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a b s t r a c t
The interaction of soil organic matter (SOM) and minerals is a critical mechanism for retaining SOM in soil and
protecting soil fertility and long-term agricultural sustainability. The chemical speciation of carbon (C) and nitrogen (N) in mineral-associated SOM can be sensitive to both anthropogenic management practices and landscape
positions, but these two aspects are rarely examined in tandem. Here we examined the effects of long-term
(N100 years) agricultural management and erosion on mineral-associated SOM along grassland and agricultural
hillslope transect. The mineral-associated SOM was obtained using particle size and density fractionation approaches. Chemical speciation of C and N in mineral-associated SOM was characterized using micro X-ray absorption near-edge ﬁne structure (XANES) spectroscopy. The extent of SOM coverage and contribution of iron
oxyhydroxides (Fe oxides) to the total speciﬁc mineral surface area (SSA) were determined using the BET–N2 adsorption method of soil samples under three conditions: untreated, SOM removal, and Fe oxides removal. The
amount of SSA covered by SOM (SSASOM-covered) was lower by 61% and 37% in cultivated eroding and depositional
topsoils, respectively, compared with the corresponding grassland. Depositional soils had higher SSASOM-covered
than eroding positions. In the cultivated hillslopes, aromatic and phenolic C species were more abundant in depositional soils than in the eroding topsoils, indicating that deposition and burial of eroded or in-situ plantderived phenolic C protected them from further transformation. Our results, therefore, highlight the importance
of anthropogenic activities in the interaction of SOM and minerals, including C speciation changes, which may
exert a considerable inﬂuence on SOM retention in soils.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

2. Materials and methods

Mineral-associated soil organic matter (SOM) comprises a signiﬁcant proportion of the total SOM (Jackson et al., 2017; Kleber
et al., 2015; Kögel-Knabner et al., 2008) and plays a critical role in
sustaining soil quality and sustainable agricultural productivity
(Amundson et al., 2015). Cultivation and subsequent erosion are
two of the primary factors driving SOM losses in human-managed
landscapes (Martens et al., 2004; Papiernik et al., 2009a, 2009b;
Solomon et al., 2007; Zhu et al., 2014). Numerous studies have documented that cultivation-induced losses or gains of SOM are often
dependent on topographic position (Don et al., 2011; Van Oost
et al., 2012; Prokop et al., 2018; Zhu et al., 2014). Recent estimates
show that agricultural land use may have resulted in the loss of 133
Pg C for the top 2 m of soil and that the loss rates have increased
dramatically in the past 200 years (Sanderman et al., 2017). Losses
of SOM associated with agricultural activities under conditions of
erosion or soil loss typical of upper hillslope positions have been
commonly attributed to enhanced microbial decomposition and
the physical removal of soil particles through erosive processes
(Amundson et al., 2015; Besnard et al., 1996; Don et al., 2011).
However, at lower hillslope positions experiencing burial and deposition, cultivation may increase SOM stocks (Doetterl et al., 2012;
Papiernik et al., 2007). Consequently, whether net effects of cultivation and erosion could act as an atmospheric carbon source or sink
is a hotly debated topic (Lal, 2003; Van Oost et al., 2007).
Among the pools of SOM affected by agriculture and erosion,
mineral-associated SOM is particularly important because it is the portion of SOM most closely associated with ﬁne particles (clay and ﬁne
silt) and iron oxyhydroxides (Fe oxides hereafter) (Eusterhues et al.,
2005; Kaiser and Guggenberger, 2003; Kögel-Knabner et al., 2008;
Mikutta and Kaiser, 2011). Iron oxides can represent a substantial fraction of secondary minerals in soils and may have even higher afﬁnities
for SOM than the phyllosilicates (Eusterhues et al., 2005; Mikutta
et al., 2006; Pronk et al., 2011; Wagai et al., 2009). Because Fe oxide minerals provide reactive surfaces as binding sites for SOM (Kögel-Knabner
et al., 2008; Pronk et al., 2011), Fe oxide surface area (SSAFeoxide) should
contribute to the amount of SSA covered by SOM (SSASOM-covered), as
well as the overall retention of SOM (Eusterhues et al., 2005; Lyttle
et al., 2015; Mayer and Xing, 2001; Pronk et al., 2011; Wagai et al.,
2009).
The chemical speciation of C and N in mineral-associated SOM may
also play an important role in understanding the retention of organic
matter in soils (Chen and Sparks, 2015; Kleber et al., 2015). This is relevant to assessing agricultural impacts on SOM because long-term cultivation has the potential to decrease total SOM storage, stabilization, and
turnover time (Dignac et al., 2017; Papiernik et al., 2007; Pisani et al.,
2016) but may also change the chemistry of SOM associated with minerals (Cusack et al., 2013; Ellerbrock et al., 2016; Helfrich et al., 2006;
Solomon et al., 2007). Although the interactive effects of soil cultivation
and erosion on the quantity of mineral-associated SOM have been investigated extensively (Berhe et al., 2012; Ellerbrock et al., 2016;
Guggenberger et al., 1995; Solomon et al., 2007; Wang et al., 2014),
few studies have examined the effects of both SOM properties (C and
N speciation) and minerals' surface characteristics (percent SSAFeoxide)
(Chen and Sparks, 2015; Mikutta et al., 2007).
The objectives of this comparative study were to examine the effects of long-term (N100 years) agricultural management and erosion
on (i) the relative sizes and sources of mineral-associated SOM, (ii)
the chemical speciation of C and N in mineral-associated SOM, and
(iii) the mineral surface area covered by SOM as a function of topographic positions in an agricultural hillslope relative to an adjacent
hillslope under natural vegetation. By achieving these objectives, we
attempt to examine how the critical interactions between SOM and
mineral surfaces are affected simultaneously by agriculture and
erosion.

