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Abstract Tundra soils serve as major sources of mercury (Hg) input to the Arctic Ocean via river runoff and
coastal erosion; yet little information is available on tundra soil Hg concentrations, pool sizes, origins, and
dynamics. We present a detailed investigation of Hg in the active layer (upper ~100 cm subject to seasonal
thaw) of tundra soils across 11 sites in Alaska. Soil Hg concentrations in organic horizons (151 + 7 pg/kg) were
in the upper range of temperate soil organic horizons, and concentrations in mineral horizons (98 + 6 pg/kg)
were much higher than in temperate soils. Soil Hg concentrations declined from inland to coastal sites, in
contrast to a hypothesized northward increase expected because of proximity to coastal atmospheric
mercury depletion events. Principle component analyses and elemental ratios results show that exogenic
sources dominated over geogenic sources—in A-horizons (66 + 4%) and mineral B-horizons (51 + 1%). 1C
age-dating suggested recent origins of Hg in surface soils but showed that mineral soils (more than

7,300 years old) must have accumulated atmospheric inputs across millennia leading to high soil
concentrations and pools. We estimated a total Northern Hemisphere active-layer tundra soil Hg pool of
184 Gg (range of 136 to 274 Gg), suggesting a globally important Hg storage pool. Tundra soils are subject to
seasonal thaw and freeze dynamics, thereby providing large inputs to rivers, lakes, and the Arctic Ocean.
Understanding processes that mobilize Hg from tundra soils will be critical to understanding future Arctic
wildlife and human Hg exposures.

1. Introduction

Upland soils act as buffers for Hg transfer between atmospheric deposition and runoff to streams and lakes
(Lorey, 1999). Soils also serve as the main source of Hg to many lakes (Henning et al, 1989; Lindqyist et al.,
1991), often exceeding direct atmospheric deposition. Turnover, dynamics, and mass balances of Hg in soils
still have many uncertainties. For example, some studies indicate that as much as 25% of atmospheric Hg
deposited to upland terrestrial basins reaches lakes (Mierle & Ingram, 1991; Swain et al,, 1992), while others
showed as little as 1% mobilization of atmospheric deposition from uplands to proximate lakes (Harris
et al, 2007).

Only a few studies exist on Hg dynamics in Arctic tundra soils, despite their critical role as an Hg source to
Arctic lakes, rivers, and the Arctic Ocean. The tundra biome accounts for roughly 6% of the Earth’s surface
(Bailey, 2014), and tundra soils are considered the dominant source of Hg to Arctic rivers and lakes
(Fitzgerald et al., 2005; Klaminder et al., 2008; Rydberg et al., 2010). Fitzgerald et al. (2005) showed that upland
tundra soils are the largest single source of Hg loading in lakes of northern Alaska. Seasonal freshwater
discharge from snowmelt and soil thaw releases large amounts of sediment as well as dissolved and
particulate organic carbon (DOC and total organic carbon) to major Arctic rivers that drain into the Arctic
Ocean (Dittmar & Kattner, 2003). Along with sediment and organic carbon transport, large amounts of Hg
are mobilized from upland soils to the Arctic Ocean (Emmerton et al., 2013; Leitch et al,, 2007; Schuster
et al, 2011), including from the Mackenzie (2.3-4.2 Mg/year; Emmerton et al, 2013) and Yukon rivers
(4.4 Mg/year; Schuster et al, 2011). These Arctic rivers have 3 to 32 times larger Hg yields than reported from
other major Northern Hemisphere (NH) river basins (0.4 to 4.4 Mg/year; Schuster et al,, 2011). Recent model
simulations estimated a range of annual fluxes between 46 and 95 Mg Hg/year (Dastoor & Durnford, 2014;
Fisher et al., 2012; Zhang et al,, 2015) from Arctic rivers to the Arctic Ocean, plus 15 Mg Hg/year from coastal
erosion (Fisher et al, 2012). This annual flux exceeds direct atmospheric Hg deposition to the ocean (Fisher
et al,, 2012). The dominance of upland runoff and erosion sources to the Arctic Ocean contrasts with other
ocean basins where direct atmospheric Hg deposition generally dominates (Soerensen et al,, 2016).
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The Arctic in modern times has experienced increased atmospheric Hg inputs and increased methylmercury
production compared to preindustrialization (Hammerschmidt et al, 2006). Arctic sediments show a 3-to-5
times increase in atmospheric deposition loads since the Industrial Revolution (Fitzgerald et al,, 2005), similar
to those found in temperate zones (Drevnick et al, 2016; Schuster et al, 2002). This modern increase in
Arctic Hg deposition has led to increased biological exposure as confirmed, for example, by Arctic animal tissue
collections showing a 14-fold increase in Greenlandic polar bear hair Hg concentrations since 1300 CE (Dietz
et al, 2006) and a fourfold increase of Hg in teeth of Beluga Whales since 1650 CE (Outridge et al, 2002).
Elevated mercury concentrations in the Arctic also pose a threat to indigenous groups that rely on Arctic wildlife
for food (AMAP, 2011). Higher intake of methylmercury has led to tenfold higher blood mercury concentrations
in the Inuit population of Nunavut (Arctic Canada) than those living in southern Quebec (Laliberté et al., 1992)
and a possible risk of fetal toxicity among more than 90% of child-bearing women (Ayotte et al., 2001).
Additionally, one in four children from Nunavut exceeded the World Health Organization reference value for
hair Hg concentration because of higher than acceptable levels of methylmercury intake (Tian et al,, 2011).

The objectives of this study were to (1) assess the spatial (both horizontal and vertical) distribution of upper
soil Hg concentrations in the active layer of tundra soils (i.e., soils that are subject to seasonal thaw); (2) assess
the degree to which active-layer tundra soil Hg is derived from atmospheric versus geogenic sources by
means of comparisons to crustal elements and stable isotope analysis; (3) characterize associations of soil
Hg with soil organic carbon (OC), pedogenetic characteristics, soil age, and major and trace elements to
assess factors that determine Hg accumulation in tundra soils; and (4) use these data along with further pub-
lished data on Arctic tundra soil Hg to extrapolate active-layer tundra soil Hg pools across the tundra (upper
1 m) to assess pool sizes located in the active-layer zone. We compared results to a recent study by Schuster
et al. (2018), who measured Hg concentrations across 13 permafrost cores to depths of 166 ¢cm, and reported
Hg concentrations ranging from 17 to 207 pug/kg (mean of 64 ug/kg) in the permafrost zone and concentra-
tions of 50 to 100 pug/kg in the active-layer zones. They estimated that NH Hg pool size may contain an enor-
mous amount of Hg (1,656 Gg) in permafrost soils, roughly half of which was estimated to be located in the
continually frozen permafrost zone. Their study, however, did not elucidate the dynamics of Hg in active-layer
Hg zones and horizons, or origins of Hg in different layers. Our findings should help to understand how much
Hg is accumulating in Arctic tundra soils, characterize sources in soil horizons, determine physical and chemi-
cal factors that are related to Hg accumulation, and help constrain the fate of Hg contained in these highly
dynamic, seasonally thawing, active-layer soil horizons.

