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The contents and stable S isotope ratio (d34S) values of total S, 
organic S, SO4

2−–S, and total reduced inorganic S (TRS) in typical 
limestone soil and yellow soil were analyzed in this study to 
examine the general distributions of S forms and their d34S values 
in soils in karst areas of southwest China. Under a similar level of 
acid deposition, the vertical profiles of the S forms and their d34S 
values differed in limesto\ne soil and yellow soil, indicating the 
different geochemical responses of these soils to acid deposition. 
The deposited SO4

2− was retained as organic S in both soils. The 
depletion in 34S of TRS relative to SO4

2− and the parallel increasing 
d34S values of TRS and SO4

2− indicate a bacterial reduction process 
of sulfate in both soils. The different extents of C-bonded S 
mineralization and organic sulfate transport explain the different 
vertical profiles of total S and organic S contents in both soils. 
Sulfate adsorption in limestone soil was negligible because of 
high pH values. Sulfate adsorption in yellow soil was another 
important S retention process in addition to biological S retention 
to form organic S and TRS because of low pH values. The effect of 
acid deposition on yellow soil appeared more serious because 
of the accumulation and leaching of deposited SO4

2−, which can 
result in soil acidification and accelerate the loss of basic cations 
from yellow soil. However, compared with yellow soil, limestone 
soil released more S into rivers by organic S mineralization after a 
large decrease in annual S deposition rate.

Speciation and Isotopic Composition of Sulfur in Limestone Soil  
and Yellow Soil in Karst Areas of Southwest China: Implications of 
Different Responses to Acid Deposition

Wei Zhang,* Cong-Qiang Liu, Zhong-Liang Wang, Li-Li Zhang, and Xu-Qiang Luo

Karst areas in and around Guizhou Province in 
southwestern China are at the center of the Southeast 
Asian karst region, where the continuous outcrop area 

of carbonate rocks is the largest worldwide and where karstifica-
tion is most developed (Xu and Liu, 2007). Karst areas in south-
west China have been suffering from serious acid deposition 
since the 1970s (Zhao and Sun, 1986; Zhao et al., 1988). The 
acid deposition in southwest China exhibits a typical “sulfuric 
acid” pattern (Wang et al., 2011). Due to the predominant use of 
S-rich coal, the pollutant sulfur (S) is emitted mostly from wide-
spread coal-fired power plants and home-heating activities in 
this region (Larssen et al., 1999, 2006, 2011). Recent data from 
monitoring sites in southwest China show an S deposition rate 
ranging from ~20 to ~160 kg S ha−1 yr−1, a range that is higher 
than that of the “Black Triangle” area in Central Europe reported 
in the early 1980s (Larssen et al., 2006).

Long-term S deposition can cause accumulation of excess S 
in soils and may thus stimulate sulfate (SO4

2−) reduction and 
increase the organic S content by increasing the assimilation 
of deposited SO4

2− by plants and soil microorganisms (Alewell 
and Novák, 2001; Likens et al., 2002). Conversely, SO4

2− 
leaching may be more intensive in soils under S deposition 
condition, which may be accompanied by increased output of 
SO4

2− via stream water for a long period (Mitchell et al., 1996; 
Driscoll et al., 1998; Mörth et al., 2005). This leaching can 
accelerate the depletion of basic nutrient cations from soils 
and soil acidification (Kirchner and Lydersen, 1995; Driscoll 
et al., 2003). This phenomenon can degrade the quality of soil 
and vegetation, affect the evolution of river water chemistry, 
and aggravate the frailty of the ecological environment in karst 
areas of southwest China. Since the beginning of the 1990s, 
significant studies on acid deposition have been conducted from 
the macroscale perspective of pollution pattern, comprehensive 
monitoring, and control strategy of atmospheric S deposition in 
certain karst catchments in this region (e.g., Zhao et al., 1994; 
Seip et al., 1995). Other studies recently reported the effects of 

Abbreviations: AVS, acid volatile sulfide; DSR, dissimilatory sulfate reduction; TRS, 
total reduced inorganic sulfur.
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atmospheric S deposition on the chemical composition of soil 
and river water (focused mainly on soil acidification, aluminum 
remobilization, and increasing SO4

2− concentration in river 
water) (e.g., Larssen et al., 1998; Zhao et al., 2001; Han and 
Liu, 2004; Li et al., 2008). However, to our knowledge, previous 
studies have focused mainly on the biogeochemical processes of 
S in soils; studies on their environmental implications in karst 
areas of southwestern China remain limited.