2.1. Site description
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Our study area lies approximately 3 km north of the town of Cyrus,
Minnesota, U.S.A. (−95.74 W, 45.67 N), and consists of paired sampling
sites along an uncultivated, grassed hillslope and a cultivated ﬁeld of
~2.7 ha De Alba et al., 2004; Jelinski, 2014; Li et al., 2008; Papiernik
et al., 2005, 2007), approximately 800 m apart, separated by the Chippewa River (Fig. 1). Of the total of eight sampling locations chosen for
this study, two sampling locations were selected to represent upper
(eroding) and lower topographic positions (depositional) on each of
two hillslopes within the cultivated (~40 m) and uncultivated sites
(~70 m), respectively (Fig. 1). At each of these sampling locations, soil
samples representing morphologically distinct genetic horizons were
obtained, thus sample depth increments represent horizon thicknesses
and not pre-deﬁned depth increments (Table 1).
Rates of soil erosion and deposition estimated from foundational research in the vicinity of the study area suggest that rates of erosion and
deposition processes are approximately 2 orders of magnitude greater
on the cultivated site than the uncultivated site (Jelinski, 2014; Li
et al., 2007; Papiernik et al., 2007). Soil loss estimates derived from
process-based models (WATEM, WEPP, TillEM) and 137Cs-based radioisotope conversion models for water erosion at the cultivated erosional
sites range from 20 to N50 Mg ha yr−1, while estimated soil deposition
rates at the depositional points on the cultivated site range from 10 to
N30 Mg ha yr−1 (Jelinski, 2014; Li et al., 2007; Papiernik et al., 2007).
Long-term soil loss estimates derived from 10Be conversion models at
the eroding positions of the uncultivated site range from 1 to
2 Mg ha−1 yr−1, while long-term deposition estimates at the uncultivated site are approximately 0.8 Mg ha−1 yr−1 (Jelinski, 2014). Therefore, we refer to upper hillslope positions as eroding positions and the
lower hillslope positions as depositional positions for both the cultivated and uncultivated sites throughout the remainder of the text.
Surﬁcial sediments in the study area are comprised of Wisconsin-age
calcareous glacial till on the uplands, with Holocene alluvial sediments
in river valleys (Harris, 2003). Upland soils in the study area are dominated by Mollisols and Inceptisols (Soil Survey Staff, 2014; Chernozems
and Cambisols in the WRB system (IUSS Working Group WRB, 2014).
Documentary evidence of lack of extensive cultivation on the uncultivated hillslope includes the earliest archived aerial photos taken in
1939 CE (UMN, 2017). Additionally, the uncultivated hillslope transect
is recognized as a dry prairie native plant community of statewide importance (MCBS, 2003), which suggests that post-European settlement
land use intensity on this hillslope has been minimal.
The cultivated ﬁeld had been under agricultural management for
N100 years and under a conventional tillage management regime (annual moldboard plow and secondary tillage) for at least 40 years prior
to sampling. A central pivot irrigation system was installed on the cultivated ﬁeld in 2007. On the cultivated site, the dominant cropping system is a rotation of corn (Zea mays), soybean (Glycine max), and
wheat (Triticum aestivum). Anhydrous ammonia (130 kg of N ha−1)
and granular fertilizer (240 kg ha−1 of 27-70-40) were applied in the
cultivated ﬁeld (Papiernik et al., 2009a, 2009b).
2.2. Soil physical and chemical characterization
Soil pH was determined in a 1:1 slurry of 10 g of air-dried soil and
10 mL of 0.01 M CaCl2. Total carbon and nitrogen (g kg−1) were determined by dry combustion at 800 °C using a LECO 2000 CN analyzer
(LECO Corporation). Organic carbon (OC) concentrations (g kg−1)
were determined by subtracting inorganic carbon concentrations (determined by modiﬁed pressure calcimetry) from total carbon
concentrations.
Samples for particle size analysis were air-dried, passed through a 2mm sieve, and hand homogenized prior to subsampling. Three 0.5 g
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Fig. 1. Topographic locations of the cultivated and uncultivated hillslope transects. Inset photos courtesy of S.K. Papiernik (upper) and T.E. Schumacher (lower).

