.8 26.8 
K ( P P ~  = 24) 1.45 1.51 2.69 2.13 1.62 1.54 
Q (m3 8") 0.35 0.36 0.12 0.08 0.31 0.71 

caîculated usina mrcent of total water at the confluence for SC and FC muttiplied by the 
parameter and sukmed parentheses represent values exduding S9 soiute spikas 

- 



Temporal variability between high flow and intermediate/base flow seen in the 

conservative and wetland-dependent solutes supports differences seen in seasonai 

averages. The conservative tracers at F9 and FC mimic one another for the duration of 

the season (Figure 5.2). In general, conductivity, [Cl-], and ma+] increase at both sites 

over the season, [Mg2+] increases during high flow only and al1 solute concentrations are 

diluted during event samples due to precipitation inputs. Decreases at FC on August 1 

that are not evident at F9 are due to the timing of sarnpling. FC samples were taken prior 

a major event that occurred while in the field, while F9 were taken pst-event. 

Conversel y, some of the wet land-dependent parameters show a de parture between 

F9 and FC during high flow in June and early August (Figure 5.3). For example, in the 

three weeks between June 6 and June 27 which encompass the highest discharge values 

of the season, DO at F9 drops fiom 10.0 to 8.5 mg 1-1' whereas at FC the corresponding 

drop is tiom 9.5 to 5.7 mg 1-1. For the low flow periods, DO is virtually identical at both 

sites (Figure 5.3a). Similady, at F9 pH varies between 8 and 8.1 over that same high 

flow period, while at FC, pH is depressed fiom 8.0 to 7.6 (Figure 5.3b). If this pH 

depression were solely due to precipitation input, it w-ould be evident at both sites. 

Although less prominent, DOC also shows a greater variability during high flow at FC 

than at F9, rising fiom 9 mg 1-1 at both sites on June 6 to 15 mg 1-1 at F9 and 18 mg 1-1 at 

FC on June 27 (Figure 5.3~). In the same way, [SO,2-] shows less variability between 

sites over the course of the season although both did drop signif icdy during the wet 

period, from 20 ppm on June 6 at both sites tu 10 ppm at F9 and 8 ppm at FC on June 27 

(Figure 5.3d). 

To examine these trends M e r ,  the continuously measured water quality 

parameters were examined to assess the timing of changes in pH or [DO] with respect to 

discharge. Figure 5.4a shows the continuous discharge and [DO] of FC between June 8 

and June 23, a p e n d  which inciudes 7 precipitation events, the Iast 5 of which had no 
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Figure 5.2 Temporal variability in "conservative" tracers in the Fletcher 
Creek mach (sites F9  and FC). Solutes include a) sodium (Na), b) 
magnesium (Mg), c) calcium (Ca), d) chloride (Ci), and e) conductivity . 
Discontinuities represent lost or incomplete data. 



Figure 5.3 Temporal vhability in wetland-dependent tracers in the Fletcher Creek 
reach (sites F9 and FC). Parameters include a) dissolved oxygen (DO), b) pH, c) 
dissolved organic carbon (DOC), and d) sulphate (SO,). Discontinuities represent lost 
or ùiçomplete data. 
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Figure 5.4 Hysteresis loops of dissolved oxygen (a) and pH @) and discharge at 
FC during June high flow (June 8 - 23). Data points represent half hourly 
averages. Events 1 and 2 are individual precipitation events, while event 3 
represents several consecutive precipitation events with no retum to base flow 



return to base flow. In event 1, which is preceded by dry conditions, [DO] does not 

change considerably with changing discharge. In event 2, a &op in [DO] is seen early in 

the rising limb, followed by a general increase during the peak of the hydrograph. The 

beginning of event 3 marks the start of a 2 week period of continuous inundation and the 

maximum decrease in [DO]. [DO] continues to decrease until the peak of the hydrograph 

then begins to increase on the receding limb. pH shows similar variability as [DO] where 

pH drops as soon as precipitation begins and returns to pre-storm conditions as the 

hydrograph begins to recede (Figure 5.4b). 

5.4.2 Unconfined Reach ( S b  S9 ta SC) 

Mean discharge decreases dong the Spencer Creek reach fiom 0.1 2 m3 s-1 at S9 to 

0.08 m3 s-1 at SC. The estimated water budget (Equation 4.2) also suggests a 

predominantly losing reach with inputs exceeding outputs by 18%. Again, like the 

Fletcher reach, this varies temporally. Early in the season and in October (when the 

reservoir was released), the reach is strongly losing water to storage and groundwater 

recharge, whereas in July, August and September, it is gaining slightly likely fiom 

increased runoff fiom the wetland due to higher water tables. 

The storage exchange within this area suggests increased interaction of the 

wetland with the Stream as compared to Fletcher reach. The charnel morphology 

supports this as Spencer Creek disperses into small channels as it enters the wetland and 

subsequently becomes a disappearing Stream for approximately 1 km between S9 and SC 

indicating a definite interaction of surface water with pore water in this reach. 

Geochernical data support ùiis geomorphological evidence of interaction dong the 

Spencer reach (Table 5.1). ''Co~lse~vative" solutes [Ca2+] and [Mg2+] show no significant 

change between sites, with [CS+] increasing h m  55.9 to 56.9 ppm and wg2+] decreasing 

from 29.9 to 27.2 between S9 and SC. Conductivity decreased fiom 374 to 337 pS cm-'. 



The wetland-dependent parameters showed strong differences between sites. Like 

Fletcher, temperature decreased significantly fiorn 20.2 to 14.5 OC due to shading and 

interaction with subsurface water. DOC increased fiom 7.6 to 10.4 mg 1-1, pH dropped 

fiom 8.1 to 7.6 fiom S9 to SC, and [K+] decreased h m  2.69 to 2.13 ppm dong the reach. 

DO decreased fiom 7.7 to 6.8 mg 1-1 or fiom 84 to 65% saturation. The decrease in 

strearn water DO is likely a consequence of rnixing with anoxic soi1 and ground water. 

These zones of anoxia support redox-dependent SO,z- reduction (Warren al., 2001 ), 

thus accounting for the significant decrease in [S0,2-] of 21.8 to 13.6 ppm between S9 

and SC. 

Temporal trends of dissolved constituents in Spencer are different than those of 

Fletcher. First, [CI-], [Na+], wg2+] and [Ca2+] show pronounced increases at S9 

periodically over the study period (July 4, July 11 and November 2) although background 

values at the two sites are very similar (Figure 5.5). These peaks do not correspond to 

known hydrological events upstrearn of the wetland. Furthemore, these spikes do not 

carry through to SC suggesting that the wetland is retaining this excess, or that the water 

at SC is not the same as that at S9. Throughout the remainder of the season, 

"conservative" solutes remain constant at both sites during high and low flow. in 

contrast, the difference between the wetland-dependent variables does not remain 

constant during high and low flow (Figure 5.6). As opposed to a divergence during high 

flow as was seen at FC, there was a convergence of these parameters. During the same 3 

week period in June, DO values at S9 and SC converge ranging fiorn a difference of 3.5 

mg 1-1 in early June to a minimum difference of < 1 mg 1-1 for the following thtee weeks 

(Figure 5.6a). Similarly, pH values converge fiom a diflierence of 0.75 to a minimal 

difference of 0.2 for the following 4 weeks (Figure 5.6b). Generally, both DO and pH at 

S9 drop during this time and values at SC remain relatively constant for pH and have a 

slight decrease in DO. Further, [SO,2-] at S9 and SC reach their closest values on June 27 



Figure 5.5 Temporal variability in "conservativew tracers in the upper Spencer 
Creek mach (sites S9 and SC). Sofutes include a) sodium (Na), b) magnesium 
(Mg), c) calcium (Ca), d) chloride (Cl), and e) conductivity. Discontinuities 
represent lost or incomplete data. 



Figure 5.6 Temporal variability in wetlanddependent tracers in the upper Spencer 
Creek mach (sites S9 and SC). Parameters include a) dissolved oxygen (DO), b) pH, c) 
dissolved organic carbon @OC), and d) sulphate (S04). Discontinuities represent lost 
or incomplete data. 



at concentrations of 12.93 and 9.63 mg 1-1 respectively. This is a convergence from 

values of 21.1 and 8.3 mg 1-1 just weeks earlier (Figure 5 . 6 ~ ) .  W C  does not follow the 

sarne pattern along this reach (Figure 5.6d). 

Like Fletcher, a look at the short term hysteresis of wetland-dependent variables 

over the course of an event supports results that show SC behaving opposite to Fletcher 

during high flow. Figure 5.7 shows the same time p e n d  as assessed for FC (June 6 - 

23) which includes several precipitation events. Earl y events do not cause any significant 

change in DO concentrations with discharge, however the dominant event does initiate a 

diop in DO from a peak of 6 mg 1-1 to a low of 2.9. This is not as significant as the drop 

fiom 11 to 4 mg 1-1 experienced at FC. The same event caused pH to increase from 7.6 to 

8.1 as opposed to a decrease which was expected, and sîrongty displayed at FC during the 

same event. 

5.4.3 Lower Wetland (confluence ta oufflow) 

With a mean discharge of 0.7 1 m3 s-1 at S W and combined inflowing discharge at 

the confluence of 0.44 m3 s-1, there is an input of water to Spencer Creek below the 

confluence that rernains uncharacterized. The water budget suggests that the lower reach 

is consistently gaining water throughout the year with an average increase along the reach 

of 54%. This value varies over the year between a 5% gain in November and 15 1% gain 

in Au£Wt. As ET > P. this is not simpl y a runoff driven increase. 

Geochernicai data comparing a representative mixture of confluence waters and 

water at SW suggests that the additional water is not unique from water already present in 

the wetland. Changes in both the conservative and non-conservative chernical parameters 

represent a mixture of the water of the two influent sources, SC and FC, with an 

additional contribution of the wetland. When the contribution of water fiom each 

influent source (1 8% fkom SC and 82% from FC) are multiplied by that inflows' 
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Figure 5.7 Hysteresis loops o f  dissolved oxygen (a) and pH (b) and discharge at 
SC during June high flow (June 8 - 23). Data points represent half hourly 
averages. Events 1 and 2 are individual precipitation events, while event 3 
represents several consecutive precipitation events with no retum to base flow 



corresponding chemical parameters and summed, an indication of the chemical 

composition of water flowing through the lower wetland can be obtained (Table 5.1). If 

the water at the outflow is closer to the chemical composition of SC than the sum of FC 

and SC, we would expect the additional water to have originated fiom a source that has 

significant interaction with the wetland like the Spencer reach. However, if the water at 

SW is closer to that of FC, the additional water may be fiom a confineci groundwater 

driven surface water inflow. 

The water at SW differs fiom this mixed source with respect to both 

"conservative" and wetland-dependent parameters. The more "consewative" tracers 

decrease in concentration to values more representative of the Spencer reach than to an 

exact combination of Fletcher and Spencer water. Most notably, [Cl-] decreases fiom 

33.0 to 29.6 ppm, va+]  fiom 19.1 to 15.6 ppm and [Mg2+] h m  33.8 to 26.8 ppm. As 

these solutes are assumed to be consenrative, any significant deviation fiom background 

levels suggests dilution by a new source of water. 

In terms of wetland-dependent parameters, DOC increases most significantly of 

any of the 3 reaches, fiom 1 1.7 to 15.5 mg 1-1 between the confluence and SW. Dissolved 

oxygen shows the next Iargest change of the non-conservative parameters, decreasing 

fiom 8.4 to 7.1 mg 1-1. pH and [S042-] change insignificantly, pH from 7.9 to 7.8 and 

[S04t-] fiom 18.9 to 18.6 ppm. This variation in non-consenative parameters suggests 

some m e r  interaction of influent surface water and the swamp on the magnitude of that 

occurring dong the Fletcher reach. 

Temporally, [Cl-], ma+] and conductivity show a slight dilution effect with lower 

solute concentrations at SW than at the confluence during the June high flow p e n d  

(Figure 5.8). This trend is more prominent in wg*+] with significantly higher [Mg2+] at 

the confiuence on 4 occasions. [Ca2+] values are very similar during low fiow, however 

show increased variability during hi& flow. On one occasion [Gaz+] at SW is higher 



Figure 5.8 Temporal variability in "conservative" tracers in the lower Spencer 
Creek reach (confluence to SW). Solutes include a) sodium (Na), b) rnagnesiurn 
(Mg), c) calcium (Ca), d) chloride (CI), and e) conductivity. Discontinuities 
represent lost or incomplete data. 



than at the confiuence. Al1 wetland-dependent parameters show little temporal 

divergence between sites although there are seasonai trends that are followed at both ends 

of the reach (Figure 5.9). DO and pH are lowest during May and June hi& flow at both 

the confluence and SW. DOC peaks at both sites during high flow periods and [SO,2-] 

decreases early in the year and remains constant for the remainder of the season. The 

seasonal similarities between sites supports a pipe flow view of the lower Spencer reach 

due to the strong influence of FC chemistry on SW remaining prominent year round. 

Without continuous DO and pH data from SW, analysis of individual events is not 

possible. 

