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Abstract: Organic carbon in subsoil generally has longer turnover times than that in surface soil,
but little is known about how the stability of the specific organic compound classes changes

with soil depth. The objective of this study was to analyze the composition and thermal stability
of clay-associated organic matter (OM) at varying soil depths in the summit and footslope of
a pasture hillslope using C X-ray absorption near edge structure (XANES) and pyrolysis-field
ionization mass spectrometry (Py-FIMS). C XANES showed aromatic C was relatively enriched in the
subsoil, relative to the surface soil. Py-FIMS demonstrated a relative enrichment of phenols/lignin
monomers and alkylaromatics with increasing profile depth in the summit soil, and to a greater
extent in the footslope soil, followed by a decreasing abundance of sterols. In surface soil, the
thermostability of clay-associated OM increases in the order: carbohydrates and N compounds <
phenols/lignin monomers < lignin dimers and alkylaromatics, suggesting the intrinsic chemical nature
of OM as a major driver for OM persistent in surface soil. The thermal stability of clay-associated
carbohydrates, N compounds, and phenols/lignin monomers increased with profile depth, likely due to
stronger organic-organic/organic-mineral binding. In subsoil, the thermal stability of clay-associated
carbohydrates and N compounds can be as high as that of alkylaromatic and lignin dimers, implying
that persistent subsoil OM could be composed of organic compound classes, like carbohydrates, that
were traditionally considered as biochemically labile compounds. In contrast, the thermally-stable
compound classes, like lignin dimers and alkylaromatics, showed no changes in the thermal stability
with soil depth. This study suggests that stability of the more labile OM compounds may be more
strongly influenced by the change in environmental conditions, relative to the more stable forms.

Keywords: organic matter chemistry; thermal stability; soil depth; Py-FIMS; XANES

1. Introduction

The ability of SOM to persist over time is a key determinant in understanding carbon turnover on
both local and global scales [1]. The mechanisms controlling the persistence of SOM are still under
debate [1,2]. SOM composition was considered to be one of the main factors determining organic
matter (OM) turnover for decades, due to the presumed recalcitrance of certain molecules. However,
the importance of molecular composition as a control for SOM persistence has been challenged [1,3,4],
and it is now recognized that the chemical recalcitrance alone cannot fully explain the long-term
persistence of SOM [2]. Instead, organo-mineral association is acknowledged by many researchers as
the main driver for OM persistence [1,2,5]. This mechanism contributes to the long residence time of
even chemically labile and quickly decomposable organic compounds, such as sugars [1]. However,
the high diversity of soils and ecosystems make it difficult to predict the impacts of biogeochemical
regulators on organic carbon (OC) storage. The relative importance of all the mechanisms may differ
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depending on specific environmental conditions, soil features, and vegetation [1,6,7]. Understanding
of the chemistry and stability of SOM at different soil depths is needed to understand the controlling

factors of SOM persistence in dynamic landscapes.
Subsoils store 30-60% of global soil organic carbon (SOC), but the storage mechanisms and

degradation processes are still poorly understood [8]. Recently, there is an increasing interest in subsoil
OC storage and turnover to evaluate SOC behavior in deeper soil regions as a potential CO, source as
a result of climate or management changes [8]. In contrast to topsoils, subsoils are characterized by
low C content and high radiocarbon ages [5,9-11], indicating high C stability. However, little is known
about the mechanisms controlling SOC turnover in subsoils. In the context of climate change
and SOM as potential sink for atmospheric CO;, it is important to understand what leads to
sequestration of large amounts of old C below the A horizon. There is some evidence that subsoil OM
compounds are highly processed residues of microbial degradation and are recalcitrant for further
microbial degradation [12-14]. However, recent studies found large amounts of easily-degradable
SOM components in subsoils, like simple carbohydrates or amino sugars [15-17], which can persist
over a long time [18]. The persistence of such easily degradable compounds might be due their
spatial inaccessibility to microorganisms [17,19]. Next to the composition of C substrates, temperature,
moisture, and soil texture, key factors controlling SOM decomposition rates on a regional scale,
also vary with depth in a soil profile [20], as do microbial and fungal activities [21]. Environmental
conditions, such as low temperature or low pH may limit subsoil OM mineralization [22-24]. Another
proposed mechanism for the greater stability of subsoil OM is increased association of OM with metal
oxyhydroxides and clay minerals [1,9,25,26], which can reduce the accessibility of SOM to microbial
decomposers. Subsoil horizons lose more carbon upon HF treatment than topsoil horizon (Rumpel
and Kogel-Knabner [9] and references therein), suggesting a higher contribution of mineral-associated
C (the C lost upon demineralization of soil by HF) in subsoil horizons. In addition, it was implied
that SOM in subsoil horizons becomes older, when a greater proportion of SOM is associated with the
mineral phase [27]. However, there is surprisingly little information on the chemistry and stability of
mineral-associated SOM in subsurface horizons or how subsurface SOM is affected by organo-mineral
associations. A better understanding of the characteristics of SOM in subsurface horizon is needed to

