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ABSTRACT

Total mercury (Hg,) concentrations in sediment cores from Tivoli South Bay,r a
freshwater tidal wetland in the Hudson River National Estuarine Research Reserve, were
measureci to evaluate the spatial variability of Hg; deposition, and to establish a
chronology of Hg; flux over the past 50 years. Cores taken from the northern, middle,
and southern sections of the bay had similar distribution patterns and absolute
concentrations of Hg;. This suggests a common source of Hg; throughout the bay. The
occurrence of non-anthropogenic Hg; in the bay is estimated to be on the order of 100 ng
Hg g, or less. Sediment concentrations ranged from 190 to 1070 ng Hg g, which are 2
fo 10 times greater than the concentration estimated to be from non-anthropogenic
sources. Hg, deposition rates increased from 0.35 ug Hg cm™ yr'' in 1950 to a maximum
of 0.55 ng Hg cm? yr'! in the early 1970s. Deposition rates have steadily declined since
the 1970s and are currently at 0.14 g Hg cm™ yr'. Deposition of Hg; is driven by the
high sedimentation rate (0.86 + 0.15 cm yr') of contaminated sediments in the bay.
Direct atmospheric Hg; deposition is on the order of 1 ng Hg cm™ yr' and accour;ts for
less than 1 percent of Hg; loading in the bay. The major source of monomethyl mercury
(MMHg) in the bay is deposited sediment. A higher percentage of Hg; is in the form of
VMMHg in near surface sediments. This fraction decreases with depth to a constant value,
suggesting that as sediments are buried, MMHg is demethylated or transported to

overlying surficial waters.
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INTRODUCTION

Interest in the cycling of mercury in aquatic systems has been prompted by the
observation of high concentrations of mercury in game fish from lakes throughout the
United States, Canada, and Sweden. Mercury-contaminated fish stocks can sometimes be
linked to point sources of pollution, but mercury contaminated fish are frequently found
in lakes remote from human disturbance (Lathrop et al. 1991). Atmospheric deposition is
believed to be the principal source of mercury to these systems (Fitzgerald et al. 1991;
Watras et al. 1994) and is estimated to have increased by a factor of two to five since
preindustrial times based on peat core profiles (Benoit et al. 1994) . Most of the mercury
originating in atmospheric deposition is immobilized in soils and sediments (Mierle and
Ingram 1991), however, changing biogeochemical conditions can cause metals to be
released from sediments or mobilized in soil solutions and groundwater that supply lakes,
streams and rivers.

The key process leading to bioaccumulation of mercury in fish is the methylation
of inorganic mercury, Hg**, to monomethyl mercury, CH,Hg" (MMHg). Mercury
contamination has the potential to create detrimental health effects in aquatic organisms
and humans because MMHg bioaccumulates in the food chain to toxic levels even where
aqueous concentrations are very low. Mercury in atmospheric deposition is dominated by
inorganic species (Fitzgerald et al. 1991), but 95% of the total mercury (Hgy) found in
piscivorous fish is present as MMHg (Bloom 1992). A broad range of MMHg
concentrations in fish have been observed across lakes receiving similar loadings of Hg;
(Sorenson et al. 1990), indicating that MMHg production in lakes or in lake sedirhents is

an important factor in determining the level to which mercury accumulates in fish.
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Several investigations have shown that near-surface sediments are an important

site of mercury methylation (Ramal et al. 1993; Gilmour et al. 1992; Korthals and
Winfrey 1987; Callister and Winfrey 1986) and that sulfate reducing bacteria are
important mediators of methylation in lacustrine and estuarine sediments (Gilmour et al.
1992; Gilmour and Henry 1991). Using concentrations of radiolabeled mercury orders of
magnitude above normal environmental levels, these studies have been useful in
determining which factors affect methylation and demethylation processes. Mercury
methylation is favored in organic-rich sediments and in the presence of active microbial
sulfate reduction, but is limited by high porewater sulfide concentrations which act to
inhibit MMHg production in saline sediments (Compeau and Bartha 1987). In freshwater
sediments, microbial reduction is often sulfate limited. Adding sulfate to lacustrine
sediments has been shown to increase mercury methylation rates (Gilmour and He.nry
1991). In the H,S0,-acidified basin of experimentally partitioned Little Rock Lake, WI,
MMHg concentrations in lake water (Bloom et al. 1991) and fish (Wiener et al. 1990)
increased relative to the control basin; however, it is not clear whether this was due to the
increased acidity or sulfate.

