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• S in soils formed from granite is derived
mainly from decomposing litter.

• Cold/dry climate results in S accumula-
tion at the surface.

• Warm/wet climate results in S retention
in the subsurface.

• Pedogenic Fe/Alminerals play a key role
in retaining soil S.

• A conceptualmodel of S dynamics in soil
profiles of different climate is proposed.
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Sulfur (S) dynamics in soils formed from granite remain poorly understood despite its importance as an essential
plant macronutrient and component of soil organic matter. We used stable S isotope ratios to trace the sources
and biogeochemical processes of S in four forest soil profiles developed on granite under contrasting climate con-
ditions. The soil S is derivedmainly from decomposing litter; no significant geogenic contribution to its content is
noted as a result of the low S concentration of the granite (~ 5 μg/g). Colder/drier climate results in high organic S
retention at the surface due toweakmineralization of organic S. Althoughwarmer/wetter climate increases the S
mineralization and leaching loss, SO4

2− adsorption is an important S retention process in the subsurface. The ver-
tical distribution of S isotope compositions in the soil profiles across the four sites indicates (i) a downward in-
crease in δ34S values in the upper profiles due to continuous mineralization of organic S with an occasional
decrease in δ34S values in the subsurface due to dissimilatory sulfate reduction (DSR), (ii) constantly high δ34S
values in the middle profiles due to the low water permeability, and (iii) a downward decrease in δ34S values
in the low profiles due to increased contribution of bedrock with depth. Regardless of the variation in soil
depth and climate, the total S concentration is proportional to the pedogenic Fe/Al minerals, suggesting the im-
portant role of secondary Fe/Alminerals in retaining S in soils. This study provides an integration and synthesis of
controls of climatic and edaphic variables on S dynamics in forest soil profiles developed on granite.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Sulfur (S) is an essentialmacronutrient that formsquantitatively im-
portant components of structural and metabolic compounds in plants
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and thus plays an important role in plant growth and development in
response to various abiotic and biotic stresses (Freney and Williams,
1983; Marschner, 2011). In fact, a recently emerging problem of S
deficiency has resulted in decreased crop yields and quality (Eriksen,
2009; Eriksen et al., 2004; Wilhelm Scherer, 2009). The main factors
responsible for S dynamics includeweathering of parentmaterial, atmo-
spheric deposition,mineralization of organic S, adsorption/desorption of
SO4

2−, dissimilatory sulfate reduction (DSR), and loss through leaching
(Hermes et al., 2021; Mayer et al., 1995; Migaszewski et al., 2013;
Novák et al., 2001; Schoenau and Bettany, 1989; Tanikawa et al., 2009;
Zhang et al., 2014), all of which play different roles in various
ecosystems. Moreover, S dynamics have been investigated in agricul-
tural soil (e.g., Hermes et al., 2021; Solomon et al., 2003), forest soil
(e.g., Mayer et al., 1995; Novák et al., 2001; Schoenau and Bettany,
1989; Tanikawa et al., 2018; Tanikawa et al., 2009; Turner et al., 2016),
soil formed from carbonate bedrock (e.g., Mayer et al., 1995; Zhang
et al., 2014), wetlands (e.g., Burton et al., 2011; Cao et al., 2018; Urban
et al., 1989), and anthropogenically contaminated environments
(e.g., Guo et al., 2016; Migaszewski et al., 2013).

Granitic rocks cover ~25% of the continental surface and play a cru-
cial role in supplying nutrients to ecosystems at the earth's surface
(Oliva et al., 2003). However, S deficiency occurs commonly in soils
formed from granite because bedrock has a very low S content (Mayer
et al., 1995). To the best of our knowledge, only one study reported
the S dynamics in soils formed fromgranite in a cool and humid climate;
however, itsmain focuswas the source of SO4

2− (Mayer et al., 1995). The
authors of that study found that atmospheric deposition rather than
mineral weathering was the main source of SO4

2− in the soils, whereas
a considerable portion of SO4

2− in the subsoil leachates was derived
from the mineralization of organic S. However, the sources and biogeo-
chemical processes of S in the granitic profiles, particularly under con-
trasting climate, remain poorly understood.

