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Abstract Mercury sequestration in regolith (soils + weathered bedrock) is an important ecosystem service
of the critical zone. This has largely remained unexplored, due to the difficulty of sample collection and the
assumption that Hg is predominantly sequestered within surface soils (here we define as 0–0.3 m). We
measured Hg concentrations and inventories in weathering profiles at six Critical Zone Observatories (CZOs):
Boulder Creek in the Front Range of Colorado, Calhoun in the South Carolina Piedmont, Eel River in coastal
northern California, Luquillo in the tropical montane forest of Puerto Rico, Shale Hills of the valley and
ridges of central Pennsylvania, and Southern Sierra in the Sierra Nevada range of California. Surface soils had
higher Hg concentrations than the deepest regolith samples, except for Eel River, which had lower Hg
concentrations in surface soils compared to regolith. Using Ti normalization, CZOs with <12% rock-derived
Hg (Boulder Creek, Calhoun, and Southern Sierra) had Hg peaks between 1.5 and 8.0 m in depth. At CZOs with
>50% rock-derived Hg, Eel River Hg concentrations and pools were greatest at >4.0 m in the weathering
profile, while Luquillo and Shale Hills had peaks at the surface that diminished within 1.0 m of the surface.
Hg and total organic C were only significantly correlated in regolith at Luquillo and Shale Hills CZOs,
suggesting that Hg sorption to organic matter may be less dominant than clays or Fe(II) sulfides in deeper
regolith. Our results demonstrate the importance of Hg sequestration in deep regolith, below typical soil
sampling depths.

Plain Language Summary Our understanding of Hg cycling in the environment is built upon the
assumption that surface soils are the most important in terrestrial ecosystems. Our study shows that
weathered bedrock also plays an important role. The weathering of sedimentary rocks was the net sources of
Hg, while the weathered igneous and metamorphic rocks were the net sinks for Hg. In addition, weathered
bedrock holds far more Hg than soils, which is not taken into account in our current models.

1. Introduction

Hg is a toxic metal and global pollutant (Driscoll et al., 2013; Zahir et al., 2005). Chronic exposure to Hg can
negatively impact humans (Holmes et al., 2009), aquatic organisms (e.g., Bloom, 1992; Harris et al., 2003)
and terrestrial wildlife (e.g., Melgar et al., 2009; Richardson et al., 2015; Rimmer et al., 2005). Geochemical
reservoirs, particularly terrestrial systems, sequester Hg, limiting its movement into terrestrial ecosystems
and surface waters where it can bioaccumulate (Amos et al., 2013; Driscoll et al., 2007; Lamborg et al.,
2002; Selin, 2009). The critical zone, the region from the top of vegetation down to the bottom of cycling
ground water, is an important geochemical reservoir for Hg. Despite its importance, Hg sequestration in
the regolith (including soil, unconsolidated rock, and weathered bedrock) of the critical zone has been poorly
characterized, both for recent human and geologically derived Hg over kyr to Myr. Amos et al. (2013) esti-
mated that soils and vegetation hold 12.1 Mg of Hg globally, and Andren and Nriagu (1979) approximated
that deep mineral reservoirs (upper lithosphere such as bedrock and buried ocean sediments) hold
3 × 1011 Mg of Hg, which have accumulated over geologic time. Although mean residence time in deep
mineral reservoirs has been estimated to be ~1 Gyr, Amos et al. (2013) note that deep mineral reservoirs
may be released back to the atmosphere and terrestrial system through volcanic and anthropogenic emis-
sions. As recently shown by Schuster et al. (2018), the large Hg reservoirs in soils, such as in the arctic
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regions, could potentially alter the global Hg cycle. Moreover, deep regolith of the critical zone may be an
important sink for Hg from weathering and geogenic Hg, in addition to more recent human emissions.

Hg in regolith may be substantially underestimated because most studies on the global Hg cycle focus on the
top 0.3 to 0.5 m of the soil (e.g., Obrist et al., 2011; Richardson et al., 2013; Smith-Downey et al., 2010; Yu et al.,
2014). Few studies have estimated the geochemical reservoir of Hg in deeper regolith and its contribution to
the global Hg cycle (e.g., Andren & Nriagu, 1979). This is a serious drawback because total Hg in the oceans,
atmosphere, soils, and vegetation are <0.01% of the estimated deep mineral reservoirs (Amos et al., 2013).
Mercury accumulation in regolith of the critical zone has largely remained unexplored for two reasons: (1) dif-
ficulty in physical excavation of samples due to strenuous work and necessity of specialized equipment and
(2) the assumption that most Hg cycling is sequestered within surface soils (here we define as 0–0.3 m). For
example, the global Hg cycle model created by Smith-Downey et al. (2010) was developed using the top
0.3 m of soil. The few studies in tropical regions that sought to quantify deep regolith Hg found elevated con-
centrations below 1.0-m depth. Roulet et al. (1998) and Grimaldi et al. (2008) showed that soils in the tropics
may have soil Hg concentrations of >100 ng/g at depths below 2.0 m. Moreover, Grimaldi et al. (2008) esti-
mated that 75% to 90% of the elevated Hg within a 3.0-m-thick soil profile was from atmospheric sources.
Thus, it is essential to understand the role of deep regolith on Hg sequestration to understand how deep
regolith may serve as a sink.

