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Core Ideas
• Bulk soils are mixtures of SOM pools
that cycle C and Hg very differently.
• Density separation and C-14 analysis
reveal differences between SOM pools.
• Mineral interactions are an
underappreciated mechanism for Hg
and C stabilization.
• C-Hg interactions in Spodosols are
consistent across the entire soil order.
• Soil taxonomic orders differ in
C-Hg relationships in pedogenically
predictable ways.
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Soils comprise the largest terrestrial pool of C and Hg on Earth, and these elements have critical feedbacks to problems ranging from atmospheric pollution
and climate change to public health. Empirical evidence suggests these elements
cycle closely in a wide range of soils, but mechanistic studies of their interactions within distinct soil organic matter (SOM) pools and between different soil
types are needed. Here, we report findings of a novel approach to investigate
C–Hg interactions, primarily in Spodosols, in which we: (i) examined density
separated topsoil and illuvial horizons of four contrasting Spodosols, and used
radiocarbon to investigate interactions between Hg and C cycling in distinct
SOM pools; (ii) assessed broader patterns across Spodosols and other soil orders
using USDA soil survey laboratory data. Consistent with other studies, C and Hg
concentrations of individual soil horizons were positively related across the four
contrasting Spodosols. Carbon and Hg were also positively related in the density
fractions comprising individual soil horizons, but radiocarbon analysis revealed
fundamental differences in Hg retention in modern, C-rich fractions vs. low-C
fractions containing less modern radiocarbon. The lack of significant site-to-site
variation in C and Hg across these sites (and Spodosols more broadly), contrasted
against significant differences between horizons and fractions, suggests processes controlling C–Hg interactions are consistent across the taxonomic order.
Furthermore, significant differences between other soil orders indicate that processes controlling soil formation—as represented by soil taxonomy—can explain
differences in C–Hg interactions and their distribution across soils.
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t spatial levels ranging from individual ecosystems to all
of Earth, soils are the largest terrestrial storehouses of
C ( Jobbagy and Jackson, 2000) and Hg (Bank, 2012).
These two elements play very important, but in many ways disparate roles in soils and ecosystems. On one hand, organic C is
a metabolic currency, the skeleton of biomolecules, and an exchange site for elements ranging from nutrients to toxic metals,
making it centrally important to many biogeochemical cycles.
On the other hand, Hg is a toxic, reactive, bioaccumulating metal
with a highly mobile gas phase, having deleterious impacts on
organismal, soil, and ecosystem processes at molecular to global
levels (Driscoll et al., 1994; Selin, 2009). The closely coupled
cycling of these two elements and their links to pervasive problems—from atmospheric pollution to public health—argue for
an integrated approach to their study.
At regional down to landscape levels, amounts of C and
Hg in soil (whether concentrations or stocks) co-vary closely.
Mercury can be naturally more abundant in soils in volcanically
active regions and where sedimentary rocks are rich in organic
C (Turekian and Wedepohl, 1961). In most regions, however,
anthropogenic atmospheric deposition (whether modern or
legacy) is a significant, if not always dominant, source of Hg
in soils (Fitzgerald and Lamborg, 2014; Schuster et al., 2002).
Deposited via dry and wet mechanisms (e.g., Risch et al., 2017),
Hg in soils is also “lost” to the atmosphere via volatilization (such
as through fire), and to receiving water systems via runoff and
recharge (Grigal, 2003). On timescales of centuries, soils are net
sinks for Hg, especially when complexed with organic matter
(Skyllberg et al., 2006; Yu et al., 2014). Sorption to SOM and the
subsequent hydrologic redistribution of soluble organomineral
complexes explains some of the distribution of Hg across soillandscape units (Demers et al., 2007; Driscoll et al., 2013). In catenas or toposequences, soils in low-lying landscape positions are
typically net accumulators of C and Hg, because in part of in situ
accumulation of both elements, as well as inputs from contributing source areas (Nave et al., 2017; Kolka et al., 2011). Because
Hg and SOM solubility is strongly influenced by soil pH, and
the mobility of both elements depends on soil texture and hydrologic fluxes, these soil chemical and physical factors influence C
and Hg distribution (Demers et al., 2013; Mitchell et al., 2009).
These factors—soil pH, texture, and hydrology—are important
predictors of C and Hg distribution over landscape to regional
levels, often through relationships with other factors such as atmospheric deposition, soil clay content, and soil drainage regime
or annual precipitation (Obrist et al., 2011; Richardson et al.,
2013; Stankwitz et al., 2012). In turn, many of these same factors
explain the landscape to regional distribution of SOM, of which
C and Hg are constituents (Rasmussen et al., 2018).
The vertical distribution of SOM within soil profiles and its
variation across space are often studied to assess models of SOM
stabilization. Research on SOM stabilization in mineral soils has
advanced considerably in recent years, as conceptual models have
become better integrated with laboratory and analytical methods
that can directly measure properties of interest (e.g., composition,
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conformation, and stability of C forms). There is now abundant
evidence that SOM persistence is typically not because of inherent recalcitrance or acquired through processes such as “humification”; instead, incorporation into aggregates and adsorption on
mineral surfaces are viewed as the dominant processes that result
in stable SOM (Kleber et al., 2011; Lehmann and Kleber, 2015).
These functionally discrete, physically distinct pools (aggregates
and organo-mineral complexes) can be reliably separated by density fractionation (Golchin et al., 1994; Swanston et al., 2005;
Crow et al., 2007); when combined with radiocarbon analysis as a
measure of C stability (Frank et al., 2012; Trumbore, 2009), these
methods reliably isolate SOM pools differing in their proximal
sources (e.g., plant detritus, microbial residues), functional composition (e.g., aliphatics, aromatics, alkyl C), and turnover times
(Swanston et al., 2005; Schrumpf et al., 2013; Trumbore, 2000).
Conceptual models of SOM stabilization have many similarities to models of soil formation, in part because SOM is critical to so many properties of and processes occurring in soil. The
Simonson (1959) model treats soil-forming state factors (sensu
Jenny, 1941) as the constraints that influence four soil forming
processes: gains, losses, transfers, and transformations. Forming
through these four processes, soils are dynamic natural bodies
that exhibit continuous variation in their myriad properties.
These include properties such as C stocks, Hg depth distributions, and the distribution of SOM among functional pools,
and soil taxonomy provides a tractable framework for categorizing variation in these properties and testing how soil formation,
SOM stabilization, and C-Hg interactions differ among soils.
Carbon and Hg are closely linked in soils and play different
roles in organisms, soils, and ecosystems. Spodosols are particularly
well suited for studying C and Hg and their links to soil formation,
because their genesis is readily interpreted according to the process
model of soil formation (Simonson, 1959), and their mechanisms
of SOM stabilization are fairly well known from detailed site-level
studies (Kaiser et al., 2002; McFarlane et al., 2013; Schulze et al.,
2009). Furthermore, mechanisms controlling Hg speciation and
interactions with SOM have been studied in Spodosols across a
wide geographic range (do Valle et al., 2005; Gomez-Armesto
et al., 2018; Pena-Rodriguez et al., 2014; Roulet et al., 1998).
However, few studies meld pedogenesis, geochemical detail, and
broad patterns across sites (e.g., Richardson et al., 2013), and as
yet no researchers have reported Hg data for soil density fractions.
Our goal in the present study was to close this data gap and use
radiocarbon as a direct measure of SOM stability to understand
how C and Hg interact during their transfers and transformations
in Spodosols. Through a detailed cross-site study of four disparate
Spodosols, and a broader analysis of the USDA-Natural Resources
Conservation Service (NRCS), National Cooperative Soil Survey
(NCSS) Soil Characterization Database, we tested five hypotheses: (i) The positive relationship between C and Hg in bulk soils
also exists in the density fractions that comprise those soils; (ii)
horizons and density fractions in which the C is more modern
have higher C and Hg concentrations; (iii) Hg/C ratios narrow in
increasingly modern SOM pools (horizons and density fractions);
191

Table 1. Key site-level properties of the four soils detailed in the cross-site analysis.
Site
BART

LAT/LON
44.1,–71.3

MAT MAP
7
122

DSNY 28.1,–81.4

22

122

UMBS 45.5,–84.1
UNDE 46.1,–89.3

6
5

82
75

Dominant vegetation Elevation
Hemlock/northern
269
hardwoods
Longleaf pine/
bunchgrass

21

Parent material
Granite & gneiss-derived
glacial till

Soil series
Sunapee

Soil taxonomy†
Aquic Haplorthods

Coastal plain sands

Wabasso

Alfic Alaquods

Aspen-oak- maple
260
Mixed glacial outwash & till
Blue Lake
Lamellic Haplorthods
Hemlock/northern
525
Loess over mixed glacial till Gogebic– Pence Alfic Oxyaquic Fragiorthods,
hardwoods
complex
Typic Haplorthods
† USDA Subgroup(s) of the soil series (or complex) mapped where soils were sampled.

