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Abstract: Quantifying the sequestration in forest soils and watershed transport of Hg is key to reduc-
ing exposure of aquatic food chains to the toxic pollutant. We explored if forest soils, proximity in
human developments, or watershed characteristics could shed light on sediment driven Hg transport
in the Connecticut River, Merrimack River, and Thames River watersheds, in the northeastern USA.
We sampled 48 upland forest soils and 32 riparian forest soils and collected bottled and trapped
suspended sediments from April 2020 to November 2020 across the three watersheds. Forest soil Hg
concentrations were greater in riparian forest soils (median = 153 ng g−1) than in upland forest soils
(median = 71 ng g−1) across all three watersheds and developed sites near urbanization had higher
Hg concentrations in the Merrimack River watershed (median = 407 ± 119 ng g−1). The Connecticut
River had the highest suspended sediment Hg export rate but when normalized by total area of
the watershed, the Merrimack River had 0.19 kg km−2 month−1 while the Connecticut River had
0.13 kg km−2 month−1 and 0.04 km−2 for the Thames River. Our findings suggest that riparian forest
soils sequester while suspended sediments transport historical Hg pollution within the Merrimack
River Watershed.

Keywords: Hg transport; soil Hg pollution; rural forests; urban forests; Massachusetts

1. Introduction

Mercury (Hg) is a global pollutant of concern due to its wide-scale emissions from
artisanal gold and silver mining, Hg mining, industrial manufacturing processes, and
combustion of coal [1]. Unlike most metals, the global biogeochemical cycle of Hg has an
important atmospheric component, due to the gaseous nature of Hg0 and other volatile Hg
species [2]. These gaseous and particulate forms of Hg can travel and be deposited globally.
Although ingestion of Hg from drinking water or inhalation are potential issues in areas
with highly elevated Hg concentrations, the paramount concern is the ingestion of Hg from
fish [3]. Methylated forms of Hg can bioaccumulate in fish and subsequently transfer to
piscivorous animals and humans. Terrestrial systems play an integral role in the Hg global
biogeochemical cycle, by sequestering Hg and preventing transport to aquatic ecosystems.

Mobility and transport of Hg from soils in terrestrial systems has several implications
for Hg bioaccumulation in freshwater and marine ecosystems. Upland soils and riparian
soils sequester modern point source industrial pollution, modern non-point source do-
mestic, and historical pollution from mills, tanneries, and forges [1,4–6]. Mercury can be
mobilized from soils as dissolved phases or under erosional events can suspend on dis-
solved organic carbon (DOC) or colloids [7,8]. Once Hg is mobilized to aquatic ecosystems,
Hg can become methylated by sulfur-reducing bacteria and be taken up by freshwater
and marine organisms [9–12]. Mercury can be transported as dissolved species (including
complexed to fine colloids) or attached to suspended particles [13]. Suspended sediment
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transport is particularly important for Hg export to rivers, lakes, and coastal areas [13],
where they can negatively impact recreational and commercial fishing [14,15]. Discerning
the mechanisms for Hg transport within watersheds is an additional step toward reduc-
ing Hg transport to freshwater and marine ecosystems. The bays and estuaries of Long
Island Sound and Massachusetts have economically and culturally important fisheries
that provide regional economies millions of dollars in revenue from bivalves, decapods,
and fish [16].

Upland soils serve essential roles in retention and transport of Hg from due to their soil
organic matter (SOM), Fe oxides, and sorption to fine clay-sized particles. The mountainous
terrain is mantled with thin glacial till-derived soils [17,18] and fewer wetlands, which
generates relatively shorter transport paths from soils to surface waters. Riparian soils
can also serve and important role for retention of Hg under typical oxic conditions with
adsorption to SOM or reduction and precipitation of HgS complexes. The young soils of
the forested floodplains and stream banks of New England are formed by both natural
deposition during large storm events [19] and also by human alterations to streams from
dams [20]. In addition, riparian soils can store Hg deposited during high flow events in
which sediments are deposited beyond the stream channel, on the floodplain. Riparian
soils can also have higher Hg storage due to finer materials within fluvial and glaciofluvial
deposits and in organic rich soils of wetlands [21,22]. The storage of Hg in riparian soils is
important as mobilized Hg on sediments can contribute significantly to marine Hg budgets.
For example, Balcom et al., [14] determined that the Connecticut River was 59% of the total
Hg inputs to Long Island Sound.

The overarching objective of this study was to evaluate the sequestration of Hg in
upland and riparian soils and compare the sequestration with the transport of dissolved
and particulate-bound Hg. Here, we study three watersheds of New England, USA to
examine the exports and relate their transport to Hg abundance in upland and riparian
soils, and current and historic land-use. The first hypothesis was that upland and riparian
soils away from human developments and Hg sources would have less accumulation of
Hg. In the second hypothesis, it was expected that upper reaches of watersheds would
have less Hg transport due to lower dissolved and suspended Hg. This information can be
used to help evaluate the role of soil processes, geologic processes, land-use, and human
pollution on the linkage between soil and watershed exports of trace elements.