Hg within regolith is sourced from geologic processes of weathering and background natural Hg deposition
(Amos et al., 2013; Roulet et al., 1998) but more recently has been directly influenced from human industrial
activities. Natural Hg emissions include volcanic activity and crustal degassing (Hylander & Meili, 2003; Nriagu
& Becker, 2003; Pirrone et al., 2009). Anthropogenic Hg emissions include combustion of coal, industrial man-
ufacturing, waste incineration, cement production, and mining activities (see Streets et al., 2017). As a result,
Hg deposition has increased both regionally and globally since the 1800s (Pirrone et al., 2009; Selin, 2009;
Streets et al., 2017). Streets et al. (2017) estimated that human activities are currently emitting Hg at
9.5 × 103 Mg/year and have added approximately 1.54 × 106 Mg from 1850 to 2010. Distinguishing between
excess Hg, which is Hg added to regolith from atmospheric deposition or lateral transport and rock-derived
Hg, sourced from in situ weathering of parent material, is key for determining if the critical zone is a net sink
or source.

The objectives of this study were to determine the concentration and bulk inventories of Hg in weathering
profiles of six upland Critical Zone Observatories (CZOs) and use geochemical normalization techniques to
estimate sequestration of Hg not sourced from weathering of bedrock. Although we expected Hg concentra-
tions to decrease with depth, we hypothesized that Hg inventories in deep regolith (>1.0 m) would be equal
to or greater than Hg in surface soils (0–0.3 m) due to the greater mass and depth of material. Moreover, we
anticipated that the majority of Hg inventories would not be sourced from weathering but instead sourced
from atmospheric deposition or lateral transport of geogenic or anthropogenic Hg (from weathering of bed-
rock; e.g., Grimaldi et al., 2008; Guedron et al., 2006; Hissler & Probst, 2006; Zhang et al., 2015). By estimating
the deeper accumulation of Hg, we aimed to test if the biogeochemical cycle for terrestrial Hg should include
deep regolith inventories.

2. Materials and Methods
2.1. Critical Zone Observatories
2.1.1. Boulder Creek CZO
Boulder Creek CZO is located in the front range of the Rocky Mountains, within the Boulder Creek watershed,
in north central Colorado, USA. Eight samples of regolith profile were collected over a 7.0-m depth from
Gordon Gulch watershed, which is situated in Arapahoe National Forest. The lithology is dominated by biotite
gneiss and is forested with evergreen vegetation, primarily lodgepole pine (Pinus contorta) and ponderosa
pine (Pinus ponderosa). Gordon Gulch is considered a montane-steppe climate, with the majority of precipita-
tion during spring and with lowest precipitation amounts in winter. Additional climatic and spatial informa-
tion is given in Table 1. Samples were collected by borehole drilling in June 2014.
2.1.2. Calhoun CZO
Calhoun CZO is located in the Southern Piedmont in South Carolina, within the US Forest Service’s Calhoun
Experimental Forest, a 2,057-ha area that for nearly 70 years has been the site of studies of land and water
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degradation and forest regeneration caused by agricultural land uses and reforestation (Richter & Markewitz,
2001). The Calhoun CZO has low to moderately steep hills, which are derived from granitic-gneiss, and a
subtropical climatic zone. Vegetation is dominated by loblolly pine (Pinus taeda) and mixed hardwoods
primarily oak (Quercus spp) and hickory (Carya spp; Richter & Markewitz, 2001). Fourteen subsamples of
weathering profile were obtained in 2016 from a depth 0 to 12.2 m. Details of the collection and
processing of geoprobe and drill core samples can be found in Bacon et al. (2012). In brief, soil samples
(0–6.0 m) were collected from three cores of soil, and saprolite and deep saprolite (6.1–18.3 m) were
sampled with a three-wing auger bit. Samples were crushed, sieved to <2 mm, and air-dried. Samples
from the 18.3-m depth were considered representative of the parent rock Hg concentrations.
2.1.3. Luquillo CZO
The Luquillo CZO is located in the El Yunque National Forest, in northeastern Puerto Rico. Luquillo CZO began
as the Luquillo Experimental Forest and also has been studied as a Long-Term Ecological Research site and a
United States Geological Survey Water, Energy, and Biogeochemical Budgets site. Luquillo CZO is a tropical
montane forest and has an average temperature of 21 °C (Murphy et al., 2012). Precipitation increases with
elevation from 2,500 to 4,500 mm/year (Garcia-Martino et al., 1996), with about 4,200 mm/year reaching
the Guaba ridge study site (about 680m a.s.l. in the Rio Icacos watershed) and strong topographical variations
(Murphy et al., 2017). Vegetation consists of Dacryodes excelsa, Prestoea montana, Sloanea berteroana, Cordia
borinquensis, Manilkara bidentata, Schefflera morototoni, Cecropia schreberiana, Micropholis garciniifolia,
Henriettea squamulosa, and Quararibea turbinate (Weaver & Gould, 2013). Soils, which were Inceptisols, were
sampled (from 0 to 1.72 m) from site LG1 on the Guaba Ridge (Buss et al., 2017; White et al., 1998) in February
2017. Deeper regolith samples were taken in 2010 from archived material from site LG1 (Buss et al., 2005,
2017) and borehole LGW1 (Buss & White, 2012; Orlando et al., 2016), near the Guaba Ridge. In total, 11 rego-
lith samples over 15.9 m in depth were analyzed.
2.1.4. Southern Sierra CZO
The Southern Sierra CZO is located in Fresno County, CA, USA, within the Kings River Experimental
Watershed, a long-term research site established by the Pacific Southwest Research Station of the US
Forest Service (Hunsaker & Eagan, 2003). Southern Sierra CZO lies outside the limits of recent glaciation, in
a sequence of range-parallel ridges and valleys, with alternating steep and gentle terrain of granitic bedrock.
We focused on P301, the head of Providence Creek, which has a montane-steppe climate. Vegetation is domi-
nated by a mixed coniferous forest consisting of Abies concolor, P. ponderosa, Pinus jeffreyi, Quercus kelloggii,
Pinus lambertiana, and Calocedrus decurrens, with intermixed chaparral. Eleven samples from 0 to 11.0 m in
depth were collected in 2011, using a Geoprobe®. For more information regarding sample collection and
processing, please see (Holbrook et al., 2014).
2.1.5. Eel River CZO
The Eel River CZO is located in Mendocino County, CA, USA, and lies within the Northern California Coast
Ranges. Samples were collected from the Rivendell hillslope within the Elder Creek watershed in the