The stable S isotope is a powerful tool in tracing the sources and bio-
geochemical processes of S in soils based on the isotopically different
sources and the isotopic selectivity in biogeochemical processes
(Novák et al., 2001; Xiao et al., 2015). The 32S reacts preferentially
during mineralization of organic S to aqueous SO4

2− (Norman et al.,
2002), whereas SO4

2− uptake by vegetation andmicroorganisms slightly
favors 34SO4

2− (Mayer et al., 1995). Moreover, the DSR leads to a signif-
icant depletion of sulfide in 34S (Habicht and Canfield, 1997) even in
oxidizing microhabitats in soils, albeit at a small reaction rate (Zhang
et al., 2014). However, negligible isotope fractionation is observed dur-
ing adsorption/desorption in aerated forest soils (Mayer et al., 1995).

In this study, we systematically investigated the S dynamics in soil
profiles of four forest ecosystems of contrasting climate using the stable
S isotope. A variety of soil chemical and mineralogical properties were
measured, the results of which were used to interpret the S biogeo-
chemical processes in the soils. Our main objectives were to investigate
the biogeochemical processes controlling S dynamics in the soil profile
and the effects of climatic and edaphic variables on S dynamics in
soils. Overall, the present study provides an integration and synthesis
of controls of climatic and edaphic variables on S dynamics in forest
soils developed on granite.

2. Materials and methods

2.1. Study sites and soil sampling

Four soil profiles were developed on granite located in Oroqen
Autonomous Banner, Inner Mongolia (NMG); Dunhua, Jilin (CBS);
Longnan, Jiangxi (JLN); and Ledong, Hainan (HN) in China, respectively
(Fig. 1a). These sites spread fromnortheast to southeast China, spanning
30° of latitude. The mean annual temperature (MAT) ranged from
−0.4 °C to 25 °C and mean annual precipitation (MAP) from 480 mm
to 1600 mm. Both the NMG and CBS profiles were located in a sub-
humid mid-temperate climate. The NMG site had a MAT of −0.4 °C
2

and a MAP of 480 mm, whereas the CBS site had a MAT of 2.6 °C and a
MAP of 598 mm. Two sites were covered with broadleaf forest. The
JLN profile was located in a warm and humid subtropical climate with
a MAT of 19 °C and aMAP of 1520mm. The site was covered with ever-
green broadleaf forest. The HN profile was located in the hot and humid
tropical climate with a MAT of 25 °C and a MAP of 1600 mm. The site
was dominated by evergreen broadleaf trees.

The four profiles, exposed in the study area as fresh road cuts, were
sampled from top to bottom at fine depth intervals of 5 or 10 cm. The
soil profiles were fresh and located in remote regions; thus, they were
minimally affected by human activities. Because the profiles were also
distant from agricultural areas, contamination from S fertilization was
unlikely. Little disturbance from human earthworks and agricultural ac-
tivities is further implied by uninterrupted changes in pH, soil organic
carbon (SOC), and pedogenic Fe and Al concentrations with depth in
all four profiles (data given below).

The slopes of the NMG, CBS, JLN, and HN profiles were 10°, 3°, 25°,
and 3°, respectively, and the sampled profile thicknesses were 3 m,
2.5 m, 10 m, and 7 m, respectively. The soil horizons were designated
according to the United States Soil Taxonomy (Soil Survey Staff, 2014).
The A, B, and C horizons applied to the NMG, CBS, and JLN profiles; how-
ever, only the A and B horizons applied to the HN profile because the C
horizonswere too deep for sampling (Fig. 1b, Table S1). The soils of both
NMG and CBS were classified as Ustic Dystrocryepts, JLN soil as a Typic
Hapludult, and HN soil as a Typic Hapludox (Soil Survey Staff, 2014).
Litter sampleswere collected at random from each site. Granite bedrock
samples were collected from outcrops in close proximity to each soil
profile.