subsamples were then obtained and dispersed overnight in Nahexametaphosphate prior to standard analysis on a Malvern
Mastersizer 3000. We assumed the refractive indices of our soil and

the water-based dispersant to be 1.549 and 1.33, respectively (Miller
and Schaetzl, 2012). We ran extensive in-house validation on known
size fractions of sand, silt, and clay to optimize our laser particle size

Table 1
Selective soil properties from the eroding and depositional area in the cultivated and uncultivated grassland soils (data from Jelinski, (2014)). ND represented Not Determined.
Sites

Slope

Curvature

Horizon

Depth

pH (CaCl2)

SOC (%)

Inorganic C (%)

TN (%)

C/N ratios

Sand (%)

Silt (%)

Clay (%)

Cultivated eroding
Cultivated eroding
Cultivated depositional
Cultivated depositional
Cultivated depositional
Uncultivated eroding
Uncultivated eroding
Uncultivated depositional
Uncultivated depositional
Uncultivated depositional

0.07

0.04

0.08

−0.01

0.22

0.05

0.15

−0.02

Ap
Bk
Ap
AB
Bw1
A
Bk1
A
AB
Bw1

0–19
19–48
0–22
22–55
55–82
0–16
32–60
0–23
23–47
47–67

7.52
ND
7.31
7.07
7.05
7.29
7.47
5.73
5.52.
5.83

0.97
0.30
1.44
1.17
0.53
3.86
1.02
4.04
1.18
0.37

2.54
2.67
0.55
0.10
0.00
0.31
3.39
0.01
0.00
0.55

0.09
0.03
0.12
0.09
0.03
0.32
0.07
0.28
0.15
0.08

10.35
11.44
12.43
12.85
17.26
12.03
14.25
14.54
8.05
4.49

34
41
38
45
48
36
41
33
37
42

41
43
40
35
25
37
35
49
43
45

25
16
22
20
27
27
24
18
20
13
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data for comparison with the more traditional hydrometer method.
Based on this in-house compilation, we set the clay-silt break to be 8
μm, which is consistent with other studies (Konert and Vandenberghe,
1997). To eliminate bias due to small subsample sizes, we ran triplicate
analyses of each of our three subsamples and compared the data statistically. We then discarded the set of three that was most different from
the other (two) subsamples. The two most comparable triplicate sets
were then used to calculate the mean particle size distribution (N =
6) for use in subsequent analyses.
2.3. Speciﬁc mineral surface area (SSA)
In measuring speciﬁc mineral surface area (SSA), we combined
Brunauer-Emmett-Teller (BET) theory (Brunauer et al., 1938) with a
TriStar 3020 Surface Area and Porosity Analyzer in the Department of
Soil, Water, and Climate at the University of Minnesota. The BET-N2
method does not capture interlayer surface areas of expandable clays
(Heister, 2014; Wagai et al., 2009), and therefore our SSA determined
by the BET-N2 method should be considered to represent the external
surface of solids present in soil samples. To quantify total SSA (SSAtotal),
soil samples were treated by heating at 350 ͦ C for 12 h to remove SOM
(Lyttle et al., 2015; Mayer and Xing, 2001; Wagai et al., 2009; Wang
et al., 2018). The difference between total SSA and SSA measured on
the soil samples prior to heating was considered as SSA covered by
SOM (SSASOM-covered). The percentage of SSA covered by SOM was then
calculated using eq. 1. To measure mineral surface area contributed by
Fe oxides (SSAFeoxide), SSA was measured following the heating (350
°C for 12 h) and removal of Fe oxides with a dithionite-citrate extraction
(Eusterhues et al., 2005; Pronk et al., 2011; Wissing et al., 2014). The
percentage of SSA contributed by Fe oxides (SSAFeoxide) was calculated
using Eq. (2).
SSASOM−covered ð%Þ ¼