2. Methods
2.1. Study Sites

The main study site was located at Toolik Field station in northern Alaska (68°38'N, 149°36'W; Figure 1). Toolik
Field station is at an elevation of 720 m above sea level with a mean annual precipitation of 312 mm and a
mean annual air temperature of —8 °C (Lee, 2015). The site is dominated by an acidic tussock tundra
(Shaver & Chapin, 1991) with dominant species including Cetraria kamczatica Savicz (white lichen),
Masonhalea richardsonii (Hook.) Karnefelt (brown lichen), Hylocomium splendens (Hedw.) Schimp. (feather
moss), Carex aquatilis Wahlenb. (tussock grass), and Betula nana L. (dwarf birch). This site is characterized
as moist-to-wet tundra with Typic Aquiturbel soils.

Seven additional sites were chosen along a 200 km stretch of the Dalton Highway between Toolik Field sta-
tion and Deadhorse near the Arctic Ocean (Figure 1b and Table S1). These sites were co-located with previous
soil surveys by the U.S. Department of Agriculture Natural Resource Conservation Service (Michaelson et al.,
2013). Four of the sites were located in moist acidic tundra, and three of the sites were located in moist non-
acidic tundra (Borden et al., 2010). Moist acidic tundra vegetation is characterized by tussock grass, ericac-
eous shrubs, and sphagnum moss (Borden et al,, 2010). Moist nonacidic tundra vegetation is characterized
by sedges, prostrate shrubs, and peat moss (Borden et al., 2010). Moist nonacidic soils are more neutral to
alkaline as a result of recent deposits of calcareous loess from the banks of the Sagavanirktok River
(Borden et al., 2010). Four of the sites were located in the Sagwon Hills region, part of the northern foothills
of the Brooks Range in northern Alaska. This area is characterized by rolling hills with gentle slopes (maximum
20%) and has a mean annual precipitation of 140 to 270 mm (Ping & Moore, 1993) and a mean annual air tem-
perature of —6 to —4 °C (Zhang et al,, 1996).
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Figure 1. Research sites used in this study. (a) The main research site was characterized as Tussock tundra located at Toolik Field Station in northern Alaska, with
additional sites located in NW Alaska at the Noatak National Preserve and near Denali National Park in interior Alaska. (b) Seven sites were chosen along a
200 km transect following the Dalton Highway.

Another study site was at the Eight Mile Lake watershed near the northeast corner of Denali National Park and
Preserve in central Alaska (63°52'59"N, 149°13/32"W). Eight Mile Lake is at an elevation of 700 m on a relatively
well-drained, gentle, northeast facing slope with a mean annual air temperature of —2.8 °C (Natali et al,,
2014). The vegetation at this site is characterized by moist acidic tussock tundra and is underlain by contin-
uous permafrost within the watershed despite being located in a zone of discontinuous permafrost (Webb
et al,, 2016). Dominant species at this site included white lichen, brown lichen, feather moss, tussock grass,
and dwarf birch. Soils here are classified as Gelisols with an organic horizon 45-65 ¢m thick above a cryotur-
bated mineral soil that is a mixture of glacial till and windblown loess (Lee et al,, 2010).

A further study site was located in the Noatak National Preserve in northwestern Alaska. At this location, the
following three subsites were sampled and included: Asik (67°28'31"N, 162°14'0"W), ANFT4 north facing
(67°31"21"N, 162°3'48"W), and ANFT4 south facing tundra (67°31'26.04"N, 162° 3’ 33.696"W). The soils were
characterized as Orthels under the Gelisol Order and were relatively ice-poor with minimal evidence of cryo-
turbation. Dominant vegetation species at the Asik site included Picea glauca (Moench) Voss (white spruce)
with extensive feather moss cover. Dominant vegetation species at the ANFT4 north facing site included
upland tussock tundra vegetation above the treeline with extensive peat moss cover, Vaccinium uliginosium
L. bog (blueberry), and Vaccinium vitaus-idaea L. lingonberry (cranberry). The ANFT4 south facing site con-
tained upland tussock tundra vegetation and extensive peat moss cover with blueberry and cranberry.
Mean annual temperature at an elevation of 405 m was —2.9 °C, and the precipitation was roughly
250 mm based on snow depth sensor data (Western Regional Climate Center, 2005).

2.2. Sample Collection

We collected soil samples to the bottom of the unfrozen active layer using clean latex gloves and stainless
steel tools washed with deionized water, Additionally, we collected bulk vegetation samples from the surface
of the excavated soil pits. All samples were double-bagged in plastic zip-lock bags and stored on ice until
transport to the laboratory where they were kept frozen at —20 °C until analysis. Soil pits were sampled in late
July and early August of 2014 and 2015, coinciding approximately with the peak thawing depth of the active
layer (maximum depth of 90 ¢m). Soil pits were vertically sampled by soil horizons from the surface to the
permafrost zone or to the underlying bedrock. Organic soil horizons were determined visually according to
the following standard protocols: Oi, fresh undecomposed surface litter; Oe, partially decomposed litter;
and Oa, fully organic humus layer characterized by decomposition, whereby plant origin is no longer recog-
nizable. Mineral soil A-horizons were determined by their darker gray color with high organic matter (OM)
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content, and B-horizons were characterized by their lighter brown or gray color. The horizon separation
between O-, A-, and B-horizons in the field based on color and soil characterization was confirmed by OM
analysis in the laboratory (generally O: =20% OM and A: =10% OM). Buried organic horizons were present
in some vertical profiles because of cryoturbation and were recognized by darker colored soil horizons buried
within mineral horizons. We collected material from various walls of the pits per horizon and pooled samples
into one composite sample per horizon for horizons <20 cm. For horizons >20 ¢m, two pooled samples were
taken per horizon at upper and lower locations of the respective soil horizon. Bulk density in organic and
mineral soil horizons was measured using a vertical ring sampler (Model 0200 Soil Core Sampler,
Soilmoisture Equipment Corp, CA, USA) with a known volume that allows for uncompacted extraction
of intact soil cores. Measured bulk density measurements were within the range of other Arctic tundra
soil studies (Givelet et al.,, 2004). Soil pH was determined using a field soil pH testing kit during soil
sampling and repeated with laboratory measurements (Metrohm, Zofingen, Switzerland) during
sample processing.