2.2. Measurement of soil properties

The soil samples were air-dried and passed through 2-mm mesh
sieves. The <2 mm samples were used for measurements of soil pH
and particle size composition. Subsamples of the sieved soils and the
granite rock samples were ball-milled to <200 mesh (75 μm) for mea-
suring the concentrations of major elements, pedogenic Fe and Al min-
erals, and SOC, as well as for the total S concentration and stable S
isotope analyses.

The soil pH was measured in 1:2.5 soil/CO2-free deionized water
suspensions using a glass electrode. The particle size composition was
determined using a laser diffractometer (MasterSizer 2000, Malvern
Panalytical, UK), following pretreatment with hydrogen peroxide to re-
move the organic component and chemical dispersion with sodium
hexametaphosphate. According to the international size grades, the
total fine earth (<2 mm) was fractionated into clay (0–2 μm), silt
(2–20 μm) and sand (20–2000 μm).

The concentrations of major elements were determined by X-ray
fluorescence (XRF) spectrometry (Axios, Malvern Panalytical, UK).
Both the precision and accuracy were about 5%. The SOC concentrations
were determined using an elemental analyzer (vario MACRO cube,
Elementar, Germany) after decarbonation. The pedogenic Fe and Al
were quantified by two-step extractions using an acidic (pH3.2) ammo-
nium oxalate solution (Feox, Alox) (Schwertmann, 1964) followed by a
citrate-dithionite solution (Fedi, Aldi) (Holmgren, 1967). The total con-
tents of pedogenic Fe (Feox + Fedi) and Al (Alox + Aldi) were calculated
as the sum of oxalate and dithionate extractable Fe and Al, respectively.

The degree of chemical weathering was indicated by the Chemical
Index of Alteration (CIA) (Nesbitt and Young, 1982) as

CIA ¼ Al2O3

Al2O3 þ CaO∗ þ Na2Oþ K2O
� 100, ð1Þ

where all constituent concentrations are expressed in mole/kg. In this
equation, CaO* refers to the CaO incorporated only in silicates, not in ap-
atite and carbonate, and is corrected using the method of McLennan
(1993).



Fig. 1. (a) Location of the sampling sites in China, includingOroqen Autonomous Banner, InnerMongolia (NMG); Dunhua, Jilin (CBS); Longnan, Jiangxi (JLN); Ledong,Hainan (HN). (b) Soil
profiles showing horizon designations and depths.
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2.3. Total S concentration and S isotope composition (δ34S) analyses

The soil, litter, and granite samples were mixed with Eschka's mix-
ture at a ratio 1:4 and ignited at 800 °C. The produced SO4

2− was dis-
solved in hot Milli-Q water and filtered. An aliquot from the filtrate
was determined for the SO4

2− concentration by routine ion chromatog-
raphy (Dionex ICS-90, Thermo Scientific, Massachusetts, USA). The
remaining filtrate was precipitated as BaSO4 by adding a BaCl2 solution.
The resultingBaSO4was used tomeasure the δ34S value of the SO4

2−. The
δ34S value was expressed in per mil (‰) relative to the international
Vienna Canyon Diablo Troilite standard using the equation

δ34S ¼ Rsample=Rstandard−1
� �� 1000, ð2Þ

where R = 34S/32S. All values incorporate an error of ±0.2‰.

2.4. Statistical analysis

The correlation analyses were conducted to evaluate the relation-
ships between total S concentration and key soil chemical properties.
Regression analyseswere used to fit linear and allometric data by Origin
2018. Ordinary least squares linear fitting was used to analyze the rela-
tionships of total S concentration with silt and clay fractions, pH, and
SOC content, and with the concentrations of Feox + Fedi and Alox +
Aldi as well. Ordinary least squares allometric fitting was used to exam-
ine the relationships of total S concentration with the CIA value and
sand fraction.

3. Results

3.1. Soil properties

The pH values of the NMG, CBS, JLN, and HN profiles were 4.8–6.9,
5.0–6.2, 4.6–6.7, and 3.4–5.8, respectively (Fig. 2a–d, Table S2). With
3

increasingdepth, thepHdecreased to theminimumvalue in the subsur-
face (upper B horizons) and then increased downward for the NMG,
CBS, and HN profiles. In the JLN profile, the pHmonotonically increased
with increasing depth. The SOC concentration was highest at the sur-
face, at 111.8, 32.4, 39.9, and 41.0 mg/g for the NMG, CBS, JLN and HN
profiles, respectively, and monotonically declined with depth, becom-
ing very low or non-detectable below the B horizons (Fig. 2e–h,
Table S2).