2. Materials and Methods
2.1. Watersheds

This study focused on three large watersheds of central and southern New England:
the Connecticut River Watershed, the Merrimack River Watershed, and the Thames River
Watershed, which are shown in Figure 1. Using the Köppen climate classification, the
climate of New England is primarily a humid continental, with mild summers and precipi-
tation throughout the year (Dfb) in the central area, and hot summers and precipitation
throughout the year in the in the southern, coastal areas.

The Connecticut River Watershed is the largest watershed in New England and drains
29,200 km2, ranging steep mountain landforms in northern Vermont and New Hampshire,
the Berkshire mountains to the west, and the White Mountains to the east which transitions
to rolling hills in the states of Massachusetts and Connecticut. Mean annual precipitation
exceeds > 2000 mm yr−1 in the mountains of Vermont and New Hampshire, and decreases
to 1000 to 1200 mm yr−1 in the Connecticut River valley of western Massachusetts and
central Connecticut. There is a mean annual temperature in the mountains of 5.2 ◦C, which
increases to 10.8 ◦C towards the coast in the river valley. Cities within the Connecticut
River watershed include Springfield MA and Hartford CT, with >500,000 individuals in
their metropolitan areas. There are over 65 major dams on the mainstem and tributaries of
the Connecticut River. Ecosystems transition from coniferous and deciduous forests (see
Table 1) in the montane uplands to agricultural lands in the valley floors [23].
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Figure 1. Map of elevation (m.a.s.l), watershed boundaries (Connecticut River, Merrimack River,
and Thames River), forest soil sampling locations in black triangles and grey circles, and river water
sampling locations in white four-point stars. Suspended sediment traps were deployed at the water
sampling locations.

Table 1. Watershed area, urban area, forest area, and wetland area for the Connecticut, Merrimack,
and Thames Rivers according to National Land Cover Database [24] land-use data. Urban areas
include open space, low, medium, and high intensity development.

Watershed Watershed
Area Urban Area Forested Area Wetland Area

km2 km2 % km2 % km2 %
Connecticut 29,200 2813 10 21,562 74 1721 6
Merrimack 12,975 2142 17 8243 64 1076 8

Thames 3817 433 11 2512 66 12 12

The Merrimack River Watershed drains 12,975 km2 of central New England, ranging
steep mountains in New Hampshire which transitions to rolling hill piedmont in Mas-
sachusetts and New Hampshire border. Mean annual precipitation exceeds > 2000 mm yr−1

in the mountains of New Hampshire and decreases to 1000 to 1200 mm yr−1 in the pene-
plain of eastern Massachusetts. Mean annual temperature in the mountains of 5.2 ◦C which
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increases to 9.7 ◦C in the peneplain towards the New Hampshire–Massachusetts border.
Cities within the Merrimack River watershed include Manchester NH, Nashua, NH, and
Lowell MA with populations > 100,000 individuals. There are 37 dams on the mainstem,
tributaries, and lakes of the Merrimack River. Ecosystems are predominantly northern
hardwoods with coniferous forests in the mountains regions and limited agricultural lands
in the southern areas (Table 1).

The Thames River watershed has a total area of 3817 km2, which is much smaller
than the other two watersheds, and predominantly drains eastern Connecticut, from
southern Massachusetts to the coast. Mean annual precipitation ranges between 1000 to
1200 mm yr−1 and the mean annual temperature is 10.7 ◦C. Since the Thames River is
tidally influenced, we focused on the three main branches of the Thames River: Yantic,
Shetucket, and Quinebaug Rivers. The Yantic River drains a largely undeveloped area of
rolling hills with some agricultural pasture and croplands. The Shetucket and Quinebaug
also drains forested rolling hills (see Table 1) and valleys with smaller cities including
Willimantic CT and Norwich CT with <50,000 individuals. The Shetucket River has four
hydroelectric dams, while the Quinebaug has nine hydroelectric dams.

2.2. General Geology and Soils

The bedrock lithology of central-southern New England is complex but can be suc-
cinctly described as highly deformed Precambrian to Paleozoic metamorphic rocks in-
cluding gneiss, schist, and marble with crystalline Paleozoic granite. Surface deposits
are controlled by the recent glacial history of the Pleistocene with many glacial lakes and
outwash deposits in topographic lows. Upland areas are characterized by subglacial and
supraglacial till, ranging from several meters thick to outcrop exposures on steep slopes
and in mountainous terrains.

Upland soils in the summit and shoulder positions are typically shallow (<3 m) glacial
till. Soils in mountains and sloped areas are young and rocky Inceptisols and Spodosols.
Inceptisols are dominant in areas that have been previously converted to agricultural
lands while developed Spodosols can be found in back slope and shoulder positions of the
Connecticut and Merrimack watersheds. Spodosols are uncommon in the Thames River
Watershed due to the extensive agricultural conversion to pasture lands or deforestation in
the 1800s and 1900s. Downslope, riparian areas of the Connecticut River, particularly within
the Glacial Lake Hitchcock deposits, are very well drained but concave swales from upland
to lowland positions can be poorly drained soils due to dense, fragipans from subglacial
till [17]. Inceptisols dominate the floodplains and stream banks of New England rivers due
to natural deposition of sand and silts from large storm events [19] and also changes in
sediment erosion and deposition from human dams in the rivers and streams [20].