improve modeling of organic matter turnover and storage on a landscape scale [28].
Grasslands are one of the most widespread vegetation types world-wide and play a crucial

role in the global terrestrial C cycle [29,30]. To date, a few studies have examined OM composition
of the whole soils in the grassland subsurface [31,32], but the composition of mineral-associated
OM in grassland subsoils remain elusive. In addition, soil processes (such as drainage and aeration)
may have a strong influence on the vertical distribution of SOM composition [33]. For example,
lignin quantified with chemolysis, CuO oxidation and GC-MS analysis were shown to decrease
with profile depth in well-drained soils [31,33]. However, under poorly-drained conditions, lignin
preferentially accumulated in subsoils [34], likely due to a slower decomposition rate in O,-limited
environments [35,36]. Therefore, low-lying sites may display different vertical distribution patterns
of SOM composition, compared with well-drained landscape positions. Furthermore, little has been
conducted to investigate the influence of soil depth on the stability of individual organic compound
classes associated with soil minerals in grasslands. Such information is needed to better understand

the biogeochemical characteristics of persistent SOM in the natural environment.
In this study, we hypothesize that (1) the vertical distribution of SOM composition differs between

well- and poorly-drained landscape positions; and (2) the stability of the individual OM compound
classes are not equally affected by soil depth, with the labile compound classes more sensitive to depth
changes. To test these hypotheses, we sampled the summit (well-drained) and footslope (relatively
poorly-drained) of a pasture hillslope at three soil depths (0-15, 15-25, 25-35 c¢m), respectively.
The objectives of this study were (1) to employ C XANES to assess bulk functional groups of SOM
in soil clay fractions; and (2) to apply Py-FIMS to evaluate OM structure in more detail, as well as to
measure the thermal stability of OM compound classes in soil clay fractions, since a majority of SOM
is associated with clay minerals [37,38].
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2. Materials and Methods

2.1. Field Sampling

Our field site is located within the long-term 725-ha research watershed upstream of the Stroud
Water Research Center (SWRC) in southeastern PA (39°53' N, 75°47' E) (Figure S1). The 3rd-order
watershed forms the headwaters of the White Clay Creek and is an intensive study site for the
established Christina River Basin Critical Zone Observatory. Approximately 52% of the watershed
area is in pasture [39]. Since pasture was established on the land in 1950s, the studied hillslope
has been relatively stabilized and soil redistribution on the hillslope might be very minimal since
then. The watershed is underlain by highly metamorphosed sedimentary rocks containing gneisses,
schists, quartzites, and marbles [40]. The soils are primarily Typic Hapludults [39]. We targeted
a pasture hillslope with a relative elevation and distance difference of ~7 m and ~60 m, respectively,
and slopes up to 14% (Supplementary Materials, Figure S1). Soils from this hillslope shared similar
clay mineralogy and the dominant soil clay minerals are hydroxyl-interlayered vermiculite, illite and
kaolinite [38]. The vegetation (grass) is relatively uniform along the hillslope. The footslope soils were
slowly and poorly drained after precipitation, whereas the summit and backslope soils were well drained.
Therefore the color of the footslope soils was more grayish than that of the upslope soils (Table S1).
Soil samples were collected from the summit and footslope at soil depths of 0-15 (A horizon), 15-25
(B horizon) and 25-35 cm (B horizon), respectively. Three soil samples were taken per location for each
depth increment, air-dried and sieved through a 2-mm sieve before clay separation and further analysis.

2.2. Clay Fraction Separation

The clay fraction separation was performed according to Amelung et al. [41]. Briefly, 30 g of
soil were ultrasonically treated with an energy input of 60 ] mL~! using a probe type sonicator at
a soil/water ratio of 1:5 (w/v). The coarse sand fraction (>250 um), which contains a significant amount
of particulate organic matter, was removed by wet sieving. To completely disperse the remaining
suspension, ultrasonication was again applied with an energy input of 440 ] mL~! at a soil /water ratio
of 1:10 (w/v). The sand fraction (>53 pm), which also has a considerable amount of particulate organic
matter, was removed by wet sieving. The clay-sized fraction (<2 um) was separated from the silt- and
sand-sized separates by repeated centrifugation. The clay suspensions were centrifuged and the solids
were freeze-dried for further analysis. The STXM analysis suggests that OM was mainly associated
with soil minerals in the clay fractions and there was no independent particulate OM phase [38].