The pedogenic Fe (Feox + Fedi) concentrations were 5.0–12.4,
3.9–7.4, 8.8–23.8, and 7.9–26.9 mg/g (Fig. 2i–l, Table S2), whereas the
pedogenic Al (Alox + Aldi) concentrations were 0.7–3.2, 1.0–2.3 mg/g,
2.2–6.4 mg/g, and 0.9–4.9 mg/g for the NMG, CBS, JLN, and HN profiles,
respectively (Fig. 2m–p, Table S2). The pedogenic Fe and Al concentra-
tions all reached maxima in the subsurface and decreased with depth
across the four profiles.

The unweathered granite had CIA values of 51.2–58.3 (Fig. 2q–t,
Table S2). The NMG and CBS profiles showed incipient to moderate
weathering with CIA values of 60.8–70.5 and 56.7–62.0, respectively,
whereas the JLN and HN profiles showed moderate to intensive
weatheringwith the CIA values of 56.4–93.0 and 91.7–96.8, respectively
(Fig. 2q–t).

Both the clay and silt fractions had higher proportions in the A
and B horizons than those in the underlying horizons, whereas the
sand fractions showed a reverse trend (Fig. 2u–w, Table S2). A signif-
icant threshold was observed at depths of 150, 100, and 400 cm for
the NMG, CBS, and JLN profiles, respectively, with the highest sand
content and lowest clay and silt contents. The A and B horizons in
the JLN profile had higher proportions of clay and silt, at 9.6%–
32.0% and 27.9%–52.7%, respectively, than those in the NMG and
CBS horizons, with clay proportions of 5.1%–6.7% and 6.2%–8.7%
and silt proportions of 32.4%–38.0% and 34.1%–45.5%, respectively.
Considering that only the A and B horizons were sampled from the
HN profile and composed mainly of fine particles, we did not mea-
sure its particle size composition.

Image of Fig. 1
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Fig. 3. Total S contents and δ34S values of total S in NMG, CBS, JLN, and HN profiles.
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3.2. Total S concentration and S isotope composition

The total S concentrations of the granite samples collected from the
four sites ranged from 4.1 to 5.3 μg/g (Table S2); those of the litter sam-
ples ranged from 315 to 401 μg/g (Table S2). The total S concentrations
of the NMG, CBS, JLN, and HN profiles were 5.2–197.5, 4.2–97.0,
9.9–318.9, and 0.2–295.0 μg/g, respectively (Fig. 3, Table S2). The total
S concentrations monotonically declined with increasing depth for the
NMG and CBS profiles (Fig. 3a, b). In the JLN and HN profiles, the total
S concentrations increased from the surface to the subsurface and
then sharply decreased toward the bottom of profiles (Fig. 3c, d).

The granite samples had an average δ34S value of −1.62‰
(Table S2). The δ34S values of the litter samples in the NMG, CBS, JLN,
and HN profiles were 5.02‰, 4.35‰, 1.52‰, and 5.60‰, and those of
the surface soils were 5.40‰, 5.52‰, 2.77‰, and 6.16‰, respectively.
The ranges in δ34S values for the four profiles were 4.68–7.09‰,
5.52–6.99‰, 1.35–8.76‰, and 4.75–9.28‰ for NMG, CBS, JLN, and HN,
respectively (Fig. 3, Table S2). The δ34S value showed a similar pattern
in the CBS and JLN profiles such that it increased from the surface to
the B horizon, remained constant at the high value in the B and upper
C horizons, and finally gradually decreased toward the bottom
(Fig. 3b, c). In the NMG and HN profiles, the δ34S value generally
followed the above pattern except for a remarkable decline in the B
horizons.