(iv) between-horizon and between-fraction variation in Spodosol
C and Hg properties is more significant than between-site variation; (v) Spodosols differ in C and Hg properties and relationships
from other soil taxonomic orders based on the pedogenic processes and physical and chemical properties that make them unique.

Methods

Study Sites for Cross-Site Comparisons
Three of the study sites (Bartlett Experimental Forest
[BART], Disney Wilderness Preserve [DSNY], University of
Notre Dame Environmental Research Center [UNDE]) utilized in
our detailed cross-site analysis are part of the National Ecological
Observatory Network (NEON); the fourth is the University of
Michigan Biological Station (UMBS). Three of these sites are in
northern temperate forest landscapes glaciated until the most recent
~12,000 yr of the Pleistocene (BART, UMBS, UNDE). The other
site (DSNY) was not glaciated; it is on early- to middle-Pleistocene
alluvial deposits and supports pine savannah vegetation. Descriptive
information about these four sites is presented in Table 1.

Soil Sampling
At the NEON sites (BART, DSNY, UNDE), the NEON
team used a corer (9100 series Power Probe, AMS Inc.) to collect five pairs (n = 10) of complete soil profiles (i.e., two cores
from within each of the five NEON soil array plots). One core
of each pair (i.e., five cores per site) from each of these sites are
described and reported in this analysis. At UMBS, 15 complete
soil profiles were collected (in 30-cm increments) from a 20-ha
area using a split-core sampler. Individual horizons from 7 of
these 15 profiles were described and density separated for this
analysis; density fractions from the two with median bulk soil
physical and chemical characteristics were analyzed for radiocarbon. Field sampling of soils at the four sites occurred between
February (DSNY) and July (UMBS) 2015, and involved the
collection of full soil profiles (into the C horizon) in stainless
steel corers with butyrate plastic liners. Upon collection, intact cores (in 1-m increments in their liners) from the NEON
sites were capped, placed in a cooler, and shipped on ice to the
Oregon State University Core Marine Geological Repository
Laboratory, where they were stored (as long as 8 wk) at 4°C until
processing. At UMBS, individual genetic horizons were measured (thickness) and described (moist Munsell color, texture
class) in the field, then quantitatively removed from their core
liners and transferred to 4 mil HDPE bags, which were placed in
192

a cooler. At the end of the day of sample collection, these samples
were placed on cafeteria trays and air-dried at ~20 to 25°C for 1
wk, reaching <5% volumetric moisture content during that time.

Laboratory Processing
Throughout this paper, we report data for three pedogenically distinct horizons in each profile: the uppermost non-litter horizon of each soil (Oa, A, or AE depending on site), the uppermost
illuvial (spodic) horizon, and the deepest B. First, to characterize
the portion of the profile that is most influenced by surface detritus inputs and atmospheric Hg deposition, we report data for the
uppermost non-litter horizon of each soil: the Oa, A, or AE horizon (depending on site), to which we will refer as the O/A horizon
from this point forward. Because the eluvial horizons of Spodosols
are characteristically depleted in SOM, C, and Hg, we do not present data for E horizons. Instead, the uppermost illuvial (spodic, i.e.,
B1) horizon is the next horizon of interest. Lastly, to contrast the
properties of this uppermost illuvial horizon with those of the illivual horizon that is least altered from parent material, our third
portion of interest is the deepest B horizon within each profile.
Soil cores from NEON sites (BART, DSNY, UNDE) were
carefully cut open to minimize plastic contamination (petroleum-derived plastic can bias radiocarbon measurements) from
the core liners. Soils were described according to NRCS procedures (Schoeneberger et al., 2012). Because of the narrow internal
diameter (3.5 cm) of the cores some soil characteristics could not
be described (i.e., horizon boundaries, very coarse roots, and very
coarse soil structures); however, a separate 100+ cm soil pit was
excavated at each site in conjunction with the NEON site installation. When in doubt, thick horizons contained in the cores were
split into multiple horizons to provide more detailed descriptions
of the soils and greater flexibility in later compositing of horizons
for density separation and analysis. High resolution photos were
taken of the cores, individual horizons were collected, weighed,
air dried, passed through a 2-mm sieve to exclude roots and coarse
fragments, and subsequently weighed again. After describing the
five cores from each site, site-level composite horizons were decided based on the combination of the most common horizons
from the cores, and the most representative horizons compared
with the soil pit dug on site. Fine earth fractions of individual
horizons present across the cores were composited and then split
with a rifflebox to ensure homogeneity of sample splits sent to
subsequent laboratories. For example, at UNDE, all five of the
cores possessed A horizons, while only three cores possessed Bs2
Soil Science Society of America Journal

Table 2. Key descriptive, physical, and chemical properties of the four soils detailed in the cross-site analysis. Data derive from the
number of composited samples of each horizon (indicated in the “n” column). The proportional distribution (as percent) of bulk
soil material among the three density fractions (FLF, free light fraction; OLF, occluded light fraction; HF, heavy fraction) is presented following the characteristics of bulk soil C (concentration as per cent and radiocarbon Fraction Modern as a proportion).
Site
BART

DSNY

UMBS

UNDE

Horizon

Depth

n

OA
Bgs1
BC
A
Bh1
Bh2
AE
Bs1
E’Bt
A
Bhs1
Bs2

cm
1–9
15–25
90–137
0–12
33–40
41–60
2–7
14–40
70–90
0–10
10–24
25–53

4
5
5
5
5
4
2–7
2–7
2–7
5
5
3

Texture

Moist Munsell color

silt loam
10YR2/1– 2/2
sandy loam Mx:5Y5/2; RMF:5Y4/6
loamy sand
2.5Y5/3
sand
2.5Y2.5/1
sand
10YR2/1
sand
10YR3/3
sand
10YR3/2
sand
7.5YR5/6
loamy sand E’:10YR6/4; Bt:5YR4/6
sandy loam
10YR2/2
sandy loam
7.5YR3/3
sandy loam
7.5YR4/4

horizons; thus, the final number of discrete samples that were
aggregated into a site-level composite for further processing and
analyses are n = 5 and n = 3, respectively, for the O/A and deepest B horizons at UNDE (Table 2). At UMBS, air-dried samples
were sieved (2-mm mesh) to isolate pebbles and gravel (>2 mm),
coarse root (>2-mm diam.), fine root (<2-mm diam.), and fine
earth fractions; these fractions were subsequently oven dried
(60°C for rock, coarse and fine root; 105°C for fine earth) before
making final measurements of mass on each to the nearest 0.01 g.
Oven-dried subsamples of the fine-earth fractions (i.e., bulk
soil horizons) from all four sites were density separated according to Heckman et al. (2014). Briefly, 10 g (for O/A horizons)
or 30 g (for B horizons) were suspended in sodium polytungstate adjusted to a density of 1.85 g cm−3 to float the free light
fraction (FLF), which was aspirated and rinsed in triplicate to
remove residual polytungstate. Residual (non-floating) material
was sonicated at a rate of 1500 J/g–1 of soil to release light fraction material (<1.85 g cm−3) held within aggregates (OLF, the
occluded light fraction). After aspirating the OLF and associated
supernatant sodium polytungstate off the top, the supernatant
polytungstate was poured off, and the remaining heavy fraction
(HF) remaining at the bottom was collected and rinsed repeatedly with water and dilute MgCl2. Across the four sites, O/A horizons consistently yielded material in all three density fractions;
however, the FLF and OLF were often not present in B1 horizons, and were rarely recovered from the deepest B horizons of
each site. When trace amounts of material were recoverable from
any given density fraction from a specific horizon, analytical
preference was for C concentration and radiocarbon (14C) content. To ensure that the density fractionation procedure was not
resulting in the loss or gain of mass, C, or Hg, we performed several calculations to compare the properties of bulk soil horizons
to the density fractions isolated from them. First, after oven-drying and weighing the density fractions isolated from each sample,
we summed the individual fraction masses and computed mass
recovery as a proportion of the starting sample. Proportional
www.soils.org/publications/sssaj

pH

Total C
conc.