2.3. Soil Properties

The crystalline and poorly crystalline Fe oxides (Fed) of the whole soils were estimated using
the dithionite-citrate-bicarbonate (DCB) method [42]. The poorly-crystalline Fe oxides (Feo) of the
whole soils were determined using a 0.275 M ammonium oxalate extraction in the dark at pH 3.25 [43].
C and N content of the whole soils and clay fractions was analyzed by dry combustion with a vario
cube CNS analyzer (Elementar, Langenselbold, Germany). Soil mineral surface area (SSA) of the whole
soils and clay fractions was measured after OM removal. OM was removed by oxidation with a 10%
H,0; solution at room temperature. We are aware that incomplete OM removal could underestimate
the mineral surface area, since H,O, removed 85-90% OM in the soils (data not shown). The SSA
was determined by the Nj-adsorption BET method using a Micromeritics TriStar 3000 surface area
and porosity analyzer (Micromeritics, Norcross, GA, USA). The SSA was derived from the adsorption
isotherm of N2 at 77 K, and the BET equation was applied to the data in the P/Po range of 0.05 to 0.30
(11 point BET) [44].

2.4. Carbon K-Edge X-ray Absorption Near Edge Structure Spectroscopy

C XANES spectroscopy was applied to determine bulk functional groups of SOM in the clay
fractions. For the C XANES analysis, soil clay fractions were slurried in DI water, deposited onto
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Au-coated Si wafers, and air-dried at room temperature. The wafers were then affixed to sample
holders using double-sided carbon tape for insertion into the absorption chamber. Carbon K-edge
XANES spectra were collected using the Spherical Grating Monochromator (SGM) beamline 111D-1
at the Canadian Light Source (CLS, Saskatoon, SK, Canada), which delivers 1011 photons s — 1
with a resolving power (E/AE) greater than 104 [45]. C (1s) XANES spectra of the samples were
collected using a photodiode and recorded from 270 to 320 eV in steps of 0.1 eV using a dwell time of
500 ms. The exit slit gap was 25 pm. Background measurements were collected by measuring an empty
gold-coated silicon wafer. A Ti filter was used in the beamline to reduce the effects of 2nd oxygen
in the pre-edge region. In order to minimize beam damage to organic matter, we collected only one
spectrum from one spot. At least four to six spectra were collected from each sample and averaged.
The XANES spectra for samples from a depth of 25-35 cm were not successfully collected due to much
lower C content. The C XANES spectra were energy calibrated using the 1s—m*C=0 transition of
glutaric acid at 288.6 eV. Resonances corresponding to C types have been identified as: aromatic C at
285.5 eV, aliphatic C at 287.3 eV, carboxylic C at 288.6 eV, and O-alkyl C at 289.7 eV [38,46—48].

Data processing was performed using aXis 2000 (McMaster University, Hamilton, ON, Canada).
First, we calculated the difference between the sample spectrum and a background spectrum from
a gold-coated silicon wafer by adjusting the gain and offset of the sample spectrum. The spectrum
difference was then normalized to the incident flux (I0) to account for attenuation of the photo beam by
C on the optical component. We averaged 46 scans for each sample and corrected background with
a linear regression fit through the pre-edge region, followed by normalization to an edge step of one.

2.5. Pyrolysis-Field Ionization Mass Spectrometry

Pyrolysis-field ionization mass spectrometry was performed to determine the relative molecular
composition and the thermal stability of SOM in whole soil samples and their clay fractions.
Five milligrams of each air-dried, ground, and homogenized sample (three repetitions) were degraded
by pyrolysis in the ion source (emitter: 4.7 kV, counter electrode —5.5 kV) of a double-focusing
Finnigan MAT 95 mass spectrometer (Finnigan MAT GmbH, Bremen, Germany). The samples were
heated in a vacuum of 10 Pa from 50 °C to 700 °C, in temperature steps of 10 °C over a period
of 18 min. Between magnetic scans the emitter was flash heated to avoid residues of pyrolysis
products. 65 spectra were recorded for the mass range 15 to 900 m/z. Ion intensities were referred
to 1 mg of the sample. Volatile matter was calculated as mass loss in percentage of sample weight.
Interpretation of marker signals (11/z), which are assigned to relevant compound classes, was described
by Leinweber et al. [49,50] and also included in the Supplementary Materials. The ion intensities of
the marker signals were attributed to the following compound classes: (1) CHYDR-carbohydrates;
(2) PHLM-phenols and lignin monomers; (3) LDIM-lignin dimers; (4) LIPID-lipids, alkanes, alkenes,
and alkyl monoesters; (5) ALKYL-alkylaromatics; (6) NCOMP-mainly heterocyclic N-containing
compounds; (7) STEROL-sterols; (8) PEPTI-peptides; (9) SUBER-suberin; and (10) FATTY-fatty acids.
The average ion intensities for each class of compound were plotted against the pyrolysis temperature,
giving characteristic thermograms, which gives an indication of the thermal energy required for
volatilization of individual biomarkers of SOM. Close relationships between microbial decomposition
and thermal stability in Py-FIMS [42] were reflected by a separation of Py-FIMS thermograms into
thermally labile (faster degradable, <400 °C) and stable (slower degradable, >400 °C) proportions [51].
Therefore, these criteria will be used to discuss SOM stability.