Discussion 

5.6 Confined Reach (Site F9 to F C)  

The source of Fletcher Creek north of Beverly Swarnp is groundwater discharge 

(Woo and Valverde, 198 1). Further, the high cation values in Fletcher Creek support that 

groundwater is the dominant contributor to this Stream and representative of the 

carbonate rock upon which the wetland and surrounding catchent  are situated. During 

base and low flow, Fletcher is sustained by this groundwater, however upland agricultural 

runoff and runoff from the wetland itself during event flow dominates the rising limb of a 

hydrograph along the Fletcher reach. This will likely be more dominant during times 

with wet antecedent conditions where throughflow and saturated overland flow are more 

likely to occur as opposed to infiltration whkh would occur during dry periods. This 

type of runoff at the Fletcher reach is higher in particulate matter which greatly impacts 

chemical transport in catchments. Particulate organic carbon (POC) at F9 is 3-fold higher 

during event flow than non-event. At FC, POC is an order of magnitude higher than F9 

and the 3-fold increase between non-event and event flow rernains. The increase between F9 

and FC suggests greater availability of erodable particies within the wetland than upstream. 
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Figure 5.9 Temporal variability in wetland-dependent tracers in the lower 
Spencer Creek reach (confluence to S W). Parameters include a) dissolved 
oxygen @O), b) pH, c) dissolved organic carbon (MC), and d) sulphate 
(S04). Discontinuities represent lost or incomplete data. 



Minimal change in "conservative" solutes suggests Fletcher is not gaining volume 

nom nuioff since this input source would cause a dilution effect. This appears to support 

conservative hydrometric data that suggests that most of the water at FC originated fiom 

F9. However, in the upper Fletcher reach near F9, the stream has been shown to lose 

water to groundwater recharge when the wetland water table is below that of the stream 

(Warren, 2000; Woo and Valverde, 198 1). Further, a significant tributary to Fletcher 

Creek that appears to drain much of the northwestern region of Beverly Swarnp (LM. 

Waddington, pers. cornm.), confïrms an additional i n p t  to the lower segment of the 

Fletcher reach. Due to this known recharge behaviour and discovered surface water 

input, conservative "pipe flow" in the Fletcher reach seems unlikely. A complex 

interaction of gaining and losing water occurring dong this reach and over tirne that 

coincidentally results in the sarne mean discharge values at both F9 and FC is a more 

plausible explanation. The gaining that occurs is likely responsible for the limited 

variability that is seen in mean wetland-dependent parameters between F9 and FC. Al1 of 

them change slightly in the direction of wetland influence, most significantly DOC. As 

shown in the temporal analysis, this change in the direction of wetland influence occurs 

pnmady during high flow conditions suggesting a comectedness between wetland and 

stream during this time and lack of comection dunng the remainder of the season. Much 

of this influence likely originates from mixing with the near-stream zone and standing 

water in the wetland when the water table is high. 

5.6 Unconfined Reach (Site S9 to SC) 

By comparison of differences in mean solute concentrations in the upper and 

lower Spencer and Fletcher reaches, it becomes apparent that the water present in those 

reaches originates from different sources. Like Fletcher, the upper Spencer reach also 

shows high pH and solute concentrations suggesting groundwater as a source as opposed 



to runoff of meteoric water, however despite similar ongins, concentrations between the 

two are different. Concentrations of conservative solutes were significantly lower in 

Spencer than Fletcher. It is known that the reservoir controls the flow to Spencer, but 

upstrearn of the reservoir Spencer is a head water stream originating fiom groundwater 

discharge like Fletcher. This inter-reach variability could indicate one or a combination 

of the following: 1 ) direct precipitation ont0 the reservoir surface area results in a 

dilution of ground water flowing into the reservoir fiom upstrearn sources; 2) the 

upstream sources of Fletcher and Spencer Creeks originate in areas of different geology 

thus resulting in differing geochemistry in surface water; or 3) the residence time in the 

reservoir causes chemical complexation as water passes through the impoundment. 

Situation 1 and 3 are more likely as both would act to diminish the prevaience of certain 

solutes, not remove them completely. This is supported by lower concentrations of Ca2+, 

Na+ .and CI- at S9 than F9 of approximately 25% less for each of  the 3 solutes. 

When intra-reach dynamics are assessed, similarities in background 

concentrations of "conservative" solutes in tems of seasonal averages and temporal 

variability indicates that the water that is emerging at SC is dominated by the reservoir 

water. During low flow, reservoir water is the oniy water in the stream and during event 

and high flow, this same water dominates as a precipitation signature is ovenvhelmed 

when the reservoir is open. Reservoin are known to dampen temporal variability of 

chemical constituents in downstream waters (Waldron ,, 2000). The influence of the 

reservoir is seen in POC characteristics of stream water along upper Spencer. Low 

particle concentrations were obtained at al1 times at S9 where POC showed no variation 

between non-event (0.72 mg 1-1) and event flow (0.78 mg 1-1) due to non-runoff induced 

increases in discharge. At SC, there was an increase in POC from non-event (0.87 mg l-1) 

to event flow (2.0 mg 1-1) of approximately 2-fold due to mechanical erosion and 

entrainment in higher energy flow. However the magnitude of organic particle transport 



is significantly less at SC than FC highlighting the differences in stream velocity and 

channelization between the two reaches. These differences in particle transport will 

impact chemical transport and cycling. 

While the dominant water source in this reach is the reservoir, the connection 

between the wetland and stream varies in the upper Spencer Creek reach depending on 

the outfiow fiom this source. First, during periods of steady state reservoir outflow, any 

discharge increase between S9 and SC cm be attributed to precipitation runoff and 

contribution fiom intermittent strearns and thus a significant wetland contribution. 

Precipitation events occurring with wet antecedent conditions in early July support this as 

there are significant nses in the hydrograph following precipitation at SC and not S9. 

Secondly, during prolonged dry periods when wetland storage is depleted, the 

wetland contributing area may be different. For example, during late August, steady- 

state reservoir outflow at S9 was consistently higher than SC and on occasion, flow at SC 

ceased. Such dry conditions were also prevalent through much of the 1999 season. 

Warren (2000) suggests that during dry conditions at Spencer, much of the flow fiom S9 

is lost to groundwater recharge before reaching SC. No-flow conditions at SC were 

occuning on August 23 when an small precipitation event resulted in no change in flow 

at S9, but a slight hydrograph at SC. With the assumption that none of the water was 

onginating from upstream, al1 of the water at SC must have originated fiom within the 

wetland, thus indicating significant interaction. 

A third flow scenario at SC occurs when the reservoir is open and an inçrease in 

discharge at Spencer Creek is not solely due to precipitation. This type of flow resulted 

in water tables above the ground surface and occurred during much of June, early August 

and during reservoir releases of October 1 1 and November 20. 

The tempoml variability of the wetiand-dependant parameters reveals interesting 

ideas regarding the connection of wetland to Stream in this reach. Although intuitively 



the unchannelized flow at Spencer suggests increased connectedness between wetland 

and Stream, especially during high flow, this does not appear to be tme at ail times due to 

the influence of the reservoir. The convergence of the wetland dependent variables 

during high flow, limited decrease of DO and increase pH as the reservoir opens suggests 

that reservoir water dominates flow at S9 and at SC during these times and lateral flow 

paths are fiom stream to wetland. Divergence of these parameters during lower flow 

conditions demonstrate the connection of wetland and stream established during non- 

resewoir flow conditions as in scenarios 1 and 2 mentioned above. These chemical data 

support hydrometric data fkom Woo and Vdverde (1981) who document Stream 

effluence to the wetland during reservoir release and influence during regular flow 

conditions. 

A secondary impact of a release of resewoir water, is the reservoir closing which 

may prove to have as much impact on biogeochemistry of the wetland as the initial 

flooding. When the reservoir is closed, discharge values &op fiom a high of 0.43 m3 s-1 

to a low of 0.02 m3 s-1 over 6 hours which corresponds to a decrease in Stream stage of 35 

cm. This results in a sudden reversal of flow from the wetland to the stream where 

reservoir waters that have had opportunity to mix with pore waters now drain into the 

stream and out of the wetland. The combination of reservoir opening and closing and 

resuiting flow reversals contribute to the solute spikes at S9 in late June and November 

that were not seen at SC. 

While it is assumed that the reservoir water will impact only Spencer Creek above 

and below the confluence, in 2000, there was evidence of reservoir water crossing over to 

FC when the reservoir was open. During an October 12 reservoir release with no 

correspondhg precipitation event, the discharge hydrograph at FC increased in the same 

manner as S9. The increase in discharge at FC may actuaily account for up to 75% of the 

flow fiom the reservoir while measured discharge at SC only accounts for 22% of the 



volume released during the 2 week pend .  Although the exact topogmphy between the 

sites is unknown, there is a southeast gradient of approximately 1: 1000 in the wetland 

(Valverde, 1978), which is the approximate direction fiom SC and FC. This release 

occurred with very dry antecedent conditions where there may be a significant hydraulic 

gradient fiom SC to FC as water moves down strearn through the wetland. The reservoir 

was also open during much of June and July, however, the same trends were much more 

limited. The high water during these months was due to precipitation, hence FC storage 

would already be high and a hydraulic gradient would not exist. Regardless of timing, 

this type of backflow or overland flow will periodicall y alter stream chemistry at FC. 

5.7 Lower Wetland (confluence ta outflow) 

Hydrometric and geochemical data show the lower wetland gaining water fiom an 

uncharacterized inflow(s) between the confluence and SW. The chemistry suggests that 

this inflow is likely channelized due to its geochemical signature and has lirnited 

interaction with the wetland. Since the "conservative" solute concentrations are still high 

(although diluted slightly), it is most likely a groundwater inflow. Further, since the 

wetland-dependent variables show limited change in the direction of swamp interaction 

(with the exception of DOC that has a more significant signal from the lower wetland), 

this source is probably a small confuied strearn, or groundwater seeping through the 

stream bed as opposed to a large area of seepage that interacts heavily with the peat. 

Within lower Beverly Swamp, there are areas that were mined for peat in the 1940s that 

are adjacent and adjoining to Spencer Creek. These areas are fed by a stream that 

onginates West of Spencer Creek in the lower wetland and that may be contributhg 

additional groundwater to this segment of the wetland. A ground water source area to the 

West would account for the "conservative" chemistry of the inflow, while mixing of this 

water with the peat-rnined areas would account for the increase in DûC and other 



wetlanddependent parameters seen between the confluence and SW. in the fùture the 

co~ectedness of this area to Spencer Creek, as well as its source area and volume of its 

flow should be studied M e r .  Further, the entire southern region of Beverly Swamp 

which accounts for almost half of the total wetland area, has received little attention in 

previous work. This should be explored to assess the contribution of unknown 

hydrological inputs fiom this area. 

Temporal variability does not reveal any short-term flow related departures fiom 

the seasonai trend of conservative or wetland-dependent parameters. This indicates little 

change in degree of comection between the wetland and stream during different flow 

regimes. Thus the contribution of the uncharacterized input seems to remain constant 

over the course of the season. 

5.8 Contributing Amas 

While the above discussion suggests limited interaction between wetland and 

stream at Fletcher and lower Spencer and increased interaction at upper Spencer, specific 

quantified wetland areas that contribute runoff to strearn flow are unknown. Along the 

al1 reaches it was s h o w  that the wetland does contribute periodically to stream flow, 

however wetland contributions may corne fiom a large contiguous area, or fiom smail 

patches throughout the reach subcatchment. To complicate matters, it is highly likely 

that the contributing areas change dramatically over time with changes in antecedent 

hydrological conditions. Without knowledge of this information, the determination of 

accurate source areas and hence precise areal yields of HgT, MeHg and other chemicals 

are not possible. 

The wet conciitiom during the study period, causing altemaîing comtedness of the 

wetland and stRam as demibed in this chapter, will be key detemiinants in Beverly Swamps' 

influence on Hg cycling within the wetland and subsequent transport to the downstream. 



Chapter 6 

Mercury Fate and Transporf in Beverly Swamp 

This chapter presents the results of HgT and MeHg sampling in surface water at 

Beverly Swamp between April 26 and November 20, 2000. First, an assessrnent of the 

impact of the entire wetland on the downstream environment is presented followed by 

results f?om each of the three reaches in order to examine unique processes occuning in 

each m a  of Beverly Swamp. Subsequently, a discussion of the results explores linkages 

between Hg cycling and the conceptual hydrologicai mode1 presented in Chapter 5. Key 

hydrometric and biogeochemical controls on HgT and MeHg dynamics are highlighted in 

this section. 

In the text of this chapter, samples referred to as "event-based are those samples 

taken within O - 4 hous  of a major precipitation event, and thus are on the rising limb of 

the hydrograph. These events include May 1 1, June 13 and August 1. Al1 other sarnples 

will be referred to as "non-event" and include "high flow" samples meaning those taken 

during the wet p e n d s  of mid May, late June, early July and early August. Samples 

during early May. late August and early September may be referred to as "base flow". Al1 

other sampling dates will be referred to as "intermediate flow". 