4.2
5.4
5.4
5.9
5.5
5.5
4.5
5.0
5.3
5.9
5.6
5.7

%
26.2
0.3
< 0.1
1.9
1.8
0.7
3.6
0.5
0.1
2.7
1.2
0.7

Fraction modern
C (proportion) FLF
1.1310
0.6626
0.3023
1.1472
0.9792
0.8952
1.0410
0.9770
0.7440
1.0440
0.9207
0.8063

%
65.6
0.2
0.0
4.4
4.5
0.7
4.4
0.2
0.0
2.1
0.2
0.1

OLF

HF

%
%
1.7 32.6
0.0 99.8
0.0 100.0
1.1 94.5
1.7 93.8
0.3 99.0
0.9 94.7
0.1 99.7
0.0 100.0
0.6 97.3
0.1 99.7
0.1 99.8

Total Hg
conc.
μg kg–1
234
7
2
10
78
54
21
26
6
37
24
22

mass recoveries on an individual sample basis ranged from 0.98
to 1.00. Second, to ensure that neither C nor Hg were lost nor
gained during density fractionation, we calculated the weighted
average concentration of C and Hg across the density fractions
recovered from each bulk soil sample, and compared the weighted averages with the measured concentration of C or Hg (Cm) on
that bulk soil sample (see next section for analytical methods) as:
Cm = Cp = [(C1×P1) + (Cn×Pn)]/(P1+Pn)[1]
Where Cm is the measured elemental concentration for the bulk
soil sample and Cp is the predicted elemental concentration for
the bulk soil sample, based on the elemental concentrations
(C1, Cn) and mass proportions (P1, Pn), respectively, of the first
through nth density fractions (up to 3 per sample). Comparisons
revealed no systematic deviation between predicted and measured elemental concentrations, and regression analyses showed
very strong correlations between the C and Hg concentrations
for bulk soils and their mathematically recombined density fractions. Specifically, r2 values between Cm and Cp were very high
for C and Hg (0.998 and 0.994, respectively), with neither model having a slope significantly different from 1:1.

Chemical Analyses
Composited soil samples (i.e., bulk soil horizons) and their
density fractions in this multi-institutional collaborative study
were analyzed for total C and Hg concentrations, and also graphitized for analysis for 14C content. Details for each are as follows.
Total C concentrations were analyzed on subsamples of each
bulk soil or density fraction at up to three facilities; r2 values indicated that the methods agreed very closely in their estimates of
total C concentration (linear regression r2 = 0.997, 0.979, and
0.995). Where multiple measurements of C concentration were
made on a given sample, we took an average and used the mean for
data analyses; where only one was available, that value was used.
Two of the three facilities that analyzed total C concentrations
utilized elemental analyzers (Virginia Tech and UMBS Analytical
193

Laboratories); these were on an Elementar Vario MICRO cube
elemental analyzer (Elementar Analysensysteme GmbH) and a
Costech Analytical CHN Analyzer Thermo Scientific EA Isolink
(Costech Analytical Technologies; Thermo Scientific), respectively. The third facility, the Carbon, Water, and Soils Laboratory at
the USDA-Forest Service, Northern Research Station (Houghton,
MI), measured the C concentrations of known sample masses directly, using an inline manometer to monitor the partial pressure
of CO2 produced during sample preparation for 14C analysis.
Preparation for 14C analysis began by placing each precisely
weighed sample (bulk soil or density fraction) into a quartz tube,
sealing the tube under vacuum, and combusting the sample at
900°C to convert all C into CO2. The CO2 was then reduced to
graphite through heating at 570°C in the presence of hydrogen
gas and an iron catalyst (Vogel et al., 1987). Subsequently, graphitized samples were measured for 14C content by accelerator
mass spectrometry at Lawrence Livermore National Laboratory
(Davis et al., 1990). Data were normalized to the Oxalic Acid I
14C standard, followed by background subtraction determined
from 14C-free coal or wood and a δ13C correction to account for
isotopic fractionation. For this analysis, we carefully considered
several alternative units for reporting 14C values of bulk soil horizons and their density fractions, ultimately selecting to report 14C
values as the fraction of the C in each sample that derives from
modern sources (Fraction Modern [Fm]). In other words, Fm values quantify the proportion of C in a soil horizon or density fraction that entered that sample since atmospheric nuclear weapons
testing in the 1950s (sometimes termed “bomb carbon”). Readers
are referred to Ceballos-Nunez et al. (2018) for discussion of current views on the language of radiocarbon in open systems, and
problems associated with metrics such as standard radiocarbon
age and mean residence time. Radiocarbon data, including identifier information and analytical errors (standard deviations of n =
5 to7 analytical replicates per sample, all of which were <0.005
Fm) are provided in Supplementary Table T1.
Total Hg concentrations of bulk soils and density fractions were measured at the UMBS Analytical Laboratory on a
Milestone DMA-80 automated mercury analyzer (Milestone
Inc.) according to USEPA method 7473 (U.S. EPA, 1998).
For each sample possessing an Hg concentration, we computed
Hg/C as the mass ratio of total Hg to total C (in ng g–1). These
metrics of Hg were available for all 12 of the bulk soil horizons
from the four sites (which were themselves composites of n =
2–7 samples per site); sample masses were insufficient for 5 of
the 30 density fractions across the four sites.

Soil Survey data
To compare results from our four intensive study sites to
Spodosols more broadly, and compare C and Hg concentrations and relationships in Spodosols to soils of other taxonomic
orders, we acquired soil survey information and laboratory characterization data from the NCSS. Specifically, we accessed the
August 2014 version of the Soil Characterization Database via the
International Soil Carbon Network, and queried it to compile a
194

dataset of pedons (and their constituent horizons) possessing C,
Hg, and key physical, chemical, and soil taxonomic information.
This dataset consisted of 14,007 horizons from 2181 pedons spanning all soil taxonomic orders; we parsed it into Spodosol (595 horizons from 91 pedons in its final, cleaned condition for analysis)
vs. “all-soils” (5409 horizons from 1051 pedons) datasets for separate analyses. Detailed information on data handling and preparation for the NCSS datasets are in the supplementary information.

Data Analysis
We tested our hypotheses using a combination of parametric
and nonparametric statistical approaches, preferentially utilizing
the former for the more detailed cross-site analyses and utilizing
the latter for some of the tests comprising our broader assessment
of NCSS data. In the cross-site analysis, most response variables
had to be ln-transformed to normalize their distributions for parametric tests. These tests included: (i) simple linear regressions to
test relationships between C and Hg concentrations, Hg/C ratios,
and Fm values of bulk soil horizons, and density fractions within
and across horizons; (ii) two-way ANOVAs to test for significant
effects of site and horizon [or density fraction within O/A horizons] on C and Hg concentrations, Hg/C ratios, and Fm values;
(iii) one-way ANOVAs to separately test for significant effects of
site and density fraction within B horizons. These lattermost tests
(the one-way ANOVAs) were necessary because the absence of
some density fractions from B horizons of certain sites (i.e., an incomplete factorial design) would not allow for two-way ANOVAs.
When ANOVA test results were statistically significant, we used
the Fisher’s Least Significant Difference multiple comparisons
method to identify significantly different groups.
To test for significant differences in C and Hg concentrations
and Hg/C ratios across all genetic horizons (and the three key
horizons of O/A, B1, and deepest B) in NCSS Spodosol pedons,
we used the nonparametric Kruskal–Wallis test of medians (with
Dunn’s multiple comparisons method) because the response parameters could not be transformed to normality. We tested whether between-site variation was significant in the NCSS Spodosols
dataset by running Kruskal–Wallis tests on C and Hg concentrations and Hg/C ratios and using state of origin, taxonomic suborder, great group, and subgroup as categorical predictors (group
variables) and using Dunn’s test to identify whether groups differed significantly from one another. We also used Kruskal–Wallis
and Dunn’s tests to analyze differences in the C, Hg, and pH values
of soil samples across all taxonomic orders in the “all-soils” dataset.
To explore continuous relationships between these variables, we
ln-transformed their values to improve normality and ran simple
linear regression to test significance of relationships between C,
Hg, Hg/C, and pH in Spodosols. To test whether Spodosol C–
Hg relationships differed from other soil orders in the “all-soils”
dataset, we used best subsets regression to test for the statistical
significance of soil %C (ln-transformed), pH (ln-transformed),
and taxonomic order (represented by categorical dummy variable
coding, with Spodosols as the default) in predicting soil total Hg
concentrations (also ln-transformed). We selected the strongest
Soil Science Society of America Journal

Fig. 1. Relationships between total C and Hg concentrations for bulk soils (Panel A) and density fractions of O/A (Panel B) and B (Panel C) horizons.
Plotted values are elemental concentrations for two to seven composited samples (or fractions isolated from them) from each of the four intensive sites.

model on the basis of its adjusted R2 (coefficient of multiple determination), C-p, and partial t- and P- statistics of the individual
predictors. In all tests, we set P < 0.05 as the a priori threshold for
accepting results as statistically significant.