Measurements of MMHg in sediment and porewater under normal environmental
conditions are necessary to understand the dynamics of mercury cycling that lead to
bioaccumulation of MMHg in aquatic organisms. Few measurements of MMHg in bulk
sediment and porewater have been reported to date. Those studies directed at assessing
the transport of MMHg across the sediment-water interface have focused on marine
(Gagnon et al. 1996) and Jacustrine (Benoit et al. 1996) sediments.

Our study was aimed at understanding the dynamics of both MMHg and Hg; in
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Tivoli South Bay sediments. Tivoli South Bay is a freshwater tidal wetland in the Hudson
River National Estuarine Reserve. The Hudson River watershed is a critical water
resource, and the results of this study will be a starting point for addressing the potential
for mercury contamination in drinking water, fish, and shellfish in the estuary. Prior
research on the geochemistry of mercury in Hudson River estuarine sediment by
Stevenson et al. (1986) suggested that the main source of mercury to Tivoli South Bay
was atmospheric deposition. The sedimentary environment of Tivoli South Bay is
spatially heterogeneous (Benoit et al. 1996), and therefore requires that more cores be
collected to evaluate the spatial variability and to establish a chronology of Hgr flux to
sediments in the bay. Evidence that sulfate reduction is a significant process in the bay
(Gould and Findlay 1990; McCarron and Findlay 1988) suggests that methylation of Hg;
may also be a significant process. Measurements of MMHg concentrations in bay
sediments are needed to assess the extent of MMHg in the bay and the potential for
bioaccumulation of MMHg in the food chain. The goals of this study are to estimate the
fluxes of Hg; to the sediments of Tivoli South Bay over the past 50 years, to evaluate the
spatial distribution of MMHg in the sediments, and to determine the partitioning of

MMHg between sediment and porewater.

METHODS
STUDY SITE
Tivoli South Bay is a freshwater tidal wetland, covering approximately 1 13ha. It
is located along the east shoreline of the Hudson River, approximately 160 km nortn of

lower Manhattan. A freight and passenger railway right-of-way, constructed in 1851,
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separates the bay from the river with an embankment approximately 30 to 60 m wide and
3 m above mean sea level. Tidal exchange between the river and the bay is restricted to
three bridge openings across the causeway, which represents 3 percent of the original
interface. The tidal prism, however, remains close to historical values. Tidal flow
comprises approximately 90 percent of the annual water budget for the bay (Lickus and
Barten 1990). The average tidal range is 1.2 m and large areas of mudflats are exposed at
lowest tides. The principal source of non-tidal surface water to South Bay is the Saw Kill
which has a drainage area of 68 km? and includes a bfoad range of land use and land
cover categories (e.g., forest, wetland, cropland, transportation, residential, and
commercial). The physical alteration of the bay, combined with shallow waters and an
invasion of a dense seasonal stand of water chestnut (Trapa natans), may have caused the
wetlanci to begin to act as a more efficient sediment trap (Goldhammer and Findlay
1988; Findlay et al. 1990). The sedimentation rate for the bay, as calculated by Benoit et

al. (1996) using 2'°Pb dating techniques, ranges from 0.62 to 0.98 cm y' over the past 40

years.

SAMPLE COLLECTION

A total of six cores was collected along a north-south transect (Fig. 1) in Tivoli
South Bay on May 17, 1996. Two cores were taken from the northern (TSB1, TSB2)
middle (TSB3, TSB4) and southém (TSB5, TSB6) parts of the bay at high tide by a
snorkeller using 2.25 inch 1.D. acrylic core tubes. Cores TSB2, TSB4 and TSB6 were-
taken as duplicates of TSB1, TSB3 and TSBS5, respectively. Cores were taken to shore

and immediately sectioned every2cmtoa depth of 8 cm, and every 4 cm below that
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depth. Core sections were transferred to pre-weighed, acid-cleaned polyethylene jars,
frozen, and shipped to the University of Wisconsin-Madison Water Chemistry
Laboratory for chemical analysis. Clean techniques established in our laboratory (Hurley
et al. 1996), similar to techniques developed for sampling lead in the mid-1970s
(Patterson and Settle 1976), were used during all stages of sample collection and
handling.