Results 

6.1 Total Hg 

Table 6.1 details the mean, median and range of HgT concentrations foimd in 

surface water at each site during event and non-event sampling dates as well as in 

precipitation and pore waters. Precipitation collection for HgT anaiysis was carried out at 

S9 (open field) and SW (canopy) between August 31 and November 14, 2000. Mean 



HgT concentrations were 16.9 ng 1-' at S9 and 12.01 ng 1" at SW with an overall range of 

1.47 - 38.1 ng 1-l between both sites (Table 6.1). 

fable 6.1 BeverIy Swamp mean, median and range of HgT concentrations during event and non- 
event surface water sampl ing, precipitation and pore water sampling. 

8 
Ail sampling dates exduding Sarnpks taken wïthin houn of precipitation ewnt induding days 132 (8 mm), 165 (40 mm) 

d and 214 (29 mm) nurnber of sarnpks induded in analyse not detectabk Trial pmdpitation anafysis completed 
r 

betiiirsen Aug 31 and November 14. S9 is open canopy, SW is throughfall aithough kaves k l l  in late Septamber. Mean 
concentrations of all sarnpks taken at d i r e n t  peat dapths and distanas frun Stream. 

6. f .  1 Beveriy Swamp HgT 

Stream water chemistry within Beverly Swamp shows very little temporal 

variability in HgT concentrations with the exception of event dnven increases (Figure 

6.1). The mean HgT concentration for the study period was 2.02 ng f l .  This varied 

seasonaily with high mean concentrations in June (3.13 ng 1-9  and August (3.4 ng l"), 

intemediate in May (1.52 ng 1-l) and July (1.15 ng f l )  and lower mean concentrations in 

September (0.70 ng 1-'), October (0.68 ng 1-') and November (0.96 ng 1-'). On the event 

scale, there is a 6-foid increase between mean HgT concentrations during non-event and 

event samples (1.27 ng 1-' and 7.23 ng le' respectively) at S9, F9, FC and SW, however, 

SC shows no significant increase (1.87 ng 1-' and 1.21 ng 1-'). The peak event 

concentration over the study period was recorded for S9 of 18.16 ng 1-' immediately 
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following a major precipitation event (38 mm on August 1 (day 214)). Spatially, the 

Fletcher reach had higher HgT concentrations than upper and lower Spencer reaches. 

One spring event is of particular note. On April 26 concentrations of HgT at the 

outflow exceeded 1400 ng 1-l and concentrations at F9 and SC were 54.4 and 90.8 ng la' 

respectively. Concentrations at S9 and FC remained within the normal range. Sample 

analysis was completed in quadruplicate and there were no known sources of 

contamination to the samples. Although considered accurate. these concentrations were 

not included in the calculation of the means for each site as they would dwarf the 

variation in al1 other sampling points. Further, these values were not included in 

calculations of wetland fluxes or loadings. Due to the sampling schedule, values for 

water and Hg inputs related to this large output are not available, thus creating difficulties 

for assessing the actual magnitude of Hg retention or yield. The value is included in the 

text in order to demonstrate the variability seen in HgT concentrations at Beverly Swamp 

and to speculate on processes leading up to this flushing period. 

Hg mass fluxes for each site were calculated to assess the contribution of Hg fiom 

the wetland to the downstream (Table 6.2). Al1 calculations represent the fluxes from the 

wetland area only, not the whole catchment. The annuai areal mass fluxes in pg m" yf' 

fiom the outflow of the wetland and fiom each reach were calculated using Equation 6.1. 

where C F, = Sum of Hg fluxes fiom wetland or mach surface water outflow (pg) 
G F, = Sum of Hg fluxes to wetland or reach surface water inflow (pg) 
A = conbibuting wetland area to reach or entire wetland (m2) 
209 = days in study pend 
3 65 = days in the year 

In general, loading of HgT to surface water increased as water passed through 

Beverly Swamp. HgT flwes increased between the inflows (S9 and F9) and outfiow 

(SW) from 8 1.1 to 128 mg d" respectively. This is an net daily mass flux of 46.9 mg 6' 

to the downstrearn or 1.9 pg m-* yr'l and is within the middle of the range of work 

reported from other sources (Figure 6.2). 



Table 6.2 Mean HgT fluxes, net yield or retention rate and estimated wetland areal yield in 
Beverl y Swarnp hydrologically distinct reaches. 

wstknd .i.i inflow ouüiow amlflux rata îuulyioid 
Hktknd Reach (km2) (mg d ") (mg d ") (pg m' y?.') (W m2 yi') (pg m' y i ' )  
U#inSDoncW 

Equation 6.1 Net deposition = buk deposiion - evasion Equation 6.2 
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Figum 6.2 H g  and MeHg fluxes h m  other wetland and upland regions. ' Johansîon et 
al. (1991); Lee and Hutlberg (1990); ' Lee et al. (1995); A KrabbenhoA et al. (1995); 
St. Louisetal. (1994); Driscolletal. (1998); ** thisstudy. M o d ~ j i e d a ~ D r i s c o l l e t  
al., 1998. 



As shown in Equation 6.1, an extrapolation from the days in the study pend  was 

used to obtain an annual value for wetland fluxes in order to ease comparison with the 

other studies in Figure 6.2. While this may not represent precise winter fluxes fiom 

Beverly Swamp, limited winter sampling in the other studies @riscol1 et al., 1998; St. 

Louis et al., 1994) suggests the results of these studies are comparable. 

In order isolate the effect of the wetiand itself on Hg retention or export, wetland 

areal yield calculations (pg m" yr-l) were completed to assess the net retention or yield of 

HgT per unit of area fiom the entire swamp and from each hydrologically distinct reach 

(Table 6.2). 

Annual Hg Y ietd = Net Areal Hg Flux - Net Deposition (Hgp - HgE) (6.2) 

where Net Areal Hg Flux = result of Equation 6.1 (pg nf2 yil) 
Hgp = Bulk deposition of Hg to wetland or reach contributing area (pg m'2 
H ~ E  = Hg evasion flux from wetland or reach contributing area (pg m-I y'') 

Bulk deposition loading to the wetland was calculated using the median Hg 

concentrations in precipitation obtained in ibis study (12 ng 1-l for HgT and 0.07 ng 1-' for 

MeHg) and the total precipitation volume over the study period (653 mm or 5.7 x 109 1) 

to obtain a mean wet deposition rate for the whole wetland (9 km2) of 12.3 1 pg m.' y 8  for 

HgT and 0.08 pg m.' y-' for MeHg. This value was adjusted for reach calculations using 

the appropriate contributing wetland areas for each reach (Table 6.2). Evasion of H ~ *  

was assumed at 1 pg m-I yf' based on work presented in Waldron et al., (2000) for 

reservoir-wetiand-river system in Massachusetts and included in the HgT cdculations. 

The result of Equation 6.2 is a nurnber that represents the yield (positive) or retention 

(negative) of Hg per unit area fiom the wetland itself. This allows for direct comparison 

of Hg dynamics in Beverly Swamp with wetlands in different geographic regions. 

Although total Hg loadings increased in surface water through the wetland, 

Beverly Swamp is actuaily retaining the majority of incoming HgT in deposition with 

inputs > outputs (Figure 6.3). As a whole, the swamp is retaining an average 10.4 pg m2 

of HgT which accounts for approximately 66% of incoming HgT in surface flow and 
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Figure 6.3 Beverly Swamp monthly and annual HgT inputs and outputs. Inputs include 
surface water and precipitation, outputs include surface water and evasion. 

deposition. This retention value changed temporally. Beverly Swamp had a monthly 

range of HgT retention fiom 17% in August to 85% in September. The majonty of HgT 

exported fiom Beverly Swamp occurred following event precipitation including 22% of 

the total HgT flux fiom the swarnp during in one week following the August 1 

precipitation event. During 1 1  weeks of high flow between May IO and August 7, 82% 

of the total HgT flux was transported from the wetland. This same time period 

represented 57% of the total discharge. In contrast, in the three month period between 

August 15 and November 20, only 7% of the total HgT load was transported fiom the 

wetland in 29% of the flow. 

Instantaneous discharge and HgT concentrations were regressed for 3 different 

sampling categories: al1 dates, storm flow and non-storm flow. When al1 sites are 

considered together, there is a weak, but significant relationship for non-event samples 

only (It2 = 0.18, p < 0.0001). The HgT and discharge regression for al1 samples has an R~ 

of 0.034 while event flow alone has an R~ of 0.0042, thus indicating no relationship. 

Regression analyses were also used to determine the relationship between HgT 

and different organic carbon fractions @OC and POC) for Beverly Swamp. Like 



discharge relationships, non-event flow sampling dates have the strongest relationships 

for both DOC and HgT (It2 = 0.22, p c 0.001) and POC and HgT (R* = 0.15, p = 0.001). 

6. f.2 Unconfinal Reech HgT (Si& SS Lo SC) 

Mean surface water HgT concentrations dong the upper Spencer reach were 

lower than the other reaches with non-event means of 1 .O8 ng 1-' at S9 and 1.07 ng 1-' at 

SC (Table 6.1). Although annual HgT means are identical, event sampling and flow 

regime concentrations did differ between sites, with mean event concentrations at S9 of 

7.35 (median 2.22) ng 1-' and of 1.87 ng 1-'at SC. During flow when the reservoir was 

open in late June, August and November, BgTJ at both sites was similar, however during 

steady-state low reservoir flow, concentrations were consistently higher at SC (Figure 

6.4). The maximum concentrations were 18.2 ng 1-' at S9 following the August 1 

precipitation event, and 90 ng 1-' at SC during the high flow event in late Apnl (not 

included in calculation of mean). Minimum concentrations were 0.27 ng le' and 

undetectable at S9 and SC respectively and occurred during low flow periods in late July 

and August. 

Figure 6.4 Unconfined upper Spencer Creek Reach HgT concentrations during 
effluent unregulated reservoir flow (a) and regulated steady-state flow (b). 



Unlike the increase seen through the whole wetland and dong the Fletcher reach, 

the mean load of HgT decreased dong the Spencer reach fiom 17.6 mg 6' at S9 to 12.5 

mg d-' at SC. This decrease between the infiowing and outflowing surface water 

suggests a net retention of HgT through this unchannelized reach even prior to 

consideration of deposition retention. When deposition is included, HgT retention 

becomes more clear fiom an examination of wetland areal yield where the Spencer reach 

is retaining 76% of incoming HgT or 14.2 pg m-2 yr-l. The highest HgT flux occurred in 

late spnng and early summer when deposition was also at its peak. Retention peaked at 

90% in August and was lowest at 22% in October (Figure 6.5). 

May June Jub August Septamber Odober November Annuai 

Month 

Figure 6.5 Upper Spencer reach monthly and annual HgT inputs and outputs. Inputs 
include surface water innow at S9 and precipitation to the upper Spencer subcatchrnent 
and outputs include surface water outflow fiom SC and subcatchment evasion. 



Both upper Spencer sites had weak relationships between HgT and discharge. At 

S9, non-event sampling analysis resulted in an R~ of 0.20 (p = 0.05) where an increase in 

discharge resulted in an increase in HgT. In contrast, during event flow, there is a weak 

opposite trend where an increase in discharge resulted in a decrease in HgT 

concentrations ( R ~  = 0.87, p = 0.23). At SC, no relationship emerges during non-event or 

event flow and a very weak positive trend emerges when al1 samples are considered 

together (R' = O. 1 1, p = O. 17). 

Along the upper Spencer reach, there exists a strengthening positive DOC - HgT 

relationship between S9 and SC. At S9, there is a very weak event based relationship 

between HgT and DOC (RZ = 0.24, p = 0.5) whereas there is a stronger relationship at SC 

HgT and DOC for al1 dates at SC ( R ~  = 0.28, p = 0.05 ). There are no relationships 

between POC and HgT at either of the upper Spencer sites. 

6.1.3 Confined Reach HgT (Site F9 to FC) 

Mean concentrations on the Fletcher reach were highest among al1 sites in the 

wetland with a non-event sampling mean of 1.21 ng f '  at F9 and 1.66 ng 1-' at FC (Table 

6.1). Storm-flow concenirations were also high on this reach with means of 5.41 and 

9.73 ng 1-' for F9 and FC respectively. The maximum concentration at F9 was 54.4 ng 1" 

on April 26, the same day as the high value at SW. This value was not included in the 

calculation of mean concentrations. Without the Apnl 26 value, the highest 

concentration at F9 was 7.78 ng 1" just following the August 1" 28 mm precipitation 

event and at FC it was 15.92 ng 1" on June 13 following a 40 mm event. The lowest 

measured HgT was 0.10 ng 1-' at FC during late September low flow and 0.57 ng 1-' at F9 

during late August low flow. 

Mimicking the entire wetland, HgT flux at Fletcher reach increased between F9 

and FC fiom 64 to 90 mg d-' or about one-third (Table 6.2). Areal yield results are also 

similar to those h m  the entire area as Fletcher retains 9.92 pg m2 y-r" or 57% of the 



incorning HgT in surface water and atmosphenc deposition. This is slightly less than the 

66% retained by Beverly Swamp. Like the wetland, this retaining strength varies 

seasonally fkom a high of 85% in September to a low of 32% in October (Figure 6.6). 

June July August Ssptanber Odotmr Nawmber Annuai 

Month 

Figure 6.6 Fletcher reach monthly and annual HgT inputs and outputs. Inputs include 
surface water inflow at F9 and precipitation to the Fletcher subcatchment and outputs 
include surface water outflow fiom FC and subcatchment evasion. 