Results

Patterns and Sources of Variation across the Four
Intensive Sites
The four Spodosols investigated in detail contrasted in climate, vegetation, parent material, topography, and time available
for soil formation, and in keeping with that variation, they differed
in morphology, taxonomy, and physical and chemical characteristics (Tables 1 and 2). Within each horizon, total C and Hg concentrations spanned one to two orders of magnitude across sites, and
the percentage distribution of bulk soil material among the three

density fractions also varied widely. Only surface horizons (O/A
horizons) consistently held material in each density fraction. The
proportion of bulk soil material recovered in light fraction pools
(FLF and OLF) decreased (as HF increased) with depth at all four
sites. Parallel to this tendency, the C held in each horizon became
less modern (i.e., Fm values decreased) with depth at all sites.
Across the four sites, C and Hg concentrations were strongly positively related. This relationship was true across bulk soil
horizons (Fig. 1A), as well as within the density fractions that
comprised O/A horizons (Fig. 1B) and B horizons (Fig. 1C).
Fraction modern values (i.e., the proportion of C within each
sample that has been input since the 1950s) ranged from 0.3023 to
1.1472 across the density fractions from all sites and horizons, and
exhibited several significant relationships with C and Hg concentrations and ratios (Fig. 2). First, heavy fractions (HF) with larger Fm

Fig. 2. Relationships between fraction modern (Fm) values and concentrations of total C (Panel A), total Hg (Panel B), and Hg/C ratios (Panel C)
for density fractions of O/A and B horizons from the four sites. Each point represents a value for a density fraction that was isolated by processing
two to seven composite samples of a genetic horizon from one of the four sites; density fractions that did not yield sufficient material for Hg
analysis are not plotted in Panels B and C.
www.soils.org/publications/sssaj
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Fig. 3. Total C concentrations (Panel A), fraction modern (Fm) proportions (Panel B), and Hg/C ratios (Panel C) for bulk soil horizons across the four
intensively studied sites. Points are means, bars are standard errors, and lowercase letters denote statistically significant differences between horizons.

values had higher C concentrations (Fig. 2A; r2 = 0.55, P = 0.006);
but differences between fractions were statistically significant for
in contrast, the consistently high C concentrations of light fractions
three of the four properties of interest (Fig. 5). Specifically, mean
(FLF and OLF) did not vary significantly across their wide-ranging
concentrations of total C (Fig. 5A) and total Hg (Fig. 5B) differed
Fm values. Relationships between Fm and total Hg concentrations
significantly between fractions (P < 0.001 for each element), with
showed a different pattern; namely, there was no statistically significoncentrations of both being significantly higher in the FLF and
cant relationship for HF, while light fractions (FLF and OLF) with
OLF than in the HF. Carbon in the FLF had significantly higher
larger Fm values had lower Hg concentrations (Fig. 2B; r2 = 0.64, P
Fm proportions than in the OLF and HF (Fig. 5C; P = 0.014).
< 0.001). Lastly, across density fractions from all sites and horizons,
Mean Hg/C ratios of density fractions did not differ significantly
Hg/C ratios narrowed as Fm values increased (Fig. 2C; r2 = 0.66,
between fractions.
P < 0.0001).
Broader Patterns in the NCSS Spodosols Dataset
Three of the four properties of interest to this analysis (C
and Hg concentrations, Hg/C ratios, and Fm values) differed sigSoil horizons from the Spodosols in the NCSS dataset (n =
nificantly between horizons (Fig. 3), but none of these properties
595) exhibited significant differences in C and total Hg concendiffered significantly between sites. Specifically, C concentratrations and Hg/C ratios that were generally similar to those obtions were significantly greater for O/A than deepest B horizons
served for the horizons from the four intensive sites. Significant
(Fig. 3A; horizon P = 0.042, site P = 0.764). The Fm propordifferences in these properties were apparent between many mastions showed the same pattern, being largest for O/A and least
ter horizons (Fig. 6), but especially pronounced for the three key
for deep B horizons (Fig. 3B; horizon P = 0.023, site P = 0.163).
horizons of interest in the cross-site analysis (Table 3; O/A, B1,
Ratios of Hg/C were narrowest for O/A, intermediate
for B1, and widest for deepest B horizons (Fig. 3C; horizon P = 0.002, site P = 0.862). Total Hg concentrations did not differ significantly between horizons (P =
0.525) or sites (P = 0.850).
Investigating variation within the density fractions
that comprise O/A horizons revealed that fractions differed significantly in C (Fig. 4A; P < 0.001) and Hg (Fig.
4B; P < 0.014) concentrations, while sites did not differ
significantly in any properties. Concentrations of both elements were significantly higher in the light fraction materials (FLF and OLF) recovered from O/A horizons than in
the HF material. Fractions did not differ significantly in Fm
(P = 0.09) nor Hg/C (P = 0.176); site P values ranged from
0.107 for Hg concentration to 0.987 for Fm.
Similar to bulk soils overall and the fractions of O/A Fig. 4. Total C (Panel A) and Hg (Panel B) concentrations for the density fractions
horizons, properties of the density fractions compris- comprising O/A horizons from the four intensively studied sites. Points are means,
ing B horizons did not differ significantly between sites, bars are standard errors, and lowercase letters denote statistically significant
differences between fractions.
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Fig. 5. Total C (Panel A) and Hg (Panel B) concentrations and Fraction modern proportions (Panel C) for the density fractions comprising B horizons
from the four intensively studied sites. Points are means, bars are standard errors, and lowercase letters denote statistically significant differences
between fractions.

and deepest B in each of the 91 NCSS Spodosol pedons). None
of the three properties (C, Hg, Hg/C) of these three key genetic
horizons differed significantly between states, taxonomic suborders, great groups, or subgroups.
Bulk soils (horizons) from the broader population of
Spodosols showed a similar, statistically significant positive relationship between C and Hg concentrations (Fig. 7A) as observed
for bulk soils from the four sites in the detailed cross-site analysis.
Furthermore, pH (which ranged from 3.4–8.4) was a statistically
significant predictor of C (Fig. 7B) and total Hg (Fig. 7C) concentrations and Hg/C ratios (Fig. 7D) across Spodosols. These
pH-dependent relationships were not detectable for bulk soils
for the four detailed study sites, which spanned a narrow, intermediate range of pH values (4.2–5.9).
For soil samples from all taxonomic orders in the NCSS
“all-soils” dataset (n = 5409), variation in C concentrations was
the single strongest predictor of variation in Hg concentrations
(Table 4, t = 27.408). However, the strongest model (r2 = 0.22;
P < 0.001) also included soil pH, and identified significantly different relationships between C and Hg concentrations for most
soil orders. That model, which set Spodosols as the default (0)
and coded each other order to its own categorical dummy variable (1), identified Aridisols as showing a significant, negative relationship between C concentration and total Hg concentration,
Ultisols, Inceptisols, and Entisols as having significantly lower
Hg concentrations per unit C, and Alfisols and Andisols as having significantly higher total Hg concentrations per unit C than
Spodosols. Mollisols did not differ from other orders.
Examining the median C and total Hg concentrations and
pH values of bulk soil horizons from all taxonomic orders (Fig. 8;
P < 0.001 for each) in the NCSS “all-soils” dataset revealed significant differences between orders and provided context for multiple
regression results. Specifically, Andisols, Spodosols, Aridisols, and
Mollisols had the highest median C concentrations (in descending sequence); these medians were significantly higher than most
of the other orders. Aridisols and Mollisols had the highest mewww.soils.org/publications/sssaj

dian pH values (8.2 and 7.5, respectively), while median pH values
for Spodosols, Ultisols, and Inceptisols (5.0, 5.1, 5.4, respectively)
were significantly lower than pH values for other orders. In terms
of their median total Hg concentrations, Andisols had by far
the highest (120 μg kg–1), differing from all other orders, while
Inceptisols (47 μg kg–1), Spodosols and Ultisols (44 μg kg–1 each)
followed and were higher than those with the lowest (Aridisols at
18 μg kg–1 and Mollisols at 30 μg kg–1, respectively).