3.3. Correlations between edaphic variables and soil S concentration

To understand the manner in which soil properties affect the total S
distribution, we further explored the correlations between the total S
concentration and the edaphic variables by compiling the data from
all soil samples into one dataset regardless of climate and soil depth
(Fig. 4). The total S concentration correlated positively with the CIA
value (R2= 0.66, p < 0.01), silt content (R2 = 0.42, p < 0.01), clay con-
tent (R2 = 0.7, p < 0.01), Feox + Fedi concentration (R2 = 0.47, p <
0.01), and Alox + Aldi concentration (R2 = 0.71, p < 0.01), whereas
the total S concentration correlated negatively with the sand content
(R2 = 0.72, p < 0.01) and pH (R2 = 0.46, p < 0.01). For the NMG and
5

CBS profiles, the total S concentration correlated significantly with the
SOC content (R2 = 0.9, p < 0.01). However, no significant correlation
was present in the JLN and HN profiles (R2 = 0.08, p = 0.05).

4. Discussion

4.1. Sulfur dynamics in soil profiles formed from granite

The δ34S values in the surface soils, at 5.40‰, 5.52‰, 2.77‰, and
6.16‰, were similar to those in the litter, at 5.02‰, 4.35‰, 1.52‰, and
5.60‰ for the NMG, CBS, JLN, and HN profiles, respectively (Table S2).
This suggests that the soil S is derived mainly from the overlying litter.
Although we did not monitor the S concentration and isotope in the
rainwater, atmospheric S can be mainly reflected in litter S through
the assimilatory uptake of SO4

2− by plants given that S in most parent
materials of soils is low (Bern and Townsend, 2008), and this process
has no significant S isotope fractionation (Krouse, 1991; Novák et al.,
2001). Consistent with that reported in previous studies on ecosystems
with S deficiency (e.g., Bern et al., 2015; Bern and Townsend, 2008;
Turner et al., 2016), soil S is dominantly supplied as SO4

2− in atmo-
spheric deposition that is assimilated and temporarily stored in its
high biomass before entering the soils as litter. Furthermore, the slightly
higher δ34S values in the surface soils than those in the litter indicate
that S in surface soil is derived likely from decomposing litter and that
the S is further enriched in recalcitrant organic matter (Norman et al.,
2002). In addition, geogenic S from granite bedrock is also a possible S
source for the soil profiles. Because granite has a very low S concentra-
tion of ~5 μg/g and negative δ34S value of−1.62‰, geogenic S is unlikely
to be the major source of S for the upper soil horizons. However, the
deep soils (i.e., saprolite) have a low S concentration that is likely to
be affected by geogenic input.

Given that litter inputs become weaker with increasing depth, the
total S concentration is expected to decrease with increasing depth
(Fig. 3). As expected, the NMG and CBS profiles show a monotonically
decreasing total S concentration with depth. However, the JLN and HN
profiles have the highest S concentration in the subsurface. This is be-
cause the warmer/wetter climate accelerates the mineralization of
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Fig. 5. Dominant biogeochemical processes pertinent to S at different depths in the forest soil profiles developed on granite and the schematic illustrations of the vertical distribution
patterns of the total S concentration and δ34S value.
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organic S, and the released SO4
2− esters and inorganic SO4

2− are subse-
quently adsorbed onto pedogenic minerals in the subsurface. Therefore,
SO4

2− adsorption is an important S retention process for the subtropical
and tropical climate because of the low pH and high pedogenic Fe/Al
concentration in the subsurface (Fig. 2). In contrast, the colder/drier cli-
mate with weakmineralization and adsorption results in high organic S
retention at the surface.

The δ34S values generally follow a similar vertical distribution in the
four soil profiles, although climate conditions and other soil formation
factors affect the magnitude of fractionation. This similarity develops
because all the profiles are shaped by the same set of pedogenic pro-
cesses. Based on the results, we propose a conceptual model to describe
the S dynamics in the soil profiles (Fig. 5). The conceptualmodel is sum-
marized as (i) a downward increase in δ34S values in the upper profiles
due to continuous mineralization of organic S with an occasional de-
crease in δ34S values in the subsurface due to DSR, (ii) constantly high
δ34S values in the middle profiles due to the low water permeability,
and (iii) a downward decrease in δ34S values in the low profiles due to
the increased contribution of bedrock with depth. In the following, we
discuss in details the biogeochemical processes of S at different depths.