2.6. Data Analysis

All results are presented as arithmetic means of three replicates. The statistical analyses were
carried out using the SPSS 20.0 software package (IBM Corp., Armonk, NY, USA). To compare the
fractions, one-way analysis of variance (ANOVA) and post-hoc Scheffé tests were performed.
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3. Results

3.1. General Soil Properties

Relative to the bulk soils, the soil clay fractions had higher C and N concentrations and mineral
surface area (SSA), but lower C/N ratio and C loading (normalized C concentration by mineral
surface area) for all the samples (Table 1). C and N concentration, C/N ratio, and C loading generally
decreased with soil depth at both the summit and footslope locations, whereas mineral surface area
showed slight changes along the soil profile (Table 1).

3.2. C K-Edge X-ray Absorption Near Edge Structure (XANES) Spectroscopy

In general, for all the samples C K-edge XANES spectra exhibited major features for aromatic
(~285.5 eV) and carboxylic C (~288.6 eV), whereas aliphatic (~287.3 eV) and O-alkyl C (~289.7 eV)
were of minor fractions (Figure 1). The aromatic C differed in relative intensity among the samples,
while the relative intensity of carboxylic, aliphatic, and O-alkyl C peaks showed similarity among the
samples (Figure 1). The relative intensity of the aromatic C peak was greater at a soil depth of 15-25 cm
than at a soil depth of 0-15 cm in the summit profile, and, to a greater extent in the footslope profile
(Figure 2).

Caboxylic C=OOH
288.6 eV

Summit
Aliphatic C-C
287.3eV

Aromatic |
C=C, 285.5 eV

15-25 cm

Normalized Electron Yield (a.u.)

282 284 286 288 290 292 294 296
Energy (eV)

Figure 1. Carbon K-edge XANES spectra of soil clay fractions from the hillslope transect at soil depths
of 0-15 cm (a) and 15-25 cm (b). Carbon features are assigned to aromatic C at 285.5 eV, aliphatic C at
287.3 eV, carboxylic C at 288.6 eV, and O-alkyl C at 289.7 eV.

3.3. Pyrolysis-Field Ionization Mass Spectrometry

3.3.1. Soil Organic Matter Compound Classes

Assignment of marker signals to important compound classes of SOM revealed that SOM in these
pasture soils primarily contained the following compound classes (in order of relative abundance):
alkylaromatics > phenols + lignin monomers > carbohydrates > amides (Table 2). The proportions
of lignin dimers and fatty acids were small (Table 2). At both the summit and footslope locations,
a decrease in the relative percentages of lignin dimers and sterols was observed with increasing
soil depth, whereas the proportions of alkylaromatics and phenols/lignin monomers significantly
increased with increasing soil depth (Table 2). Surface soil OM composition was similar between the
summit and footlsope location. However, footslope soil displayed a greater degree of increase in the
proportions of alkylaromatics and phenols/lignin monomers with increasing soil depth, compared to
the summit soil profile (Table 2).
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Table 1. C and N concentrations, atomic C/N ratio, mineral surface area (SSA), and C loading (normalized C content by mineral surface area) in whole soils and
clay fractions.

Landscape  Soil Depth C concentration (mg g~ 1) N Concentration (mg g~1) C/N Ratio SSA (m? g~1) C Loadings (mg C m—2)
Location (cm) Whole Soil  Clay Fraction = Whole Soil  Clay Fraction = Whole Soil = Clay Fraction = Whole Soil = Clay Fraction = Whole Soil  Clay Fraction
0-15 30.6 * 72.62 332 934 10.8P 7.82 1450 65.72 212 112
Summit 15-25 17.5¢ 49.1°¢ 20¢ 64° 10.2°¢ 772 1542 66.22 1.1b 0.7b
25-35 6.6¢ 18.1¢ 0.84d 254 964 7.2¢ 14.1P 65.42 05°¢ 03¢
0-15 279b 68.9b 29P 84Pb 1152 822 12.2°¢ 58.2b 222 1.22
Footslope 15-25 1594 4534 18¢ 6.0¢ 10.3 ¢ 7.6 P 11.6¢ 57.4bc 14Pb 0.8b
25-35 55f 15.8f 0.74 214 g.7de 75b 11.5¢ 55.8 ¢ 04c 03¢

* values are the means of three replicates, and values followed by the different letters (a, b, ¢, d, e, f) within any given column are significantly different at p < 0.05.