Discussion
Density fractionation and radiocarbon analysis provide the
means to place C–Hg interactions in Spodosols in a contemporary paradigm of SOM stabilization and turnover. Recent
analyses of soils in regions where Spodosols are widespread (e.g.,
Richardson et al., 2013; Yu et al., 2014) have thoroughly described drivers of spatial variation in soil Hg, and through soil
property measurements have revealed empirical and mechanistic
relationships between factors that control C–Hg interactions
within soils. However, even as these and other studies have highlighted the importance of SOM, and suggested that soil-forming
processes influence C–Hg interactions, none have utilized the
two methods that have arguably done the most in recent years
to advance understanding of SOM stabilization and its critical
role in soil formation. Furthermore, there have been no explicit
tests of soil taxonomy as a set of variables for predicting C–Hg
relationships across soils. Superficially, some of our findings using these methods confirm that empirical patterns in bulk soils
extend to the discrete SOM pools that comprise them; for example, C and Hg concentrations are positively related in bulk soils
as well as within their density fractions. Closer scrutiny of these
empirical relationships leads to more nuanced (and mechanistic)
interpretations that are rooted in soil-forming processes and the
taxonomy that categorizes them.
The most important results of our cross-site intensive analysis
using density separation and 14C analysis are those demonstrating that bulk soils are mixtures of SOM pools that cycle C and
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Hg very differently. This departs from previous work on C-Hg
interactions in Spodosols, which has largely viewed individual
genetic horizons (or even depth increments) as the fundamental
units of soil. One example is the positive relationship between Fm
and C concentration in the organo-mineral HF but not in the LF,
which consists of substrates that are C-rich but nonetheless span
a very wide range of Fm values. This wide range of Fm values in
light fractions (FLF and OLF) indicates that presumably “labile”
(C-rich, metabolically favorable) detrital inputs can persist in the
matrix through physical incorporation into aggregates where their
C is protected from microbial attack (Wagai et al., 2009). It is not
stability through inherent recalcitrance, nor stabilization through
“humification” during gradual decomposition, but physical protection that causes these C-rich substrates to persist (Swanston et
al., 2005; Heckman et al., 2014, Schrumpf et al., 2013). In turn, if
concepts such as recalcitrance or humification appear to explain
variation in Hg concentration across soil horizons (e.g., Yu et al.,
2014), the apparent relationship is likely coincidental. Indeed,
one of two mechanisms proposed (but not directly measured) by
Yu et al. (2014) to explain wider Hg/C ratios in mineral than organic horizons requires no reference to either of those concepts.
Namely, Hg may be directly bound to mineral surfaces. Our findings of wider Hg/C ratios in deeper soil horizons and in the organo-mineral HF support this mechanism, and these are further
reinforced by results demonstrating that extractable Fe concentrations explain Hg concentrations in lower (B) but not upper (A)
mineral soil horizons (Richardson et al., 2013). Density separated
heavy fractions in acidic soils with poorly crystalline mineralogy
are characteristically high in Fe and Al hydroxides that complex
with C (Kaiser et al., 2002) and also directly with inorganic Hg, especially at the low pH values characteristic of Spodosols (Dmytriw
et al., 1995; Schlüter, 1997). Thus, the long-reported empirical
Fig. 6. Concentrations of C (Panel A) and total Hg (Panel B) and Hg/C
relationship between C and Hg in bulk soils may be misleading,
ratios (Panel C) for master genetic horizons of Spodosol pedons
because it suggests that these two elements are closely coupled by
contained in the NCSS dataset. Boxes show medians, 25th and 75th
percentiles, whiskers show 10th and 90th percentiles, and dots
a generalizable mechanism, even in cases where it does not operare 5th and 95th percentiles. Lowercase letters denote significant
ate. Rather, the mineral surfaces (e.g., Fe hydroxides) that are so
differences between horizons. Note y axis breaks in Panel A. In Panels
important for SOM stabilization may bind to C and Hg indepenB and C, outlying (95th percentile) values for several master horizons
are not shown to facilitate visual comparison of smaller differences
dently of one another. As these sorption processes are not limited
among horizons with lower values.
to Spodosols, further investigation of the distribution of C and Hg
ence of the Clean Air Act. Specifically, rates of atmospheric Hg
among functional groups and mineral fractions may help resolve
deposition have been declining in recent decades (Schuster et al.,
the degree to which Hg retention is tied to the fate of C across a
2002), so Hg inputs to these C-rich OM pools via litterfall and
wider range of soils.
atmospheric deposition have likely declined over the same timesAnother example of bulk soil properties belying differences
cale. In other words, newer have lower Hg concentrations. Obrist
between the SOM pools that comprise them is evidenced by relaet al. (2011) cited this legacy of high but declining Hg deposition
tionships between Fm values and Hg concentrations. In light fraction pools, which span a narrower and more modern range
of Fm values, Hg concentrations decline as Fm values in- Table 3. Concentrations of C and total Hg, and Hg/C ratios for three key
crease. This relationship is absent, or potentially even op- genetic horizons within Spodosol pedons contained in the NCSS dataset.
th
posite for HF SOM. To the extent that Fm indicates the Values are medians, with 25 to 75th percentile ranges and number of
samples in parentheses. Lowercase letters denote significant differences
age of these C-rich detrital inputs to soil (the FLF and between horizons.
OLF; Kaiser et al., 2002; McFarlane et al., 2013; Schulze
Parameter
O/A
B1
Deepest B
et al., 2009), their Fm values reflect recent (~decadal) in- C, %
40 (28–47, 100)a
4.0 (2.6–5.1, 81)b 0.70 (0.41–1.23, 81)c
corporation, and the negative relationship between their Hg, μg kg–1 206 (143–298, 100)a 75 (54–99, 81)b
32 (19–48, 81)c
apparent age and Hg concentration may reveal an influ- Hg/C, ng mg–1 6.3 (5.1–8.1, 100)a 19.4 (14.2–25.9, 81)b 41.4 (25.6–63.6, 81)c
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are not bound directly, but rather cycling
independently of one another. Our analyses
help clarify these explanations, and suggest
that they may be more important in some
SOM pools than others. Radiocarbon data
do indicate that the mixture of C substrates
present in bulk soils becomes less modern with depth, and deeper horizons have
wider Hg/C ratios, superficially supporting the legacy effects explanation (Obrist et
al., 2011). However, topsoil horizons that
hold a substantial share of their C in pools
of modern, input-driven, light fraction organic matter are fundamentally different
than the deeper illuvial horizons where C is
scarce, older overall, and mostly intimately
associated with minerals. In these horizons,
we find that Hg/C ratios do not differ between density fractions, even though they
do differ in their C and Hg concentrations
and Fm proportions. These illuvial horizon
dense fractions are precisely the SOM pools
where independent interactions between
metal hydroxides, C, and Hg are most likely
to be occurring. This suggests that C and
Hg are cycling independently of one another in deeper soils, arguing against overgeneralization of (or overemphasis on) diFig. 7. Relationships between C and Hg concentrations, Hg/C ratios, and pH values for bulk soil
rect interactions between C and Hg in soils.
horizons from Spodosol pedons within the NCSS dataset.
Because the design of our cross-site
rates as the likely explanation for wider Hg/C ratios in litter and
intensive analysis was opportunistic, spanning four sites that
soils containing organic matter that they assumed to be older, but
simultaneously varied in multiple soil-forming factors, it is imthey also noted an alternative (or supplemental) explanation: Hg
portant to question whether the results we report for these sites
may be retained as C is lost during decomposition. The latter may
are representative of Spodosols more broadly. Fortunately, opbe an important mechanism if significant fractions of C and Hg
portunistic though it is, our design is hierarchical: it allowed us
to study C–Hg interactions within horizons (i.e., between the
SOM pools that comprise them), within profiles (i.e., between
Table 4. Coefficients, standard errors, t and P statistics for
the individual predictor variables comprising the strongest
their horizons), and between sites (i.e., the 4 intensive sites and
multiple linear regression model (as identified by best subsets
the 91 Spodosol pedons from the NCSS database). The overregression) for predicting ln-transformed Hg concentrations
arching inference we gain from this design is that similar proof all soil horizons across all soil orders in the NCSS dataset.
cesses influence C–Hg interactions within horizons as within
Model term‡ Coefficient
SE
t
P
profiles, and these are consistent across Spodosols. The empirical
Constant
4.254
0.157
27.163
< 0.001
evidence for this argument is the consistent relationship between
ln[%C]
0.298
0.0109
27.408
< 0.001
C and Hg concentrations across density fractions and bulk soils
ln[pH]
–0.37
0.0839
−4.402
< 0.001
in the four-site comparison and the wider NCSS Spodosols dataAridisol
–0.676
0.0594
–11.39
< 0.001
set, strengthened by the notable lack of significant between-site
Ultisol
0.277
0.0618
4.479
< 0.001
Inceptisol
0.290
0.0481
6.027
< 0.001
variation in both datasets. In terms of a mechanistic interpretaEntisol
0.295
0.0658
4.482
< 0.001
tion, we suggest the processes that transform and transfer C and
Alfisol
0.421
0.0512
8.214
< 0.001
Hg vertically within Spodosol profiles (between horizons) are
Andisol
0.953
0.0821
11.61
< 0.001
analogous to the processes that transform C and Hg between the
‡ In the model, the coefficient of the “Constant” term is the y–intercept,
discrete forms that are isolated by density fractionation. In other
coefficients of the ln[%C] and ln[pH] terms are slopes of these
words, each bulk soil horizon in a Spodosol profile is functionally
continuously varying model terms, and the coefficients of the soil order
names are slopes that differ significantly (i.e., C–Hg relationships) from
similar to one of the SOM pools contained within it. Carbon and
the default model, which was for Spodosols. These soil taxonomic
Hg are input to, and cycle closely within, the organic-rich surface
orders were coded as dummy (categorical) variables.
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horizons, where much of the SOM is held in modern, light fraction pools. These elements may persist or even accumulate in
physically protected aggregate SOM pools in surface or upper
illuvial horizons, and their stability may be shared through direct
bonding. In the organo-mineral heavy fraction, which comprises
an increasing proportion of the soil matrix (and SOM) in successively deeper horizons, direct relationships between C, metal
hydroxides, and Hg may be expected to be the dominant controls on the transformations (and ultimately the outputs) of C
and Hg. In this regard, the factors that control SOM stabilizing
processes across depths also control the inputs, outputs, transfers
and transformations of C and Hg across depths. Namely, litter,
climate, mixing organisms and other top-down factors are most
important near the surface of the profile; mineralogy, redox potential, groundwater interactions become more important near
the bottom.
Models of SOM stabilization and soil formation are conceptually similar, and their utility for explaining C–Hg distributions and
interactions in Spodosols extends across other soil orders. Distinct
soil orders possess different soil-forming processes, but all soilforming processes fall into the four categories defined by Simonson
(1959); in turn, the physical and chemical factors that constrain
these processes also control C–Hg interactions. Andisols provide
a good example of the transferability of a pedogenic perspective
on C–Hg interactions, because some of their properties, soil-forming, and SOM-stabilizing processes are similar to Spodosols. Soils
in both orders form in acidic, relatively porous parent materials
with strong vertical infiltration, and are abundant in poorly crystalline metal hydroxides that form stable bonds with C and Hg
(Parfitt, 2009; Spielvogel et al., 2008). The two orders differ in that
Andisols form well-developed hierarchical aggregates (Asano and
Wagai, 2014); possessing two highly effective processes of SOM
stabilization confers unique physical properties such as low bulk
density and strong P sorption that differentiate Andisols not only
from Spodosols but from all orders as well (Dahlgren et al., 2004).
Lastly, while their moderately lower acidity may limit Hg solubility compared with the strongly acidic Spodols (Schuster, 1991),
Andisols’ volcanic parent materials may contribute some geogenic
Hg in addition to the atmospheric inputs that are dominated by anthropogenic sources (Fitzgerald and Lamborg, 2014). Collectively,
these properties of and processes make Andisols unique among soil
orders, and as a result they showed the highest concentrations of C,
Hg, and Hg per unit C in our analysis.
Aridisols, with their high levels of inorganic C, high pH,
and typically clay-dominated mineral assemblages occupy an
opposite extreme from the acidic Spodosols and Andisols, with
their poorly crystalline metal hydroxide mineralogy and high
capacity for SOM stabilization. Aridisols are rarely studied in
the SOM stabilization literature, likely because they are low in
organic C (Heuscher et al., 2005), have limited capacity to incorporate C into physically stable pools (Kelly et al., 2017), and any
stability that they do possess likely derives from strong climatic
control. In our analysis, Aridisols are unique for being the only
order to demonstrate a negative relationship between C and Hg
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Fig. 8. Concentrations of C (Panel A) and total Hg (Panel B) and pH
values (Panel C) for soil horizons from the eight taxonomic orders
in the NCSS “all-soils” dataset. Boxes show medians, 25th and 75th
percentiles, whiskers show 10th and 90th percentiles, and dots are
5th and 95th percentiles. Individual multiple comparisons are neither
shown nor emphasized; key, statistically significant differences
between orders are discussed in the text.