Table 1
Ecosystem and Geologic Properties of Sampling Sites at the Six Critical Zone Observatories

Study area

Mean
elevation
(m a.s.l.) Latitude Longitude

MAT
(°C)

MAP
(mm/year) Vegetation Soil Bedrock

Boulder Creek CZO Gordon Gulch
watershed

2,716 40°01009″N 105°28039″W 4 735 Evergreen
forest

Inceptisols granite-
gneiss

Calhoun CZO Research Area 1 124 34°36023.6″N 81°43024.8″W 16 1,250 Pine
hardwood

Ultisols granitic
gneiss

Eel River CZO Rivendell 455 39°43046″N 123°38039″W 12 2,150 Mixed
evergreen

Alfisols argillite

Luquillo CZO Rio Icacos watershed -
Guaba Ridge

680 18°17002″N 65°47020″W 21 4,200 Tropical forest Inceptisols quartz
diorite

Shale Hills CZO Susquehanna Shale
Hills Catchment

280 40°39052″N 77°54022″W 10 1,050 Northern
hardwoods

Inceptisols-
Ultisols

shale

Southern Sierra CZO Providence Creek
P301

1,250 37°03036″N 119°11027″W 9 1,100 Coniferous Inceptisols granodiorite

Note. MAT = mean annual temperature, MAP = mean annual precipitation.
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Angelo Coast Range Reserve. The bedrock consists of Franciscan argillites and turbidite deposits, which were
accreted and uplifted during subduction of the Pacific Plate under the North American Plate. The Eel River is
characterized by steep topography with active uplift and channel incision, at rates of 0.2–0.4 mm/year (Fuller
et al., 2009), and deep-seated landsliding. The climate is generalized as coastal Mediterranean with a mean
2,156 mm/year of precipitation and 11.6 °C. Vegetation is dominated by a mixed evergreen forest including
Pseudostuga menziesii, Quercus wislizeni, Notholithocarpus densiflorus, Arbutus menziesii, Sequoia sempervirens,
and Umbellularia californica. Samples were collected at the Rivendell site within the Eel River CZO via augur-
ing using a track-mounted rig. Augured samples were recovered and aggregated approximately every 0.76m
(2.5 ft) over a 16.31-m depth. Within each 0.76-m interval, subsamples were collected, bagged, and labeled
with depth ranges. To determine the bulk density of the bedrock, bedrock fragments (approximately
1.5–3.5 g) were recovered by hand from depth intervals greater than 5 m. Rock fragments were weighed
and measured for their total (envelope) volume using a Micromeretics Geopyc 1360 envelope density
analyzer.
2.1.6. Shale Hills CZO
The Shale Hills CZO is located in Huntingdon County, PA, USA. Shale Hills CZO are just south outside the
southern extent of recent glaciation, in a sequence of range-parallel ridges and valleys, with alternating steep
and gentle terrain of silurian Rose Hill shale. The climate at Shale Hills CZO is considered temperate, with pre-
cipitation averages of 1,070 mm/year with mean annual temperatures of 10 °C. Vegetation at Shale Hills CZO
is northern hardwoods with interspersed conifers, dominated by Quercus spp., Carya spp., Pinus spp., Tsuga
canadensis, and Acer rubrum. The borehole (CZMW8) was drilled under the southern ridge. The air-dried core
samples were pulverized using a mortar and pestle to pass through a 100-mesh sieve (<150 μm). Further
information on the collection and processing of borehole core samples can be found in Jin et al. (2010).
Concentrations of major elements and total carbon of the samples were published in Sullivan et al. (2016).

2.2. Total Element Quantification

Total Hg concentrations for regolith subsamples were quantified using a Direct Mercury Analyzer-80
(Milestone Inc.). Subsamples were oven-dried to a constant weight at approximately ~70 °C, which has been
shown to release up to 8% of the total Hg but typically releases <3% (Hojdová et al., 2015). 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. The gold amalgam is heated to 850 °C, and Hg is quan-
tified by an atomic absorption spectrophotometer. To ensure quality, every 15 samples included a duplicate
and a preparation blank. Montana soil SRM 2711a was used as a standard reference material (SRM; National
Institute of Standards and Technology, Gaithersburg, MD, USA). Preparation blanks were below detection lim-
its (<0.05 ng/g), and duplicate variations were within 5%. SRM Hg measurements were always within 10% of
their certified values. Total Hg values for each horizon are given in supporting information Table S1.