The two major soil types in the karst areas of southwest China 
are limestone soil and zonal yellow soil (following the Chinese 
soil classification). The parent materials of limestone soil are 
carbonate rocks, whereas those of yellow soil are numerous. 
Carbonate rocks, sandstone, shale, basalt, and clayish old 
weathering crust can form yellow soil under warm and humid 
subtropical climates (Liu, 2009). In this study, the yellow soil 
profiles formed by carbonate rock weathering were selected for 
comparison with limestone soil profiles. Following the United 
States soil classification system, limestone soil and yellow soil may 
be classified as mollisols and ultisols, respectively. The age of soil 
formation and some basic properties of limestone soil and yellow 
soil differ. Limestone soil is formed during the early stage of soil 
formation by carbonate rock weathering, whereas yellow soil is 
formed during the later stage of soil formation by carbonate rock 
weathering (Liu, 2009). Limestone soil profiles have high organic 
C (3–15 wt.%) and low clay mineral (10–30 wt.%) contents, 
whereas yellow soil profiles have low organic C (2–7 wt.%) and 
high clay mineral (25–45 wt.%) contents. The pH value in the 
soil solution of limestone soil is approximately 7 throughout 
the soil profiles, whereas that of yellow soil is approximately 5 
and decreases with soil depth. The content ratio of organic C to 
total S (C/S ratio) of limestone soil is 70–130, which is higher 
than that of yellow soil, which is 45–90. Decades of S deposition 
may result in the accumulation of different S 
forms in limestone soil and yellow soil. The 
geochemical behavior (e.g., SO4

2− adsorption, 
bacterial dissimilatory SO4

2− reduction 
[DSR], and organic S mineralization) may 
vary also because of the different basic 
properties of the soils (Wang et al., 2011). 
Studies that focus on the comparison of 
the geochemical behavior of S in limestone 
soil and yellow soil must be conducted to 
understand further the biogeochemical 
processes of S in soils and their environmental 
effects in karst areas of southwest China.

Analyses of inorganic and organic S 
forms are prerequisites to studying the 
biogeochemistry of S in soils. The stable S 
isotope ratio (d34S), which is mainly controlled 
by the sources and transformation of S forms, 
is a powerful tool in tracing the geochemical 
processes of S in soils (Gebauer et al., 1994; 
Mayer et al., 1995a, 1995b; Alewell and 
Gehre, 1999; Zhao et al., 2003; Mörth et al., 
2005; Novák et al., 2000, 2005). In this study, 
limestone soil and yellow soil were used as 
representative soil samples of karst areas in 
southwest China to analyze the contents 
and d34S values of total S, organic S, sulfate 

S (SO4
2−–S), and total reduced inorganic S (TRS) (including 

elemental S, acid volatile sulfide [AVS], and iron sulfide [FeS2]) 
in soils. This research investigated the general distributions of S 
forms and d34S values and compared the geochemical responses 
of S in limestone soil and yellow soil to acid depositions.

Materials and Methods
Sampling Sites

The sampling sites are in Puding County in Guizhou Province 
and Huanjiang County in Guangxi Zhuang Autonomous 
Region, China (Fig. 1). Puding and Huanjiang are typical karst 
areas of southwest China; two observation and research stations 
for the karst ecosystem were established by the Chinese Academy 
of Sciences in Huanjiang County in 2000 and in Puding County 
in 2012. The two counties have a population of <900,000 in a 
total area of 5663 km2. Small coal pits are randomly distributed 
in the studied areas, and no big mining sites and coal-fired power 
industries are located in the areas. The economy in the studied 
areas is under developed. Pollutant S in the studied areas mostly 
originates by atmospheric transport from S emission from large 
coal-fired power plants nearby and from local home heating 
activities. A climate of subtropical monsoon with high humidity 
characterizes the two areas. The annual mean temperatures 
in Puding and Huanjiang are 15.6 and 17.9°C, respectively. 
Annual mean precipitation is 1396 mm in Puding and 1389 
mm in Huanjiang. April to September is the wet season in the 
two areas; the precipitation in the wet season accounts for 70 to 
80% of total annual precipitation. Generally, a large proportion 
of precipitation occurs from May to July (frequently >230 mm 
monthly) (Zhang, 2008; Ding, 2010). The two areas are typical 
karst landforms characterized by rocky slopes with different 
degrees of vegetation coverage. Carbonate rocks are the only 

Fig. 1. Location of the study areas in Puding and Huanjiang counties, southwest China.
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outcropping rocks. The soils in the two areas are mainly limestone 
soil and yellow soil (Fig. 2), which together account for more 
than 80% (limestone soil covers ~52% and yellow soil covers 
~31%) of the soil area of the two counties and are representative 
of a large area in southwest China.