concentrations. This likely reflects that increasing total C concentrations in this soil order are a function of higher inorganic
C, and associated with higher pH values that limit Hg mobility
and enhance its volatilization (Yin et al., 1996; Schlüter, 2000).
In between the extremes of Andisols and Aridisols lay other
soil orders with narrower, yet still significant differences in their
pH, C and Hg concentrations. These differences are beyond the
scope of this paper, but their alignment along soil taxonomic lines
highlights the potential of the pedologic framework for assessing
C–Hg interactions across soils. These patterns also suggest potentially fruitful research avenues, for example, exploring C–Hg interactions across developmental sequences of soil orders using density
separation to investigate discrete SOM pools. For example, differences in C concentration and pH among Entisols, Inceptisols,
Spodosols, and Ultisols (almost all of which were significant in our
analysis) do not translate into significant differences in Hg conSoil Science Society of America Journal

centrations in soils across these taxonomic orders. Given that these
orders differ in their degree of development and possess very different capacity for and processes of SOM stabilization, differences
in their C–Hg interactions are likely. Site-specific factors may
emerge as important in future analyses aimed at such questions,
but our analysis suggests differences between soil horizons and discrete SOM pools are likely to be detectable nonetheless.

Conclusions
Based on empirical relationships between C and Hg reported in the literature for bulk soils, we hypothesized that C and Hg
would be positively related in soil density fractions. Our analysis
confirmed this hypothesis. However, the discrete SOM pools represented by density fractions showed divergent relationships between
radiocarbon values, C and Hg concentrations and ratios, indicating that generalizations based on bulk soils do not apply equally to
all SOM pools present in Spodosols. We argue for recognition of
mineral adsorption as the critical mechanism for retaining C and
Hg in soils, potentially independently of one another, especially in
the most stable pools. More broadly, our results indicate that soil
taxonomy is a useful framework for categorizing differences in C
and Hg concentrations and their interactions across soils.

Acknowledgments

We thank M. Conley, M. Gormley, K. Hofmeister, J. Klapperich, R.
Knudstrup, E. Michaelson, J. Le Moine, J. Tallant, C. Thompson, N. Van
Dyke, and P. Zermeño for field and laboratory work. We are grateful to the
University of Michigan Biological Station and its Research Experiences for
Undergraduates program. This work was facilitated by the International
Soil Carbon Network and Radiocarbon Collaborative, and supported
by the National Science Foundation (Award Nos. EF-1340681, AGS1262634, and AGS-1659338), USDA-Forest Service (Agreement Nos.
13-CR11242306-077 and 13-CR11242306-071), and USDA-National
Institute of Food and Agriculture, McIntire-Stennis Cooperative Forestry
Research Program (Award Nos. 2015-32100-06099 and 2016-3210006099). We acknowledge the National Ecological Observatory Network
(NEON) as fundamental to this effort. NEON is a project sponsored
by the NSF and managed under cooperative support agreement (EF1029808) to Battelle. Lastly, we are grateful to two attentive reviewers
whose feedback improved the quality of this work.