2.3. Site Characterization, Soil Sampling, and Soil Processing

Upland forest sites were chosen in the Connecticut River Watershed (n = 26), Merri-
mack River Watershed (n = 15), and Thames River Watershed (n = 7). Upland sites needed
to be >10 m from any road or agricultural areas and could not show any sign of prolonged
water saturation, such as wetland vegetation, redoximorphic features, or gleying. Vegeta-
tion at upland forest sites were forested, with predominantly northern hardwoods sugar
maple (Acer saccharum), red maple (Acer rubrum), American beech (Fagus grandifolia), birch
(Betula spp.), hickory (carya spp.), white ash (Fraxinus americana), tulip poplar (Liriodendron
tulipifera), red oak (Quercus rubra) with minor eastern hemlock (Tsuga Canadensis), white
pine (Pinus strobus), and red spruce (Picea rubens).

Riparian forest sites were chosen along the mainstem of the Connecticut River Wa-
tershed (n = 10) and Merrimack River Watershed (n = 11) and along the Yantic (n = 3),
Shetucket, and Quinebaug (n = 8) tributaries of the Thames River Watershed (n = 11).
Riparian forest sites needed to be >10 m from any road or agricultural areas, were typically
located on the stream bank, and frequently had redoximorphic features or gleying. Vegeta-
tion at riparian forest sites were red maple (Acer rubrum), silver maple (Acer saccharinum),
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eastern Cottonwood (Populus angustifolia), white pine (Pinus strobus), swamp white oak
(Quercus bicolor), European white elm (Ulmus laevis), and pin cherry (Prunus pensylvanica).

To compare the effect of urbanization, upland forest and riparian forest sites were cate-
gorized as located in either a rural or developed area based up on their proximity to low to
high development based upon the 2016 National Land Cover Database [24]. To accomplish
this, a 2 km radius of the 2016 NLCD land-use data around each site were collected. The
amount of urban area classified as developed low-intensity, developed medium-intensity,
and developed high-intensity was calculated. Forest sites with >5% of their 2 km radius
area was classified as an urban area, the site was classified as developed [25].

At each forest site, soils were sampled by hand auguring with a one-piece auger and
depths were checked with a graduate pole. The forest floor layer was removed and only
mineral soil samples were collected. Master soil horizons were typically: A and E horizons
from 0 to ~25 cm, B horizons ~25 to ~35 cm, C horizons ~35 to 50+ cm. Since riparian forest
soils were developed from outwash and well-sorted fluvial deposits, depth intervals were
20 cm and riparian forest soils were sampled down to 100 cm depth. Upland forest soils
were developed from rocky glacial till and could only be consistently sampled by 10 cm
depth intervals down to 50 cm before large rocks prevented sampling any further. All soil
samples were air-dried in greenhouses at ~40 ◦C. Soil samples were then weighed and
sieved to ≤2 mm and then re-weighed.

2.4. River Water and Suspended Sediment Sampling

River water sampling for the Connecticut, Merrimack, and Thames watersheds was
designed to capture seasonal variability but was not intensive enough to capture individual
storm events. For ‘bottle’ river water collection in the field, 1 L acid-washed high-density
polyethylene bottles were rinsed then re-filled using a pole sampler at a depth of approxi-
mately 50 cm at least 2 m away from the riverbank. Bottles were acid-washed with 10% trace
metal-grade HNO3 and rinsed with river water sample prior collection. Water sampling
followed USGS sampling protocols [26]. Water samples were transported in an insulated
container to the University of Massachusetts. Suspended sediments from the water were
removed from samples via vacuum filtration using <0.45 µm cellulose membrane filters
(e.g., [27]), frozen at −40 ◦C, freeze-dried to remove moisture, and stored in a dark box at 4
◦C. ‘Bottle suspended sediment’ was used to estimate the mass of suspended sediment per
liter of river water.

Suspended sediment traps were deployed at the river water sampling locations to
gather an integrated signal of the physical and chemical properties of suspended sediments
in the Connecticut, Merrimack, and Thames Rivers. Suspended sediment traps were created
following designs and descriptions from Kayvantash et al. [28] and Patault et al. [29]. The
sediment traps consist of two 1-L polyethylene bottles, perforated at 5 cm from the top with
two opposite holes (diameter 5 cm). A fin below one of the holes was added to the original
design to ensure the trap inlet continually faced upstream. The samples are qualitative
suspended solids transported within the river water, and were deposited within the trap
due to a decrease in velocity and turbulent forces. Further details about the development
of this trap can be found in Kayvantash et al. [28]. Each suspended sediment trap was
suspended in the riverbank from a rope suspended on a tree branch or 3 m wood beam
with a 2.3 kg steel ballast attached to the bottom. Suspended sediment traps were deployed
approximately 2.5 m from the stream bank in the main river channel and at approximately
1 m deep. Suspended sediments were collected between 2 to 4 weeks, with more collections
during the spring thaw event. The suspended sediments were frozen at −40 ◦C, freeze
dried to remove moisture, and stored in dark box at 4 ◦C. Suspended sediments were
analyzed for chemical properties, particularly Hg concentration and %OM through loss-on
ignition (LOI), both described in the following section.
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2.5. Soil, Suspended Sediment, and Water Elemental Analyses

Loss-on-ignition (LOI) was used to measure %organic matter (%OM) in soils and
suspended sediments from the sediment traps. In brief, %OM was measured by combusting
a 1.000 ± 0.010 g oven-dried subsample at 550 ◦C for 8 hrs in quartz glass crucibles. Every 20
samples included one blank and duplicate and LOI relative CV was <2% between duplicates.