SSAFeoxide ð%Þ ¼

SSAtotal −SSAbefore
 100
SSAtotal

SSAtotal −SSAoxides removal
 100
SSAtotal

ð1Þ

ð2Þ

As a proxy for SOM loading on mineral surfaces, soil organic C (SOC;
mg g−1 soil) to the total speciﬁc mineral surface area (m2 g−1 soil), i.e.
SOC/SSAtotal ratio (mg m−2), is calculated as an operational measure to
normalize organic carbon relative to mineral surface area (Fisher et al.,
2018; Wagai et al., 2009; Wang et al., 2018).
2.4. Citrate-dithionite extractable iron (Fe) oxide content
The extractable Fe oxide content of the bulk soils (N = 41) was determined by using the dithionite-citrate-bicarbonate method (Mehra
and Jackson, 2013; Soil Survey Laboratory Methods Manual, 2014).
Brieﬂy, up to 5 g soil were exacted by 0.3 M sodium citratebicarbonate solution and 1 g sodium dithionite. Then samples were
shaken overnight (15 h) before centrifuge. This operational fraction is
often assumed to represent the total pedogenic Fe oxide content of
most soils (Soil Survey Laboratory Methods Manual, 2014). Concentrations of the dithionite-extractable Fe were determined by inductively
coupled plasma optical emission spectroscopy on a Perkin Elmer Optica
3000 ICP Spectrometer with simultaneous CCD detectors at the University of Minnesota Research Analytical Laboratory (http://ral.cfans.umn.
edu/).
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approximately 10–20 g of air-dried soil samples were passed through
a 250 μm sieve to selectively remove ﬁne roots and coarse sand materials. The remaining b250 μm fractions were then mixed with
2.0 g cm−3 sodium polytungstate (NaPT) and placed on a shaker for
2.5 h at room temperature. This procedure separates organic debris
(b2 g cm-3), in which SOM is deﬁned as the “ﬁne particulate” SOM,
and the remainder of SOM is associated with minerals. Minerals dense
enough to settle (N2 g cm−3) were retrieved and rinsed with deionized
water until the electrical conductivity of the solution was b50 μS cm−1.
All samples were oven-dried at 60 °C and weighed to obtain the mass
proportion of each fraction relative to the bulk soil.
2.6. Carbon and nitrogen XANES analysis
Carbon and N 1 s X-ray absorption near edge structure (XANES)
spectra were collected for the ﬁne heavy soil fractions (b250 μm and
N2.0 g cm−3: N = 10) using the microprobe version of the Spherical
Grating Monochromator (SGM) beamline 11ID-1 at the Canadian
Light Source (CLS, Saskatoon, SK, Canada) (Regier et al., 2007). Sample
preparation and measurement procedures were based on those developed by Gillespie and co-workers that seek to minimize the radiation
dose received by the sample and eliminate spectral artifacts that can
arise from substrate effects and normalization (Gillespie et al., 2015).
Brieﬂy, subsamples of ﬁne heavy fractions were suspended in deionized
water, applied as droplets to freshly prepared Au-coated Si wafers, and
dried at room temperature. Carbon and N XANES spectra were recorded
in partial ﬂuorescence yield by a single Silicon Drift Detector. The photon energy was scanned continuously across the absorption edge (270
to 320 eV for C; 370 to 440 eV for N) in 30 s. Multiple measurements
are taken on fresh, unexposed portions of each sample and then averaged to produce spectra that have sufﬁcient signal to noise ratio and
are representative of the sample.
An I-zero spectrum was collected in partial ﬂuorescence yield mode
with a Silicon Drift Detector positioned at 90 degrees with respect to the
incident beam (Regier et al., 2007). This geometry was selected to maximize the contribution of elastic scattering. The spectral characteristics
of the I-zero spectrum were monitored at approximately 12 he
Kirkpatrick-Baez mirrors were cleaned on approximately 36 h intervals
to eliminate C contamination.
For the monochromator calibration, the characteristic strong absorption peak at 290.1 eV for the mineral calcite was used (Brandes
et al., 2004). The 1 s → π* vibrational manifold of N2 gas evolved from
(NH4)2SO4 at 400.8 eV was used to calibrate the monochromator for N
(Gillespie et al., 2008). Data were averaged in the program Nexpy
(http://sgm.lightsource.ca/) using beamline-speciﬁc macros. Spectra
were subjected to energy calibration, pre-edge subtraction, and postedge normalization in the program Athena (Ravel and Newville,
2005). Carbon features were assigned based on a review of the literature
as: (1) aromatic at 284.8 eV; (2) phenolic at 286.4 eV; (3) aliphatic at
287.2 eV; (4) amide and carboxyl C at 288.4 eV; (5) O-alkyl at
289.3 eV;, and (6) carbonyl and carbonate at 290.1 eV (Gillespie et al.,
2011; Kleber et al., 2011; Solomon et al., 2005). Nitrogen features
were assigned based on a review of the literature as: (1) aromatic-N
in 6-membered rings at 398.8 eV (heterocyclic-N); (2) nitrilic and aromatic N in 5-membered rings at 399.9 eV (pyrazolic); (3) amide with
possible contributions from pyrroles at 401.3 eV (amide); (4) alkyl-N,
⁎
inorganic NH+
4 ; and the 1 s → σ feature at 406.0 eV (alkyl-N)
(Gillespie et al., 2008; Jokic et al., 2004; Leinweber et al., 2007).
2.7. Data analysis

2.5. Isolation of the mineral-associated SOM
In this study, we used a particle size and density fractionation approach to isolate the ﬁne heavy fraction (b250 μm and N2.0 g cm−3)
in which SOM is physically or chemically associated with minerals
(Lyttle et al., 2015; Sollins et al., 2009; Wang et al., 2018). Brieﬂy,

In the surface soil, the values of SSAtotal, SSASOM-covered, %SSASOM-covSSAFeoxide, and %SSAFeoxide were averaged from the eroding and depositional positions of two cultivated and uncultivated landforms,
respectively. One-way ANOVA was used to evaluate differences between eroding and depositional in cultivated and uncultivated

ered,
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hillslopes, respectively, with the Sigmaplot software version 13.0. In this
study, we considered differences as statistically signiﬁcant at P b 0.05.