References

Asano, M., and R. Wagai. 2014. Evidence of aggregate hierarchy at micro- to
submicron scales in an allophanic Andisol. Geoderma 216:62–74.
doi:10.1016/j.geoderma.2013.10.005
Bank, M.S. 2012. Mercury on the rise mercury in the environment: Pattern and
process. University of California Press, Oakland, CA. p. XI-XII.
Ceballos-Nuñez, V., A.D. Richardson, and C.A. Sierra. 2018. Ages and transit
times as important diagnostics of model performance for predicting carbon
dynamics in terrestrial vegetation models. Biogeosciences 15:1607–1625.
doi:10.5194/bg-15-1607-2018
Crow, S.E., C.W. Swanston, K. Lajtha, J.R. Brooks, and H. Keirstead. 2007.
Density fractionation of forest soils: Methodological questions and
interpretation of incubation results and turnover time in an ecosystem
context. Biogeochemistry 85:69–90. doi:10.1007/s10533-007-9100-8
Davis, J.C., I.D. Proctor, J.R. Southon, M.W. Caffee, D.W. Heikkinen, M.L.
Roberts, T.L. Moore, K.W. Turteltaub, D.E. Nelson, D.H. Loyd, and
J.S. Vogel. 1990. LLNL/US AMS facility and research program. Nucl.
Instrum. Methods Phys. Res., Sect. B 52:269–272. doi:10.1016/0168583X(90)90419-U
Dahlgren, R.A., M. Saigusa, and F.C. Ugolini. 2004. The nature, properties and

www.soils.org/publications/sssaj

management of volcanic soils. Adv. Agron. 82:113–182. doi:10.1016/
S0065-2113(03)82003-5
Demers, J.D., C.T. Driscoll, T.J. Fahey, and J.B. Yavitt. 2007. Mercury cycling in
litter and soil in different forest types in the Adirondack region, New York,
USA. Ecol. Appl. 17:1341–1351. doi:10.1890/06-1697.1
Demers, J.D., J.B. Yavitt, C.T. Driscoll, and M.R. Montesdeoca. 2013. Legacy
mercury and stoichiometry with C, N, and S in soil, pore water, and stream
water across the upland-wetland interface: The influence of hydrogeologic
setting. J. Geophys. Res. Biogeosci. 118:825–841. doi:10.1002/jgrg.20066
Dmytriw, R., A. Mucci, M. Lucotte, and P. Pichet. 1995. The partitioning of
mercury in the solid components of dry and flooded forest soils and
sediments from a hydroelectric reservoir, Quebec (Canada). Water Air Soil
Pollut. 80:1099–1103. doi:10.1007/BF01189770
do Valle, C.M., G.P. Santana, R. Augusti, F.B. Egreja, and C.C. Windmoller.
2005. Speciation and quantification of mercury in Oxisol, Ultisol, and
Spodosol from Amazon (Manaus, Brazil). Chemosphere 58:779–792.
doi:10.1016/j.chemosphere.2004.09.005
Driscoll, C.T., R.P. Mason, H.M. Chan, D.J. Jacob, and N. Pirrone. 2013.
Mercury as a global pollutant: Sources, pathways, and effects. Environ. Sci.
Technol. 47:4967–4983. doi:10.1021/es305071v
Driscoll, C.T., C. Yan, C.L. Schofield, R. Munson, and J. Holsapple. 1994. The
mercury cycle and fish in the Adirondack Lakes. Environ. Sci. Technol.
28:136A–143A. doi:10.1021/es00052a003
Fitzgerald, W.F., and C.H. Lamborg. 2014. Geochemistry of mercury in
the environment. p. 91-129 In: H. Holland and K. Turekian, editors,
Treatise on geochemistry. 2nd ed., Vol. 11. Elsevier, Ltd., Amsterdam, The
Netherlands.
Frank, D.A., A.W. Pontes, and K.J. McFarlane. 2012. Controls on soil organic
carbon stocks and turnover among North American ecosystems.
Ecosystems 15:604–615. doi:10.1007/s10021-012-9534-2
Golchin, A., J.M. Oades, J.O. Skjemstad, and P. Clarke. 1994. Soil-structure and
carbon cycling. Aust. J. Soil Res. 32:1043–1068. doi:10.1071/SR9941043
Gomez-Armesto, A., L. Bibian-Nunez, C. Campillo-Cora, X. PontevedraPombal, M. Arias-Estevez, and J.C. Novoa-Munoz. 2018. Total mercury
distribution among soil aggregate size fractions in a temperate forest
podzol. Spanish J. Soil Sci. 8:57–73.
Grigal, D.F. 2003. Mercury sequestration in forests and peatlands: A review. J.
Environ. Qual. 32:393–405. doi:10.2134/jeq2003.3930
Heckman, K., H. Throckmorton, C. Clingensmith, F.J.G. Vila, W.R. Horwath,
H. Knicker, and C. Rassmussen. 2014. Factors affecting the molecular
structure and mean residence time of occluded organics in a lithosequence
of soils under ponderosa pine. Soil Biol. Biochem. 77:1–11. doi:10.1016/j.
soilbio.2014.05.028
Heuscher, S.A., C.C. Brandt, and P.M. Jardine. 2005. Using soil physical and
chemical properties to estimate bulk density. Soil Sci. Soc. Am. J. 69:51–
56. doi:10.2136/sssaj2005.0051
Jenny, H. 1941. Factors of soil formation: A system of quantitative pedology.
McGraw-Hill, New York.
Jobbágy, E.G., and R.B. Jackson. 2000. The vertical distribution of soil organic
carbon and its relation to climate and vegetation. Ecol. Appl. 10:423–436.
doi:10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
Kaiser, K., K. Eusterhues, C. Rumpel, G. Guggenberger and I. Kogel-Knabner.
2002. Stabilization of organic matter by soil minerals—Investigations of
density and particle-size fractions from two acid forest soils. J. Plant Nutr.
Soil Sci. 165: 451–459. doi:10.1002/1522-2624(200208)165:4<451::aidjpln451>3.0.co;2-b.
Kelly, C.N., J. Benjamin, F.C. Calderon, M.M. Mikha, D.W. Rutherford, and C.E.
Rostad. 2017. Incorporation of biochar carbon into stable soil aggregates:
The role of clay mineralogy and other soil characteristics. Pedosphere
27:694–704. doi:10.1016/S1002-0160(17)60399-0
Kleber, M., P.S. Nico, A.F. Plante, T. Filley, M. Kramer, C. Swanston, and
P. Sollins. 2011. Old and stable soil organic matter is not necessarily
chemically recalcitrant: Implications for modeling concepts and
temperature sensitivity. Glob. Change Biol. 17:1097–1107. doi:10.1111/
j.1365-2486.2010.02278.x
Kolka, R.K., C.P.J. Mitchell, J.D. Jeremiason, N.A. Hines, D.F. Grigal, D.R.
Engstrom, J.K. Coleman Wasik, E.A. Nater, E.B. Swain, B.A. Monson,
J.A. Fleck, B. Johnson, J.E. Almendinger, B.A. Branfireun, P.L. Brezonik,
and J.B. Cotner. 2011. Mercury Cycling in Peatland Watersheds. In: R. K.
Kolka et al., editors, Peatland biogeochemistry and watershed hydrology