The strongest relationships between HgT and discharge for the whole wetland 

were for non-event samples. Similarly, the Fletcher sites had weak, but significant 

relationships for non-event flow with R~ of 0.30 @ < 0.05) and 0.34 @ < 0.05) for F9 and 

FC respectively. FC had a very strong, significant relationship for event samples with an 

R~ or 0.99 @ = 0.002), however when ail dates were considered together, the relationship 

disappears. The slopes of the event and non-event series at FC Vary by an order of 

magnitude. The strong event based relationship was not seen at F9 (RZ = 0.39, p = 0.57). 

Regression analyses were also used to determine the relationship between HgT 

and different organic carbon fiactions (DOC and POC) dong the reach. Like discharge, 

carbon relationships are different during different flow regimes (Figure 6.7). The 



Fletcher reach shows strong relationships between POC and HgT at F9 at al1 times ( R ~  = 

0.91, p < 0.001) and at FC during high flow (R~ = 0.82, p = 0.013). During intermediate 

flow, this relationship is still present at FC (lt2 = 0.64 ), however when al1 dates are 

considered together there is no correlation suggesting different controls on POC during 

difTerent flow regimes. DOC also exerts control on HgT transport. FC HgT flux is 

dominated by DOC during rising-limb event flow, (R' = 0.99, p = 0.13). This event- 

based DOC relationship is present, but not as strong at F9 (R' = 0.60, p = 0.43) and also 

at SW (R' = 0.99) (Figure 6.8). 

Although POC accounts for only 7.5% and 25% of the total organic carbon (TOC) 

in Stream water at F9 and FC respectively, it is a significant fraction as variation in POC 

accounts for up to 91% of the variation in HgT during non-event flow dong this reach. 

The results of the POC - HgT regression analyses reveal dues as to the source of HgT in 

the watershed fiom differences in the y-intercept and slope indicate. The slope represents 

the mass of HgT associated with each mg of POC and the y-intercept represents the 

concentration of HgT that is associated with other complexes or DOC (Kolka et al., 

1999). During non-event flow at F9, the equation of the relationship between HgT and 

POC is HgT = 0 3 7  + 13(POC) meaning each mg of POC is associated with 1.3 ng of 

HgT and non-POC association begins at an HgT concentration of 0.37 ng 1-'. At FC that 

value changes with flow conditions. During high flow from May 25 to July 4, the 

equation is HgT = 0.22 + 1.7(POC). These values are sirnilar to those for F9. However 

during intermediate/base flow between July 1 1 and September 14, HgT = 0.68 + 

034(POC). This suggests that HgT is originating fiom different sources depending on 

flow conditions. 
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Figure 6.7 HgT and particulate organic carbon (POC) relationships for FC and SW. 
Note variation in FC relationships between flow conditions. Rising-limb event 
samples are not included. 

Figure 6.8 HgT and dissolved organic carbon @OC) relationships during nsing- 
limb of event flow at the confined sites, SW, FC and F9. Sarnples were taken 
following dry antecedent conditions where water levels were below the ground 
surface. 



6.1.4 Lower Wetland HgT (Confluence îu oulflow) 

Trends in Hg concentrations and flux at the wetland outflow are a combination of 

the upper reaches and are representative of processes occurring in the entire swamp. HgT 

concentrations at the outflow represent a value between those occurring at SC and FC of 

1.14 ng 1-' for mean non-event flow. During event sampling, the mean is 6.47 ng 1- ' and 

is again between concentrations seen at SC and FC and approximately 6-fold higher than 

non-event flow. With the exception of the April 26 high concentrations, maximum 

concentrations of 15.9 and 1 1.3 ng 1" dong this reach occur during event flow at FC and 

SW respectively, and minimum concentrations of undetectable and 0.08 ng 1-' occur at 

SC and SW during low flow periods in late Juty and late September. The strongest 

relationships between HgT and discharge are found at SW during non-event flow ( R ~  = 

0.43, p = 0.004). 

The lower Spencer reach HgT mass flux increased fiom 102 to 128 mg de' 

between the confluence sites and the wetland outflow. The mean annual ared yield fiom 

is - 9.92 pg rn-' suggesting a net retention of incoming HgT fiom surface water 

inflow and deposition. The m a s  flux and retention o f  HgT Vary temporaily over the 

season (Figure 6.9). Of the total mass of HgT leaving the swamp, 66% was exported 

between May and early August. Retention was at its peak in September with 76% of 

incoming HgT k i n g  retained in this subcatchment of the wetland. However, in August, 

the lower Spencer reach achially exported HgT with a net retention of - 41 %. 

Like the confined Fletcher reach, an HgT/POC relationship does exist dong the 

lower Spencer reach despite a lack of correlation in outflowing water fiom the upper 

Spencer Creek input. The POC equation is similar to those fiom F9 and FC and is 

expressed as HgT = 0.16 + 2.28(POC). The regression equations for the Fletcher reach 

and SW are not significantly different fiom Kollca et al. (1999) who report an equation 

for several sites in Minnesota of  HgT = 0.99 + 1.86(POC) (Figure 6.7). This suggests 

that even in different geographic regions with distinct catchment characteristics, HgT and 



POC may be related in a similar manner. At SW, HgT is most highly correiated to POC 

when al1 sampling regimes are considered together ( R ~  = 0.75, p < 0.001) but like the rest 

of the wetland, also maintains a positive relationship with DOC at al1 tirnes (R~ = 0.24, p 

= 0.016). 

June Jub August Septernbor October Nwember 

Monai 

Figure 6.9 Lower wetland monthiy HgT inputs and outputs. Inputs include surface 
water i d o w  fkom SC and FC and precipitation to the lower Spencer subcatchment and 
outputs include surface water outflow fiom SW and subcatchment evasion. 



6.2 MeHg 

6.2.1 Bevedy Swamp MeHg 

The mean, median and range of concentrations for MeHg from Beverly Swamp 

are presented in Table 6.3 Pore water and precipitation data are also presented. In the 

2000 preliminary precipitation collection trial, two wet deposition sarnples were analyzed 

for MeHg for November 14 at S9 and SC. At S9 the concentration was 0.17 ng fl, and at 

SW it was 0.07 ng? Given the low range of MeHg concentrations of wet deposition in 

the literature and potential for sampling associated contamination, the lesser of these two 

values was used to calculate a deposition rate for Beverly Swamp. 

Table 6.3 Beverly Swamp mean, median and range of MeHg concentrations during event and 
non-event surface water sampling, precipitation and pore water sampling. 

Suvface W*r 
S9 0.06 0.06 0.13 - 0.15 19 0.04 0.03 0.01 -0.15 3 
F9 0.02 0.02 ND *-o.os 18 0.01 0.02 ND - 0.02 3 
SC 0.21 0.23 0.03 - 0.47 18 0.14 0.18 0.07 - 0.18 3 
FC 0.09 0.07 ND - 0.24 17 0.10 0.10 0.04 - 0.16 3 
SW 0.09 0.07 0.01 - 0.30 19 0.06 0.05 0.01 -0.12 3 
Pmcipitation 
S9 0.17 
SW 0.07 1 
Pore water ' 
SC 0.06 0.06 0.02 - 0.09 4 
FC 0.05 0.05 0.02 - 0.07 4 
' All sarnpling dates exduding Sampîes taken mthin hou= of precipitation event induding days 132 (8 mm). 165 (40 

d mm) and 214 (29 mm) ' nurnber of sampies induded in anaîysis not deteclable ' Trial precipitation analysis 
completed betwieen Aug 31 and Novernber 14. S9 b open canopy, S W  is throughfall aithough baves fell in late 
Septernber. ' h a n  conœntrations of al1 sarnples taken at different peat depths and distances from Stream. 

Figure 6.10 illustrates the MeHg concentrations at each site between Apnl26 and 

November 20, 2000. The mean MeHg concentration in Beverly Swamp was 0.10 ng 1-' 

over the entire study period, with highest means occurring in June, July and August of 

O. 1 1, 0.1 7 and 0.1 ng 1-' respective1 y. May, September, October and November had 

lower respective mean concentrations of 0.04,0.09, 0.05 and 0.06 ng 1-'. Concentrations 

ranged from undetectabie (< 0.01 ng 1'') on many occasions at F9 to 0.47 ng 1-' at SC on 
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Figure 6.10 MeHg concentrations for 5 Beverly Swamp sampling locations. S9 (controlled inflow), F9 (natural inflow), SC 
4 (unconfined confluence site), FC (confmed confluence site) and SW (swamp outflow). Sampling occurred between April26 and h) 

November 20,2000. 



June 28, 2000. Udike HgT, there was no evident precipitation driven variability in 

MeHg concentrations at the event scaie. 

Mean MeHg m a s  flux to the downstream was calculated for Beverly Swamp in 

mg d-1 (Table 6.4). Between Apnl 26 and November 20, 2000, Beverly Swamp 

contributed an average 5.61 mg d-i MeHg to the downstream Spencer Creek. This is 5- 

fold higher than the combined surface water inputs to Beverly Swamp. When converted 

to an wetland annual rnass flux per unit area (Equation 6.1 ), MeHg contribution to the 

downstream is equivalent to 0.19 pg yrl, which like HgT, is within the range 

reported in the literature (Figure 6.2). 

Table 6.4 Mean MeHg fluxes, net yield or retention rate and estimated wetland areal yield in 
Beverly Swamp hydrologically distinct reaches. 

~g Aux in HO nwt in Net HO Etaimatad 
Contribuîing measuroâ nwrrund )iktR.ich chposition annwlwdhnd 
&and arma irnlow ouüiow A m l  Flux 

Hhtlrnd R ~ c h  (km') (mg d ") 
Upper Spmcor 
S b  S9 to SC 1 0.56 1.24 0.25 0.08 0.17 
Fbwmr 
SbF@W#:  4 0.50 2.43 0.18 0.08 0.10 
Lowsr Wrnd 
S b  SCIFC to SW 4 3.67 5.61 0.18 0.00 0.10 - 
SibSOlFOtaSW 9 1-06 5.61 0.19 0.00 ' 0.1 1 

Equation 6.1 ' Net deposition = bulk deposition - evasion Equation 6.2 

In order to assess what proportion of the MeHg is k i n g  produced , situ, the 

wetland areal yield was caiculated by subtracting infïow and deposition loading from 

outflow load (Equations 6.1 and 6.2). When exarnining MeHg trends, a positive yield 

can be considered the MeHg production rate of the wetland, whereas a negative yield 

would indicate MeHg king retained by the wetland. The mean areal yield £kom SW was 

0.1 1 Iig rn-2 yrl, thus indicating production of MeHg within Beverly Swamp and the 

wetland itself is acting as a source of MeHg to the downstrearn. Again, like HgT, this 

value varied on a rnonthly basis (Figure 6.1 1). The months of June and July showed 

yields 3 fold higher than the annual mean and represented 60% of the total MeHg leaving 



yields 3 fold higher than the annual mean and represented 60% of the total MeHg leaving 

Beverly Swarnp. May was an average yield month (0.10 pg mm'2 y f ' )  and represented 17% 

of the total production of MeHg. The months of September, October and November 

combined accounted for only 10% of the total wetland flux with balanced areal yields 

during these months. 

May June Jub August septanber Odober Nauember Annuai 

Monai 

Figure 6.1 1 Beverly Swamp monthly and annual MeHg inputs and outputs. Inputs 
include surface water and precipitation, outputs include surface water flux. 

Regression analyses were completed to assess the relationships between MeHg 

and other biogeochernical and hydrological parameters including discharge, DOC, pH, 

SOC', DO and HgT (Table 6.5). The data show no significant relationships between 

MeHg concentrations and discharge for al1 sampling times considered together. Weak 

relationships exist between DOC and MeHg for non-event and al1 sampling dates 

however, there is no swamp-wide relationship for event only samples and also no 

relationship with the particdate fraction of organic carbon at any time. pH, s0s2' and 

DO al1 have significant relationships with MeHg during al1 regimes. Event sampling 

relationships are strongest, however when al1 samples are considered together, values 



remain high and are more significant. Linear relationships fit most data adequately, for 

example MeHg and DOC, however a polynorniai fit was more appropriate for MeHg and 

~ 0 4 "  relationships (Figure 6.12). There was no direct relationship between HgT and 

MeHg in this wetland. 

Tabk 6.5 MeHg linear regression analysis results (R' and significance) for discharge, dissolved organic 
carbon (DOC), pH, su lphate (~~~") ,  dissolved oxygen (DO) and HgT. Analyses included simples fiom al1 
5 Beverly Swamp sampling sites. Discharge and DOC relationships are positive, while pH, DO and SO~" 
are negative. The most sign i ficant relationships are indicated by shading. 

All Sampler Nonevent S a m p k  Emnt ampies 
RZ P RZ P R' P 

Discharge O NA O NA 0.1 1 0.25 
DOC 0.70 0.002 0.13 0.001 0.03 0.54 
PH 0.18 < 0.001 0.19 c 0.001 0.28 - a -  .. . 
DO 0.16 < 0.001 0.16 < 0.001 0.37 - -O.m:/-  - - - 
SOJ' 057 " 0 . 1 .  0.W -- co.agvr.-:"rr . - 0.67. . - 'o.-- - - -  
Hgf O NA O NA 0.01 0.67 

a ~ 0 4 ~ -  reiationships fit pdynomial regresçions. 