Samples of unfiltered surface water and particulate matter were collected from the
Hudson River near bridge BM 5 on May 17, 1996 as the tide was coming in. All surface
water samples were collected using a peristaltic pump outfitted with acid-cleaned
Teflon™ sampling line and silicone pumphead tubing. Samples of unfiltered watér were
collected in Teflon™ bottles that had been cleaned in hot, concentrated nitric acid.
Particulate matter for Hg analysis was collected on quartz fiber filters housed in acid-
clean Teflon™ filter cartridges. The filters are rated by their manufacturer, Whatman
Scientific, to retain particles larger than 2.2 um in diameter when liquid is the filtered
medium. Prior to sampling, the quartz fiber filters were ashed at 450 °C to volatilize any
Hg associated with them. Samples for suspended particulate matter (SPM) analysis were
collected on 0.8 um Nucleopore™ filters. Unfiltered water safnples for MMHg analysis,
and all particulate matter samples were frozen and shipped back to the laboratory for
analysis. Unfiltered water samples for Hg; analysis were acidified to 1 percent with trace
metal grade HCl in the field.

In the southern region of the bay, near site TSB5/TSB6, a Teflon™ close _interval
membrane equilibrium sampler (peeper), fitted with a 0.22 um polyvinylidine difluoride

filter was installed to collect porewater samples. The design of the peeper allows 20 mL
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porewater samples to be collected at 1 cm intervals from 0 to 12 cm below the sediment-
water interface. Both the peeper and filter were cleaned in hot nitric acid prior to
installation. The peeper was deployed August 30, 1996 and removed on September 20,
1996. An acid-cleaned polyethylene syringe was used to transfer porewater samples to

Teflon™ vials that had been cleaned in hot, concentrated nitric acid. Samples were

frozen, and shipped back to the laboratory for analysis. Water chestnut (Trapa natans)
fruits ruptured the filter membrane at depths of 6 to 7, 7 to 8, and 10 to 11 cm below the

sediment water interface, consequently, no porewater samples were obtained at these

depths.

SAMPLE ANALYSIS

Core sections were freeze-dried and re-weighed to calculate sediment bulk
density. All sediment analyses were performed on freeze-dried, hoinogenized core
sections. All samples were analyzed under clean room conditions.

Hg, concentrations were measured by cold vapor atomic fluorescence
spectrophotometry (CVAFS), following reduction with stannous chloride to form Hg’
(Fitzgerald and Gill 1979; Bloom and Crecelius 1983). The detection limit, calculatéd as
three times the standard deviation of the blank, was 0.022 ng Hg. The analytical method
involves preconcentrating Hg’ onto a gold trap prior to detection, and therefore, detecti-on
limits expressed in units of concentration depend on the original mass or volume of a
sample. All of the samples analyzed were above the limit of detection. Prior to analysis,
sediment samples (100 mg) were digested with nitric (5 mL) and sulfuric (2 mL) acid,

and unfiltered water samples and suspended particulate matter samples were oxidized
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with bromine monochloride. All digested sediment samples were analyzed in duplicate.
Differences between values expressed as a percent of the average value were less than 13
percent. In addition, duplicate sediment samples were taken from sections of TSB1 and
TSB3, digested, and analyzed. Differences between core subsamples were less than 8
percent. Analysis of Standard Reference Material 2704 (Buffalo River sediment, 1470 =+
70 ng g") gave 1420 + 120 ng g (n = 6). Surface water and particulate samples were
analyzed 1n triplicate.

Samples for MMHg analysis were treated with sulfuric acid and potassium
chloride to convert all forms of MMHg to monomethyl mercury chloride (MMHgCl), and
distilled to separate MMHgCl from associated organic matter (Horvat et al. 1993).
MMHgCl was ethylated, chromatographjcally separated from other mercury forms,
pyrolized to Hg®, and detected by CVAFS (Horvat et al. 1993). The detection limit was
5.1 pg MMHg. All MMHg concentrations in this text are reported as the mass of Hg that
is in the form of MMHg. In most cases, values for sediments and porewaters represent a
single determination. One section from core TSB1, TSB3, and TSBS5 was subsampled in
triplicate. Coefficients of variation for core subsamples were less than 14 percent. In licu
of a standard reference material, all of which are biological tissue samples, the NRCC -
standard MESS-1 (sédimént from the Miramichi River estuary that is certified for Hg;)
was analyzed and found to contain a MMHg concentration of 0.27 £ 0.10 ng g (n = 3).
This is comparable to published values of 0.348 + 0.028, 0.384 + 0.043, and 0.506 +
0.100 ng g’ from other laboratories (Horvat et al. 1993). To evaluate whether inorganic
Hg was methylated during the distillation process, sﬁbsamples from one of the core

sections were spiked with 100 ng of Hg; standard. The spiked samples had an average
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MMHg concentration of 2.59 + 0.03 ng g, as compared to an unspiked concentration of
2.73+0.23 ng g Spikes of MMHg standard were added to some samples to determine
distillation recovery. The average recovery of MMHg spikes in sediment samples was 98
+ 14 percent (n = 8). Recovery of an unfiltered surface water sample was 86 percent.
Reported MMHg concentrations were not corrected to compensate for distiliation
recoveries.
RESULTS