Table 2. Proportions of compound classes from pyrolysis-field ionization mass spectrometry of the summit and footslope soil clay fractions from soil depths of 0-15,
15-25 and 25-35 cm (% of total ion intensity).

CHYDR PHLM LDIM LIPID ALKYL NCOMP STEROL PEPTI FATTY

Landscape Location  Soil Depth (cm)

% TII
0-15 7.9 ax 8.9d 242 43b 9.1¢ 43bc 1.7 752 0.9ab
Summit 15-25 862 11.0¢ 1.7b 554 12.14 524 1.0b 712 0.7b
25-35 59¢ 13.0P 1.7b 582 15.7b 472 04¢ 6.1b 112
0-15 7.1b g.7d 262 522 99¢ 37¢ 222 63b 122
Footslope 15-25 7.0° 13.3b 1.5P 544 14.1¢ 39¢ 12°b 6.0P 122
25-35 7.82 21.02 03¢ 39P 2292 562 0.04d 752 0.1¢

CHYDR = carbohydrates; PHLM = phenols + lignin monomers; LDIM = lignin dimers; LIPID = lipids, alkanes, alkenes, and n-alkyl esters; ALKYL = alkylaromatics; NCOMP = heterocyclic
nitrogen and nitriles; STEROL = sterols; PEPTI = amides (amino acids, peptides and amino sugars); FATTY = fatty acids. * values are the means of three replicates, and values followed by
the different letters (a, b, ¢, d) within any given column are significantly different at p < 0.05.
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Figure 2. Summed and averaged pyrolysis-field ionization mass spectra and thermograms of total ion intensity (TII, inset) of the summit and footslope soil clay

fractions from soil depths of 0-15, 15-25, and 25-35 cm.
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3.3.2. SOM Thermal Stability

The TII thermograms demonstrated that SOM thermal stability increased with profile depth
(Figure 2). The TII thermogram (see upper right inserts) for footslope soils at a depth 25-35 cm
was of a monomodal shape, whereas the thermograms for the other soils were of biomodal shape,
which can be divided into a thermally labile (<400 °C) and stable (>400 °C) section (Figure 2). As soil
depth increases, the low-temperature (<400 °C) volatilization peak decreased, followed by an increase
in the relative abundance of high-temperature volatilization peaks (>400 °C). In addition, for the
footslope soil at a depth of 25-35 cm, the low-temperature volatilization peak disappeared and only
the high-temperature volatilization peak is observed.

Thermal volatilization curves of individual compound classes showed that the thermal stability
of carbohydrates, N compounds and phenols/lignin monomers increased with soil depth, whereas
the thermal stability of lignin dimers and alkylaromatics showed no variation with soil depth at
both the summit and footslope locations (Figure 3). At soil depths of 0-15 cm, the thermograms of
clay-associated OM displayed that: (1) the majority of carbohydrates, heterocyclic nitrogen and nitriles,
and amides were volatile at lower temperature (330-350 °C) (Figure 3a—c); (2) lignin dimers and
alkylaromatics showed the most intensive volatilization at high pyrolysis temperature (430-470 °C)
(Figure 3e,f); and (3) the volatilization curves of phenols/lignin monomers showed one major peak at
~350 °C and a second peak at ~470 °C at a soil depth of 0-15 cm (Figure 3d). These results indicate
that the thermal stability of clay-associated organic compound classes in surface soils decreased in the
order: lignin dimers and alkylaromatics > phenols/lignin monomers > carbohydrates, heterocyclic
nitrogen and nitriles, and amides. In the surface soils, even clay-associated SOM contained a large
faction of labile compound classes like carbohydrates and N-containing compounds. As soil depth
increased from 0-15 to 15-25 cm, the volatilization temperature remained relatively unchanged
for heterocyclic nitrogen and nitriles in the summit soil, whereas a shift in peak temperature from
340 to 420 °C was observed in the footslope soil (Figure 3b). As soil depth increased to 25-35 cm,
the volatilization maxima of carbohydrates, heterocyclic nitrogen and nitriles, and amides shifted
toward higher temperatures for both the summit and footslope soils (Figure 3a—c), indicating more
thermal energy was required for these compounds to be released from the soils. The peak temperature
for carbohydrates shifted from 330 to 370 and 410 °C in the summit and footslope soils, respectively.
The volatilization peaks for amides increased from 340-350 to 420 and 440 °C in the summit and
footslope soils, respectively. Heterocyclic nitrogen and nitriles made the greatest shifts, and the
volatilization maxima for heterocyclic nitrogen and nitriles increased from 340 to 430 and 470 °C in
the summit and footslope soils, respectively. In addition, as soil depth increases, the low-temperature
peak for phenols and lignin monomers was strongly reduced or disappeared, followed by an increased
high-temperature volatilization peak (Figure 3d). In contrast, the volatilization curves of lignin dimers
and alkylaromatics did not vary dramatically with soil depth (Figure 3e,f).
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Figure 3. Pyrolysis thermograms of (a) carbohydrates, (b) heterocyclic nitrogen and nitriles, (c¢) amides, (d) phenols and lignin monomers, (e) lignin dimers,
and (f) alkylaromatics for the summit and footslope soil clay fractions at soil depths of 0-15, 15-25, and 25-35 cm. Peaks at higher temperatures indicate higher