Subsamples of regolith from the six CZOs were prepared for geochemical analyses for Ti first by drying to a
constant weight at 105 °C. Samples were then pulverized in a boron carbide mortar and pestle to <100 μm.
For total sample digestion, 2 ml of 25 M HF acid and 5 ml of distilled 16 M HNO3 (Trace metal grade, VWR
Analytical, Radnor, PA, USA) were added to a 100-mg subsample and heated to 95 °C in sealed 30-ml
Teflon PFA vials. After complete digestion of visible materials, samples were dried to a powder and redis-
solved in 0.5 M HNO3. Regolith digests were diluted with deionized water and analyzed for trace metals with
an Element 2 ICP-MS (Thermo-Scientific, Waltham, MA, USA). With every 20 samples, we included at least one
preparation blank, a duplicate, and an SRM. W-2 diabase and G-2 granite from the United States Geological
Survey were used as SRMs for regolith samples. Recoveries for total digests of Ti were 82–104% of certified
values. The variation between intrasample duplicates was <7%, and Ti concentrations in the preparation
blank samples were <0.01 μg/g.

Soil carbon data were obtained for each CZO: Calhoun (Bacon et al., 2012; Fimmen et al., 2008), Eel River
(Druhan et al., 2017), Luquillo (Buss et al., 2005), and Southern Sierra. Total organic C (TOC) concentrations
in soil and regolith samples were measured for Boulder Creek and Shale Hills CZO samples using the
Carlo-Erba NA 1500 Element Analyzer (Thermo Scientific, Waltham, MA, USA). In brief, 6 ± 1-mg subsam-
ples, ground to <0.5 mm, were combusted. Every 20 samples included one blank, one atropine SRM,
and a duplicate. Limits of quantification for the Carlo-Erba NA 1500 Element Analyzer was 0.02%. TOC
concentrations in Atropine SRMs were with 3% of its certified value and <10% relative percent
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difference. Because soil samples were acidic soils, the contribution of C from calcium carbonates was pre-
sumed to be negligible.

2.3. Quantifying Rock-Derived and Excess Hg

We applied a normalization ratio of Hg/Ti, similar to mass balance coefficient analyses, to identify Hg sourced
from bedrock weathering and additions to the weathering profiles from external sources, that is, atmospheric
deposition or lateral transport (Brimhall & Dietrich, 1987; Oh & Richter, 2005; Zhang et al., 2015). Mercury was
referenced to Ti in the deepest weathered bedrock samples in each regolith profile (Grimaldi et al., 2008;
Guedron et al., 2006; Zhang et al., 2015). Although Ti is known to be more mobile than Zr during weathering,
Ti exists in higher concentrations and avoids errors associated with anomalies in zircon crystal abundance
and incomplete zircon digestion. For each depth sample in the regolith profile, the concentrations of
Hgrock-derived and Hgexcess were estimated by normalizing Hg concentrations to Ti concentrations (Grimaldi
et al., 2008; Guedron et al., 2006; Hissler & Probst, 2006). This method assumes that the element Ti contained
in the parental material undergoes similar pedogenic processes as Hg, and Hgrock-derived is the fraction of Hg
within the regolith sourced from weathering of parent material. Hg not accounted for as Hgrock-derived is
assumed to be Hgexcess, which is assumed to be sourced from atmospheric deposition of natural and anthro-
pogenic processes or laterally transported to the regolith. We calculated a theoretical Hg concentration
[Hgrock-derived] for each depth using the deepest, least weathered sample for each weathering profile using
the following equation (1) (Grimaldi et al., 2008; Guedron et al., 2006):

Hgrock�dervied½ �s ¼
Hgp
h i

Tip
� � � Tis½ � (1)

where the subscripts refer to each depth of the profile and the subscript p refers to the least weathered bed-
rock. The extent of the weathering was visually confirmed using light microscopy, Al, Fe, Ti, and Zr ratios (Al,
Fe, and Zr data not presented), and previous studies at each CZO.

2.4. Hg Inventory Calculation and Data Analyses

Using Hgrock-derived concentrations, Hgexcess concentrations, bulk density data, and measured depths, we cal-
culated the storage of Hg inventories in each CZOweathering profile. To calculate Hg inventories, Hg concen-
trations were multiplied by bulk density measurements from either the samples themselves or from other
samples at the same depth at the same CZO. Hg concentrations were assumed to be representative of their
depth and used to create a continuous estimate of Hg mg/m3 from 0 to 10 m depth. For Boulder Creek CZO,
which was only sampled to the 7-m depth, the final sample was extrapolated down to the 10-m depth,
assuming bulk density and Hg concentrations remained constant to the 10-m depth. The continuous Hg esti-
mates were then split into four depth intervals: 0–0.3, 0.3–1.0, 1.0–4.0, and 4.0–10.0 m.

We tested the association of Hg, Hgexcess, and Hgrock-derived with TOC using linear regressions for each CZO
and with generalized linear mixed model regressions with each CZO as a random effect. All regressions were
performed using MATLAB (MATLAB 2016, Mathworks, Natick, MA, USA). For Hg concentrations and inven-
tories, error bars were measurement errors based upon coefficients of variations for the samples.