Samples of limestone soil and yellow soil were collected from 
two slopes in a small catchment (26°16¢5.4¢¢ N, 105°46¢35.5¢¢ 
E; 1358–1408 m asl) at the Puding site and from two slopes in a 
small catchment (24°44¢32.0¢¢ N, 108°19¢27.4¢¢ E; 353–407 m 
asl) at the Huanjiang site. The slopes were selected because they 
are practically undisturbed by land-use activities. The organic 
layer is thin, and the soil depth on the slopes is usually <60 cm. 
The dominant plant species at the Puding site are C3 shrubs and 
dwarf forests, with approximately 70% coverage; C4 herbaceous 
plants mixed with C3 shrubs grow at the Huanjiang site, with 
approximately 60% coverage. The field descriptions of the soil 
sampling sites are summarized in Table 1.

Sample Collection
The bulk deposition in each of the two small catchments was 

monitored monthly beginning on 1 Jan. 2008 and ending on 31 
Dec. 2008. The sampler was a polyethylene funnel (122  cm2) 
fitted to a 1-L polyethylene bottle placed 120 cm above the 
ground. Three samplers were installed approximately 5 m apart 
in a clearing on each slope and used to sample bulk deposition. A 
single composite sample was prepared for analysis by combining 
the three samples. Soil samples were collected in late May 
2008. The soil profile samples of limestone soil and yellow soil 
were collected from the upper, middle, and lower slopes of the 
selected sites. For comparison at the same sampling site, samples 
of limestone soil in Puding, yellow soil in Puding, limestone soil 
in Huanjiang, and yellow soil in Huanjiang were collected. The 
specific descriptions of the soil samples are shown in Table 1. Soil 
profile samples were obtained from the walls of the soil pits at 
10-cm increments to include the entire soil thickness (usually 
≤50 cm). At Puding and Huanjiang, the carbonate bedrocks 
(mainly detrital limestone mixed with calcareous dolomite) at 
the bottom of the sampled soil profiles were collected.

Sample Analyses
Soil Organic Carbon Content, Clay Content, pH Values,  
and Soil Water Content

Soil organic C content was measured with a PE2400 element 
analyzer (PerkinElmer) after acid treatment of the soil samples 

(Midwood and Boutton, 1998). The analytical precision was 
≤0.1%. Soil clay content was determined by the pipette method 
(Conway, 1978). Soil pH values were measured with a glass 
electrode in a 1:2.5 soil–deionized water suspension (Zhu and 
Liu, 2006). Soil subsamples were oven-dried at 105°C to a 
constant weight, and the decreased weight of the subsamples 
after oven-drying was used to calculate the soil water content 
(Likens et al., 2002).

Sulfur Forms and d34S Values
The total S in soils was extracted from the homogenized 

subsamples (<100 mesh) by digestion with an Eschka mixture 
(Sigma) at 800°C for 90 min in a muffle furnace and precipitated as 
barium sulfate (BaSO4) (Novák et al., 1994). The resulting BaSO4 
was used to calculate the total S contents gravimetrically and was 
then converted to SO2 to measure the d34S value of the total S in the 
soils (Alewell and Novák, 2001). Sulfate in the soils was extracted 
with 16 mmol L−1 KH2PO4 (Prietzel et al., 1995). The extracted 
liquid was filtered, and the SO4

2− concentration in the filtrate was 
determined by routine DIONEX ICS-90 ion chromatography. 
Subsequently, SO4

2− in the filtrate was precipitated as BaSO4 by 
adding a BaCl2 solution; the resulting BaSO4 was used to measure 
the d34S value of SO4

2− (Mayer et al., 1995a).
Considering the possible low contents of element S and 

AVS, the single-step distillation procedure for TRS extraction 
was used in the studied soils. This procedure provides a simpler 
and more accurate method for extracting TRS (Fossing and 
Jørgensen, 1989; Bates et al., 1993). After SO4

2− extraction, the 
weighed homogenized subsamples were anaerobically treated 
with HCl-CrCl2 solution in a modified Johnson–Nishita 
apparatus, by which AVS (mainly FeS) and chromium reducible 
S (element S+FeS2) were quantitatively converted to H2S. The 
generated H2S was carried by N2 gas into a zinc acetate solution 
to be precipitated as ZnS. The TRS content was then quantified 

Table 1. Field descriptions of the studied soil profiles.