Total Hg concentrations for soil and suspended sediment samples were quantified
using a Direct Mercury Analyzer-80 (Milestone Inc.). For the Hg measurement, 100 ± 10 mg
of finely ground and homogenized subsamples were weighed into steel boats and ashed at
650 ◦C, trapping Hg on gold amalgam. For QA/QC, every 15 samples included a duplicate,
a preparation blank and two standard reference materials (SRM): NIST San Joaquin Soil
2709a and NIST New York/New Jersey sediment 1944 (National Institute of Standards
and Technology, Gaithersburg, MD). Preparation blanks of 100 mg of silicate powder were
below detection limits (<0.05 ng/g), and duplicate variations were within 5%. SRM Hg
measurements were within 10% of their certified values, with recovery rates for SRM NIST
2709a were 91–103%.

Dissolved Hg was attempted using two methods. First, a 50 mL filtered river water
sample was acidified to pH 2 with trace metal grade nitric acid. The sample was analyzed
with an Agilent 7700x Inductively Coupled Plasma Mass Spectrometer under helium mode
(Agilent Technology, Santa Clara, CA, USA). The limit of quantification was 0.05 µg L−1

but all river water samples were below this concentration. To increase Hg concentrations,
we utilized an exchange resin AG1-X4) to scavenge and adsorb Hg from 250 mL of river
water, derived from laboratory methods by Chen et al. [30]. In brief, AG1-X4 resin was
conditioned with 20 mL of 4 M trace metal grade HNO3 and then conditioned with 10 mL
0.1 M HCl and 1 g was added to 250 mL of acidified river water. The resin was then filtered
from the water sample after 24 h of chelation and analyzed Direct Mercury Analyzer.
Unfortunately, the resulting resin Hg concentrations were below the limit of quantification
(<0.1 ng in 250 mL of river water). These low dissolved Hg concentrations agree with
previous studies that found dissolved Hg concentrations in the Connecticut and other New
England rivers to be <0.005 µg L−1.

Soils and suspended sediments digested for major elements (Al, Ca, K, Fe, Si). In
brief, a 100 ± 10 mg of finely ground and homogenized subsamples were weighed into
50 mL centrifuge tubes and digested with 5 mL of 9:1 reverse aqua regia (HNO3:HCl) at
70 ◦C for 45 min for a modified closed vessel hot plate digestion EPA method 3050B. The
digest was diluted to 50 mL and further diluted to 10 mL at a ratio of 1 mL digest to 2 mL
of deionized water. For QA/QC, every 15 samples included a duplicate, a preparation
blank and two standard reference materials (SRM)s: NIST San Joaquin Soil 2709a and NIST
New York/New Jersey sediment 1944. The dilutions were analyzed using an Agilent 5110
Inductively Coupled Plasma-Optical Emission Spectrometer (Agilent Technologies, Santa
Clara, CA, USA). Recoveries for pseudo-total digests of NIST 1944 and 2709a for Al, Ca, K,
Fe, Mn, and Si were 71–93% of their certified values. The low recover rates were due to the
incomplete digestion of silicate minerals. The metal concentration coefficient of variation
between intra-sample duplicates was <5% and metal concentrations in the preparation
blank samples were <0.2% of their analyte concentrations.

2.6. Suspended Sediment Hg Export Estimation

To estimate watershed Hg export, total discharge was determined from the monthly
summed discharge amounts through the sampling period obtained from the USGS for the
Connecticut River at the USGS Station 1193050, Merrimack River at USGS station 110000,
and for the Thames River at the Quinebaug station 1127000, Shetucket station 11230695,
Yantic station 1127500. Average suspended sediment masses from the 1-L bottles were used
to estimate the monthly suspended sediment discharge amounts. Next, we used Hg con-
centrations from the trapped suspended sediments, as they are a better qualitative estimate
of the integrated Hg concentrations due to their multi-week collection and deployment.
These methods make several key assumptions that must be noted. First, the suspended
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sediment amounts are likely underestimates as storms events and other stochastic large
influxes are not captured. Further, we collected water within <4 m of the edge of the river,
which means that larger sediment transported in the center of the stream channel are not
captured. Lastly, the due to low sample mass we must rely on the trapped Hg sediments
as opposed to the suspended sediments in the 1-L bottles for suspended sediment Hg
concentrations. Despite these limitations, these methods provide an empirically grounded
approximation of suspended sediment and their Hg concentration.

2.7. Statistical Analyses

Descriptive statistics were calculated in Matlab (Mathworks, Natick, MA, USA). Av-
erage values are presented in text and in figures ± 1 standard error. Since data were
limited, nonparametric statistics, such as the Kruskal–Wallis for comparisons among three
or more watersheds with post hoc Wilcoxon Signed Rank test and comparisons between
specific watersheds was with the Wilcoxon Signed Rank test, were used to compare soil
and suspended sediment Hg concentrations among watersheds. To examine relationships
among soil elements, %SOM (%soil organic matter g/g), extractable Fe, and Hg, data were
tested for normality, logarithmically transformed when necessary, and compared with
Pearson Linear Regressions or Exponential regressions. Slope, intercept, coefficients of
determination, and p-values are provided for the regression models.