Figure 6.1 2 Scatterplot of Beverly Swamp MeHg and S 0 4  concentrations. 
Points represent data fiom al1 sites during al1 sampling regimes. 



In addition to regression analyses, time senes trends were examined for the 

aforementioned variables. One of the most significant relationships that emerged at al1 

sites in Beverly Swamp is that between MeHg and ~04'- over the course of the field 

season. MeHg concentrations increased coincident with a decrease in s002- at al1 sites. 

Mean ~ 0 4 ~ -  concentrations throughout the wetland on April 23 were 35 pprn. In the 

following weeks, concentrations at al1 sites droped to a minimum mean value of 10.04 

ppm on June 27. There are no further peaks in ~ 0 ~ ~ '  concentrations as values 

subsequently level out for the remainder of the season. Coincident with this dectease in 

S O ~ ,  is the increase in MeHg across the wetland whereby peaks in MeHg at al1 sites 

begin to occur in late June and both SC and S9 reach their maximum also on June 27. 

Figure 6.13 illustrates the decline of ~ 0 4 ~ -  throughout the wetland. 

In addition to a temporal sulphate relationship, DO levels fa11 and water 

temperature and DOC nse during late June and early July coincident with the MeHg 

increase (Figure 6.13). Although this figure represents the wetland means for the 

variables, these relationships are evident to some degree for al1 sites in Beverly Swamp. 



Figure 6.1 3 Time series of (a) discharge at the outflow; (b) sulphate and MeHg concentrations 
c) water temperature (d) dissolved oxygen and (e) dissolved organic carbon. Dashed 1 ine 
represents coincident MeHg concentrations for ease of cornparison. Note coincidence of  wet 
conditions, sulphate reduction, high temperatures, low dissolved oxygen and high DOC indicated 
by shading. 



MeHg also shows some temporal dependence on pH. At S9 and SW. falling pH 

occurs at the same time as rising MeHg. in addition, the relationship between pH and 

MeHg is illustrated by plotting the mean pH of each site against the mean MeHg 

concentration for the site (Figure 6.14). The R~ for this negative relationship is 0.8 1. 

Figure 6.14 Scatterplot of seasonal mean pH and MeHg concentrations for al1 Beverly 
Swamp sites. 

6.2.2 Unconfined Reach MeHg (Site S9 fo SC) 

Conditions in the upper Spencer reach resulted in the highest MeHg 

concentrations at SC seen in the wetland over the course of this study. At S9, 

concentrations are low, with mean non-event and event means of approximately 0.05 ng 

1-'. The highest value at S9 was 0.15 ng 1-' on June 27. Mean concentrations increased 

approximately 4-fold between S9 and SC (Figure 6.15). The mean non-event and event 

concentrations at SC were 0.21 and 0.14 ng 1-' respectively with a range of 0.024 ng 1-' on 

Apnl26 to 0.47 on June 27. 
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Figure 6.1 5 Cornparison of inflow and outflow mean annual MeHg concentrations 
at the unconfined upper Spencer and confked Fletcher reaches and at the outflow of 
the wetland. 

MeHg mass flux increased 3-fold between S9 and SC fiom a mean of O S 6  mg d" 

to 1.24 mg d'l (Figure 6.16) This is in contrast to the decrease in HgT mass flux seen 

across the same reach. Total flux was at its peak in June at 2.7 mg de' and then decreased 

steadily throughout the season to a minimum of 0.7 mg d' in November. M e n  

deposition is accounted for, the net areal yield of MeHg fiom the upper Spencer 

subcatchment is calculated at 0.17 pg nf2 yr-' which is almost 2-fold higher than the 

Fletcher reach. This value is considered the production rate of MeHg fiom this reach. 



M O -  

Figum 6.16 Upper Spencer reach monthly and annual MeHg inputs and outputs. Inputs 
include surface water inflow from S9 and upper Spencer subcatchment precipitation and 
outputs include surface water flw. 

Like the other reaches, regression analyses were completed for MeHg and 

discharge, DOC, DO, pH, ~ 0 4 ~ '  and HgT and the results are presented in Table 6.6. No 

significant relationships were present between MeHg and discharge, DO or HgT at either 

S9 or SC. MeHg and W C  relationships were strong for both sites during non-event 

sampling and when al1 samples are considered together (Figure 6.17). The regression 

analysis for pH revealed trends at SC opposite to the expected negative relationships 

whereby MeHg concentrations were higher at higher pH for non-event and al1 samples. 

This relationship was not strong, but is significant. The weak pH relationship present at 

S9 during non-event sampling and a stronger relationship during event sampling do not 

follow the sarne positive pattern as SC. Sulphate and MeHg at SC showed the strongest 

relationships of al1 variables during al1 sampling regimes (Figure 6.18), while weak and 

insignificant MeHg and SO:- correlations were predominate at S9. Although the 

relationship between MeHg and SO~" was not strong at S9, both sites exhibit the trend of 

lowest s 0 d 2 '  concentrations coincident with high MeHg levels in late June (Figure 6.19). 



Table 6.6 MeHg linear regression analyses ( R ~  and significance) for the upper Spencer reach, S9 to SC. 
Variables include discharge, dissolved organic carbon (DOC), pH, dissolved oxygen (DO), sulphate (~0~'') 
and HgT. Unless otherwise noted, relationships are positive for discharge, DOC and HgT and negative for 
pH, DO and SO~'-. The most significant relationships are indicated by shading. 

All Samples Non+vent Sarnpk Event Samph 
R' D R' D R' D 

negative reiationship with law MeHg values at high Q. positive relationship with high MeHg at high pH. 
~ 0 4 ~ -  relationships fit exponential regressioris more dosely. 

Figure 6.17 MeHg and DOC relationships for the unconfined upper Spencer Creek 
reach (sites S9 (a) and SC (b)). Note differences in scales between graphs. 



Figure 6.18 MeHg and S 0 4  relationship at SC on the unconfined upper Spencer 
Creek reach. All sarnpling regimes are shown. 

Julian Day 

Figure 6.19 Temporal trends of MeHg and S04 concentrations at SC on the 
unconfined upper Spencer Creek reach. 



6.2.3 Confined Reach MeHg (Site F9 to FC) 

MeHg at F9 had a mean concentration of 0.02 ng 1-' and was undetectable 39% of 

the season. The maximum concentration at F9 was 0.05 ng 1-' on September 13. As 

water traveled downstream to FC, mean concentrations increased to 0.09 ng 1-' (Figure 

6.15) and was undetectable on 15% of the sarnpling dates. The highest concentration 

measured was 0.24 ng 1-' on July 1 1. Temporal trends were not evident at F9 due to low 

concentrations at al1 times, while at FC, seasonal trends were most evident with MeHg 

peaks between June 13 and August 1 5 (Figure 6.10). The mean MeHg concentration and 

seasonal pattern at FC are sirnilar to those for Beverly Swamp as a whole. 

MeHg mas flux increased between F9 and FC from 0.50 mg d" to 2.43 mg d-' 

(Table 6.4) as inputs were consistently lower than outputs (Figure 6.20) When the 

deposition of 0.85 mg d-' over the Fletcher subcatchment is factored into the areal yield 

calculation, the Fletcher reach is producing MeHg at an annual rate of 0.10 ug m2 yr-', 

very similar to the O. 11 ug m2 yr-' obtained for the whole wetland. Total MeHg mass 

flux fiom Fletcher reach was highest in June and July at 5.0 and 5.6 mg 6' and lowest in 

October at 0.53 mg 6'. 

Apnl May June Juty August Sqmmbar Octobsr Navember Annual 

Month 

Figure 6.20 Fletcher Creek reach monthly and annual MeHg inputs and outputs. Inputs 
include surface water inflow fkom F9 and Fletcher subcatchment precipitation and outputs 
include surface water flux fiom F9. 



Due to the Iow concentrations at F9 at al1 times during the field season, there are 

no relationships present between MeHg concentrations and discharge or the following 

chernical conelates. Thus the biogeochemical analyses were completed for FC only. 

Further, unlike HgT, there are no MeHg relationships with POC. Thus, analyses were 

completed for MeHg and discharge, DOC, pH, SO~'', DO and HgT and the results are 

presented in Table 6.7. The MeHg and discharge relationship is strongest during event 

flow at FC, but not highly significant. Similady, during event flow DOC and MeHg are 

most strongly correlated, but with higher significance than with discharge. However, 

unlike discharge when al1 samples are considered together, DOC and MeHg remain 

related to some degree. ~ 0 4 ~ -  relationships are weak during event flow, but very strong 

and significant for non-event and al1 samples. ~ 0 ~ ~ -  relationships fit power regressions 

best and high MeHg concentrations tend to occur at lower ~ 0 ~ ~ '  values. Both pH and DO 

show no significant relationships with MeHg at FC. The only evident relationship at F9 

is between ~ 0 4 ~ -  and MeHg (R~ = 0.24, p = 0.03) *ch is weaker than this correlation at FC. 

Table 6.7 MeHg linear regression analyses (R' and significance) for the Fletcher reach, F9 to FC. 
Variables include discharge, dissolved organic carbon (WC), pH, dissolved oxygcn (DO), sulphate (~01'3 
and HgT. Unless otherwise noted, relationships are positive for discharge, MX and HgT and negative for 
pH, DO and SO~'*. The most significant relationships are indicated by shading. 

Al1 Samples Nonevent Samples Event Samples 
R' P R' P R' P 

Discharge F9 
FC 

bOC F9 
FC 

PH F9 
FC 

SO,' F9 
FC 

DO F9 
FC 

H9f F9 
FC 

a SO4 relationships fit m e r  regressions more dosely. 



6.2.4 Lower Wetlend MeHg (confluence to outnow) 

Like HgT, MeHg concentrations at SW represent trends and relationships fiom 

individual wetland reaches that join to form the whole wetland signal to the downstream. 

The mean non-event MeHg concentration at SW was identical to that at FC, 0.09 ng 1-', 

while the event mean decreased to 0.06 ng I-'. Thus the influence of the high MeHg 

mean values at SC are masked by Fletcher input and lower Spencer runoff. Maximum 

values at the outflow were rneasured at 0.30 ng 1-' on June 27, while the minimum value 

of  0.0 1 ng 1-' was recorded on August 1 and October 12 (Table 6.3). 

Mass flux of MeHg between the confluence and SW increased by 50% nom 3.67 

to 5.6 1 mg d-' (Table 6.4). Total flux is at its peak in June at 14.4 mg d-' and decreases 

over the season to a low of 0.67 mg d-' in October (Figure 6.2 1). When the reach itself is 

isolated by subtraction of the influent reaches and deposition, lower Spencer is producing 

MeHg at an average rate of 0.10 pg m-2 yf ' ,  a value identical to that of the Fletcher 

Reach (0.1 O), lower than Spencer (0.17) and the same as Beverly Swamp as a whole 

(O. 1 1 ). 
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Figure 6.21 Lower wetland montMy and annual MeHg inputs and outputs. Inputs 
include surface water inflow fiom SC and FC and lower Spencer subcatchment 
precipitation and outputs include surface water flux fiom S W. 



Table 6.8 presents the results of regression analyses for MeHg and discharge, 

DOC, pH, DO, ~ 0 4 ~ -  and HgT at SW, the outflow of the lower Spencer reach. The 

strongest relationship between MeHg and discharge of al1 sites on al1 three reaches is 

found at SW for al1 sampling dates as well as non-event samples (Figure 6.22). The same 

pattern as discharge is evident for MeHg and DOC. Dissolved oxygen correlations are 

strongest at SW compared to other sites in Beverly Swamp, however they remain of 

lesser significance than discharge, DOC and S O ~ ~ - .  Sulphate and MeHg relationships 

remain strong at SW, but have lost some of the strength found at SC and FC as water 

passes through the lower wetland reach. Temporal relationships between MeHg and 

SO~~ ' ,  temperature, W C  and DO are evident at SW as they are at all other sites in the 

wetland. An increase in MeHg is assoc iated with declining s0d2-, increased temperature, 

increased DOC and lower DO. 

Table 6.8 MeHg regression analyses (R' and significance) for the lower wetland, confluence to outflow, 
Only SW results are presented. Variables include discharge, dissolved organic carbon (DOC), pH, 
dissolved oxygen (DO), sulphate (~0123 and HgT. Unless othenvise noted, relationships are linear and 
positive for discharge, DOC and HgT and negative for pH, DO and SO~'-. The most significant 
relationships are indicated by shading. 

All Samples Nonamnt Sampies Event Samples 
R' P R' P R' P 

Discharge 0.27 0.01 4 0.30- - :O.OOf:- , O - 
DOC 0.23 0.02 0.52. .:-..- :i,.~OJMp, ; - O - 
PH 0.12 0.14 0.09 0.23 0.99. 0.18 
DO 0.22 0.05 0.95 0.14 0.22 0.07 
~0,'-  o ~ .  -..- 0.03- - , 0.26' 0.05 O - 
H9T O - 0.08 0.22 O - 

power function logarithmic fundion exponential function 



Figure 6.22 MeHg and discharge reiationship at the wetland outflow, SW. Non- 
event samples are shown. 