For the upper profiles, the δ34S values increase with increasing
depth. The plant-derived C-bond S is first converted into SO4

2− esters
followedby their hydrolysis to inorganic SO4

2−. Themineralization of or-
ganic S preferentially releases 32S. Subsequent leaching leads to a loss of
32S released from the organic S pool (Norman et al., 2002). Therefore,
the continuous organic S mineralization and subsequent loss through
leaching can explain the gradual decrease in total S concentration and
increase in the δ34S values with depth in the upper profiles. However,
the total S concentration is highest in the subsurface of the JLN and
HN profiles due to the strong sorption of pedogenic minerals, as
discussed above, but the δ34S values increase with depth. This is consis-
tent with the fact that adsorption/desorption does not fractionate S
isotopes due to rapid equilibration between adsorbed and solution
SO4

2− (Mayer et al., 1995). In addition, a decline in δ34S values in
the B horizons is observed in the NMG and HN profiles, which is
most likely caused by DSR. The released SO4

2− from mineralization
of organic S is transported downward to the B horizons and then
can undergo DSR conducted by anaerobic sulfate-reducing micro-
organisms. The DRS product is significantly depleted in 34S
compared with the precursory SO4

2− (Krouse, 1991; Zhang et al.,
2014), which can result in the low δ34S values of total S in the B ho-
rizons of the NMG and HN profiles.
7

The low S concentrations and high δ34S values are observed in the
middle profiles. The organic and secondary SO4

2− from mineralization
of organic S are leached until reaching the soil-saprolite interface,
where the permeability decreases sharply. This interface can be indi-
cated by the particle-size distribution: a significant threshold of particle
size with the highest sand content and lowest clay and silt contents is
observed at depths of 150, 100, and 400 for the NMG, CBS, and JLN pro-
files, respectively (Fig. 2u–w). These depths are consistent with the
deepest depths in which the total S is enriched in 34S (Fig. 3). Therefore,
downward leaching causes the accumulation of heavier S products in
the middle profiles due to the lowwater permeability, whichmanifests
as the constantly high δ34S values.

The low profiles are influenced little by biological activities and
leaching. The weathering degree decreases with increasing depth in
the low profiles of the NMG, CBS and JLN sites (Fig. 2q–t). The general
trend of decreasing δ34S values with increasing depth can be explained
by a two-sourcemixingmodel, inwhich S fromone source (granite bed-
rock) is constant in concentration and isotopic composition, and that
from a second source (leachate) of relatively high δ34S-value varies ver-
tically in concentration. The contribution of granite bedrock to S concen-
tration of the low profiles increases with increasing depth; thus the δ34S
values approach the bedrock value.

4.2. Effects of climate on sulfur dynamics

Climate is an important factor that can significantly affect the
weathering intensity, soil chemistry and mineralogy, leaching, and bio-
logical activities (Jenny, 1941), which in turn affects the soil S dynamics.
Our results show that the maximum δ34S values in the middle profiles
are 7.09‰, 6.99‰, 8.76‰ and 9.28‰ for the NMG, CBS, JLN, and HNpro-
files, respectively. For the upper profiles, the vertical variation in S
isotopes is caused primarily by continuous mineralization of organic S
and subsequent loss through leaching, as discussed above. The
warmer/wetter climate at the JLN and HN sites shows more positive
δ34S values compared to the colder/drier climate at the NMG and CBS
due to stronger intensity of organic S mineralization and leaching loss
in the warmer/wetter climate.

Although bedrock weathering has no significant contribution to the
soil S concentration due to the low S concentration in granite, the prod-
ucts of weathering (i.e., clay minerals and pedogenic Fe/Al minerals)
strongly affect the S concentration in soils. The total S concentration
positively correlates with the CIA value, soil clay content, and pedogenic
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Fe/Al concentration (Fig. 4). Clayminerals and secondary Fe/Alminerals
are known to strongly adsorb inorganic and organic SO4

2− (Delmelle
et al., 2003; Prietzel et al., 2007; Scott, 1976; Solomon et al., 2003;
Tanikawa et al., 2018; Tanikawa et al., 2009). Thus, it is not surprising
that warmer/wetter climate results in higher total S concentration in
the subsurface, although the mineralization of organic P and loss
through leaching are stronger. Our results emphasize the importance
of SO4

2−adsorption for S retention in the subtropical and tropical
climate.