3. Results and Discussion
3.1. Upland and Riparian Forest Soil Hg among the Watersheds

In our first set of hypotheses, we investigated if there are significant differences
in accumulation of Hg in upland and riparian forest soils. Across the 48 upland forest
sites and all depths, the overall mean and median Hg concentration were 83 ng g−1 and
71 ng g−1, respectively, with a Q1 of 43 ng g−1 and Q3 of 94 ng g−1. Considering each
of the three watersheds, there were no significant differences in upland forest soil Hg
concentrations across depths among the three watersheds. Mean upland forest soil Hg
concentrations in the Connecticut River watershed were 74 ± 7 ng g−1, Merrimack River
watershed were 113 ± 46 ng g−1, and Thames River watershed were 51 ± 11 ng g−1. When
considering the 32 riparian forest soils across all depths, their Hg concentrations were
significantly higher than the upland forest soils (p < 0.05). The overall mean and median
Hg concentration in riparian forest soils were 209 ng g−1 and 153 ng g−1, respectively,
with a Q1 of 95 ng g−1 and Q3 of 266 ng g−1. Since the soil parent material across the
three watersheds is a heterogeneous mix of glacial-till, glaciofluvial deposits, and other
post-glacial deposits [17,20], there were no expectations for elevated bedrock-induced Hg
sources. Instead, Hg in the upland forest soils of the northeastern US were controlled by
atmospheric deposition [31,32], particularly proximity to historical and urban sources [33].

Considering each of the three watersheds, there were significant differences in overall
riparian forest soil Hg concentrations. Mean riparian forest soil Hg concentrations in the Con-
necticut River watershed were (137 ± 29 ng g−1) was significantly lower than in the Merrimack
River watershed (268 ± 90 ng g−1) and in the Thames River watershed (216 ± 45 ng g−1). The
significantly higher riparian forest soil Hg concentrations of the Merrimack watershed reflect
the greater historical river pollution of the Merrimack River. Largemouth Bass (Micropterus
salmoides) and Yellow perch (Perca flavescens) sampled from ponds throughout the Merrimack
River watershed between 1990 to 2011 had wet weight tissue Hg concentrations ranging from
0.13 up to 1.63 mg kg−1, and were not recommended for consumption by sensitive human
groups: children and pregnant women [15]. Historical Hg pollution in the Merrimack River
and Thames River are believed to be sourced from textile mills, tanneries, and mining facilities
in the 1700s to 1900s and more recent pollution of untreated sewage, industrial wastes contin-
ued until passage of the Clean Water Act [14,34,35]. Mercury pollution from the rivers have
been deposited to riparian forest soil stream banks and floodplains during storm events [36],
enriching their Hg concentrations higher than in upland forest soils.
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Our forest soil Hg concentrations were either similar or elevated compared to other
temperate forest regions globally. As prime examples, elevated Hg concentrations in
mineral soils of temperate forests across the Czech Republic (10 to 400 ng g−1) [37], in
central Poland (1 to 322 ng g−1) [38], northeastern China (80 to 730 ng g−1) [39], and
southwestern China (120 to 260 ng g−1) [40]. The sequestration of Hg in temperate forest
soils across North America, China, and Europe appear to be comparable, despite 2x to
5x atmospheric deposition rates of Hg in China. Riparian forest soil Hg concentrations
in the Merrimack River Watershed far exceeded upland forest soil Hg concentrations
in our study and are elevated above concentrations of other point source contaminated
temperate riparian soils. For example, riparian soils contaminated with Hg from point
source pollution by the Guizhou organic chemical plant in Guiyang City, China only
attained Hg concentrations of 109 to 371 ng g−1 [41]. However, an extensive point source
Hg pollution from a DuPont textile manufacturing plant in Waynesboro, VA, USA caused
the 30 to 70,000 ng g−1 in riparian forest soils [42].

3.2. Upland and Riparian Forest Soil Hg between Rural and Developed Locations

In our second set of hypotheses, we investigated if the accumulation of Hg in upland
and riparian forest soils varied between rural and developed areas (Figure 2). For upland
forest soils in the Connecticut River watershed, Hg concentrations were significantly
different between rural (86 ± 10 ng g−1) and developed locations (62 ± 12 ng g−1) (p < 0.01).
For the Merrimack River watershed, upland forest soil Hg concentrations were significantly
different between rural (81 ± 11 ng g−1) and developed locations (136 ± 48 ng g−1)
(p < 0.01). For the Thames River watershed, Hg concentrations were not significantly
different between rural forest soils (53 ± 6 ng g−1) and developed forest soils (50 ± 9
ng g−1) (p = 0.32). Furthermore, upland forest soil Hg concentrations in the Merrimack
River watershed developed areas and rural areas were significantly greater than their
respective counterparts in the Connecticut River Watershed and Thames River Watershed.
Our results for the Connecticut River Watershed suggest that the undisturbed forest soils
in rural areas have been able to accumulate and retain higher Hg concentrations than more
developed and disturbed soils, particularly forests cleared in the 1800s, abandoned in the
late 1800s, and reforested during the early 1900s [43,44]. Conversely, in the Merrimack
River watershed, upland forest soils closer in proximity to Hg emitters in developed areas
had higher Hg concentrations. These results imply that proximity to point sources may
play the dominant larger role in Hg accumulation and retention in upland forest soils than
disturbance of surface horizons by human activities. Since the Thames River Watershed is
much smaller than the other two watersheds, thus these space-driven differences may not
be possible within that watershed.