thermal stability.
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4. Discussion

4.1. Variation in Organic Matter Chemistry with Depth

The results of this study are consistent with previous findings [31-33,52-54], who demonstrated
that SOM chemistry shows marked changes with depth. Overall, subsurface SOM is relatively
enriched in alkylaromatics, phenols/lignin monomers, accompanied by a decreasing proportion of
sterols with increasing soil depth in both the summit and footslope locations. The enrichment of
aromatic C in the subsurface as shown by C XANES could be attributed to the increased proportions
of both alkylaromatics and phenols + lignin monomers, which is consistent with previous findings
of Ussiri and Johnson [52] and Djukic et al. [54], who observed increases in aromatic C with soil
depth using NMR and FTIR techniques. The decreasing abundance of sterols with soil depth is due
to the lower input of plant materials, since sterols originating from octacosanol/nonacosanol at,
m/z 392/406 (Figure 3) [55,56], are of a plant origin. The relative proportions of alkylaromatics in
the summit soil are comparable to those reported for the well-drained cultivated soils by Py-FIMS
analysis [57,58]. The thermal stability of alkylaromatics showed no variation with soil depth and, thus,
the greater proportion of alkylaromatics in subsoils is not due to the increased protection with soil
depth. A higher proportion of alkylaromatics in conjunction with higher phenols/lignin monomers to
lignin dimers ratios in the subsurface suggest a more decomposed character of the subsoil OM. This is
further supported by decreasing C/N ratios with soil depth, reflecting the advanced degradation of
organic residues [59,60]. It appears plausible that surface SOM is comprised of younger materials,
while subsurface SOM compounds are relatively more degraded and transformed, due to the input of
recent organic debris close to the surface.

An increasing proportion of phenols/lignin monomers with soil depth was observed in
both locations. Previous studies, which have examined the distribution of lignin-derived phenols
with soil depth by chemolysis, CuO oxidation and GC-MS analysis, have reported inconsistent
findings [31,33,34,53,60]. One should be careful when interpreting lignin phenol data, since lignin
phenols can be measured in a variety of ways, each yielding very different absolute values.
Although the lignin-derived phenols and phenols from other sources have different behavior in
the environment, we grouped lignin-derived phenols and other-source phenols into one single group
class as phenols/lignin monomers due to their chemical similarity, which makes a clear separation
between both compound classes impossible. One possible explanation for the increased proportions
of phenols/lignin monomers compounds is due to roots, since lignin is more abundant in roots than
in shoots [61], and root biomass contributes strongly to subsoil OM [9]. However, the dominant
peaks for grass roots at m/z 194 (ferulic acid) and 208 (sinapyl aldehyde) were observed at 0-25 cm,
but absent at 25-35 cm (Figure 2 and Supplementary Materials: Figure S2). In addition, the root
abundance generally decreased with soil depth based on field observations (Supplementary Materials:
Table S1). Therefore, the greater percentage of lignin monomers/phenols in deeper soils in our
study is unlikely due to grass roots. Instead, the greater proportion of phenols/lignin monomers in
subsoil might be attributed to their enhanced stability, since Py-FIMS analysis showed that the thermal
stability of clay-associated phenols/lignin monomers increased with soil depth (Figure 3). It is also
interesting to note that the relative percentages of lignin dimers, the thermal stability of which showed
no variations with soil depth (Figure 3e), generally decreased with depth (Table 2). Phenols/lignin
monomers could be stabilized by interaction with clay minerals or Fe/Al oxides, as aromatic and
phenolic compounds have a strong affinity for oxides or aluminosilicates [62,63]. Kramer et al. [64]
demonstrated the long-term accumulation of plant-derived lignin and phenolic compounds in direct
association with short-range-ordered minerals. Considering the particular interest in the stability of
phenolic compounds in soils, further investigation on phenolics stabilization by interactions with soil
mineral phases is needed.