3. Results
3.1. Speciﬁc mineral surface area (SSA) of bulk soil covered by organic
matter
Little difference in SSAtotal was found between the eroding and
depositional soils at both cultivated and uncultivated sites (Fig. 2a
and b). In contrast, SSASOM-covered (Fig. 2c and d) and its contribution to SSAtotal (Fig. 2e and f) were higher in depositional soils
than in eroding soils regardless of land use, however. This difference was particularly pronounced on the cultivated hillslope. Regardless of topographic position, cultivated soils had a lower %
SSASOM-covered relative to the uncultivated grassland. For eroding
topsoils, SOM covered 49% and 88% of SSA total in the cultivated
ﬁeld and uncultivated grassland, respectively. The depositional topsoil in the cultivated site had 72% of the mineral surface area covered by SOM, which is relatively smaller than the 88% observed
for the uncultivated grassland depositional sites. The size and percentage of SSA covered by SOM generally decreased with increasing
depth at all sites, but at both slopes, such depth-dependent patterns
were less prominent in the depositional soils.

3.2. Soil organic carbon loading to minerals (SOC/SSAtotal)
The amount of soil organic carbon in the ﬁne heavy fraction can be
used as a proxy for mineral-associated SOM. SOC loading to minerals
ranged from 0.14 to 2.70 mg OC m−2 and decreased sharply with increasing depth for all soil pits (Fig. 3). In the top 40 cm, the SOC loading
to minerals was N1 mg OC m−2 in the uncultivated soils. Between comparable soil depths, the cultivated soil had relatively lower SOC loading
compared with the uncultivated soil regardless of topographic positions. For comparable depths, depositional positions had higher SOC
loading than eroding positions across cultivated and uncultivated
hillslopes. For example, in the topsoil, the average SOC loading was
0.67 and 1.18 mg OC m−2 in the eroding and depositional sites in the
cultivated hillslopes while the values were 1.92 and 2.45 mg OC m−2
in the uncultivated grassland, respectively.

3.3. Iron oxide contribution to the speciﬁc mineral surface area (SSAFeoxide)
Cultivated soils had lower SSAFeoxide in the upper 40 cm in both eroding and depositional positions, compared with the uncultivated grassland (Fig. 4). The %SSAFeoxide tended to be lower in eroding (22 ±
7.7%) than in depositional (37 ± 5.8%) positions in uncultivated topsoils
(~20 cm depth) while these percentages were smaller in the cultivated
soils (9.5% eroding versus 5.9% depositional).

Fig. 2. Summary of SSAtotal, SSASOM-covered, and %SSASOM-covered in the eroding and depositional sites of cultivated (agriculture) and uncultivated (grassland) hillslopes. (a, b) Total speciﬁc
mineral surface area (SSAtotal; m2 g−1). (c, d) The surface area covered by SOM (SSASOM-covered m2 g−1). The percentage of total SSA covered by SOM (%SSASOM-covered).
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uncultivated in depositional topsoils). Clay contents were also similar in
the cultivated and uncultivated soils for eroding (25.8 ± 0.8 and 22.5 ±
4.5%, respectively) and depositional (19.8 ± 2.2 and 17.5 ± 0.5%, respectively) positions (Fig. 5c and d). Clay contents were relatively
higher in eroding positions than in depositional positions at both
hillslopes.
3.5. Chemical composition of soil organic matter associated with minerals

Fig. 3. Depth distribution of soil organic carbon loading (SOC/SSAtotal ratios) in the
cultivated (agriculture) and uncultivated (grassland) eroding and depositional positions
of hillslopes.

3.4. Extractable Fe oxides and clay content
Concentrations of extractable Fe oxides did not appear to differ by
land use (6.9 ± 1.0 mg g−1 cultivated vs. 6.9 ± 0.9 mg g−1 uncultivated
in eroding topsoils; and 5.8 ± 0.1 mg g−1 cultivated vs. 6.1 ± 0.0 mg g−1