3. Results
3.1. Mercury Concentration Profiles

Hg concentrations in weathering profiles across the six CZOs ranged from 0.4 to 281 ng/g with an average of
47 ng/g and median of 16 ng/g (Figure 1; supporting information Table S1). Comparing Hg across CZOs, Hg
concentrations throughout the weathering profiles were lowest at Boulder Creek CZO and highest in Eel River
CZO regolith (Figure 1). Highest Hg concentrations occurred in surface soils for weathering profiles at
Luquillo, Shale Hills, and Southern Sierra CZOs (Figure 1). Boulder Creek, Calhoun, and Eel River CZOs had
highest Hg concentration peaks deeper in weathering profile (Figure 1). Mercury concentrations were higher
between the 1.8- and the 4.0-m depth for Boulder Creek, Calhoun, Luquillo, and Southern Sierra CZOs and at
the 6.30-m depth for Eel River CZO.
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3.2. Excess and Rock-Derived Hg Concentrations

Most of the Hg was Hgexcess in the top 4.0 m at CZOs dominated with igneous and metamorphic bedrocks
(Boulder Creek CZO, Calhoun CZO, Luquillo CZO, and Southern Sierra CZO; Figure 2). At Boulder Creek and
Calhoun CZOs, Hgexcess was >88% of the Hg throughout the majority of the profile. At Southern Sierra
CZO, Hgexcess was >86% of the Hg for the top 4 m but decreased to <5% between 5.0 and 11.0 m.
Luquillo CZO showed that Hgexcess was the dominant Hg fraction at >80% of the Hg concentration for the
top 0.6 m but dropped to <5% Hgexcess below 4.0 m (Figure 2). Eel River and Shale Hills CZOs, which had
regolith derived from sedimentary rocks, had higher Hg concentrations and were dominated by Hgrock-derived
for most of their weathering profiles, except in the top 0.5 m at Shale Hills CZO

3.3. Mercury Inventories

Hg inventories for the top 10.0 mwere similar across most CZOs, ranging from 117 to 226 mg/m2 (supporting
information Table S2), except for Eel River CZO (3,753 mg/m2). Hg inventories in the 0–0.3-m depth interval
were comparable across CZOs, ranging between 6.2 mg/m2 at Boulder Creek CZO and 31 mg/m2 at Calhoun
CZO. Hg inventories in the 0.3–1.0-m depth interval were also comparable across CZOs, ranging between
20 mg/m2 at Boulder Creek and Shale Hills CZOs and 88 mg/m2 at Eel River CZO. However, 1.0–4.0- and
4.0–10.00-m depth intervals were similar for all CZOs ranging between 22 and 158 mg/m2 except for Eel
River CZO, which had 918 and 2,589 mg/m2 for the 1.0–4.0 and 4.0–10.0 m depth intervals, respectively.
Considering Hg inventories normalized to their depth interval, the mg/m3 was comparable across CZOs
(21–103 mg/m3) and decreased with depth except for Eel River CZO, which had increasing Hg inventories
with depth (40 mg/m3 at 0–0.3 m to 586 mg/m3; data not shown). Although Hg inventories normalized to
depth interval decreased deeper in the profile, Hg inventories deeper in the regolith profile were much larger
than in the 0–0.3-m surface soils.

Figure 1. Total Hg concentrations (ng/g) in weathering profiles for the six Critical Zone Observatories (CZOs). Please note
that Hg concentration scales (x axis) are not the same.
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Hgrock-derived inventories in the top 10.0 m of regolith ranged substantially across CZOs in size, over two
orders of magnitude, and in percent of the Hg inventory, ranged from 5% to 81% of the Hg inventories.
CZOs with the lowest Hgrock-derived inventories in the top 10.0 m were Boulder Creek (10 mg/m2 or 9%),
Calhoun (11 mg/m2 or 5%), and Southern Sierra (32 mg/m2 or 22%). CZOs with the highest Hgrock-derived frac-
tions in the top 10.0 m inventories were Luquillo (135 mg/m2 or 60%), Shale Hills (123 mg/m2 or 57%) and Eel
River (2,816 mg/m2 or 75%; supporting information Table S2). Greater than 85% of the Hg inventory in the
0.3–1.0-m depth interval was Hgexcess at Boulder Creek CZO, Calhoun CZO, and Southern Sierra CZO.
However, only 53% of Hg in the 0.3–1.0-m depth interval at Luquillo CZO was Hgexcess (Figure 3). The
1.0–4.0-m depth interval had the greatest total Hg inventories, ranging from 69 mg/m2 at Boulder Creek
CZO to 88 mg/m2 at Calhoun CZO. Of the Hg in the 0.3–1.0-m depth interval, >88% was Hgexcess at
Boulder Creek CZO, Calhoun CZO, and Southern Sierra CZO. However, the 1.0–4.0-m depth interval at
Luquillo CZO had only 32% Hgexcess.

3.4. Mercury Concentrations With TOC

Using linear regressions, Hg concentrations were significantly and positively correlated with TOC at Luquillo
CZO (R = 0.91) and Shale Hills (R = 0.96) but not at Boulder Creek (R = 0.34), Calhoun CZO (R = �0.23),
Southern Sierra (R = 0.48), or Eel River (R = �0.02) CZOs (Table 2; supporting information Figure S1).
Similarly, Hgexcess was significantly correlated with TOC at Luquillo and Shale Hills CZO (Table 2). Hgrock-derived
was only significantly correlated with TOC at Luquillo, negatively (Table 2). Overall, there was no significant
correlation between any of the three Hg concentrations with TOC across all CZOs, using generalized linear
mixed model regressions with CZOs as a random effect variable.