The pronounced differences in the vertical distribution of SOM composition between the summit
and footslope soil profiles were reflected in a greater degree of increase in the percentages of
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alkylaromatics and phenols/lignin monomers with increasing soil depth in the footslope soils. SOM
composition is similar in surface soils between the summit and footslope soils, which was also observed
in other previous studies [65,66], may predominantly reflect the uniform vegetation distribution in the
surface. The larger increase in the relative abundance of alkylaromatics with soil depth in the footslope
profile might be due to less input of fresh plant materials to the footslope subsurface and/or the more
advanced degradation of organic compounds. In addition, the relatively greater accumulation of
phenols/lignin-monomers at the poorly-drained footlsope subsoils, than the relatively well-drained
summit location, suggests the likely retardation of the activity of obligate aerobic lignin-decomposing
fungi and resultant selective preservation of lignin-like compounds [35,36,67].

4.2. Variation in SOM Thermal Stability with Depth and LANDSCAPE position

In both the summit and footslope surface soils, the thermostability of clay-associated organic
compounds increases in the order: carbohydrates and N compounds < phenols + lignin monomers <
lignin dimers and alkylaromatics. Lignin dimers (minor fractions) and alkylaromatics in the surface
soils require substantially higher temperatures (430470 °C) to be volatilized and might be indicative
of a thermodynamic barrier to decomposition. In contrast, the majority of clay-bound carbohydrates
and N compounds in the surface soils were volatilized at low pyrolysis temperatures (330-350 °C).
The volatilization of clay-associated OM at low temperatures originates from a thermally labile factions
of carbohydrates and N compounds with weak organic-mineral or organic-organic bonds. It was
previously reported that aromatic C=C and alkyl C-H bonds are higher energetic molecular bonds,
whereas compounds like carbohydrates and peptides require relatively low activation energies for their
decomposition [22,68-70]. Our results thus suggest that the chemical characteristics of SOM remain
a major driver of OM persistence in the surface soils, although the role of the chemical composition of
SOM in determining its turnover has recently been questioned [1,3,4].

SOM thermostability generally increased with soil depth. The same finding was published
by Purton et al. [32] who reported general increases in thermal stability of OM compound classes
downward through soil profiles from 0-5 to 15-20 cm, irrespective of land use. By extending from
assessing the thermal stability of whole soil OM to that of the individual OM compound classes
associated with soil minerals at varying soil depths, our study demonstrated for the first time
that the stability of clay-associated carbohydrates, N-containing compounds and phenols/lignin
monomers increased with increasing soil depth, whereas thermally-stable compound classes including
clay-associated alkylaromatics and lignin dimers are hardly affected by soil depth. This result suggests
not all types of SOM are equally influenced by the change in environment, with the stability of
more labile OM compound classes more sensitive to environmental changes. The higher thermal
stability of clay-associated OM compound classes is directly indicative of stronger organic-organic or
organic-mineral bonds. The enrichment of a relative stable proportion of carbohydrates, N compounds
and phenols/lignin monomers as soil depth increases, is likely to due to the decomposition of the labile
portion of these compound classes and/or resynthesized stable compounds. Changes in the chemical
nature of these compound classes may result in stronger organic-organic bonds and thus increase
their resistance to pyrolysis. At 25-35 cm in the footslope soil, the thermal stability of carbohydrates,
N compounds and phenols/lignin monomers increased to that of alkylaromatic and lignin dimers,
and thus the thermograms of all the major compound classes were similar in this soil, and all the major
compound classes seem to be thermally resistant up to high temperatures (Figure 3). It is unlikely
that the changes in the thermal stability of OM compound classes could be attributed to their inherent
molecular proprieties alone in this soil. The enhanced thermostability may also be ascribed to the
strength of the bonding between OM and minerals which increases with soil depth due to the decreases
in OM loadings (Table 1). This study, thus, implies that compared to surface soils, organic-mineral
associations may be more important in determining OM persistence in subsoils and could largely retard
the decomposition of biochemically labile materials like carbohydrates and peptides. Compelling
evidence for the binding of almost all compound classes from Py-FIMS analysis by pedogenic Fe-oxides,
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leading to thermal stabilization in particle-size fractions of a Haplaquoll soil, was published by Schulten
and Leinweber [71]. An OM loading of 1 mg C m~2 has been previously proposed as the maximum C
loading [72,73]. OM loadings of the clay fractions from 0-15 cm were 1.1-1.2 mg C m~2, suggesting that
these surface soils may have reached C saturation. In contrast, the clay fractions from 25-35 cm have
OM loading of 0.3-0.4 mg C m~2, which is much lower than the suggested maximum C loading. Kaiser
and Guggenberger [25,74] discussed that potential OM stabilization at mineral surfaces is limited to
those OM molecules that sorb to surfaces with small surface loading. At higher OM loadings at the
mineral surface, less organic ligands per organic molecule are involved in the bonding, making the
organic molecules more susceptible to decomposition. Sollins et al. [75] and Kleber et al. [76] discussed
a zonal structure for OM associated with mineral surfaces, with the outer layers of the OM having
a more rapid turnover than the inner ones. As the molecular structure of SOM is very complex and the
inherent molecular nature as well as the degree of organic-mineral association often co-vary in the
natural soils and sediments, it is extremely challenging to directly determine the relative importance of
OM molecular properties vs. organic-mineral association in controlling SOM persistence in the natural
environment. Further research including studies on synthetic systems with pure minerals and organic
molecules is essential to disentangle the importance of organic-mineral associations and the intrinsic
chemical nature of OM on the stability of organo-mineral complexes.