The chemical speciation of mineral-associated SOM in eroding soils
clearly differed between the cultivated and uncultivated sites (Fig. 6 a
and c). In cultivated eroding soils, the intensities of aromatic
(284.8 eV) and phenolic (286.4 eV) C peaks were substantially weaker
than in uncultivated grassland (Fig. 6). In the two depositional soils,
the C speciation of mineral-associated SOM was similar between the
cultivated and uncultivated hillslopes and was dominated by aromatic
(284.8 eV), phenolic (286.4 eV), aliphatic (287.2 eV) C, amide and carboxyl (288.4 eV) C functional groups (Fig. 6). Although inorganic carbonate signals (290.1 eV) were detected in all soil samples, the signal
is substantially subdued in the topsoil of the uncultivated grassland hillslope (Fig. 6). In contrast, the inorganic carbonate signals are pronounced in the topsoils of cultivated hillslope regardless of
topographic position (Fig. 6).
The speciation of C in mineral-associated SOM differed substantially
between eroding and depositional soils in both cultivated and uncultivated sites (Fig. 6). This was particularly true for subsoil samples
where clear peaks associated with phenolic (286.4 eV) and aliphatic C
(287.2 eV) were present in depositional positions, while these peaks
were weak or absent in soil samples from eroding positions (Fig. 6). Furthermore, in the cultivated topsoil samples, aromatic (284.8 eV) and
phenolic C (286.4 eV) peaks were more intense at depositional points
than eroding points, while this difference was not found for the topsoil
samples at the uncultivated site.
Similar to C speciation, N speciation changed with depth in the uncultivated eroding soil, and this is shown particularly in the decrease
of heterocyclic-N peak intensity (398.8 eV) with depth (Fig. 7). The N
speciation for the two eroding subsoils is the same within the signal:
noise and the change in N speciation with depth for the cultivated site
(eroding and depositional) are weak. The speciation of N-containing
SOM associated with minerals was similar in depositional positions
from cultivated and uncultivated hillslopes.
4. Discussion
4.1. Soil organic matter coverage of mineral surfaces
Long-term soil cultivation was associated with decreased SSASOM-covand %SSASOM-covered, regardless of landscape position (Fig. 2). Soil
cultivation often results in breaking macro-aggregates which may enhance the decomposition of SOM (Ewing et al., 2006; Six et al., 2002).
Reduced SOC concentrations and storage may also occur in agricultural
systems due to annual biomass harvest (Papiernik et al., 2005). In addition, intensive cultivation physically disrupts soil structure and soil temperature regimes, accelerating SOM decomposition (Solomon et al.,
2007). Therefore, it is likely that reduced SOM availability for physical/
chemical interactions with soil minerals may have contributed to the
decrease in SSASOM-covered in the cultivated soils relative to the uncultivated grassland soils in the present study. Alternatively, the lower
SSAFeoxide in the cultivated hillslopes (Fig. 4) could result in a lower potential for the SOM-mineral association and subsequent physical protection in the cultivated samples (Kleber et al., 2015; Mikutta et al.,
2006). Regardless of the relative importance of these two explanations,
the data indicates that tillage, which mixes SOM and minerals and thus
has the potential to facilitate their physical contact (Yoo et al., 2011),
may not lead to greater coverage of minerals by SOM. Similar observations related to the effects of soil mixing have been made for forested
ered

Fig. 4. Iron oxides contribution to SSAtotal (SSAFeoxide; m2 g−1) (a and b) and percentage of
SSAtotal contributed by Fe oxides (SSAFeoxide) (c and d) from eroding and depositional
positions of cultivated (agriculture) and uncultivated (grassland) hillslopes.

1506

X. Wang et al. / Science of the Total Environment 648 (2019) 1500–1510

Fig. 5. Concentrations of extractable Fe oxides (mg g−1) (a and b) extracted by the dithionite-citrate-bicarbonate method and clay (%) (c and d) in soil proﬁles form the eroding and
depositional positions of cultivated (agriculture) and uncultivated (grassland) hillslopes, respectively.

systems in Minnesota where SOM loading to minerals is originally limited by the SSAtotal prior to bioturbation by invasive earthworms but
later by the SOM availability post earthworm invasion (Lyttle et al.,
2015). These observations suggest that soil mixing may not be a limiting
factor in the coverage of the mineral surface by organic matter in agricultural soils.
SSASOM-covered in soils increased from eroding to depositional positions in both cultivated and uncultivated sites, but this increase is substantially larger in the cultivated hillslope (Fig. 2). These differences
are associated with a simultaneous reduction in the exposed SSAtotal
and a corresponding increase in SSASOM-covered. Considering that the
SSAtotal does not differ signiﬁcantly between eroding and depositional
positions at both sites (Fig. 2), preferential transport of particular mineral groups or sizes (Fig. 5) appears not to be responsible for the observed topographic differences in SSASOM-covered. Instead, the higher
SSASOM-covered in depositional settings (Fig. 3) may be due to the greater
availability of SOM in those landscape positions (Table 1). Studies have
shown that SOM in different size classes can be preferentially
transported from upslope eroding to the downslope depositional positions (Berhe et al., 2012; Lal, 2003; Wang et al., 2014). Greater vegetative biomass has been frequently observed in depositional areas in
both cultivated and uncultivated systems, providing more plant carbon
input into soils at these locations (Papiernik et al., 2005; Yoo et al.,
2006). Thus, at depositional locations, the combined pool of SOM
eroded from the upslope areas and greater in-situ plant carbon input
in the low-lying positions may have provided a larger pool of SOM available for mineral association.