The vertical distribution of Hg; in the solid phase of the six sediment cores is
shown in Fig. 2. Concentrations ranged from 190 to 1070 ng g . All six cores had
similar Hg; concentration profiles. Concentrations were lowest near the surface,
increased to a subsurface maximum approximately 28 cm below the sediment-water
interface, and then dropped slightly. The subsurface maxima in the cores taken from the
north region of the bay, as compared to cores taken from the middle and southern
sections of the bay, are shifted slightly toward the surface. The vertical distribution of
MMHg in the three sediment cores from different locations is shown in Fig. 3.
Concentrations ranged from 0.43 to 2.95 ng g'. Distribution patterns and absolute
concentrations of MMHg in the cores were very similar. Maxima occurred
approximately 2 and 30 cm below the sediment-water interface, and minima at
approximately 12 and 40 cm.

The concentration of Hgy in unfiltered surface water was 4.77 £ 0.11 ng L, of
which 2.80 + 0.57 ng L was associated with particulate matter. An SPM concentration
0f22.9 + 0.8 mg L' (dry weight) was measured and used to calculate a concentration of

Hg; in suspended particulate matter of 119 ng g"'. The concentration of MMHg in
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unfiltered surface water was 0.0877 + 0.0210 ng L™, of which 0.0334 + 0.0010 ng L' was
associated with particulate matter. The concentration of MMHg in suspended particulate
matter was 1.46 ng g". Concentrations of MMHg in porewaters ranged from 0.17 to 0.55

MMHg Concentration (ng L")

ng L' (Fig. 4). There was no discernable trend in concentration with depth.

0.0 0.2 0.4 0.6 0.8 1.0
The partitioning of MMHg between sediment and porewater can be expressed as 0 I ' ' !

a distribution coefficient, K, which relates the MMHg concentration in the sediment or 1+ i

SPM, C, (ng kg™), to the aqueous concentration, Cy, (ng L™). 2+ i

Kp=Cg Cy 3 L 7

Log K, values are shown in Fig. 5. Concentrations of MMHg in sediments and SPM are 4 T

‘similar, however, concentrations of MMHg in porewater are 10 times greater than the ’é\ 5 ]

concentration in surface water. These differences in partitioning are reflected in the K, ﬁ’ 6 - —

values. The K, in the Hudson River is 10 times greater than the average K, in the *g- 7L -

sediments. 0O -
8 -

Hg; deposition rates for the bay were calculated using bay-wide average sediment _

Hg; concentrations and an average sedimentation rate of 0.86 cm yr' (Benoit et al. 1996). or a
In order to compensate for compaction of the sediment, depth in the core was expressed 10
as cumulative dry mass in which 1 cm of sediment is equivalent to 0.7 g cm™ (Benoit et | "

al. 1996). HgT deposition rates increased from 0.35 pg Hg cm™yr” in 1950 to a maximum 12

of 0.55 ug Hg cm™yr! in the early 1970s (Fig. 6). Deposition rates have steadily

‘ i i B6.
declined since the 1970s and are currently at about 0.14 g Hg cmyr. Figure 4. Vertical pro file of filtrable MMHg in the porewa_tler at 'IjSB 5/TS 6.
The dashed line is the method detection limit of 0.091 ng L. Vertical bars indicate

the width of the sediment from which the porewater was drawn.
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DISCUSSION
Distribution patterns and absolute concentrations of Hgr in all six cores were very
similar suggesting a common source of mercury to the bay. Direct atmospheric
deposition is a source of Hg; that would result in uniform deposition throughout the bay,
however, atmospheric deposition of HgT is a small fraction of Hg; deposited in the bay.
Atmospheric deposition rates vary regionally and temporally, depending on the extent of
industrialization, but aré on the order of 1 ng cm™yr”. Atmospheric mercury deposition
rates of 0.6 to 1.4 ng cm™®yr' have been reported in Denmark and southern Sweden
(Jensen and Iverfeldt 1994), 1.0 ng cm?yr” in northern Wisconsin (Fitzgerald et al.
1991), and 1 to 3.8 ng cm?yr" in northeastern Minnesota (Benoit et al. 1994). Hg;,
deposition in the bay is a factor of 100 times the atmospheric Hg; deposition rate, which
rules out the possibility that direct atmospheric deposition plays a major role in the mass
balance of Tivoli South Bay.