Soil solution and water samples were collected from Toolik Field Station using soil lysimeters, at the bottom
of excavated soil pits, and in nearby streams and rivers. We collected water samples using clean latex gloves
into 50 ml Falcon Polypropylene Tubes (Corning, Corning, New York, USA) for determination of dissolved Hg
and DOC analyses. Each Falcon tube was rinsed three times, and tubes were filled to the top leaving little to
no air. Immediately after collection, water samples were taken to the Toolik Field Station wet laboratory and
filtered into new 50 ml Falcon Polypropylene Tubes using sterile gloves and Acrodisc® syringe filters (Pall
Corporation, New York, USA) with 0.45 um Supor® membrane. Filtered samples were acidified by 5%
vol/vol ultrapure grade HNO;. Samples were taken in duplicates, and field blanks were analyzed for every
10 samples taken.

2.3. Sample Preparation and Analytical Methods

Soil and vegetation samples were oven-dried at 65 °C (Lindberg Blue M Premium 3055, Thermo Fisher
Scientific, Waltham, Massachusetts, USA), a method that has been shown to not lead to loss of Hg from soils
or vegetation (Hojdova et al,, 2015; Yang et al,, 2017). Samples were then hand ground using a ceramic mortar
and pestle followed by sieving using a 2-mm diameter stainless steel sieve (FieldMaster, Science First, Florida,
USA). Vegetation and organic horizon samples were ground using a stainless steel coffee mill. A portion of the
oven-dried soil samples was milled using a tungsten-carbide mill (Model 8510 Shatterbox, SPEX SamplePrep,
Metuchen, New Jersey, USA) for analysis of Hg, carbon, nitrogen, and other trace elements.

Sample Hg concentrations were measured using a total Hg analyzer (Model Nippon MA-2000, AGS Scientific
Inc., Texas, USA) in accordance with U.S. Environmental Protection Agency (EPA) Method 7473 (EPA-U,
1998a). Calibration was based on standard solutions (100 and 10 pg/L) prepared according to EPA Method
1631 (EPA-U, 2002). National Institute of Standards and Technology (NIST) solid standard reference materials
(# 1575: Pine leaves: 39.9 ng Hg/kg and # 1515: Apple Leaves: 44.4 ng Hg/kg) were measured at the beginning
of each analytical run with measurement repeated after every four samples. When analysis of NIST standards
deviated more than 5% from their values, we recalibrated the analyzer and re-ran all samples after the last
acceptable NIST standard testing. All samples were analyzed in duplicate and averaged. A total of 120 soil
samples were analyzed for this study. Five samples representing different soil horizons collected from
Toolik Field station were sent to Eurofins Frontier Global Sciences (Seattle, WA) for analysis of
monomethyl-Hg using a Tekran Series 2700 Automated Methyl Mercury Analyzer (Tekran Instruments
Corporation, Toronto, Canada) following EPA method 1630 (EPA-U, 1998b).

Dried and milled samples were prepared for X-ray fluorescence (XRF) analysis (Model Epsilon 5 Energy
Dispersive X-Ray Spectometer, PANalytical, Alemo, Netherlands) using a resuspension technique (Chow
et al, 1994) to load bulk soil samples onto Teflon® filters, following EPA method 10 3.3 for filter analysis
(US. EPA, 1999). This XRF analysis only measured total element concentrations and not speciation.
Vegetation and soil total carbon (TC) and total nitrogen were analyzed using a LECO dry combustion proce-
dure (LECO, St. Joseph, MI) at the Soil Forage and Water Analysis Laboratory of Oklahoma State University.
Oklahoma State University calculated OM content based on reported TC concentrations using the Van
Bemmelen factor of 1.724 (Ball, 1964). Eight mineral samples from Pits 1 to 4 were analyzed for inorganic car-
bonate (% mass) by the group of Professor R. Kretzschmar in the soil chemistry analytical laboratory at the
Federal Institute of Technology (ETH) in Zirich, Switzerland. Carbonates were analyzed using a gravimetric
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method: samples were acidified with 10% H,SO, and weighed before and after to measure the loss of CO,
adsorption in porous NaOH within a column. Soil pH was determined using a 1:1 ratio of organic and mineral
soil to 0.1 M CaC0; solution with end-to-end shaking for 30 min, and pH was measured in the laboratory using
a pHfion analyzer (Model 827, Metrohm AG, Herisau, Switzerland). "C age dating was performed for three
soil samples (Vegetation, Oe/Oa, and B Horizon from Pit 1) by the University of Arizona Accelerator Mass
Spectrometry Laboratory using a Pelletron Accelerator Mass Spectrometer (3 MeV, National Electrostatics
Corporation, WI, USA). Total Hg in solution samples was analyzed using a Tekran 2600 Hg Water Analyzer
(Tekran Inc., Toronto, Canada) following U.S. EPA SM 1631, revision E for total mercury in water (EPA-U,
2002). The day before analysis, bromine chloride (BrCl) solution (10% vol/vol) was added to the samples to
oxidize the solution Hg, and 30 min before analysis, excess BrCl was neutralized with prepurified hydroxyla-
mine hydrochloride, During analysis, oxidized Hg is reduced to elemental Hg by automatic mixing with stan-
nous chloride (SnCl,) in a phase separator. Elemental Hg is then loaded onto two sequential gold traps by an
argon carrier gas. The loaded Hg is released through thermal desorption and detected using atomic fluores-
cence spectrometry. The Tekran model 2600 was calibrated using a NIST SRM-3133 Hg standard concentra-
tions diluted to 0, 0.5, 1.0, 5.0, 10.0, 25.0, and 50.0 ng/L Hg. System accuracy was checked using reagent
blanks and ongoing precision recovery injections of 5 ng/L throughout each run.