Processes that are responsible for greater SOM coverage of mineral
surfaces in the low-lying hillslope positions appears to be more effective
at the cultivated site. Minerals in eroding soils on the cultivated site are
coated with SOM by less than ~60% (Fig. 2), and some fractions of the remaining SSA may scavenge additional SOM during sediment transport
and/or post-deposition. Alternatively, accelerated erosion in the cultivated site has exposed subsoil minerals with lower proportional coverage by SOM, and topsoils had been redistributed to the depositional
slope. In contrast to the cultivated hillslope, topsoils in the eroding portion of the uncultivated grassland hillslope show that nearly 90% of the
total SSA is covered with SOM, and this percentage does not increase at
all in the depositional soils (Fig. 2). The remaining 10% of the total SSA
may originate from primary minerals with little capacity to scavenge
SOM. This indicates that an additional amount of SOM newly scavenged
by minerals during the sediment movement within the hillslope is minimal in the uncultivated grassland hillslope.
Another potential process responsible for the greater SOM coverage
of mineral surface in lower hillslope locations may involve the persistent burial of soils by new sediments in the depositional portion of
hillslopes. In the steeper uncultivated hillslope, the extent that
SSASOM-covered decreases with increasing depth is substantially subdued
at depositional locations relative to eroding locations. Exponential decreases in decomposition rates with increasing soil depth has been observed in numerous ﬁeld and laboratory experiments (Doetterl et al.,
2012; Pries et al., 2017; Wang et al., 2013) and thus have become a
foundation for modeling the development of SOC depth proﬁles
(Jobbágy and Jackson, 2000; Kramer et al., 2017; Lorenz and Lal,
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Fig. 6. X-ray absorption near edge ﬁne structure (XANES) spectra at C 1 s edge for ﬁne heavy fractions (b250 μm and N2.0 g cm−3) as a function of soil depth from cultivated and
uncultivated (grassland) soil. Vertical dashed lines indicate resonances of (1) aromatic, (2) phenolic, (3) aliphatic, (4) amide and carboxyl C, (5) O-alkyl and (6) carbonyl and
carbonate. The peaks at 297 and 300 eV results indicate the L3 and L2 edges of potassium.

2005). The combination of such depth-dependent decomposition and
rapid burial of the depositional soils by a continuous supply of sediments from upslope may have contributed to the greater SOM coverage
of mineral surface in lower hillslope locations (Fig. 2). This process is

also active in the cultivated hillslope as shown by little to no depthdependency of SSASOM-covered in depositional soils (Fig. 2).
Our results showed that the depositional sites had higher SOC loading (mg OC m−2) than the eroding sites at the two hillslopes (Fig. 3). A

Fig. 7. Nitrogen (N) 1 s edge XANES for ﬁne heavy fractions (b250 μm and N2.0 g cm−3) as a function of depth from cultivated and uncultivated eroding and depositional positions. Nitrogen
features are assigned as (1) aromatic-N in 6-membered rings at 398.8 eV (heterocyclic-N); (2) nitrilic and aromatic N in 5-membered rings at 399.9 eV (pyrazolic); (3) amide with possible
⁎
contributions from pyrroles at 401.3 eV (amide); and (4) alkyl-N, inorganic NH+
4 , and the 1 s → σ feature at 406.0 eV (alkyl-N).
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similar study conducted for a forested hillslope underlain by metamorphosed sedimentary rocks in southeastern Pennsylvania (Fisher et al.,
2018) found that soil creep and mixing via tree root growth and tree
falls had promoted the formation of mineral-associated SOM such that
SOC loadings and inventories were larger by a factor of 2–3 in the depositional soils than in the upslope eroding soils. The similar trend that depositional sites have larger SOC loading on the mineral surface the
eroding sites was observed in grassland, cropland (Fig. 3) and forested
transects (Fisher et al., 2018). This comparison allows us to suggest
that the scavenging of new SOM by eroded minerals is an integral part
of sediment redistribution process and is common in a wide range of
vegetation types, sediment transport processes, and agricultural management schemes.
4.2. The contribution of Fe oxides to the total mineral surface area
(SSAFeoxide, %SSAFeoxide)
In our study, Fe oxides provided up to 43% of the SSAtotal among all of
the studied samples (Fig. 4), conﬁrming that oxides have the potential
to be an important source of surface area across a diverse range of soil
types (Eusterhues et al., 2005; Pronk et al., 2011; Wissing et al., 2014).
In the cultivated soils, mineral surface area attributed to Fe oxides
(SSAFeoxide) and its relative contribution to the total mineral surface
area (%SSAFeoxide) is smaller than in the uncultivated soils, and this difference is most pronounced in the topsoils (Fig. 4). Contrarily, we observed similar extractable Fe concentrations in topsoils regardless of
land use (Fig. 5). SSAFeoxide is thus not directly controlled by the abundance of extractable Fe oxides in soils. Long-term agricultural management may thus have involved signiﬁcant changes in the types of
extractable Fe oxides present (Pronk et al., 2011; Wissing et al., 2014).
It is also possible that B horizons materials, which are now exposed by
accelerated erosion, may include different types of Fe oxides. For instance, ferrihydrite minerals have SSA values of 200–400 m2 g−1, and
fresh “hydrous Fe oxides” have SSA values of 305–412 m2 g−1, while
crystalline Fe oxides have SSA of 116–184 m2 g−1 (Borggaard, 1982;
Cornell and Schwertmann, 2003). Although extractable Fe oxides, quantiﬁed using the dithionite-citrate extraction method, had been previously found in greater quantities in depositional positions compared
with the eroding positions (Berhe et al., 2012; Ellerbrock et al., 2016;
Wang et al., 2013), such topographic trends were not present at our
studied hillslopes. Nonetheless, the observed decoupling between
SSAFeoxides and extractable Fe oxide concentrations warns against equating greater Fe oxide pools with a greater surface area capable of
interacting with SOM.
4.3. Chemical speciation of carbon and nitrogen in mineral-associated soil
organic matter
In the topsoil for all landscape positions, the C speciation of mineralassociated SOM featured three major peaks representing aromatic, phenolic, amide/carboxylic, and carbonate moieties (Fig. 6). These C species
have been commonly observed for SOM in organo-mineral assemblages, clay-size fractions, and micro-aggregates (Chen and Sparks,
2015; Kleber et al., 2011; Solomon et al., 2005). The presence of phenols
indicates the presence of the plant-derived C from lignin degradation in
the mineral-associated SOM pool (Goñi and Hedges, 1992; Solomon
et al., 2009, 2005). In eroding soils at both hillslopes, interactions of
decomposed plant-derived compounds and minerals (as indicated by
the intensity of phenolic peaks) appear to be limited to shallow depths
among the samples analyzed. The phenolic C was largely limited to the
topsoils in at eroding locations (Fig. 6). In contrast, soils at depositional
locations (regardless of land use) showed the persistence of phenolic C
throughout all analyzed sample depths. This indicates that burial of
SOM by sediments may contribute to preserving phenolic compounds
(Chen and Sparks, 2015). Furthermore, aromatic and amide/carboxylic
C, which is likely derived from microbial proteins and other