Figure 2. Profiles of Hgrock-derived and Hgexcess concentrations for the six Critical Zone Observatories (CZOs) using
equation (1).
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4. Discussion
4.1. Mercury Concentrations and Inventories in Weathering Profiles

Hg concentrations across the six weathering profiles (0.4 to 282 ng/g) were comparable to the range of values
reported by previous studies on nonpoint source polluted forested soils in North America (e.g., Obrist et al.,
2009; Obrist et al., 2011; Richardson et al., 2013; Richardson & Friedland, 2015; Smith et al., 2013), tropical
South America (e.g., Fiorentino et al., 2011), temperate and subtropical China (Luo et al., 2014), and temperate
andMediterranean Europe (Peña-Rodríguez et al., 2012; Schwesig &Matzner, 2001). Furthermore, Hg concen-
trations were generally lower than those reported in point-source polluted areas such as soils near artisanal
gold mining (e.g., 70–420 ng/g of soils in French Guyana studied by Guedron et al., 2009) and soils near
metropolitan areas in China (e.g., 110–2178 ng/g in Shi et al., 2013). The spatial variation in Hgexcess among
CZOs was generally in agreement with Smith-Downey et al. (2010), which estimated higher anthropogenic
enrichment in surface soils in the eastern United States and at higher elevations. These results agree with
atmospheric deposition models that estimate higher Hg concentrations near geologic sources along the
Pacific coast in California and high atmospheric deposition rates to the eastern United States (Obrist et al.,
2011; Smith et al., 2013; Smith-Downey et al., 2010).

Elevated Hg concentrations in soils extend far beyond the typical maximum sampling depth of 0.3 or even
0.5 m (Figure 1). Moreover, estimates for Hg inventories in the top 0.3 m and top 1.0 m of regolith were much
higher in our study than Smith-Downey et al. (2010). Smith-Downey et al. (2010) estimated that Hg storage in
soils in North America was typically between 1 and 10 mg/m2 for the top 0.3 m, but our study estimated Hg
storage in the top 0.3 m, which ranged from 6 to 30 mg/m2. Furthermore, as shown in Figures 1, 2, and 3, the
accumulation of Hg in regolith extends far deeper into the weathering profile and indicates deeper Hg inven-

tories. For Boulder Creek, Calhoun, and Southern Sierra CZOs, Hgexcess was
a dominant portion of the Hg concentrations and bulk regolith inventories
(Figures 2 and 3). Further, Hgexcess inventories from the 0.3–1.0-, 1.0–4.0-,
and 4.0–10.0-m depth intervals were equal to, or larger than, the
Hgexcess inventory in the top 0–0.3 m. These results highlight that substan-
tial Hg can be sequestered within regolith, deeper in the weathering pro-
file than commonly sampled. Because large portions of the Hg inventories
were estimated to not be sourced from weathering within the profile on
the basis of Hgexcess values, we suggest that regolith deeper than 0.3 or
0.5 m is integral in mediating Hg sequestration from the atmosphere.

We calculated that the 0–10 m of regolith had accumulated
90–860 mg/m2 of Hgexcess, up to two orders of magnitude greater Hg
inventories than in Smith-Downey et al. (2010). This unaccounted Hg

Figure 3. Mercury inventories for the four depth intervals of the six Critical Zone Observatories (CZOs). The Hgrock-derived and Hgexcess values were calculated using
equation (1) and converted to areal units using bulk density and sample depths. Error bars are cumulative standard error for Hg concentrations and bulk density
measurements.

Table 2
R Values for Linear Relationships Between Mercury and Total Organic Carbon

Study area Total Hg Hgexcess Hgrock-derived

Boulder Creek CZO 0.34 0.34 0.02
Calhoun CZO �0.23 �0.23 0.47
Eel River CZO �0.02 0.30 �0.31
Luquillo CZO 0.91** 0.92** �0.63*
Shale Hills CZO 0.96** 0.97** 0.24
Southern Sierra CZO 0.48 0.48 0.46

Note. Significant linear regressions are denoted with * for p < 0.05 and **
for p < 0.01.
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could be active in the global Hg cycle interacting with the atmosphere, oceans, and terrestrial systems or
sequestered away as part of the deep mineral reservoir. Incorporating deeper regolith Hg is difficult because
estimating the extent of Hg accumulation and its rate of Hg sequestration are unclear and require additional
data. First, extrapolating Hg in regolith is difficult as estimating the thickness of regolith across North America
has been limited. Regolith can range between 3 and 40 m with strong variations with lithology, petrology,
topography, and climate (Bazilevskaya et al., 2012; Clair et al., 2015; Holbrook et al., 2014). Pelletier et al.
(2016) developed a physically based model to estimate soil thickness across the United States and estimated
the average soil and regolith thickness to be approximately 6 m, although this is a key resource exploring the
role of regolith. Second, the rate of Hg accumulation in regolith is not constant and has varied over recent
and geologic timescales. Based upon total human Hg emission estimates from Streets et al. (2017), it can
be presumed that the much larger Hg inventories in regolith across these six CZOs have been accumulating
on the geologic timescale of kyr to Myr and are likely not primarily from the recent spike in anthropogenic Hg
deposition over the past century and a half. However, that is not to understate that anthropogenic pressures
(e.g., land-use change and erosion) are not capable of mobilizing these inventories into the global Hg system.
Biogeochemists who study Hg must excavate deeper, and modelers must begin to consider deep sequestra-
tion of Hg in the regolith.