The thermal stability of clay-associated alkylaromatics and lignin dimers, which are already of
the highest stability, did not change with soil depth. The high-temperature volatilization of lignin
dimers was also observed in the heavy-density fractions of a Gleysol [77]. The uniform and similar
high-temperature thermal volatilization of lignin dimers and alkylaromatics along the soil profile
might be due to the fact that intrinsic chemical nature of these two compound classes is relatively
homogeneously distributed and, thus, shows no variations along with soil depth. Or it might be
because that the changes in organic-mineral association as a function of soil depth may not be able to
affect the stability of alkylaromatics and lignin dimers, which are already highly stable and thermally
resistant up to high temperatures.

5. Conclusions

This study indicates that subsoil OM is more microbially decomposed than surface SOM,
and characterized by increasing proportions of alkylaromatics concurrent with decreasing abundance
of sterols with soil depth. The relative percentages of phenols/lignin monomers increased with soil
depth, probably due to their enhanced stability. In addition, the footslope soil profile showed a greater
degree of increase in the phenols/lignin monomers with increasing soil depth than the summit soil
profile, likely due to the selective preservation of these compound classes under poorly-drained
conditions. Moreover, this study implies that the role of molecular structure versus organo-mineral
associations for SOM stabilization may change with soil depth. This study suggests that in surface soils,
the chemical characteristics of OM remain a major driver for OM persistence in the soils, and that this
may result from specific bond energies at the molecular level. However, for subsoils, a greater degree of
organic-organic binding and/or organo-mineral associations appear to increase the thermal stability of
the more thermally-labile organic compound classes like carbohydrates, peptides and phenols/lignin
monomers as soil depth increases. In contrast, the thermal stability of alkylaromatics and lignin
dimers, which are highly stable and thermally resistant to very high temperatures, is not affect by soil
depth. This study implies that organic-mineral associations might be more important in controlling the
persistence of biochemically labile compounds in subsoils, compared to surface soils. In addition, we
suggest that soil C turnover models would benefit from viewing turnover rates of biochemically labile
compounds based on the degree of their association with soil minerals (e.g., OC loading). This study
may help better predicting the resilience of protected OM against disturbances caused by changes in
environmental conditions and land management.

Supplementary Materials: The following are available online at www.mdpi.com/2571-8789/2/1/16/s1,
Figure S1. (a) Map of Christina River Basin (~1440 km?) (marked with black color). (b) Picture of the sampled
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pasture hillslope, Figure 52. Summed and averaged pyrolysis-field ionization mass spectra and thermograms of
total ion intensity (TII, inset) of whole soils from summit at soil depth 0-15 and 15-25 cm, and footslope at soil
depth of 0-15 and 25-35 c¢m, Figure S3: Pyrolysis thermograms of (a) carbohydrates, (b) heterocyclic nitrogen and
nitriles, (c) amides, (d) phenols and lignin monomers, (e) lignin dimers, and (f) alkylaromatics for whole soils from
summit at soil depth 0-15 and 15-25 cm, and footslope at a soil depth of 0-15 and 25-35 cm, Table S1. General soil
description, Table S2. Bulk soil properties, Table S3. Total Fe, dithionite-extractable Fe, and oxalate-extractable Fe
in bulk soils, Table S4. Marker signals in Py-FIMS of soil samples, Table S5. Compound class groups of marker
signals from pyrolysis-field ionization mass spectrometry of whole soils and their clay fractions from summit at
soil depth 0-15 and 15-25 c¢m, and footslope at soil depth of 0-15 and 25-35 cm.
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