For riparian forest soils in the Connecticut River watershed, Hg concentrations were
not significantly different between rural forest soils (124 ± 24 ng g−1) and developed forest
soils (151 ± 33 ng g−1) (p = 0.09). Similarly, the Hg concentrations in riparian forests soils in
the Thames River watershed were not significantly different between rural (234 ± 40 ng g−1)
and developed locations (209 ± 46 ng g−1) (p = 0.41). For the Merrimack River watershed,
riparian forest soil Hg concentrations were significantly higher in developed forest soils
(407 ± 119 ng g−1) than in rural forest soils (157 ± 22 ng g−1) (p < 0.01). Furthermore,
riparian forest soil Hg concentrations in Merrimack River watershed developed areas and
rural areas were significantly greater than their respective counterparts in the Connecticut
River Watershed and Thames River Watershed. These results further highlight that both
the riparian and upland forest soils of the Merrimack River have elevated forest soil Hg
concentrations. Moreover, they support our previously discussed mechanisms of historical
Hg pollution from former industrial activities and untreated wastes and sewage in the
Merrimack River driving the elevated forest soil Hg concentrations [14,34,35]. Lastly, the
Merrimack River has a greater percentage of urban and developed areas than the other
two watersheds (Table 1), making it more susceptible to Hg pollution from municipal,
commercial, and industrial sources.
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Figure 2. Median soil Hg concentrations in upland and riparian forest soils with National Land
Cover Database 2016 data [24] displayed. Low Hg concentrations (20 to 100 ng g−1) approximately
follow most commonly observed concentrations, moderate Hg concentrations (100 to 300 ng g−1)
reflect moderate enrichment such as higher than normal atmospheric deposition rates, and elevated
Hg concentrations (>300 ng g−1) are levels associated with point source pollution.

When considering upland and riparian forest soil Hg profiles (Figure 3), we observed
some significant differences which varied with depth. The upland and riparian forest
soil Hg concentration profiles for the Connecticut River watershed and Thames River
watershed did not show significant differences with depth for rural and developed locations.
The riparian forest soil Hg concentrations in the Merrimack River watershed increased
significantly with depth from 135 ± 50 ng g−1 up to 568 ± 191 ng g−1 for developed
locations (p < 0.01), but not for rural locations (p = 0.12). Conversely, the riparian forest
soil Hg concentrations in the Merrimack River watershed decreased with depth from
250 ± 77 ng g−1 up to 73 ± 22 ng g−1 for developed locations (p < 0.01) but not for
rural locations (p = 0.18). Decreasing Hg concentrations with depths in upland forest
soils demonstrate sequestration of atmospheric deposition, which has been observed in
upland forests across the region [4,32]. However, riparian forest soils had increasing Hg
concentrations with depth. This is an important difference between the two types of
forest soils and imply that new sediment has been deposited on top of the Hg pollution
in the riparian areas. It is difficult to elucidate whether the Hg accumulated while the
sediment was submerged from former mill dams or accumulated while aerial from sporadic
sediment depositional events from large storms [45]. For example, in Dow et al., [46],
Hg/SOM ratio generally increased with depth in riparian soils developed from submerged
sediments deposited between 1900 and 1980 in South River of Massachusetts, a tributary
of the Connecticut River. Dow et al., [46] concluded that sediments had collected Hg
while submerged, which was later inherited by the soils formed from the sediments after
dam removal. In either case, our results suggest that the Hg in riparian forest soils of
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the Merrimack River are not recent atmospheric deposition and have been buried by
newer sediments.
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Figure 3. Soil Hg concentration profiles in upland forest and riparian forest soils across the Connecti-
cut, Merrimack, and Thames River watersheds. (*) indicates a significant difference between rural
and developed forest soil Hg concentrations (p < 0.05).

We investigated the role of %SOM and extractable, non-silicate Fe as a proxy for
crystalline and amorphous Fe oxyhydroxides in Hg sequestration in upland and riparian
forest soils across the three watersheds. Mercury concentrations were correlated with
%SOM but not with Fe concentrations in riparian forest soils (Figure 4). Similarly, Hg
concentrations were correlated with %SOM but not with Fe concentrations in upland forest
soils (Figure 4). These results highlight the consistently observed control of organic matter
influencing the accumulation and retention of Hg in soil [4,7,31,32]. However, these soils
did not have a strong relationship between Hg and Fe concentrations, suggesting that other
processes, such as extent of soil development and type of Fe (i.e., reduced Fe forms) affected
the detection of Fe oxyhydroxide accumulation of Hg. Furthermore, the soils studied were
often young, Entisols and Inceptisols and have not undergone extensive pedogenesis to
develop Fe oxyhyroxides that promote Hg sequestration [32,47].
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Figure 4. Comparison of soil properties with Hg concentration across the three watersheds. (A) Linear
regression of %SOM and Hg concentrations in riparian soils, which were significant (p < 0.01).
(B) Linear regression of Fe concentrations with Hg concentrations, which were not significant.
(C) Linear regression of %SOM and Hg concentrations in upland soils, which were significant
(p < 0.01). (D) Exponential regression of Fe concentrations with Hg concentrations, which was not
significant (Linear regression was not significant either p > 0.10).