Discussion 

6.5 Total Mercury Transport and Fate in Beverly Swamp 

The results of HgT analysis support Hypothesis 1 of this study that Beverly 

Swamp acts as a sink for HgT within the catchment. Recent studies have suggested 

similar results for wetlands in other geographic regions (Grigal ,t al., 2000; Driscoll et 

Q[., 1998; St. Louis et *l., 1996) as iliustrated in Figure 6.2. Fader ,  the results show that 

HgT dynarnics Vary spatially by hydrologically distinct intra-wetland reaches, thereby 

supporting Hypothesis II. 

6.5.f Influence of Bevedy Swamp on HgT Tmnsport lp the Downsmm 

Annual mean non-event HgT concentrations in Beverly Swamp were low relative 

to work in other wetland innuenced regions (Grigal et al., 2000; Hurley ,t al., 1995; Lee 

et al., 1995). However, short tenn event-based increases in HgT are comparable to other 

areas and can be attributed to the influence of direct precipitation to the stream surface 

and localized nuioff fiom the near-stream zone. The high event HgT originates fiom 

displacement of near-strearn pore water which preliminary sampling revealed to be high 

in dissolved-phase HgT relative to stream water, and likely significantly higher in total- 

phase HgT. A rapidly k i n g  water table during storm events offers an opportunity for 

mixing of water between pore and surface water. Branfireun ,1. (1996) suggested that 

only a very small amount of mixing between Hg-laden pore waters and surface water 

would be required to elevate Stream concentrations significantly. 

The increase in total flux of HgT as water rnoves downstrearn to the outtlow is 

due to increased interaction with the wetland and greater erosion. The strongest 

correlation between HgT concentrations and discharge was also seen at the wetland 

outtlow. Water here represents fiow that has had the longest residence time within the 

wetland and the most oppoxtunity to accumulate HgT nom the erosion of particulate 



bound Hg and mixkg with near-Stream pore waters. Relationships between POC and 

discharge, HgT and discharge and HgT and POC, especially during spring hi& flow on 

the confined reaches, support an erosion explanation for high HgT fluxes with high 

disc harge. 

Atrnospheric deposition is an important input when calculating HgT areal yield of 

HgT and throughfall is considered a more significant contributor to the overall input of 

HgT from deposition than open canopy precipitation (Gngai et 2000; Schwesig and 

Matzner, 2000). However, in Beverly Swamp mean HgT concentrations at S9 (open 

canopy) were higher than SW, the throughfall site. The means for both sites are skewed 

slightly by high and low values for S9 and SW respectively and in reaiity, concentrations 

at both sites were quite similar during the same sampling periods. This similarity can be 

attributed to the diminished throughfall control at SW as the leaves fell in late September 

and the proximity of overstory vegetation at S9 that may have influenced concentrations 

at that site depending upon wind direction. The high temporal variability in precipitation 

concentrations between weeks at Beverly Swamp is likely a result of differing stonn 

tracks and potentiai sample contamination. 

The mean value of 70% HgT retention shows the strength of Beverly Swamp as 

an HgT sink which c o n ~ s  Hypothesis 1 of this study. This value is similar to other 

wetland and upland systems, including 18 - 80% retention in different types of wetlands 

over 3 years (St. Louis ,l al., 1996), 74% in Dnscoll et ,1. (1998) in a beaver 

pond/nparian wetland and 95% in an upland catchment (Scherbatskoy ,t ,1.,1998). 

However, other wetlands have been shown to be sources of Hg?' to the downstream 

through the resuspension and scouring of particle-bound HgT during periods of high flow 

and fluctuating water table (Waldron el al., 2000). Si. Louis (1996) also concluded 

that the presence or absence of wetlands in different catchments had no discemable effect 

on HgT retention over a three year study. However in individual years, it appeared the 



wetland was a strong sink during low water yield years and a weak sink during hi& 

water yield years. Beverly Swamp is a strong sink in a hi& water yield year, however 

comparing these results with future low yield years will determine if sirnilar 

s stem. generdizations appl y in a differen. y 

Due to the wet conditions in 2000, there were extended periods of hi& flow early 

in the season and quite dry periods in September, October and November. Thus the 

efficiency of the wetland as a sink for HgT changed significantly over the season. During 

the high flows in May, June and July, the high deposition of HgT fiom above average 

precipitation balanced the high outputs of HgT from the wetland, thus no significant 

decrease in retention was evident. However, during the high flow event in early August, 

significant outflow &om the wetland was not balanced by precipitation for the duration of 

the month and HgT retention declined to only 17%. Low inputs and outputs in 

September and November resulted in the high retention seen in those months. 

A retention of HgT in the wetland seems to suggest the soils' affinity for HgT. 

However the apparent retention may include a loss of HgT fiom the system due to a 

combination of soil adsorption, deep leaching to groundwater and higher than estimated 

evasion rates (Grigal ,, 2000). Schwesig et al. (1999) reports that upland mineral 

soils have HgT storage capacity one order of magnitude greater than that in wetland soils, 

likely due to increased evasion fiorn waterlogged wetland substrates. However, Hg is 

known to have a strong affinity for organic matter (Hurley et 1995) which supports 

wetland soil retention of HgT. Although no deep groundwater samples were taken in this 

study, leaching to groundwater is unlikely as groundwater concentrations in other high 

deposition areas are reported to be much lower than deposition concentrations (Gngal ,t 

al., 2000; Krabbenhofi and Babiarz, 1992). Beverly Swamps' contribution of HgT to the 

downstrearn (1.9 pg m2 yrl) is in the middle to high end of the range reported fiom other 

study regions (Figure 6.2). However, given the high deposition environment (12.3 pg m2 



yrl), the strength of its sink (10.4 pg m2 yri) suggests a higher retention capacity 

compared to remote wetlands. St. Louis al. (1996) fomd wetland HgT sink strength 

between 1.9 and 3.6 pg m2 y+. The high retention in Beverly Swamp rnay result from a 

unique combination of waterlogged wetland area (Spencer reaches) and relatively dry 

wetland soils (Fletcher reach) and due to potential error in yield estimates due to 

unquantified inputs andor outputs. 

If the high concentrations obtained on April 26" fiom the wetland outflow are 

included in retention analyses, the wetiand still retained HgT on an annual basis. 

However, total wetland retention would decrease fiom 66% to 30% and during Apnl 

Beverly Swamp would have been a net source of HgT to the down Stream environment. 

The 1.49 pg 1-1 HgT recorded at SW on Apnl 26 following high spring flow is the highest 

HgT concentration reported in the literature for an uncontaminated site. Babiarz et al- 

(1998) report concentrations in a wetIand dorninated Wisconsin river up to 45.9 ng 1-1 

during one high flow event. Similady in a Vermont catchment, Scherbatskoy et a/. 

(1998) report a peak snow melt concentration of 79.7 ng 1-1. Extended periocls of dry 

atmospheric deposition with no appreciable flushing in 1999 d m  to drought conditions in 

the region (Warren, 2000) combined with a reduced snow pack and limited spring melt, 

could explain a significant accumulation of HgT in the peat of Beverly Swarnp and may 

account for this and other high HgT concentrations seen at F9 and SC that day. This high 

HgT flux was preceded by a three week dry penod and followed by a week of over 100 

mm of precipitation which represented the first cornplete flushing of the peat in over 18 

months. Although snow melt did increase discharge in early spring, this does not indicate 

that the peat was flushed during this period. The combination of fiozen ancilor fully 

saturated mils will cause snowmelt to run off the swface of the wetland as saturated 

overland flow and not mix with the pore waters below due to lack of infiltration. 



This event, combineci with high concentrations following other short terrn HgT 

spikes highlights the importance of event scale Hg monitoring of the wetland. Greater 

than 22% of the total HgT flux fiom the wetland occurred in one week following the 

August 1 event M e r  suggeshng that individual events accounted for much of the total 

HgT flux fiorn the wetland during the 2000 field season. 

6.5.2 Confined vs. UncoMned R e ~ h  CompiMson 

6.5.2.1 Unconfmed reach (site S9 to SC) 

The HgT sink in the unconfined upper Spencer reach was strongest in the swamp 

with a decrease in total HgT flux between S9 and SC (in contrast to the increase in flux in 

ail other reaches). This loss of HgT may be accounted for by a number of factors 

including: loss of surface water to groundwater recharge; limited erosion due to the low 

velocity Stream; and, high water residence time within the reach due to lower peat 

hydraulic conductivity than Fletcher (Valverde, 1978; Warren. 2000). This will allow 

particle sealing and adsorption of HgT by wetland soils due to the high degree of 

interaction between the wetland and stream as Spencer flows underground. 

inter-reach variability in mean concentrations between the upper reaches is 

attributable to the source of the influent water. Unlike agriculturai runoff and 

groundwater input at Fletcher creek, the Valens reservoir represents the dominant water 

source to the Spencer reach. As reservoirs often act as sinks for HgT through 

sedimentation (Driscoll al., 1998; Waldron ,t 2000), the reservoir is in a position to 

intercept much of the HgT deposited on the smunding  landscape resulting in low HgT 

concentrations in water flowing into Beverly Swarnp. On one sampling occasion, the 

water at the irnrnediate outflow contml structure fiom the reservoir was sampled and HgT 

concentrations were found to be 0.7 ng 1-1, which is significantly lower than deposition in 

the area and equivalent to surface water at S9 on the same &y. Increased flow fiom the 



reservoir would have very little influence on HgT concentrations as the additional water 

is of the same chernical composition. The lack of a correlation between discharge and 

HgT dong the Spencer reach M e r  suggests the reservoir as the dominant control on 

HgT in surface water. 

As suggested in Chapter 5, unregulated, resewoir high flow results in the creation 

of a hydraulic gradient away fiom the stream whereby reservoir waters flow downstrearn 

and outwards towards into the wetland. HgT data support this theory. On October 12 a 

reservoir release caused flow to increase fiom 0.035 to 0.27 m3 s-1 in 24 hours and S9 

HgT concentration remained below mean annual concentrations at 0.53 ng 1-1. The same 

was expenenced during the November 20 reservoir release when HgT concentrations at 

S9 and SC were 0.93 and 0.79 ng 1-1 respectively suggesting no interaction with HgT- 

laden pore waters. Furthemore, during high flow in June when the reservoir release was 

also impacted by precipitation, flow remains effluent fiom stream to wetland. While 

June 13 concentrations at F9 and FC were 6.9 and 15.9 ng 1-1 respectively, S9 and SC 

concentrations remained equivalent at 2.2 and 2.9 ng 1-1. In general, mean high flow 

concentrations at SC fiom 6 dates when effluent flow was occumng were within 5% of 

concentrations at S9 (Figure 6.4). 

Conversely, during periods when the reservoir is controlling flow to this reach at a 

low steady-state discharge, concentrations of HgT at SC are consistently higher than S9 

which M e r  justifies the conceptual hydrologie mode1 developed in Chapter 5.  The 

hydraulic gradient has reversed towards the strearn and the mobilization of HgT from 

near-stream pore waters between S9 and SC results in concentrations Zfold higher at SC 

(Figure 6.4). 

A weak relationship emerges between HgT and DOC between the inflow and 

outflow of this reach due to strong interaction between surface water aad DOC-laden peat 

pore water upstream of SC during low fIow conditions. There is no POC relationship in 



this reach despite a strong relationships between HgT and POC at F9 and similar 

concentrations between sites. This suggests that the particulate carbon tiaction in the 

water at the 2 sites originates fiom different sources. At F9, particles in surface water 

have been transported from agricultural runoff and stream channel erosion, while at S9, 

the particles transported fiom the reservoir may have settled for extended periods of time 

thus allowing HgT to become re-associateci with different carbon fkt ions or charged CI- 

or OH- species. 

The lack of strong carbon relationships suggests the predominately hydrological 

control of HgT transport in this reach. This supports the mode1 developed in Chapter 5 

which indicates reservoir dominated control of water and solutes flux despite unconfined, 

interactive stream flow. However, the unconfined nature of this reach is highlighted by 

the increase in HgT between inflow and outflow during steady-state reservoir low flow 

and the corresponding emergence of a weak DOC - HgT relationship at the outflow. 

6.5.2.2 Confineci reach (site F9 to FC) 

The confined segments of Beverly Swamp show differing controls on HgT 

transport than the unconfined reach thereby supporthg Hypothesis II regarding reach 

morphology and wetland connectivity. 

Like Spencer, Fletcher reach is also a strong sink for HgT. Early in the season 

high discharge led to increased mechanical erosion of particles fiom the Stream banks and 

upland agricultural areas and thus higher HgT fluxes fiom the reach. Later in the season, 

decreased inputs combined with increased wetland storage capacity and low mechanical 

erosive forces led to higher retention of HgT in the Fletcher reach. The increased flux 

between i d o w  and outfiow of this reach is in contrast to the decreased flux dong the 

unconfined reach which is attributed to di fferences in stream morpholog y. 