2.4. Data Analysis, Enrichment Factors, and Principal Component Analyses

Variance shown in figures and tables represent standard errors. We used linear regression analyses to quan-
tify relationships between dependent (Hg) and independent variables including soil horizon, pH, total nitro-
gen, and TC using Stata 12 software (StataCorp, 2011). Active-layer mercury pool sizes (in g/ha) for each soil
pit were estimated by first calculating the mass of Hg stored in each soil horizon by multiplication of soil Hg
concentrations with soil bulk density measurements and the respective soil-depth horizon. We then summed
these horizon Hg masses together to estimate storage of Hg mass for each pit (in g/ha).

To determine potential origin of Hg, we performed detailed geochemical analyses of soil samples including
XRF multielement characterization and quantified associations of Hg to other soil elements. In a first step,
contributions of exogenic and lithogenic Hg were estimated using reference concentrations of geogenic ele-
ments that are not considered to be influenced by atmospheric sources. These calculations were based on
methods used in Guedron et al. (2006) and Pefa-Rodriguez et al. (2012). Guedron et al. (2006) estimated a
theoretical “lithospheric” Hg concentration from weathering for each depth of the soil profile as

[Hg]
[Hg]lnhogenlc = kp* k. £ (m

where k is the reference element, the subscript s refers to soil material, and the subscript p refers to parent
reference material. [Hg], is the bedrock Hg concentration. For k,, we used mean concentrations of Al, Ti,
Fe, Zn, and Zr measured by XRF analysis from the lowest B horizon present at Toolik Field station, which
are generally considered conservative, but may be enriched or depleted in B horizons due to pedogenetic
processes. The Hg excess of measured samples compared to the lithospheric Hg concentrations was attrib-
uted to exogenic sources and calculated as

[Hg]exogenlc = [Hg], — [Hg]ll‘lhngenlc )

where [Hg]; refers to the measured Hg concentration of the respective soil material.

Finally, we performed a rank-based principal component analysis (PCA) using R packages "ade4” (Dray &
Dufour, 2007) and “rgr” (Garrett, 2013) to assess relationships between Hg and other soil elements to
determine and support source origins of Hg. The data were converted to the same units before running
the R packages. PCAs were performed for select trace metals of Pits 1 to 8 along with soil Hg concentration
and TC.

2.5. Arctic Hg Pool Size Calculations

We combined data of soil Hg, C, and Hg:C ratios from our study with 14 other Arctic studies (see the
supporting information) for a total of 478 data points on active-layer tundra soil Hg concentrations. Using this
data set, we estimated active-layer tundra Hg pool sizes for Arctic soils separated into upper (0-30 cm depth;
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Figure 2. Mean Hg concentrations and total carbon for eight soil pits from Toolik Field station. Mean Hg concentrations (in
pa/kq) in all soil pit layers, permafrost, and bedrock samples at the Toolik Field Station, and respective total carbon (in %
mass) of samples.

assumed organic soils, TC content >19%) and deeper soils (30-100 cm; assumed mineral soils, TC content of
1-19%). Since most studies do not report soil bulk densities, we found that the best method for scaling up Hg
concentrations to a pool size for the Arctic was by using Hg:C ratios from the data set and Arctic soil carbon
inventories. We used Hugelius et al. (2014) global carbon estimates for permafrost soils of 217 Gg for the 0-
30 ¢cm depth and 255 Gg for the 30-100 ¢cm depth and multiplied these by HgC ratios for both organic (0-
30 ¢m) and mineral soils (30-100 cm). Based on summary statistics of Hg:C ratios, we estimated median and
percentile ranges (37.5 to 67.5%) of Hg pool sizes for active-layer soils of the Arctic tundra. For comparison,
we also collected published data on boreal soil Hg, C, and Hg:C ratios to estimate pool sizes for the global
boreal zone, with a total of 479 available data points from the literature.

3. Results and Discussion
3.1. Hg Concentrations in Tundra Soils at Toolik Field Station

We first present results of eight soil pits from Toolik Field station—from the surface to the frozen under-
ground or bedrock representing the thawed-layer (~active-layer) depth that we encountered in August
(Figure S1). Of the eight vertical tundra soil profiles (all characterized as Gelisols), four pits (Pits 1, 2, 3, and
4) showed relatively shallow organic layers (<20 cm) and a high representation of mineral soil horizons, while
four profiles (Pits 5,6, 7, and 8) showed deeper organic horizons (>20 cm). Soil pH ranged from 3.7 to 7.5, with
the lowest pH in surface organic and upper mineral soil (A-horizons) consistent with acidity inputs from plant
exudates and decomposing plant OM. Analysis of inorganic carbonates in a subsection of samples (eight
samples) in mineral soil horizons showed concentrations below detection limits (<0.01% C) to a maximum
of only 1.9%. We concluded that inorganic carbonates did not contribute significantly to observed total C
content and hence refer to results of total C analysis as OC. OC concentrations had a mean of 38 + 1.7% in
organic horizons, 10 + 0.8% in A-horizons, and 2 + 0.2% in B-horizons (Figure S1). OC strongly declined from
surface organic layers to mineral soil layers because of plant-derived OC inputs from the surface as observed
in other soils (Larcher, 1995).

Hg concentrations in the eight soil pits at Toolik Field station ranged from 56 to 226 pg/kg, showing large
variability in concentrations (over fourfold). Summarizing Hg concentrations by pedogenic soil horizons
showed the following depth and horizon patterns (Figure 2): Hg concentrations were highest in organic
layers, ranging from 101 to 226 pg/kg with a mean Hg concentration of 151 + 7 pg/kg. Hg concentrations
in A-horizons were second highest and ranged from 79 to 149 with a mean of 108 + 10 pg/kg. B-horizon
Hg concentrations ranged from 56 to 102 pg/kg with a mean of 87 + 5 pg/kg. Finally, lowest soil Hg concen-
trations were measured in the frozen horizon at the bottom of the pits (transient permafrost layers) with a
mean of 56 + 2 ug/kg. Rock Hg concentrations from samples obtained from the pits were 16 to 54% lower
than those found in B-horizon Hg concentrations and had a mean of 47 + 1 pg/kg.