Our results suggest that regolith, beyond surface soils, can be a large net sink for Hg or potentially a net

source. Hgexcess concentrations and inventories at Boulder Creek, Calhoun, and Southern Sierra CZOs show
that regolith acts as a sink throughout the weathering profile for Hg not sourced from the weathering of par-

ent materials, although the provenance of the Hgexcess is unclear. We hypothesize that much of the Hgexcess
was sourced from atmospheric deposition or lateral transport from geologic sources over kyr to Myr time-
scales. Since regolith samples are from upland sites and not topographic low points on their respective land-
scapes, we suggest the influence of lateral transport to be minimal and atmospheric deposition to be a

dominant source for Hgexcess. In addition, lateral transport into the regolith profile would likely be balanced
by lateral transport out of the regolith profile. However, vertical transport of Hg within the profile may be

important, especially at Calhoun CZO, Eel River CZO, and Luquillo CZO due to their subsurface Hgexcess
concentration peaks.

Based upon cumulative estimates of Hg, additions from human deposition from Smith-Downey et al. (2010)
ranged between 0.1 and 1 mg/m2 cumulative while excess Hg inventories in our study ranged between 106
and 860 mg/m2 in the top 10 m of regolith profiles. Thus, only surface soils have been influenced by
anthropogenic emissions since industrialization (Amos et al., 2013; Streets et al., 2017). Moreover, anthropo-
genic Hg is most likely sequestered primarily in surface soils due to the strong sorption to organic C (Obrist
et al., 2011; Shi et al., 2013). Thus, we attribute the majority of Hgexcess directly to atmospheric Hg sources
from volcanic emissions and emission and resuspension from terrestrial and marine sources over geologic
timescale of kyr to Myr. In addition, regolith may have also accumulated Hg from lateral transport and
leaching from other depths within each weathering profile, particularly at Eel River CZO due to its high
Hgrock-derived concentration.

Hg concentrations and inventories in regolith at the tropical, highly weathered Luquillo, and the
sedimentary-dominated Eel River, and Shale Hills CZOs were dominated by Hgrock-derived for two distinct rea-
sons. Luquillo CZO is dominated by igneous-derived regolith that has low Hg concentrations but does not
appear to act as a Hg sink as do the other igneous weathering profiles. Shanley et al. (2008) compared the
Hg budget for the same watershed at Luquillo CZO to the Hg budgets in similar-sized watersheds in
Colorado, Wisconsin, Georgia, and Vermont, USA, and found Luquillo to be a net source of Hg. As noted by
Shanley et al. (2008), the Luquillo study site has a mean annual precipitation of 4,200 mm/year, while the
other five study areas have mean annual precipitation values between 700 and 2,000 mm/year. Thus, greater
movement of water could rapidly transport Hg bound to inorganic and TOC particulates through the regolith
profile at rates that exceed their physical immobilization. Shanley et al. (2008) found that particulates of
organic C were responsible for 93% of stream water export of Hg at Luquillo CZO compared to<65% at their
four other studied watersheds. Moreover, soil erosion could also be responsible for the lower retention of Hg
at Luquillo CZO (Larsen & Torres-Sánchez, 1998; Munthe & Hultberg, 2004). Hg in the weathering profiles at
Eel River and Shale Hills CZOs were predominately Hgrock-derived because their sedimentary parent rock has
higher Hg concentrations compared to igneous- and metamorphic-derived regolith. However, atmospheric
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Hg deposition has likely influenced the surface soils at Shale Hills substantially because of upwind combus-
tion of coal for energy production (Figure 2; e.g., Keeler et al., 2006).

A potential source of error with the Hg/Ti normalization is that Hg in bedrock exists in sulfideminerals while Ti
is present in aluminosilicate minerals, and both may not be homogeneously distributed in the rocks and
minerals of the regolith. This assumption would most likely underestimate HgS in regolith because of its wide
variation in rocks relative to Ti (see Smith et al., 2008), leading to underestimation of Hgrock-derived. Similarly, Ti
may be mobile in the surface soil (<0.25 m) at the Luquillo CZO (Buss et al., 2017), meaning that Hg/Ti in the
surface soils at Luquillo could be overestimated, causing an underestimation of Hgrock-derived. This highlights
the importance of choosing a representative value for the parent material Hg/Ti ratios as variations in bed-
rock Hg/Ti ratios can mask effects of weathering with depth, as present in Eel River CZO. Further, we believe
our homogenization of rock samples aided in avoiding in the mineral Ti and Hg bias. Although these errors of
heterogeneity and representative parent material samples exist, this method has been used in tandem with
Hg deposition estimates to effectively predict Hg loadings in weathering profiles exposed to regional Hg
deposition (e.g., Grimaldi et al., 2008; Guedron et al., 2006; Zhang et al., 2015).

4.2. Mercury, TOC, and Other Physicochemical Properties in Regolith

Hg concentrations in soil is generally related to chemical properties, specifically TOC concentrations, but
other properties like clay abundance and secondary oxide abundance can also be key factors (e.g., Demers
et al., 2013; Obrist et al., 2011; Richardson et al., 2013). Plant-derived organic C is a key soil property for Hg
adsorption, and most studies on Hg in forest soils have observed a significant relationship between Hg
and TOC. Using linear regressions for each CZO and a cross-CZO generalized linear mixed effect model, Hg
concentrations throughout the weathering profile were significantly correlated with TOC only at Luquillo
and Shale Hills CZOs (Table 2). Further, the significant relationship between TOC and Hgexcess for Luquillo
and Shale Hills CZOs (Table 2) indicates that a large portion of Hg that accumulated in regolith from exogen-
ous sources can be controlled by organic C cycling, as suggested by Obrist et al. (2011) and Smith-Downey
et al. (2010). Overall, Hg concentrations were not significantly correlated with TOC across study areas using
a generalized linear mixed-effects model with each CZO as a random effect variable. The overall lack of a
strong relationship between Hg and C suggests that Hg sorption to organic C is dominant for some parts
of the critical zone, but other processes control Hg accumulation in regolith.