biomolecules in bacterial cells (Gillespie et al., 2011; Keiluweit et al.,
2012; Solomon et al., 2009, 2005), was found across all samples analyzed in this study. These observations indicate that SOM derived from
microbial turnover is not only an important component of the
mineral-associated SOM pool (Rumpel et al., 2015) but is ubiquitous
in mineral-associated SOM pools regardless of land use, topography,
and depth.
The prominence of amide N mineral-associated SOM (Fig. 7) across
all samples is consistent with the previous observations that proteinaceous N is the dominant form of organic N in soils at all depths
(Schnitzer et al., 2006; Schulten and Schnitzer, 1997).
The speciation of C in the mineral-associated SOM pool in eroding
topsoil differed between the cultivated and uncultivated grassland
hillslopes (Fig. 6), with the main difference being a much weaker phenolic C signal in the cultivated-eroding topsoil. This depletion of phenolic C could be explained by increased decomposition or low inputs of the
plant-derived C due to the agricultural removal of plant materials (Goñi
and Hedges, 1992; Rumpel et al., 2009; Solomon et al., 2007). This
agrees with our earlier interpretation of lower SSASOM-covered observed
in the cultivated eroding soils. Such biological depletion of phenolic C
inputs must have outweighed the effects of tillage practices, which vertically mix soils (Yoo et al., 2011), resulting in the absence of phenolic
signals in the subsoil as well (Fig. 6).
In depositional positions, the speciation of C and N in mineralassociated SOM appeared to be similar across the sample locations, regardless of land use (Fig. 6). These C and N speciation data, when examined in the context of the mineral surface area presented above, provide
new insight into the nature of SOM that is newly scavenged by minerals
during the transport and deposition of eroded sediments. In the cultivated eroding hillslope, minerals in the topsoil are only half covered
by SOM, and mineral-associated SOM in the soils has lower levels of
phenolic C. In depositional soils, however, 60–80% of the total mineral
surface area was covered by SOM, and mineral-associated SOM exhibits
phenolic C, as well as aromatic, amide, and carboxyl C-associated peaks.
The similar speciation of C and N in mineral-associated SOM in the depositional positions in both cultivated and uncultivated hillslopes
(Figs. 6 and 7) may indicate newly scavenged SOM obtained during sediment redistribution within the cultivated site does not appear to differ
chemically from the mineral-associated SOM in the uncultivated depositional soils.
5. Conclusion
The combined use of X-ray absorption spectroscopy and speciﬁc
mineral surface area determination is a novel approach to characterizing the formation of mineral-associated SOM during hillslope sediment
redistribution and its sensitivity to agricultural management. Long-term
cultivation and erosion decreased the SSASOM-covered in both eroding (by
61% in topsoil) and depositional (by 37% in topsoil) positions, respectively. Depositional positions had a relatively larger SSASOM-covered compared with the upper eroding positions. Furthermore, our data indicate
that long-term cultivation affects the speciation of C in mineralassociated SOM by decreasing aromatic C and enhancing the degradation of plant-derived lignin in eroding soils. However, our data also suggest that eroded soils may recapture a fraction of this C through
interactions with minerals during hillslope sediment transport.
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