Hg concentrations in surface organic horizons (organic horizons at Toolik Field station) with a mean of
151 + 7 pg/kg were hence comparable or higher compared to organic horizon Hg concentrations generally
reported from temperate sites (means of 102 to 140 ug/kg; e.g, 140 pg/kg, Grigal, 2003; and 102 pg/kg,
Obrist et al,, 2011). A- and B-horizon Hg concentrations (110 and 87 pg/kg), however, were considerably
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concentrations at a remote site such as Toolik field station, distant from
many known Hg emission sources (Jaeglé, 2010), were unexpected (see
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soils. Obrist et al. (2017) recently presented a comprehensive Hg-
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Figure 3. Hg to C ratios in Toolik Field station soil and vegetation samples.
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than specific regional or local sources. What is peculiar at this site was that

almost no Hg re-emission was observed by Obrist et al. (2017), in contrast
to periods of such Hg® volatilization losses back to the atmosphere at temperate sites (Smith-Downey et al.,
2010). This dominance of atmospheric Hg® as a source in the tundra was confirmed by stable isotope data
(Obrist et al,, 2017) that showed that atmospheric Hg® accounted for 90% in vegetation, 73% in organic hor-
izons, and 25% to 55% in mineral horizons, The deposition of global background Hg sources, along with a lack
of re-emission, may be primary reasons for the high soil Hg concentrations and mass (see below) measured in
these remote northern soils.

Particularly high Hg concentrations observed in lower soil layers may be linked to cryoturbation processes
that lead to vertical downward mixing of surface layers into the lower soil profile (Ping et al., 1998). In
addition, increased vertical transfer of Hg may occur during soil thawing and snowmelt that may facilitate
transport of Hg to deeper soils, similar to vertical transport that has been reported for DOC during spring
and summer (Klaminder et al., 2009). One of the few studies showing similarly high Hg concentrations in
subsoils was from temperate podzols in which high mineral Hg concentrations were attributed to transport
of complexed metals by DOC (Schwesig & Matzner, 2001). In addition, saturated conditions during part of the
year, as well as annual snowmelt processes, may increase vertical translocation of Hg in Arctic soils, although
further studies are needed to confirm this.

A question regarding sources of Hg in tundra soils is the deposition timeline, We performed radiocarbon (*4C)
analyses of three samples (Figure 3) with results showing that upper soils (i.e,, organic horizons) are young
with a “postbomb” signature (i.e,, post 1950s) suggesting recent formation of surface horizons (note,
however, that '*C age only reports the mean age so that this horizon may contain younger or older C as well).
Our results suggest that Hg in organic surface soil was recently deposited and likely includes modern
anthropogenic Hg emissions. '“C data show that deeper, mineral-soil layers are much older, with a '“C age
of more than 7,300 years in the lower mineral B-horizon. This layer also shows the highest Hg:0OC ratios
(i.e, Hg concentrations standardized per unit OC; Obrist et al., 2011) of all soil layers. We attribute the
dominant source of Hg in the mineral soil layers, and their respective high Hg concentrations and Hg:0C
ratios, to old soil age indicating long-term input of atmospheric Hg sorbed in soils. Such legacy Hg
accumulation has also been associated with a buildup of soil Hg pools in temperate soils (Obrist et al,,
2011, 2016, 2017; Schwesig et al., 1999). To support this notion, we provide coarse mass balance calculations
using estimated Hg mass in soils in section 3.4, showing that long-term atmospheric deposition of Hg is
required to account for observed Hg pools in tundra soils.

Based on analysis of a small subset of five samples, we found that concentrations of monomethyl-Hg were 0.5
and 3.4 pg/kg in organic horizons and 0.1 and 1.0 pg/kg in B-horizons. One sample from the permafrost zone
had a concentration below the detection limit (0.1 pg/kg). On average, MeHg accounted for 1% of total Hg
(THg), with a maximum of 3% in the B-horizon. The percentage of MeHg to total Hg was relatively high in
these samples; for example, the mean percentage of MeHg of THg at some temperate sites was only 0.2%
to 0.6% (0.2% in Obrist, 2012; 0.6% in Grigal, 2003; 0.3% in Selvendiran et al., 2008; and 0.4% in Kronberg,
Jiskra, et al, 2016). Although more samples are needed to confirm these results, it is possible that
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saturated, anoxic conditions that promote MeHg formation in soils and sediments (Grigal, 2003; MacMillan
et al, 2015) may be associated with higher MeHg levels in tundra soils.

3.2. Hg and Other Trace Elements in Tundra Soils at Toolik Field Station

As discussed above, stable Hg isotope analysis data suggest that the dominant source of Hg in the Arctic tun-
dra (plants, litter, and soils) is derived from atmospheric Hg(0) deposition (Obrist et al.,, 2017). We used geo-
chemical calculations in soils as an additional method to estimate contributions of exogenic Hg (i.e., from
atmospheric deposition) versus lithogenic sources using reference concentrations of Al, Ti, Fe, Zn, and Zr
measured in the lowest B-horizons and in rocks, following the methods described in Guedron et al. (2006)
and Pefa-Rodriguez et al. (2012). Note that this method may be compromised by the fact that parent material
at this site consists of loess and glacial till so that soils may not necessarily be directly derived from the rocks
collected in the soil pits at the site. Still, calculations support that exogenic Hg was the dominant source of Hg
in soils, accounting for 66 + 4% in A-horizons and 51 + 1% in B-horizons. Hence, our calculations suggest simi-
lar proportions of exogenic atmospheric Hg contributions as measured by stable Hg isotope analyses, bed-
rock Hg concentrations, and mixing model analyses (Obrist et al.,, 2017) that showed 80% of Hg derived
from exogenic sources in A mineral horizons and 61% in B-horizons. Obrist et al. (2017) further concluded that
Hg in organic horizons was fully derived from atmospheric Hg deposition.

The levels of exogenic contributions in tundra soils hence are similar to those elswhere (Guedron et al., 2006;
Pefia-Rodriguez et al., 2012, 2014). For example, Pefa-Rodriguez et al. (2014) estimated exogenic Hg
accounting for 87% in upper O- and A-horizons in Subantartic forest soils of Tierra del Fuego and 64% in B
soil horizons. In Guedron et al. (2006), between 75% and 90% of Hg in French Guiana soils in South
America was considered of exogenic origin. Finally, 45% of soil Hg was of estimated exogenic origin in
European volcanic soils with naturally enriched Hg background levels (Pefia-Rodriguez et al., 2012). Hg
isotope studies across different forested sites (Demers et al., 2013; Jiskra et al., 2015; Wang et al., 2017;
Zheng et al, 2016) confirm a predominance of Hg® from atmospheric deposition as a source to many surface
soil layers across forested sites.