4.3. Controls of edaphic variables on soil S concentration

The total S concentration correlates well with the SOC for the NMG
and CBS profiles (Fig. 4f), indicating that organic matter is the major
source of S in soils formed from granite. However, this correlation is
not observed in the JLN and HN profiles (Fig. 4f). This is because
warmer/wetter climate accelerates the mineralization of organic mat-
ter, and the subsequently produced organic and secondary SO4

2− are
adsorbed onto the pedogenic minerals, as discussed above.

The total S concentration correlates well with the pH (Fig. 4e) likely
because the adsorption/desorption of SO4

2− depends on the soil pH
(Prietzel et al., 2004). The high pH effectively prevents SO4

2− adsorption;
thus, SO4

2− entering the soil can be considered as a mobile anion. Previ-
ous research has reported that SO4

2− adsorption is negligible at pH> 5.5
(Prietzel et al., 2004), which is consistent with our results such that the
total S concentration in soils is very low at pH > 6. Low pH can promote
SO4

2− adsorption to positively−charged surfaces of clay minerals and
sesquioxides and thus the accumulation of SO4

2− in the mineral soils
(Nodvin et al., 1986; Prietzel et al., 2004).

The total S concentration correlates well with the concentrations of
pedogenic Fe and Al minerals (Fig. 4g, h). This is consistent with the re-
sults of previous studies showing that pedogenic minerals stabilize
organic S against microbial degradation in soils by, for example,
inhibiting the hydrolysis of SO4

2− esters (Prietzel et al., 2007; Solomon
et al., 2003; Tanikawa et al., 2018; Tanikawa et al., 2009). Mechanisms
that retain inorganic S, such as adsorption, precipitation, and occlusion
by pedogenic minerals, can also contribute to S stabilization in soils
(Delmelle et al., 2003; Scott, 1976). In particular, the total S concentra-
tion shows a stronger correlation with the pedogenic Al minerals than
the Feminerals, which implies that SO4

2− adsorption is more dependent
on pedogenic Al minerals (Scott, 1976). Among Al minerals, kaolinite
and gibbsite, the most common secondary minerals derived from gran-
ite bedrock in the subtropical and tropical climate (Table S3), have the
ability to adsorb both inorganic and organic SO4

2− compounds (He
et al., 1997; Rao and Sridharan, 1984).

5. Conclusions

We conducted a systematic investigation of S concentrations and S
isotope compositions at different depths in four forest soil profiles de-
veloped on granite under contrasting climate conditions. We observed
similar depth profiles of S isotope compositions from granite, litter,
and soil horizons across different sites, implying similar S sources and
consistent fractionation processes within forest ecosystems under con-
trasting climate conditions. Our isotope data suggest that incorporation
of litter S is themain source of S in the upper soil horizons. Colder/drier
climate with the weak mineralization and adsorption by pedogenic Fe/
Al minerals, results in the high organic S retention at the surface.
Although warmer/wetter climate increases the mineralization and
leaching loss, SO4

2− adsorption is an important S retention process in
the subsurface due to the low pH and high pedogenic Fe/Al concentra-
tion therein. A conceptualmodel is proposed to describe the distribution
patterns of the total S concentration and S isotope composition, and re-
lated processes, which provides a framework for understanding the
manner in which pedogenesis redistributes and transforms S in the gra-
nitic profiles. We further found that the total S concentration correlated
8

with the pedogenic Fe/Alminerals, suggesting the important role of sec-
ondary Fe/Al minerals in retaining S in soils. Future studies are war-
ranted to confirm the relationships among the edaphic variables such
as CIA, pH, SOC, and pedogenic Fe/Al minerals; the total S; and different
S species using more diverse ecosystems.
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