We suggest that accumulations of clay minerals, Fe minerals (both oxyhydroxides and Fe(II) sulfide minerals),
and hydrogeochemical processes controlling redox conditions and leaching rates are responsible for peaks in
Hg accumulation at Southern Sierra, Luquillo, Boulder Creek CZOs, and most strikingly at Calhoun CZO
(Richardson & Richter, 2017). Figure 1 shows that Hg concentrations deeper than 1.0 m match or exceed sur-
face soil Hg concentrations at three of the four CZOs. Since many of these subsurface peaks do not coincide
with higher TOC concentrations, we hypothesize that this indicates that processes other than sorption by
organic C are influencing Hg accumulation in the weathering profile. At Calhoun and Luquillo CZOs, these
elevated concentrations of Hg correspond with redoximorphic features of localized reduced and oxidized
Fe. At Calhoun CZO, the higher Hg concentrations correspond with orange-gray bands (Richardson &
Richter, 2017). The orange-gray bands are characterized by accumulations of hematite and goethite and gray
bands are Fe depleted and composed of 73% clay-sized particles dominated by kaolinite and hydroxy-
interlayered vermiculite with elevated organic C (Fimmen et al., 2008). Reduced Fe, clay minerals, and organic
C are known to enhance sorption of Hg (Fiorentino et al., 2011; Gabriel & Williamson, 2004; Grimaldi et al.,
2008). At Luquillo CZO, the subsurface Hg peak (~1.5 m depth) corresponded with a small spike in TOC, likely
related to a hydrogeochemical process promoting subsurface organic C accumulation. These subsurface Hg
accumulations demonstrate that only collecting shallow soil samples may overlook important deeper zones
of Hg sequestration.

Our study has also shown that parent materials with elevated Hg concentrations can be net Hg sources with
weathering extending>10.0 m in depth. Our results enabled us to attribute the majority of Hg in the weath-
ering profile at Eel River and Shale Hills CZO to sedimentary parent material. We hypothesize that the ele-
vated concentrations of Hg in the top 0.6 m at Shale Hills CZO are from regional atmospheric deposition
(Figure 2), likely from regional industrial activities. However, the rest of the profile shows little sequestration
of exogenously sourced Hg (Figure 2) and steady concentrations of Hg in the olive-pink, grayish-buff shale.
An additional factor influencing Hg at Shale Hills is the relatively young weathering profile due to
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periglacial conditions occurring during the last glacial maximum of approximately 15 kyr (Jin et al., 2011). Eel
River CZO was also dominated by Hg sourced from weathering of sedimentary parent material, argillite
(Smith et al., 2008). Subsurface peaks at 7.3 m suggested potential downward vertical transport of Hg within
the profile or heterogeneity in bedrock. Thus, areas with fine-grained sedimentary rocks with elevated Hg
concentrations may be important for regional Hg sources to aquatic ecosystems.

5. Conclusions and Implications for the Global Hg Biogeochemical Cycle

Sequestration of Hg in regolith well below surface soil, several meters in depth, has been underappreciated
bymost empirical andmodeling studies on regional and global Hg cycling. Our results show that elevated Hg
concentrations extend beyond the typical maximum sampling depth of 0.3 to 0.5 m. Surface soils (0–0.3 m) at
each CZO except Shale Hills had Hg concentrations lower than or equal to subsurface peaks in regolith at the
1.5–8.0-m depth. One of the most important findings in our study was that Hg/Ti ratios suggest that total Hg
concentrations and inventories were primarily Hgexcess, atmospherically derived not weathering sourced Hg,
for three of the six weathering profiles. Our Hg profiles demonstrate that regolith below surface soils are
sequestering Hg from external sources.

Considering Hg deeper in the weathering profile, >0.5 m in depth, in the global Hg biogeochemical cycle
is essential as regolith has the potential to store up to two orders of magnitude more Hg than the top 0–
0.3 m. Hg sequestration was associated with but not necessarily governed by organic C. Lithology clearly
influences Hg concentrations as observed by the high rock-derived Hg from argillite at the Eel River CZO.
Additional factors influencing Hg sequestration in regolith are clay abundance, Fe mineralogy, and hydro-
geochemical processes, such as at the Luquillo CZO with potentially high leaching and erosion rates. Thus,
we conclude that while linking the global Hg biogeochemical cycle directly to that of C has provided an
excellent first-order approximation, it fails to account for inorganic processes occurring deeper in the
weathering profile. Our findings highlight the importance of inorganic and geologic processes in the glo-
bal Hg cycle.

The sequestration and sourcing of Hg in the Critical Zone have many implications for ecotoxicology and land-
use considerations. First, identifying regolith and areas prone to Hg sourcing is important for protecting
human and ecological health. For example, substantial Hg concentrations and methyl-Hg has been found
in filtered water samples and algae in the South Fork Eel River where anthropogenic Hg pollution is insignif-
icant (Tsui et al., 2010). Hg from regolith weathering can bioaccumulate in top trophic fish from insects in ter-
restrial ecosystems (Tsui et al., 2014). Second, determining areas of the Critical Zone that sequester large
inventories of Hg could be important for protecting sensitive riparian and aquatic ecosystems. However,
locating these regions and their stability under different land uses requires further investigation (e.g.,
Almeida et al., 2005; Chen et al., 2010; Cordeiro et al., 2002; Richardson et al., 2017).
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