PCA using major and trace soil elements from all measured soil horizons highlights that Hg in tundra soils was
largely unrelated to other crustal elements (Figure S2). The first and second components of a PCA are plotted
in Figure S2. The first component (PC1) has an eigenvalue of 5.9 and explains 46% of the variance in the data
set. The second component (PC2) has an eigenvalue of 2.4 and explains 19% of the overall variance in the
data set. In PC1, a group of elements including Fe, Al, Ti, Zr, Rb, and Cr were strongly grouped together on
the negative loading of this vector. These elements include typical crustal elements (e.g., Ti, Al, and Sr) and
hence indicate a crustal (i.e,, geogenic) source. Hg is located on the opposite side of this vector, along with
0C, and the component explains 46% of the total concentration variance of Hg. These patterns support exo-
genic sources of Hg dominating in active-layer soils that are strongly associated with OC. While we discussed
above that B soil horizons contain 49% geogenic contributions, overall their contribution to soil Hg concen-
trations across the entire soil profile (particularly in upper layers) remains small. Along PC2, we found a weak
association of Hg with Mn and elements including Pb, Zn, and Cu—with this second component showing a
much smaller eigenvalue (19% of the concentration variance of Hg). It is possible that Pb, Zn, and Cu—all
showing negative loading on PC2 similar to Hg—are indicative of similar source origins, possibly including
anthropogenic inputs (Agnan et al., 2015; Carling et al,, 2012; Gabrieli et al., 2011; Lamborg et al., 2013). It
is important to note, however, that atmospheric cycling of these potentially anthropogenic-derived elements
is mainly related to particulate deposition and thus very different to Hg.

3.3. Spatial Variability of Tundra Soil Hg Concentrations

We hypothesized that near-coastal sites may show higher soil Hg concentrations compared to inland sites
because of the presence of AMDEs near the Arctic Ocean coasts (Moore et al,, 2014; Schroeder & Munthe,
1998; Steffen et al., 2008). AMDEs have been estimated to enhance Hg deposition by up to 325 Mg in the
Arctic each year (Ariya et al, 2004; Steffen et al, 2008), although newer studies question the importance of
these events for large deposition impacts in the Arctic (Douglas et al,, 2012; Obrist et al,, 2017) because of sig-
nificant revolatilization losses after deposition. Figure 4 shows pedogenic horizons, patterns of total Hg con-
centrations, and OC concentrations of 12 soil pits excavated along an approximately 200 km Dalton Highway
transect on the north Alaskan slope (Figure 1), with the northernmost site within 30 km of the Arctic Ocean.
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Figure 4. Detailed characterization of 12 soil pits dug at seven sites along the Dalton Highway transect. Location of the seven sites is shown in the top map with
proximity to Toolik Field station (km N). Hg concentrations (ug/kg) with depth are shown in the blue vertical bar charts. Total carbon (%) with depth is shown in
the green vertical bar charts, and the detailed soil horizon depth profile is shown for each pit. Note that the depth scales (i.e., y axis) shown for site 1 apply to all sites.

Across this transect, Hg concentrations also were highest in organic horizons (99 + 6 pg/kg), followed by A-
horizons (65 + 8 pg/kg), and lowest Hg concentrations were found in B-horizons (45 + 3 pg/kg). Soil Hg
concentrations on average were lower than at Toolik Field Station, by —34% (organic horizons), —41% (A-
horizons), and — 48% (B-horizons). We observed a statistically significant linear decline (P= 002, * = 0.17)
of tundra soil Hg concentrations with higher latitude along the transect. Hg concentrations decreased
northward despite increasing OC concentrations (Figure S3) in mineral soils, so that spatial patterns of Hg
and OC distribution were unrelated, in contrast to such a relationship observed elsewhere (Obrist et al,,
2011). Although the reasons for this decrease in Hg concentration with latitude are unclear, it may be
related to a shorter growing season and lower plant productivity at sites closer to the Arctic Ocean
(Narasimhan & Stow, 2010), resulting in lower plant Hg inputs to the soils. In summary, proximity to the
coast, and potential higher deposition impacts by AMDEs did not lead to increases in soil Hg
concentrations at near-coastal sites compared to inland sites.

An important feature observed along the northern tundra transect was that several pits showed significant
buried organic layers from cryoturbation, mixing OM into mineral horizons (Ping et al,, 1998). We observed

OLSON ET AL.

1066



F o |
AGU

100

ApancE by
asis sehh SERNER

Global Biogeochemical Cycles 10.1029/2017GB005840

buried OMin three of the 12 soil pits from sites 3, 5,and 7 (Figure 4). The observed mean Hg concentrations in
the buried OM samples, all of which were overlaid by mineral horizons, were 57 ug/kg, or 15% higher, than
the concentrations in mineral horizons above. The higher observed Hg concentrations in buried OM were
likely a result of mixing surface organic soils with relatively high OC and Hg concentrations deeper in the soil
profile. This suggests a potentially important role of cryoturbation for incorporation of atmospherically
derived Hg into the profile in tundra soils.

Other tundra sites sampled across Alaska showed similar tundra soil Hg concentrations as observed in
northern Alaska. For example, sites at Noatak near the Alaskan west coast showed mean Hg concentrations
of 106 + 13 png/kg in organic horizons and 53 + 4 pg/kg in mineral soils (Figure 54). Sites near Denali National
Park in central Alaska (Figure S5) showed mean Hg soil concentrations of 91 + 10 pg/kg in organic horizons.
Surprisingly at this site, the highest Hg concentrations were found at deeper depths (>1 m), averaging
109 pg/kg. We associated these higher soil Hg concentrations at greater depth with unusually high OC
content (>20%), again indicating the potential importance of cryoturbation for enriching Hg concentrations
in deeper soils.