201

at the Marcell Experimental Forest. CRC Press, Boca Raton, FL.
Lehmann, J., and M. Kleber. 2015. The contentious nature of soil organic matter.
Nature 528:60–68. doi:10.1038/nature16069
McFarlane, K.J., M.S. Torn, P.J. Hanson, R.C. Porras, C.W. Swanston, M.A.
Callaham, and T.P. Guilderson . 2013. Comparison of soil organic matter
dynamics at five temperate deciduous forests with physical fractionation and
radiocarbon measurements. Biogeochemistry 112:457–476. doi:10.1007/
s10533-012-9740-1
Mitchell, C.P.J., B.A. Branfireun and R.K. Kolka. 2009. Methylmercury dynamics
at the upland-peatland interface: Topographic and hydrogeochemical
controls. Water Resour. Res. 45:W02406 doi: 10.1029/2008wr006832.
Nave, L.E., P.E. Drevnick, K.A. Heckman, K.L. Hofmeister, T.J. Veverica, and
C.W. Swanston. 2017. Soil hydrology, physical and chemical properties
and the distribution of carbon and mercury in a postglacial lake-plain
wetland. Geoderma 305:40–52. doi:10.1016/j.geoderma.2017.05.035
Obrist, D., D.W. Johnson, S.E. Lindberg, Y. Luo, O. Hararuk, R. Bracho, J.J.
Battles, D.B. Dail, R.L. Edmonds, R. K. Monson, S.V. Ollinger, S.G.
Pallardy, K.S. Pregitzer, and D.E. Todd. 2011. Mercury distribution across
14 U.S. Forests. Part I: Spatial patterns of concentrations in biomass, litter,
and soils. Environ. Sci. Technol. 45:3974–3981. doi:10.1021/es104384m
Parfitt, R.L. 2009. Allophane and imogolite: Role in soil biogeochemical
processes. Clay Miner. 44:135–155. doi:10.1180/claymin.2009.044.1.135
Pena-Rodriguez, S., X. Pontevedra-Pombal, E.G.R. Gayoso, A. Moretto, R.
Mansilla, L. Cutillas-Barreiro, M. Arias-Estéveza, and J.C. Nóvoa-Muñoz.
2014. Mercury distribution in a toposequence of sub-Antarctic forest
soils of Tierra del Fuego (Argentina) as consequence of the prevailing soil
processes. Geoderma 232:130–140. doi:10.1016/j.geoderma.2014.04.040
Rasmussen, C., K. Heckman, W.R. Wieder, M. Keiluweit, C.R. Lawrence, A.A.
Berhe, J.C. Blankinship, S.E. Crow, J. Druhan, C.E. Hicks Pries, E. MarinSpiotta, A.F. Plainte, C. Schadel, J.P. Schimel, C.A. Sierra, A. Thompson,
and R. Wagai. 2018. Beyond clay: Towards an improved set of variables
for predicting soil organic matter content. Biogeochemistry 137:297–306.
doi:10.1007/s10533-018-0424-3
Richardson, J.B., A.J. Friedland, T.R. Engerbretson, J.M. Kaste, and B.P. Jackson.
2013. Spatial and vertical distribution of mercury in upland forest soils
across the northeastern United States. Environ. Pollut. 182:127–134.
doi:10.1016/j.envpol.2013.07.011
Risch, M.R., J.F. DeWild, D.A. Gay, L.M. Zhang, E.W. Boyer, and D.P.
Krabbenhoft. 2017. Atmospheric mercury deposition to forests
in the eastern USA. Environ. Pollut. 228:8–18. doi:10.1016/j.
envpol.2017.05.004
Roulet, M., M. Lucotte, A. Saint-Aubin, S. Tran, I. Rheault, N. Farella, E. De
Jesus Da silva, J. Dezencourt, C.-J. Sousa Passos, G. Santos Soares, J.R.D. Guimarães, D. Mergler, and M. Amorim. 1998. The geochemistry
of mercury in central Amazonian soils developed on the Alter-do-Chao
formation of the lower Tapajos River Valley, Para state, Brazil. Sci. Total
Environ. 223:1–24. doi:10.1016/S0048-9697(98)00265-4
Schlüter, K. 1997. Sorption of inorganic mercury and monomethyl mercury in an
iron-humus podzol soil of southern Norway studied by batch experiments.
Environ. Geol. 30:266–279. doi:10.1007/s002540050156
Schlüter, K. 2000. Review: Evaporation of mercury from soils. An integration and
synthesis of current knowledge. Environ. Geol. 39:249–271. doi:10.1007/
s002540050005
Schoeneberger, P.J., D.A. Wysocki, and E.C. Benham, and Soil Survey Staff. 2012.
Field book for describing and sampling soils. Ver. 3.0. Natural Resources
Conservation Service, National Soil Survey Center, Lincoln, NE.
Schrumpf, M., K. Kaiser, G. Guggenberger, T. Persson, I. Kogel-Knabner, and

202

E.D. Schulze. 2013. Storage and stability of organic carbon in soils as
related to depth, occlusion within aggregates, and attachment to minerals.
Biogeosciences 10:1675–1691. doi:10.5194/bg-10-1675-2013
Schulze, K., W. Borken, J. Muhr, and E. Matzner. 2009. Stock, turnover time and
accumulation of organic matter in bulk and density fractions of a Podzol
soil. Eur. J. Soil Sci. 60:567–577. doi:10.1111/j.1365-2389.2009.01134.x
Schuster, E. 1991. The behavior of mercury in the soil with special emphasis on
complexation and adsorption processes—A review of the literature. Water
Air Soil Pollut. 56:667–680. doi:10.1007/bf00342308
Schuster, P.F., D.P. Krabbenhoft, D.L. Naftz, L.D. Cecil, M.L. Olson, J.F.
Dewild, D.D. Susong, J.R. Green, and M.L. Abbott. 2002. Atmospheric
mercury deposition during the last 270 years: A glacial ice core record of
natural and anthropogenic sources. Environ. Sci. Technol. 36:2303–2310.
doi:10.1021/es0157503
Selin, N.E. 2009. Global biogeochemical cycling of mercury: A review. Annu. Rev.
Environ. Resour. 34:43–63. doi:10.1146/annurev.environ.051308.084314
Simonson, R.W. 1959. Outline of a generalized theory of soil genesis. Soil Sci. Soc.
Am. Proc. 23:152–156. doi:10.2136/sssaj1959.03615995002300020021x
Skyllberg, U., P.R. Bloom, J. Qian, C.M. Lin, and W.F. Bleam. 2006.
Complexation of mercury(II) in soil organic matter: EXAFS evidence for
linear two-coordination with reduced sulfur groups. Environ. Sci. Technol.
40:4174–4180. doi:10.1021/es0600577
Spielvogel, S., J. Prietzel, and I. Kogel-Knabner. 2008. Soil organic matter
stabilization in acidic forest soils is preferential and soil type-specific. Eur. J.
Soil Sci. 59:674–692. doi:10.1111/j.1365-2389.2008.01030.x
Stankwitz, C., J.M. Kaste, and A.J. Friedland. 2012. Threshold increases in soil
lead and mercury from tropospheric deposition across an elevational
gradient. Environ. Sci. Technol. 46:8061–8068. doi:10.1021/es204208w
Swanston, C.W., M.S. Torn, P.J. Hanson, J.R. Southon, C.T. Garten, E.M.
Hanlon, and L. Ganio. 2005. Initial characterization of processes of soil
carbon stabilization using forest stand-level radiocarbon enrichment.
Geoderma 128:52–62. doi:10.1016/j.geoderma.2004.12.015
Trumbore, S. 2000. Age of soil organic matter and soil respiration: Radiocarbon
constraints on belowground C dynamics. Ecol. Appl. 10:399–411.
doi:10.1890/1051-0761(2000)010[0399:AOSOMA]2.0.CO;2
Trumbore, S. 2009. Radiocarbon and soil carbon dynamics. Annu. Rev. Earth
Planet. Sci. 37:47–66. doi:10.1146/annurev.earth.36.031207.124300
Turekian, K.K., and K.H. Wedepohl. 1961. Distribution of the elements in
some major units of the Earth’s crust. Geol. Soc. Am. Bull. 72:175–192.
doi:10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
U.S. EPA. 1998. Method 7473 (SW-846): Mercury insoilids and solutions
by thermal decomposition, amalgamation, and atomice absorption
spectrophotometry. Revision 0. USEPA, Washington, DC.
Vogel, J.S., J.R. Southon, and D.E. Nelson. 1987. Catalyst and binder effects in
the use of filamentous graphite for AMS. Nucl. Instrum. Methods Phys.
Res., Sect. B 29:50–56. doi:10.1016/0168-583X(87)90202-3
Wagai, R., L.M. Mayer, and K. Kitayama. 2009. Nature of the “occluded” lowdensity fraction in soil organic matter studies: A critical review. Soil Sci.
Plant Nutr. 55:13–25. doi:10.1111/j.1747-0765.2008.00356.x
Yin, Y.J., H.E. Allen, Y.M. Li, C.P. Huang, and P.F. Sanders. 1996. Adsorption of
mercury(II) by soil: Effects of pH, chloride, and organic matter. J. Environ.
Qual. 25:837–844. doi:10.2134/jeq1996.00472425002500040027x
Yu, X., C.T. Driscoll, R.A.F. Warby, M. Montesdeoca and C.E. Johnson. 2014.
Soil mercury and its response to atmospheric mercury deposition across
the northeastern United States. Ecological Applications 24: 812-822.
doi:10.1890/13-0212.1.

Soil Science Society of America Journal