3.3. Suspended Sediment Hg Concentrations

In our third hypothesis, we investigated if the export of Hg via suspended sediments
differed among the three watersheds. Bottled suspended sediments were used to estimate
the mass of suspended sediments, but were too little mass to conduct and replicate chemical
analyses. Across the three watersheds and river water sampling collection dates, the overall
mean and median suspended sediment in 1-L water samples were 13 mg L−1 and 12 mg L−1,
respectively, with a Q1 of 7 mg L−1 and Q3 of 18 mg L−1. Bottle suspended sediment in
the Merrimack River (12 ± 2 mg L−1) was not significantly lower than in the Connecticut
River (17 ± 3 mg L−1) (p = 0.09), but the Thames River watershed (10 ± 2 mg L −1) was
significantly lower than the Connecticut River (p < 0.01). We hypothesize the steeper head-
water terrain, higher discharge rates, and eroding glaciofluvial deposits of the Connecticut
River and Merrimack River contributed to the higher suspended sediment loads compared
with the Thames River [19,36,45,48].

Across the three watersheds and suspended sediment trap collections (Figure 5), the
overall mean and median Hg concentration were 292 ng g−1 and 247 ng g−1, respectively,
with a Q1 of 185 ng g−1 and Q3 of 421 ng g−1. Suspended sediment Hg concentrations
in the Merrimack River watershed (460 ± 35 ng g−1) was significantly higher than in the
Connecticut River watershed (180 ± 20 ng g−1) (p < 0.01) and the Thames River watershed
(236 ± 26 ng g−1) (p < 0.01). The higher suspended sediment Hg concentrations in the



Pollutants 2022, 2 263

Merrimack River are likely historical industrial and urban pollution, similar to the riparian
soils described previously.
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Figure 5. Discharge of water, sediment, and Hg from the three watersheds. (A) Mean daily river
flow rates for the Merrimack (USGS station 110000), Connecticut River (USGS Station 1193050), and
Thames River (Quinebaug station 1127000, Shetucket station 11230695, Yantic station 1127500) from
United States Geological Survey data at waterdata.usgs.gov. (B) shows bottle suspended sediment
masses (>0.45 µm) in the 1-L water samples collected. (C) displays Hg concentrations of trapped
suspended sediments (>0.45 µm). (D) shows monthly Hg exports across the three watersheds based
upon total monthly river water discharge amounts, bottle suspended sediment masses, and trapped
suspended sediment Hg concentrations.

Using USGS monthly discharge totals and suspended sediment masses from the 1-L
bottles we estimated the median monthly suspended sediment discharge amounts for the
three watersheds, which were: 16.9 Gg month−1 for the Connecticut River, 5.1 Gg month−1

for the Merrimack River, and 0.5 Gg month−1 for the Thames River. Next, we used Hg
concentrations from the trapped suspended sediments as integrated estimate of suspended
sediment Hg concentrations, which we expected to be more representative due to their
multi-week collection and deployment. We estimated the median suspended sediment Hg
export to be 3.89 kg month−1 for the Connecticut River, 2.48 kg month−1 for the Merrimack
River, and 0.14 kg month−1 for the Thames River. Our results highlight that the Connecticut
River, which had the largest watershed area, was the larger exporter of Hg via suspended
sediments of the three watersheds studied here. We hypothesize that the 3x larger discharge
of suspended sediment from the Connecticut River was the primary factor driving the
greater Hg export rate per month than the Merrimack River. Our suspended sediment
estimate of Hg finding generally agrees with Balcom et al. [14]), in which half of the 8.19 kg
month−1 Hg export occurred as suspended particulates for the Connecticut River. However,
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our study did not quantify dissolved Hg concentrations, which as quantified by Balcom
et al. [14], represented approximately half of the river Hg export.

If we scale the Hg export rate to the total area of the watershed, the relative export
rates increase for the Merrimack River and decrease for the Connecticut River. Suspended
sediment Hg export rates normalized to area change to 0.13 kg km−2 month−1 for the
Connecticut River, 0.19 kg km−2 month−1 for the Merrimack River, and 0.04 km−2 for the
Thames River (Figure 5). When considered on an area-normalized basis, the Merrimack
River was the largest Hg exporter per unit area. This finding agrees with the higher
suspended sediment Hg concentrations and higher Hg concentrations in the riparian
forest soils of the Merrimack River than in the Connecticut River and Thames River. This
highlights the extensive history of Hg pollution in the Merrimack River [49] rather than
the increasing Hg atmospheric deposition from global industrialization (see [1]). The
Merrimack River has been identified as a biological hotspot for biotic Hg accumulation in
fish, such as yellow perch and loons [15,50]. The Hg could have been sourced from the
higher atmospheric deposition of Hg from combustion of fuels and waste [15,50] or from
direct Hg pollution to the Merrimack River from its higher urbanization and industrial
land-use history into the early 1600s [34,35,46]. The Thames River was much smaller than
the Connecticut and Merrimack Rivers, and normalization by watershed area still showed
the lowest normalized Hg export rates per km−2. We hypothesize that the Thames had the
lowest normalized Hg export rates km−2 due to low suspended sediments due to the many
dams on the main branches of the Yantic, Quinebaug, and Shetucket Rivers.