HgT - organic carbon relationship analysis supports the hydrological mode1 

suggested in Chapter 5 with different trends emerging depending on the degree of 

wetland-stream comectedness. As mentioned previously, there is a known wetland 

relationship between DOC and HgT (Mierle and Ingram, 199 1 ), but also between POC 

and HgT (Kolka el d., 1999). Results from Beverly Swamp support both relationships. 

The DOC relationship exists only during sarnples taken during the rising limb of event 

hydrographs due to influx of displaced DOC-laden pore waters (Hurley ,t al., 1995). 

This relationship exists at al1 three channelized sites, F9, FC and SW (Figure 6.8). The 

slopes are similar, suggesting the same degree of association of HgT for each increase in 

DOC, however the y-intercepts are significantly different due to higher background DOC 

levels at SW than F9 and FC. Although SW has the highest DOC concentrations, HgT is 

lowest suggesting a lower affinity for HgT at this site, possibly due to stronger 

association with POC. This nsing limb relationship is dependent upon antecedent 

moisnire conditions in the wetland. The events sampled in tbis study al1 occurred 

following dry, disconnected conditions where throughput is prominent and represents a 

strong intemal wetland signature. Samples taken during events with saturated antecedent 

conditions would not show the same results due less prominent flow of water downward 

through the peat and greater dilution of the DOC signal due to pre-existing event water. 

The DOC relationship weakens on the falling limb as HgT becomes more strongly 

associated with POC as wetland-stream connection is established due to the influx of 

event water fiom upstream ninoff. Further, the regression equations show different Hg - 

POC relationships during different flow regimes at FC (Figure 6.7). During times of 

wetland-stream comection, HgT is more strongly associated with POC, however during 

times of discomected flow, each mg of POC is associated with 3-fold less HgT. This 

suggests that the POC is originating fiom different sources. During comected high flow, 

POC is fkom both runoff of upland agricuitural areas upstream and within the wetland, 



while during low flow it is from limited, low energy Stream channel erosion only. Thus, 

upland agricultural particles have more HgT associated with them than near-stream POC. 

Hurley ,t (1995) and Babiarz et al. (1998) both suggest increased particdate 

association of HgT in runoff fkom agricultural areas and more limited association in 

wetland ecosystems. The strong POC relationship from the Fletcher reach carries over 

into the lower wetland due to the continuity of water flow thnough the swarnp. Unlike 

FC, the outflow FOC relationship remains constant in different flow reghes, thus the 

source of particles remains constant over tirne and is likely dominantly fiom the upstream 

and continuing wetland erosion. 

Ln summary, Beverly Swamp is a strong sink for HgT in ail reaches of the 

wetland. Like the solutes used in the development of the hydrological mode1 presented in 

Chapter 5, the transport of HgT in a year of high water yield is controlled by the 

temporally variable wetland-stream hydrologic comection of individual wetland reaches. 

This comection then impacts the mobility of the two dominant organic components, 

DOC and POC. Along the confined reaches, HgT association with organic carbon varies 

dependent upon flow regime. During comected high flow where erosion and mixing are 

significant, POC bound HgT dominates flow, while during the rising limb of the 

hydrograph HgT associated with DOC is prevalent due to pore water displacement. In 

the unconfined reach, the upstream resewoir exerts the most control on hydrologic 

regime due to the potential to initiate flow reversal between wetland and Stream. The 

establishment of a HgT - DOC relationship between inflow and outflow of this reach 

supports the belief that the connectedness of the unconfined channel during low flow 

controls HgT transport in surface water. 



6.6 Hydrobiogeochemical Controls on Methylmercury Transport and 
Cycling in Beverly Swamp 

This study confirms the hypothesis that Beverly Swamp is a source of MeHg to the 

downstream ecosystem (Hypothesis 1) and offers fùrther support of the conceptual 

hydrological mode1 of Beverly Swamp presented in Chapter 5. The strength of the MeHg 

source varies seasonally and rnonîhfy due to a combination of wetland-stream comection 

and establishment of redox conditions. Further, MeHg transported from the wetland is 

produced fiom various wetiand reaches that each have unique connection relationships 

with surface water during different hydrologic regimes (Hypothesis II). 

6.6.1 Influence of Beverly Swamp on MeHg Transport Lo the Downstmam 

As ptedicted in Hypothesis 1, Beverly Swamp was a source of MeHg to the 

downstream environment in 2000 with a 5-fold increase in MeHg surface water flux 

between the inflows and outflow (Figure 6.16). The net flux of 0.18 pg m2 yri fiom the 

wetland is similar to that of other work such as Driscoll ,* ,/. (1998) who found a 

wetland flux of 0.1 7 pg m2 yr 1 fiom a New York beaver pondriparian wetland (Figure 

6.2). The calculated deposition of MeHg was 0.08 pg m2 y r i  which indicates interna1 

production of MeHg in Beverly Swamp of 0.10 pg m* yri. While the deposition 

estimates fiom this study are limited by the scope of sampling, they are similar to values 

used in other studies (O. 1 pg m2 yrl in Waldron el al., 2000; 0.03 pg m2 w l  in Schwesig 

and Matzner, 2000; and 0.04 pg m2 yrl in St. Louis ,t al., 1996). 

As outlined in Chapter 5, contributing wetland area can greatly impact the 

calculation of average water and chernical yields. In this study the entire wetland area 

was used in the calculation of wetland areal Hg yields. If the contributing wetland is 

halved, the net MeHg production will double. This scenario is likely more representative 

of processes occurring in Beverly Swamp as hydrological results suggest that the entire 



wetland does not contribute during the majonty of the season. This suggests that those 

areas that do contribute are likely "hot spots" of methylation activity and boast 

production rates considerably higher than the mean reported in this study. For example if 

the entire upper Spencer catchment and only the near-stream zone and stream bed of the 

Fletcher and lower Spencer contribute. then production rates would be 1.66 pg m2 yrl or 

an order of magnitude larger than existing estimates. Furthemore. this yield includes 

only that proportion of MeHg that makes its way into the surface water. Significantly 

more is likely k i n g  produced in the wetfand soils that is never transported into the 

stream and out of the wetland due to lack of comection between the wetland and stream 

for much of the season. 

The comectivity between wetland stream varied over the season and flux of 

MeHg fiom the wetland also showed significant variability. The wetland-stream 

comection during high flow in June and early July is evident as > 50% of the total MeHg 

flux occurred during a 4 week period between June 13 and July 4. In contrat, the dry 4 

week period beginning August 1, represented only 8% of the annual flux. It is unlikely 

that MeHg production ceased during the hot month of August, however without a 

hydrological pathway for transport, MeHg is not detected in surface water and is 

overlooked in areal production estimates. 

6.6.2 Bîogeochernical Controls on Wetland MeHg Flux 

Maximum MeHg concentration occurred during connected conditions on June 27 

followed by a secondary, small peak in early August after a short period of wetland- 

stream connection. The initial peak does not correspond to the onset of connected 

conditions but rather the ,,-connection of wetland and stream after the initial two week 

inundation and subsequent draw down (Figure 6.14). This lag in MeHg e n t e ~ g  the 

stream relates to the establishment of the reducing conditions required for Hg 



methylation. With saturated conditions in early June and warrning temperatures, DO 

decreases, DOC increases, reducing conditions become established and sulphate reducing 

bacteria (SRB) become active in sulphate reduction and MeHg production. The initial 

inundation allowed the establishment of reducing conditions and the subsequent @od of 

drawdown and inundation resuited in the newly produced MeHg entenng the surface 

water. 

Like HgT, organic carbon plays an important role in MeHg transport and cycling. 

DOC - MeHg relationships are strong throughout the wetland. The literature suggests 

DOC acts as a substrate for SRB in sulphate reduction and Hg methylation (Gilmour and 

Henry, 1991). Further, binding of MeHg to DOC may facilitate transport of MeHg fiom 

the pore water to the strearn (Mierle and Ingram, 199 1). 

The relationship between S0,2- and MeHg strearn water concentrations is the 

strongest of al1 swamp wide regression analyses (Figure 6.13) with 53 - 67% of the 

variation in MeHg accounted for by the variability in SO,? The relationship between 

SO,t- reduction and MeHg production is well established in the literature (Branfireun el 

1999; Gilmour ,t al., 1998) and the strong correspondence between decreasing S0,Z- 

and increasing MeHg in Beverly Swarnp supports this relationship and Hypothesis III of 

this study. Although decreasing SO,2- Stream water concentrations are not proof of S0,*- 

reduction, previous evidence of reduction in the near-stream areas of Beverly Swamp 

was reported by Warren ,t (2001). This SO,2- reduction, triggered by saturated soils, 

low DO and warm temperatures suggests the production of MeHg in pore waters, which 

during comected conditions, ends up in surface water. 

Despite warm weather and reduced conditions for most of the sumrner, MeHg 

concentrations decreased significantly (except at SC) fiom rnid August to the end of the 

study season. This is likely due to the lack of comection between wetland and Stream 

which resulted in low surface water concentrations. A secondary hypothesis to explain 



the decrease in MeHg concentrations in late summer is due to sulphide accumulation in 

the wetland soils which is thought to inhibit SRI3 and thus MeHg production (Gilmour 

1998). in Beverly Swamp, S0,2- concentrations level out in mid June at 

approximately 10 ppm which corresponds in time to the highest MeHg concentrations at 

ail sites. From this point onward, concentrations of MeHg decrease and SO,2- remains 

constant. A combination of methylation inhibition and wetland-stream connection 

relationships likely control the MeHg that makes its way to the surface water in Beverly 

Swamp. 

The spatial relationship between mean pH and MeHg concentrations presented in 

Figure 6.15 suggests a negative relationship between the two variables that has also been 

indicated in the literature (More1 al., 1998). In fact, this relationship in Beverly 

Swamp may be an artifact of channel rnorphology and wetland-stream interaction which 

leads to lower pH and higher MeHg at certain sites. The lowest pH found at SC 

corresponds to the site with the greatest interaction between wetland and Stream which 

would decrease pH due to increasing organic acids in the water. Results show that this 

interaction, and not the lower pH, seems responsible for the increase in MeHg at this site. 

Further, at the wetland scale MeHg concentrations in surface water at Beverly 

Swamp are not significantly lower than those at other, more acidic wetlands. Branfireun 

el al. (1996) reported concentrations in surface water between 0.03 ng 1-1 at the inflow to 

0.42 ng 1-1 at the outflow of a smail peatland in Northem Ontario with an average pH of 

between 4 and 5. This suggests that laboratory results that show inhibition of 

methylation at high pH may not adequately represent n a d  systems. However, given 

the high deposition environment of Hg and S0,2- in southem Ontario, we might expect 

higher MeHg concentrations at Beverly Swamp than in remote northem regions, thus pH 

may be a factor preventing maximum potential methylation of available Hg, but not total 

inhibition. 



A combination of hi& pH, sulphide inhibition of methylating bactena and lack of 

wetland-strearn connection may limit the flux of MeHg fiom Beverly Swarnp. Localized 

spot sampling throughout the wetland will determine if it is in fact biogeochemical 

inhibition, or simply lack of connection between wetland hotspots and surface water. 

6.6.3 C o M W  vs. UnemMnd Rmch CornpanSon 

6.6.3.1 Unconfined mach (site S9 to SC) 

The upper Spencer reach produces the most MeHg per unit area of the 3 wetland 

reaches. This was the expected result due to the unchannelized nature of the stream 

morphology which allows increased interaction between wetland and stream. However, 

the low water yield means total flux fiom this reach represents only one-fourth of the 

total MeHg flux fiom the wetland. The majority (50%) of MeHg flux occurred during 

the 4 week June high flow period with only 30% occurring in the 13 weeks between 

August 15 and November 20. This late season flux is more significant than that fiom FC 

as concentrations at SC remain high through mid-September whereas concentrations 

dropped at FC in early August. The S9 and SC concentration maximums correspond to 

recent reservoir closing and reopening which mobilizes MeHg into surface water, and 

also to minimum SO,2- which suggests maximum SRB activity. SC levels remain high 

throughout the summer, while S9 levels decrease due to lack of connection afier this date. 

Some of the MeHg results fiom this reach do not support the hydrologicd mode1 

presented in Chapter 5. Geochemical and HgT data strongly support a flow through, 

effluent environment during reservoir release periods which would suggest MeHg 

concentrations would be the same at inflow and outfiow. However, MeHg concentrations 

at SC were consistently higher than those at S9, during high reservoir flow and also 

during low flow. Unique conditions occurring in this reach may provide rationale for this 

anomaly. During dry periods in late August and early September, flow between S9 and 



SC ceased and precipitation was minimal. Thus, the MeHg in stream water at that time 

was produced i~ siw, not k i n g  transported fiom elsewhere. Hence, it is likely that rnuch 

of the MeHg at SC is k i n g  produced in the stream bed sediments and on aquatic 

vegetation at the site. Sediments at the imrnediate sampling location are up to 30 to 40 

cm deep and remain saturated and anoxic during discomected flow conditions. Further, 

submergent aquatic vegetation is prevalent in this reach after Spencer Creek re-emerges 

fiom underground. It is likely that SFU3 found in these locations are responsible for much 

of the MeHg found at SC throughout the season. Aquatic vegetation is a known site for 

MeHg production (Mauro ,, 1999) as are lake and Stream sediments (Pak and Bartha, 

1 998). As wetland-stream comection ceases, water temperatures rise, evaporation 

increases and DO drops in these localized areas, MeHg production and stream 

concentrations increase. It is small stagnant areas like this that are considered "hot 

spots". When runoff resumes, MeHg fiom hotspots like this is swept into the stream and 

concentrations are elevated. 