3.4. Active-Layer Hg Pool Sizes in Northern Alaska Arctic Tundra Soils

We measured bulk densities (range: 0.09 to 1.69 g/cm?) in all sampled soil horizons and calculated the mass
per area of Hg contained in the active-layer zone of Arctic tundra soils (multiplying bulk densities by Hg
concentrations). Active-layer depth pool sizes of the total 15 soil pits at Toolik Field station and along the
Dalton Highway transect sites showed a wide range from 166 to 1,365 g/ha, with a mean pool size of
419 £ 92 g/ha (Figure S6). Hg mass calculated for the Noatak near the Alaskan west coast showed Hg mass
with a range of 200 to 355 g/ha. These pool sizes were 34% lower than those measured in northern
Alaska, largely because of the shallower depth of active-layer mineral horizons. Finally, the Subarctic tundra
site near Denali National Park showed an active-layer pool size of 329 g/ha. Across all sites, Hg located in
B-horizons had a mean of 263 + 47 g/ha and accounted for 62% of the total active-layer soil pool. The mean
Hg mass was 126 + 28 g/ha in A-horizons and 36 + 6 g/ha in organic horizons. A major reason for high Hg
mass in deeper soil horizons are their high bulk densities (e.g., bulk densities in B-horizons are 4-to-5 times
higher than organic horizon bulk densities). Not surprisingly, Hg mass positively correlated with depth of
sampled mineral horizons (P = 0.01), explaining 45% of the variance in Hg mass across these soil pits.
Compared to Hg mass in these Arctic tundra soils, mass estimates in temperate forest areas generally show
smaller pool sizes, in the range of 120 to 170 g/ha in eastern Germany (Schwesig et al., 1999), 213 g/ha in the
northeastern United States (Yu et al., 2014), 53 g/ha in mineral soils of a Minnesota forest (Grigal et al., 2000),
and 12 to 80 g/ha in Swedish boreal forests (Kronberg, Drott, et al., 2016). Although comparisons across sites
are challenging because different studies reference results to different soil depths, remote Arctic tundra soils
show some of the highest Hg pools in soils compared to most temperate soils.

As discussed in section 3.1, we hypothesize that buildup of the observed Hg pools in the active layer of
tundra soils is in large part because of long-term atmospheric deposition that occurred over thousands of
years. The following coarse mass balance estimation supports this notion. If we use the modern total
atmospheric deposition flux we recently measured at Toolik field station (9.2 pg - m~2 - year—'; Obrist et al,,
2017) and assume this flux occurred for the last 250 years, this would amount to a mass of 2.3 mg/m?
(200 years x 9.2 pg - m 2 - year '). If we assume a preindustrial deposition of approximately one third of
the modern deposition flux (Biester et al., 2007; Enrico et al,, 2017; Lindberg et al, 2007), the additional
deposition to 7,200-year-old soils would amount to 215 mg/m? (6,950 years x 3.1 pug - m 2 - year '),
resulting in a total deposition load of 23.8 mg/m?, or 238 g/ha. This coarse estimate is at the lower range
of estimated soil Hg pool sizes we found in active-layer tundra soils (166 to 1,365 g/ha; also note, however,
that B-horizons contain up to 40% of geogenic sources). These calculations suggest that most Hg in Arctic
tundra soils (~90%) may be derived from preindustrial deposition, although there are several important
caveats to this coarse mass balance estimate. For example, studies show that peak atmospheric Hg(0)
concentrations, in particular near Europe and the United States, were much higher in the 1970s (Enrico
et al, 2017; Fain et al, 2009) so that peak deposition rates in the twentieth century may have been
substantially higher than measured in the last few years. In addition, peak atmospheric Hg(0) concentrations
may have been up to 15 times larger than preindustrial levels, further shifting the ratio of modern to

prehistoric Hg deposition toward contributions of modern anthropogenic sources. Finally, this estimate
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Table 1

Arctic Tundra Active-Layer Soil Hg Pool Calculations for the Upper 100 cm of Permafrost

Arctic soils (median) Median Hg (ng/kg) Median C (%) Hg:C (ug/kg)  Carbon pool (Pg)*  Median Hg pool size (g) Median Hg pool size (Gg)
Organic soils, 0-30 cm 40 42 274 217 2.58E+10 26

Mineral soils, 30-100 cm 40 6 621 255 1.58E + 11 158

Number of samples 478 295 295

Arctic soils (37.5th %) 37.5th % Hg (ug/kg) 37.5th% C (%) HgC (ug/kg) Carbon pool (Pg)®  37.5th Hg pool size (g) 37.5th Hg pool size (Gg)
Organic soils, 0-30 cm 32 41 95 217 2.06E + 10 21

Mineral soils, 30-100 cm 31 4 450 255 1.I15E+ 11 115

Number of samples 478 295 295

Arctic soils (62.5th %) 62.5th % Hg (ug/kg)  625th % C (%) Hg:C (ug/kg) Carbon pool (Pg)®  625th Hg pool size (g)  62.5th Hg pool size (Gg)
Organic soils, 0-30 cm 57 43 193 217 4.19E +10 42

Mineral soils, 30-100 cm 50 7 911 255 232E+ 112 232

Number of samples 478 295 295

Note. This table provides a compiled data set containing 478 measurements based on 15 published studies of soil Hg concentrations (ug/kg), carbon (%), and Hg:C
ratios (ug/kg) in Arctic locations. Summary statistics were used to calculate medians and percentiles (37.5th and 62.5th) for Hg, C, and Hg:C ratios. Carbon pool
estimates from Hugelius et al. (2014) were multiplied by the upper, organic soil (0-30 cm depth) and lower, mineral soil (30-100 cm depth) Hg:C ratios to provide
a 37.5th, median, and 62.5th Hg pool size stored in Arctic tundra soils.

#Used carbon pool estimates for 0- to 30- and 30- to 100-cm depth of active layer permafrost from Hugelius et al. (2014).

ignores mobilization of Hg from these soils. Still, these estimates strongly suggest that long-term deposition
sources must be present to account for the high soil Hg pools we observed across Arctic tundra soils.