Deposition of Hg; is driven by the high sedimentation rate in the bay. Cores were
not long enough to reach sediménts representing pre-industrial times. Declining Hg,
concentrations of recently deposited sediments and a concentration of 119 ng Hg g” in
SPM suggest, however, that the occurrence of non-anthropogenic mercury in the bay is
on the order of 100 ng g™ or less. A sediment concentration of 100 ng g corresponds to a
Hg; deposition rate of 0.06 g cm? yr'. Hg, deposition exceeding 0.06 xg cm? yr is
likely due to anthropogenic inputs. There are two known sources of anthropogenic

mercury inputs to the Hudson River, both of which are superfund sites. The Mercury

Refining Company in Albany, NY, is located on a tributary creek, 4 miles upstreé.m from

the Hudson River. The company reclaims mercury from batteries, and had pools of Hg®
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Clean Water Act of 1972. Deposition has declined since the early 1970s, whic
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corresponds to a general improvement 1n water quality that resulted from passag

implementation of this important piece of environmental legislation.

The similarity in Hg; sediment profiles contrasts with a study that found disparate

levels of Pb, Cu and Zn in northern and southern regions of the bay (Benoit et al. 1996).
ev ,

indivi i i thors to
Metal concentrations were highly correlated at individual sites, which led the au

hypothesize that metals in the northern region of the bay were derived primarily from
tidal exchange with the Hudson River, and metals in the southern region were derived
primarily from Saw Kill inflow. If sediments from the bay are derived from different
sources, similar Hg; deposition rates suggest that large, watershed-scale events that

. oli
would equally impact the Saw Kill and the Hudson River are the source of Hg; to Tivoli
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South Bay.

The concentrations of MMHg in bay sediments is a result of the concentration of

MMHzg in freshly deposited sediments, methylation and demethylation rates in the

% Hgras MMHg

sediments, and the transport of dissolved MMHg in porewater to overlying surface

waters. Maxima in MMHg concentration profiles occur near the surface and at 30 cm

4

0.6 0.8 1.0
l 1

1 1

0.0 0.2 0
0 T

below the sediment-water interface. Percent Hgr as MMHg is plotted as a function of
depth in Fig. 6. Percent MMHg reaches a maximum value of 0.8 percent near the surface,
declines to 0.2 percent at 10 cm and remains fairly constant throughout the rest of the 107
cores. Lack of a peak corresponding to the MMHg concentration peak at 30 cm is
attributed to the high concentration of Hg; at the same depth. The concentration of
MMHg in SPM is 1.5 ng g which falls within the surficial sediment range of 1.5to 2 ng
g, suggesting the primary source of MMHg in Tivoli South Bay is deposited sediments.
A higher percent of Hg, occurs as MMHg in near surface sediments, and as sediments are

buried, there is a net decrease in the fraction of Hg; as MMHg. Concentrations of MMHg

in porewaters are 10 times greater than overlying surface waters, and as porewaters are 40 —m— TSBS 7]

—@— TSB3
| —A— TSB1

flushed either through diffusion, advection or bioturbation, MMHg may be transferred to

overlying surface waters. In addition to this process, decreasing fractions of Hg; as

MMHg with depth in the sediments indicates that net demethylation of MMHg may be

50

occurring in Tivoli South Bay sediments.

Figure 7. Percent Hgyas MMHg in sediments.
CONCLUSIONS

1. Hg; and MMHg core profiles were very similar which implies there is a single

common source of Hgy to Tivoli South Bay. Since Hg; deposition is a factor of 100 times
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greater than atmospheric Hg; deposition, direct atmospheric deposition cannot be that
source.
2. A maximum deposition rate of 0.55 g Hg cm™ yr! occurred in the bay in the early
1970s. Deposition rates have been declining since the 1970s and are at a 50 year low of
2 .- .

0.14 ug Hg cm” yr''. The decline of Hg, deposition corresponds to passage and
implementation of the Clean Water Act of 1972. |
3. Deposited sediments are the major source of MMHg to Tivoli South Bay. As
sedi i

iments are buried, some of the MMHg appears to be lost either by demethylation or

by transport to overlying surficial waters.
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