6.6.3.2 Confined reach (site F9 to FC) 

MeHg flux fiom the confined Fletcher reach represents greater than half of the 

MeHg detected at the outflow. Thus despite a seemingly discomected, channelized 

geomorphology, the contribution fiom Fletcher reach is great. Chapter 5 suggests that 

this reach is discomected fiom the wetland for the majority of the season and becomes 

connected during periods of high flow. MeHg flux results support this as 50% of the 

MeHg flux fiom this reach occurred between June 13 and July 11, a period characterized 

by connected conditions in this reach. In contrast, only 15% of MeHg flux occurs during 

relatively dry: discomected conditions between August 15 and November 20. However, 

despite undetectable MeHg levels at F9 for the duration of the study, FC maintains 

detectable MeHg concentrations between June 13 and August 29. This suggests that even 



during low flow in late July and August, there is some degree of connection. This may 

be due to the influence of the unquantified northwest tributary to Fletcher Creek that may 

have origins fiom groundwater emergence through peat which would lead to elevated 

MeHg concentrations at FC. 

MeHg production fiom the Fletcher reach is identical to that of the whole wetland 

(0.10 pg rnz yri) assuming a reach contributing area of 4 km2. This is likely considerably 

larger than reality, especially during discomected flow conditions where only the stream 

bed and immediate near-stream zone may be contributing. A decrease in contributing 

area to 2 km2 results in a doubling of MeHg yield fiom this reach of the wetland, even 

higher than that fiom the unchannelized upper Spencer reach. Thus the confined Fletcher 

reach may have higher production per unit area than upper Spencer if accurate 

contributing areas are smaller than utilized in yield calculations. This is an unpredicted 

result and highlights the need for accurate contributing area measurernents. However, the 

knowledge that each reach is a source of MeHg allows for an assessrnent of the wetlands 

impact on the downstream and confirms Hypothesis 1. 

Inter-reach variability is also evident in the wetland. S9 MeHg concentrations are 

consistently higher than F9 due to the local stream morphology and FC concentrations 

never reach the levels of SC. As mentioned above, this is not due to diminished yield of 

the Fletcher reach but due to the volume of water rnoving through the area which dilutes 

the MeHg concentrations. Further, unlike Spencer, during the low flow disconnected 

periods tlow dong the Fletcher reach never ceases, hence the flowing stream prevents 

"hot spot" development and keeping MeHg concentrations low iate in the season. 

The peak MeHg concentration at FC occurred on July 11 which is two weeks later 

than the peaks occurring at the other sites. This is likely due to the increased time 

required for establishment of redox conditions in the Fletcher reach where peat is less 

decomposed and hydraulic conductivity is higher compared to the relatively wet Spencer 



reaches. This causes shorter residence time for water moving t h u g h  the reach, and less 

chance for development of low oxygen reducing conditions. During the high flow 

periods of June where comection is evident, MeHg concentrations rise consistently in 

response to high water levels, low DO and decreased S0,2- concentrations. The peak 

concentration on July I l  occurred &et 4 weeks of aiternating comected flow which 

eventually established redox conditions dong the reach. The first flushing of peat pore 

waters after this tirne (July 1 1) elevates the concentration at FC. 

The lower portion of the wetland shows MeHg yield and total flux identical to the 

Fletcher reach. There is no distinct connection and discomection dong this reach as 

there was in Fletcher, but a more continual interaction. Therefore MeHg in the lower 

reach represents a combination of the controls occurring in the upper reaches of the 

wetland. MeHg concentrations in surface water at SW represent water that has spent the 

most time in the wetland and incorporates MeHg from the inflows to the outflows. Long 

hydrograph lag-time after events (> 7 days to return to base flow) gives this water the 

most opportunity to mix with near-strearn pore waters and runoff when the wetland is 

comected, 

Beverly Swamp is a source of MeHg to the downstream aithough the magnitude 

of this source may be underquantified due to inaccurate contributing area calculations. 

Unexpectedly, the confined Fletcher reach is a more significant contributor to total MeHg 

flux due to the increased water yield from the reach, however Spencer Reach is a more 

effective producer of MeHg due to its unconfined, dispersed flow morphology which 

leads to more established reducing conditions. Compared to HgT, the hydrometric 

influence of the reservoir is diminished on the Spencer reach as Hg methylation is 

dominated by the biological control of sulphate-reducing bacteria and other localized 



biogeochemical controls. On the confïned reach, the comection between wetland and 

stream as suggested in the hydrological model, is the only method by which MeHg 

produced in the wetland is transported to the surface water. During disconnected flow, 

MeHg flux is minimal. 



Chapter 7 

Summary and Conclusions 

7.1 Sumrnary 

7.1.1 Weuand klemury Yield 

The results of this study confirm Hypothesis 1. Beverly Swamp is a net sink for 

HgT and a source for MeHg to the downstream. Although the wetland is a MeHg source 

as predicted, the high sulphate and HgT deposition environrnent suggested a potentially 

greater source strength would be detected. There are numerous potential explanations for 

the lower than expected values obtained for the wetland. First, as suggested in the 

conceptual hydrological model, it may simply be a disconnection between zones of 

MeHg production and surface water such that much of the MeHg produced in the wetland 

remains there. Further, the permanently saturated mils prevent sulphide reoxidation 

which leads to an accumulation of dissolved sulphide that is known to inhibit methylation 

bacteria (Gilmour al., 1998). In addition, the high pH of the influent waters due to the 

carbonate rock upon which the wetland is situated may be responsible for making 

inorganic Hg unavailable and limiting the capacity of methylating bacteria (More1 el al., 

1998) . However, this study does not support laboratory reports that suggest inhibition of 

methylation at pH 8 (Leng and Nies, 2000) as Beverly Swamp pH ranges between 7.6 

and 8.3. 

7.1.2 Reach Morphology and Wetlend Connectivity 

The results of the conceptual hydrological model developed in this study support 

Hypothesis II, that biogeochemical processes occurring in the reaches are controlled by 

the contrasting geomorphology in the reaches. The model developed used conservative 

and wetland-dependent indicators to show flow reversais in the upper reaches dependent 



upon water table elevation and reservoir control. These flow reversais then impact the 

flux of Hg fiom the wetland. In the unconfined Spencer reach, flow is dependent 

pnmarily upon reservoir control. During unregulated high reservoir flow, Spencer Creek 

flows fiom the stream channel into the wetland causing surface water quality to be 

dorninated by reservoir inputs. However, during steady-state regulated low reservoir 

flow, the creek becomes influent and wetland-stream interaction is maximized. in the 

confined reach, low water table conditions result in effluent flow from the stream to the 

wetland and no connection between wetland and stream, while hi& flow conditions 

result in a flow reversal to influent conditions and increased wetland-strearn comection. 

The HgT patterns trends fiom Beverly Swamp in 2000 support the conceptual 

hydrological model. increased mechanical erosion and strearn-wetland connection during 

high flow results in higher POC and DOC in the streams which elevates HgT 

concentrations in surface water. However, during rising limb event sampling that 

occurred following unconnected, low flow conditions, order of magnitude increases in 

HgT are solely related to DOC due to the throughput of HgT- laden pore waters. In 

contrast, HgT in the upper Spencer reach is dominated by reservoir control during high 

flow and interaction with peat during low flow. When the reservoir is open and flow is 

effluent from the stream to the wetland, concentrations at the inftow and outflow of this 

reach remain constant due to the lack of connection between wetland and stream. 

However. when the reservoir is closed, concentrations at SC are consistently higher than 

S9 due to increased interaction of surface water and pore waters as the stream becomes 

influent. 

MeHg trends in the wetland both support and oEer insight into the hydrological 

model. The codined reaches support the model as maximum MeHg flux occurs during 

periods of wetland-strearn comection while flux during discomected periods is minimal. 

Upper Spencer Creek behaves in contrast to the hydrological model suggested for this 



reach as concentrations at SC are continually higher than S9, even during effluent 

reservoir dominated flow. This indicates the importance of localized biogeochemical 

control on Hg methylation. Consistently elevated concentrations at SC compared to the 

other sites suggests biological control by in Stream sediment and aquatic vegetation 

methy lation. 

7.1.3 Sulphate as a Control on ~dhyîaffon 

Hypothesis III was also confirmed as increasing MeHg swfaçe water 

concentrations correspond to a simultaneous decrease in sulphate concentrations. As 

sulphate levels stabilized at the minimum recorded level of approxirnately 10 ppm in late 

June, MeHg concentrations peaked. From this, inferences can be made supporting the 

literature (Benoit et 2001) that sulphate-reducing bacteria are responsibie for Hg 

methylation. 

7.2 Implications 

A; +fis is the first year of Hg study in Beverly Swamp it is difficult to assess the 

impact of the wet conditions experienced in 2000 on Hg dynamics in the wetland. It is 

possible that despite relatively low concentrations, total flux of both MeHg and HgT 

from the wetland were higher than the long-term means due to increased flow from the 

wetland. Further, the reservoir k i n g  open during late spring and early summer and two 

late season reservoir releases is uncornmon and may have caused abnomal hydrologie 

flow reversais in the wetland which resulted in abnormal pulses of MeHg entering 

Spencer Creek. Results of a dry year may show very different Hg trends. The 

predominantly disconnected stream-wetiand conditions that would occur during a dry 

year would result in low total flux of MeHg fiom the wetland. However, prolonged 

periods with little flushing may result in increased hotspot activity within the wetland. A 



subsequent flushing due to late season reservoir release or autumn storms may result in 

periodically higher surface water concentrations than were seen in 2000. Future study 

in Beverly Swamp will allow the assessment of some of these questions and aid 

Consemation Area managers in decision making regarding reservoir control upstrearn of 

Beverly Swamp. 

7.3 Sources of E m r  

The potential sources of  error açsociated with this study are great. Hg sampling 

and analytical contamination are possible and common due to manual error in ultra-clean 

protocol. Further, a lack of representative monitoring dates when compiling Stream 

rating curves would lead to over or underestimation of Hg and water fluxes from each 

reach. For instance, the rating curves established by Valverde (1978) are significantly 

different than those used in this study dong the Fletcher reach (Appendix 1). However, 

this study included a more diverse array of discharge observations in each of the rating 

curves and anthropogenic impacts of groundwater withdrawal and urban development 

may have effected the flow characteristics of the wetland since the 1970s. In addition, 

the omission or inaccurate estimation of inputs and outputs of water and Hg to the 

wetland greatly impacts the assessment of reach water and Hg budgets and the ultimate 

determination of the wetland as a source or sink for Hg species. The inclusion of Hg 

contribution from litterfall, stemfiow and more accurate measurements of precipitation 

and throughfdt are essential to a thorough study of  Hg pools and f l u e s  (Lee al., 

2000; Grigal ,, al., 2000). In the same way, more accurate estimates of wetland specific 

evasion and groundwater flux are needed. The large size and heterogeneity of Beverly 

Swamp make accurate spatial quantification of these inputs and outputs a challenge. 

Finally, this study initiated a relative assessment of contributing areas h m  each reach 

under wet conditions. An accurate dctennination of contributing area is essentid in the 



completion of water and Hg budgets in any environment. Hg yield fiom the wetland 

varies significantly (one order of magnitude) depending on the contributing area used for 

these calculations. When traditional topographie methods are used to assess area 

overestimation seems likely since biogeochemical methods suggest altering areas 

dependent upon flow regime. Further implementation of biogeochemical mixing models 

and isotope analysis will broaden the perspective on water movement in Beverly Swamp 

and aid in future anal ysis of Hg transport and fate. 

7.4 Conclusion 

This study confvms that conditions within many wetlands create a high capacity 

for HgT retention which will sustain MeHg production today and weli into the funue. 

High deposition of HgT does not dictate high HgT concentrations in surface water since 

transport mechanisms via organic carbon and comected surface flow are required for 

HgT to leave the wetland. Further, wetlands with hi& pH surface waters and high HgT 

and sulphate deposition remain sources of MeHg to the downstream, despite the potential 

for pH and sulphide bacterial inhibition of methylation. Wetland-wide sulphate reduction 

and the degree of co~ec t i on  between the wetland and stream are the most important 

controls on MeHg transport fiom this wetland. However, differences in stream 

morphoiogy within the wetland should not be used to make generalizations about MeHg 

source strength without supporting data. In contrast to predictions, the confned reach 

was a more important MeHg source to the downstream than the unconfïned source. An 

accurate assessrnent of the hydrology of a region, including accurate contributing area 

estimates and temporal variability in flow regime, is necessary to predict the Hg 

dynamics of any wetland. 
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Appendix 1 

Presented are the 5 stage - discharge rating curves and equations for Beverly Swarnp 
sites S9, F9, FC, SC, and SW for the surnmer of 2000. 
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