We collected a data set of Hg concentrations in soils of Arctic and boreal locations based on 33 published
studies (Table 1 and the supporting information). Out of 478 soil data points found in the literature reporting
Hg concentrations in Arctic tundra soils, concentrations ranged from 1 to 420 pg/kg with a median of
40 pg/kg and a mean of 57 pg/kg. The concentration range of the middle 25% of data (i.e, 37.5th to
62.5th percentiles) was 30 to 52 pg/kg. Soil Hg concentrations showed similar patterns in the upper 30 cm
and lower 30-100 cm, both with median values of 40 pg/kg. Soil Hg:C ratios showed a median of
274 ng/kg and a range of 25 to 833 pg/kg for the upper 30 cm of the soil profile, with a median of
621 ug/kg for the mineral soil layers. Based on these Hg:C ratios, we used Arctic soil C inventories from
Hugelius et al. (2014), who estimated OC pools in global Arctic tundra soils for the upper 30 cm (217 Pg)
and upper 100 cm (472 Pg). Note that Schuster et al. (2018) reported close correlations between soil organic
C and soil Hg (for 80% of the data: r* of 0.98 for C content <10% and r* of 0.56 for >10%), so additional var-
iance in scaling up Hg pools based on C inventories are due to imperfect Hg-to-C relationships). Using this
approach, we estimated a median Arctic tundra active-layer soil Hg pool for the upper 30 cm of 26 Gg with
a range (37.5th to 62.5th percentile range Hg:C ratios) of 21 to 42 Gg. Similarly, using the Hg:C ratios of
mineral soils (median and 25% middle range) and Hugelius et al.'s (2014) estimate for OC pool of 255 Pg
for soil depths of 30-100 cm, we estimated a median active-layer Arctic Hg pool of 158 Gg and a range of
115 to 232 Gg. Hence, total active-layer soil Hg pool sizes for the upper 100 cm of Arctic tundra soils would
account for 184 Gg with a range of 136 to 274 Gg. These estimates are a further refinement of the global tun-
dra soil Hg pool size first estimated by Obrist et al. (2017) of 143 Gg. We also estimate pool sizes in the boreal
zone (see the supporting information). Scaling up boreal zone Hg pools may be even more challenging
because of the large variability in ecosystem types and soil structure (Chapin et al,, 2000). Using a similar
approach, however, based on boreal-zone soil C inventories (703 Pg from Kasischke, 2000) and HgC ratios
and ranges for a boreal data set (supporting information), we estimated a median global boreal Hg pool size
of 224 Gg (range: 183 to 310 Gg). Together, northern tundra and boreal soils would contain a pool size of 408
(and range of 319 to 584) Gg of Hg.

Recently, Schuster et al. (2018) estimated NH permafrost soils (up to depths of 3 m) to contain 1,656 Gg of Hg
of which 793 Gg is stored in perennially frozen layers with 863 Gg in upper soils of permafrost and boreal
zones, These measurements were based on 13 permafrost cores across Alaska and 11,000 measurements
of which roughly half came from temperate, nonpermafrost sites in North American and Eurasia. Our com-
bined estimate for Hg pools of 408 Gg for the top 100 cm of boreal and Arctic soils is about half of what
Schuster et al. (2018) estimated was stored within upper soils (863 Gg). Despite this difference, both
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studies support large magnitudes and role of Arctic soils as globally important storage pools for Hg. For
example, the estimates for tundra soil active-layer Hg pools are very large compared to previous estimates
of global soil Hg mass based on temperate studies (~240 Gg, Smith-Downey et al,, 2010; ~300 Gg, Hararuk
etal, 2013; and 250 to 1,000 Gg with a best estimate of 500 Gg; Amos et al., 2015), and our estimate suggests
that overall, global soil Hg pools may be greatly underestimated. The northern soil Hg pool estimates also are
large compared to previous estimates of Hg in boreal upper soils by Friedli et al. (2007) of 14 to 40 Gg.

A critical concern of high Arctic soil Hg pools is their potential to contribute Hg to river runoff and Arctic
Ocean input via coastal erosion (Reyes & Lougheed, 2015; Schuur et al., 2011). Three of the 10 largest rivers
in the world are in the Eurasian Arctic and Subarctic, draining into the small and shallow Arctic Ocean
(Vérésmarty et al, 2000). Circumpolar rivers flowing into the Arctic Ocean account for 11% of all freshwater
inputs to the world’s oceans. Yet we currently do not have a good understanding of the factors and processes
impacting Hg mobilization in upland soils. A preliminary analysis of Hg mobility from active-layer and perma-
frost tundra soils showed soil-solution Hg concentrations (dissolved fraction) in the range of 3 + 0.4 ng/L,
higher than commonly reported background river Hg concentrations (Schuster et al., 2011). We also observe
higher potential for Hg mobilization in samples from active-layer soils compared to deeper permafrost sam-
ples (3.2 ng/L versus 0.9 ng/L). While a process-based understanding of Hg mobilization from tundra soils is
not yet feasible, river studies clearly show that upland soils serve as major sources of sediments, OC, and Hg
(Dittmar & Kattner, 2003). For example, the Mackenzie River, draining through the Canadian Arctic and
Subarctic, shows a sevenfold increase in particulate and dissolved Hg levels during peak flow season mobiliz-
ing terrestrial Hg sources (Leitch et al., 2007). Estimates of total delivery of Hg to the Arctic Ocean include esti-
mates of 5-10 Mg/year by Outridge et al. (2008) and Amos et al. (2014) to 46 Mg/year by Zhang et al. (2015)
and up to 95 Mg/year by Fisher et al. (2012). All of these estimates indicate northern soils to be major sources
of Hg to the Arctic Ocean with consequences and biological impacts to humans and Arctic wildlife that rely
on Arctic Ocean food sources (AMAP, 2009).

4. Summary and Conclusions

Tundra soil investigations spanning 11 tundra sites on the north slope of Alaska and additional sites in the
western Arctic and the Subarctic provided evidence of high soil Hg concentrations and pool sizes across
the remote Alaskan Arctic and Subarctic. While organic horizons showed Hg concentrations comparable to
temperate soils, mineral horizon concentrations were 2-to-5 times higher than those observed in temperate
areas and contained 75% of total Hg mass stored in tundra soil. Sources of high soil Hg concentrations—
assessed by mass balance estimates, geochemical tracers, and stable Hg isotopes—were mainly derived from
atmospheric deposition of Hg, particularly elemental Hg that is ubiquitous in the global atmosphere. In addi-
tion, lack of reemissions and long-term accumulation of Hg in old soils across many millennia have allowed
sequestration of large Hg pools in active layers (upper 100 ¢m) of tundra soils. Northern tundra and boreal
soils represent a globally important storage pool of Hg, containing 408 Gg (range of 319 to 584 Gg).
Concerns regarding large tundra soil Hg pools are their potential mobilization induced by climate change
(Schuster et al,, 2018). Such changes—including increased thermokarst occurrences and soil degradation
(Jorgenson & Osterkamp, 2005) as well as warming-induced slumping along river banks (Lantz & Kokelj,
2008) and coastal areas (Lantuit & Pollard, 2008)—lead to increased soil export. Other studies found increased
active-layer depths (Osterkamp, 2005; Akerman & Johansson, 2008), increased carbon losses (Kane, 2012),
changes in water-table levels (Klaminder et al,, 2008), and infiltration of water deeper into mineral soil profiles
(Carey et al., 2013; Quinton et al., 2005). Finally, increased occurrence of wildfires has the ability to remobilize
Hg from soils to the atmosphere (Turetsky et al., 2006, 2011).
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