Our monthly river Hg export estimates has some key limitations to note. First, we
utilized traps to collect an integrated Hg concentration signal in suspended sediments.
One important drawback from this approach was the preferential accumulation of lighter,
organic rich sediments while mineral dominated sediments moving along the bottom
of the stream channel appear to be under-sampled. Furthermore, the 2020 year was a
drier hydrologic year compared with the 30-year average. This could have led to less Hg
transport and export in the three rivers from decreased water, lower suspended sediment
from less erosion or stream power, or movement of atmospherically deposited Hg from
riparian soils to streams. However, our sediment masses in 1-L river water samples and
sediment export masses were comparable to those reported by Balcom et al. [14]. Lastly,
without dissolved Hg concentrations, we are missing an essential piece to quantify total
river Hg exports by the Connecticut, Merrimack, and Thames Rivers. As shown in Balcom
et al. [14], even though Hg concentrations were <0.005 µg L−1, when scaled to the volume
of water traversing the watersheds, it can result in kilograms of Hg per month.

Considering the suspended sediment across the three watersheds, Hg concentrations
were correlated with the organic matter content of the sediments and also the Fe concen-
trations. These correlations demonstrate the sediment transport of Hg is aided by the
complexation by amorphous to crystalline Fe, as well as organic matter (Figure 6). These
relationships have been identified before such as in Rhoton and Bennett [51], who observed
coefficients of determination R2 values >0.44 for organic carbon and Fe oxides in river sedi-
ment cores in the Yalobusha River of Mississippi, USA. Thus, the transport of suspended
sediment Hg is tied to the movement of adsorbents across the three watersheds.

3.4. Linkages between Upland and Riparian Soils with Suspended Sediments

Although direct transport of Hg from upland and riparian forest soils were not mea-
sured or studied, some conclusions at the watershed scale can be inferred. Riparian forest
soil Hg concentrations and suspended sediment Hg transport appear to be closely linked,
particularly for the Merrimack River Watershed. In the Merrimack River Watershed, Hg
appears be sourced from historical industrial and urban pollution, which is in part se-
questered in riparian forest soils during depositional events and being transported by
suspended sediments under erosion. This agrees with other point source Hg pollution
dynamics, such as in the study by Pizzuto [52]. In their study, suspended sediments car-
rying Hg from a point source pollutant emission into the South River of central Virginia
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USA, have been deposited onto floodplains during high flow events. Moreover, subsequent
erosion events of streambanks lead to further downstream enrichment of Hg in suspended
sediments [52]. Linkages between upland forest soils and suspended sediments is less
clear. Our study showed that upland forest soils can sequester Hg when in proximity to
point source emissions. From our data, it is difficult to discern if these correspond with
higher Hg concentrations in suspended sediments due to the also enriched riparian soil Hg
concentrations. It is well-documented that upland forest soils and store Hg, which driven
by organic matter dynamics and illustrated in many previous studies [4,31,32,37,47], and
further evidence is needed to determine if their stability and if surface erosion can be an
important transport mechanism. Due to the development of thick organic horizons (4 to
15 cm deep), surface erosion and transport of upland forest soil Hg is unlikely except in
areas in which geomorphology allows for exposure and mobilization of the mineral soil.
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tions and (B) shows a significant correlation between Fe concentrations and Hg concentrations in
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4. Conclusions and Implications

The results from our study highlight differences in the sequestration of Hg in forest
soils and the transport of Hg via suspended sediments across the Connecticut River,
Merrimack River, and Thames River watersheds. Forest soil Hg concentrations were
greater in riparian forest soils than in upland forest soils across all three watersheds and
developed sites near urbanization had higher Hg concentrations only in the Merrimack
River watershed. The sequestration of Hg in riparian soils was likely the result of historical
industrial and urban pollution sequestered in sediments deposited during storm events.

Furthermore, our results highlight distinct differences in suspended sediment export
of Hg. The Connecticut River had higher median suspended sediment masses in water
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samples, but the Merrimack River had higher Hg concentrations in trapped suspended
sediments. Due its much larger size, suspended sediment Hg export rates for the Connecti-
cut river was 3.89 kg month−1 compared to 2.48 kg month−1 for the Merrimack River, and
0.14 kg month−1 for the Thames River. This agrees with the general understanding of larger
watersheds carrying more sediments. However, when suspended sediment Hg median
export rates were scaled by total area of the watershed, the Merrimack River had 0.19 kg
km−2 month−1, while the Connecticut River had 0.13 kg km−2 month−1, and 0.04 kg km−2

month−1 for the Thames River. We hypothesize that the higher Hg export rate for the
Merrimack River was controlled by remobilization of historical Hg pollution. The fact that
most of the Hg was buried beneath 40+ cm of current soil and modern erosion, as opposed
to subsurface colloidal transport, appears to be important for remobilization of sequestered
Hg from riparian forest soils. Further studies of the complex nature of suspended sediment
sourcing and temporal scales for remobilization and transport of Hg within the watersheds
is warranted, especially during storm events.
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