Sampling sites Soil types Dominant species Positions Slope  
gradient

Soil  
profiles

Puding limestone soil (PL) shrubs (e.g., Pyracantha fortureana, Pubescens, 
Cyclosorus acuminatus)

upper slope 33.1° PL-1
middle slope 31.4° PL-2
lower slope 28.2° PL-3

yellow soil (PY) dwarf forest (e.g., Pinus massoniana, Betula 
luminifera, Aralia chinensis)

upper slope 38.7° PY-1
middle slope 34.2° PY-2
lower slope 25.3° PY-3

Uanjiang limestone soil (HL) sparse grass (e.g., Carex sp., C. acuminatus) upper slope 37.5° HL-1
lower slope 37.5° HL-2

yellow soil (HY) shrubs (e.g., C. acuminatus, Pubescens) upper slope 33.3° HY-1
lower slope 27.3° HY-2

Fig. 2. Representative soil profiles at Puding and Huanjiang sites in 
southwest China. (a) Limestone soil. (b) Yellow soil. 
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by iodometric titration (APHA, 1998). To analyze the d34S 
values of TRS, the resulting ZnS in the adsorption bottle was 
reprecipitated as silver sulfide (Ag2S) by adding additional 10% 
AgNO3 solution (Hall et al., 1988). The precipitated Ag2S was 
filtered, washed with deionized water, and then used to measure 
the d34S value of TRS (Backlund et al., 2005). Organic S content 
was calculated by subtracting SO4

2−–S and TRS content from 
the total S content. The d34S value of organic S in the residual 
subsamples was determined by applying the same Eschka 
digestion method for total S extraction (Bates et al., 1993). 
The bedrock samples were ground to pass through a 200-mesh 
screen. The same Eschka digestion method for total S extraction 
was applied to measure the S content and the d34S value of the 
bedrock samples.

The S blank in the Eschka mixture (Sigma) was measured with 
the same Eschka digestion method for total S extraction. The S 
content in the Eschka mixture was <0.0005 wt.% (n = 6). The 
normal recoveries for each S form were ≥93.0% as determined by 
standard addition. The d34S values of total S, organic S, SO4

2−–S, 
and TRS in the soils were measured by continuous flow isotope 
ratio mass spectrometry (Giesemann et al., 1994). The overall 
reproducibility of stable S isotope determinations (n = 6), 
including the extraction of S forms, preparation of BaSO4 and 
Ag2S, gas preparations, and mass spectrometry measurement, was 
approximately ±0.5, 0.7, 0.6, 0.9, and 0.4‰ for total S, SO4

2−–S, 
TRS, organic S, and bedrock S, respectively. The isotopic results are 
reported with reference to the Canyon Diablo Troilite (‰ CDT).

Results and Discussion
Soil Organic Carbon Contents, Clay Contents, C/S Ratios, 
pH Values, and Soil Water Contents

The vertical profiles of soil organic C contents, C/S ratios, 
clay contents, pH values, and soil water contents in limestone soil 
and yellow soil were different (Fig. 3); this result indicates dif-
ferences in the basic properties of limestone soil and yellow soil. 
Limestone soil had relatively high organic C contents (2.6–7.1 
wt.%), C/S ratios (83.7–123.7), and pH values (7.1–7.7) (Fig. 
3a–c), whereas the corresponding data in yellow soil were organic 
C content, 1.6 to 4.9 wt.%; C/S ratios, 47.0–83.1; and pH 4.8 to 
5.5. The C/S ratios decreased with increasing depth in both soil 
profiles. The pH values increased slightly with increasing depth 

in the limestone soil profiles but decreased in the yellow soil pro-
files. The clay content was 28.5 to 42.0 wt.% in the yellow soil 
profiles, which was higher than that in the limestone soil profiles 
(16.8–22.3 wt.%) (Fig. 3d). Clay exhibited enrichment from the 
surface to the bottom layers in the yellow soil profiles. The yellow 
soil profiles were relatively high in soil water contents (30.4–42.3 
wt.%), whereas the corresponding data were 18.7 to 28.2 wt.% in 
the limestone soil profiles (Fig. 3e).

Sulfur Deposition and Accumulation of Sulfur Forms
During the 1-yr monitoring period, the annual volume-

weighted average pH values of the bulk deposition were 4.8 in 
the Puding site and 4.9 in the Huanjiang site, both of which had 
typical acidic values. The wet deposition flux of atmospheric 
SO4

2− was estimated to be approximately 60.6 and 50.5 kg S 
ha−1 yr−1 in the Puding and Huanjiang sites, respectively. The dry 
deposition of SO2 was not monitored but was estimated to be of 
similar size to the wet deposition of SO4

2− in each site, according 
to Zhao et al. (2001) and Larssen et al. (2006). The d34S values 
of deposited SO4

2− varied from −3.2 to 0.8‰ and were −1.7 ± 
0.9‰ (mean ± SD) in the Puding site, whereas the d34S values 
varied from −8.3 to −3.2‰ and were −5.4 ± 1.8‰ in the 
Huanjiang site.

As expected, the long-term acid deposition in the southwestern 
karst areas of China significantly increased the total S content of 
limestone soil and yellow soil (Zhou et al., 1999; Wang et al., 
2011). However, under similar acid deposition conditions, the 
accumulation of S forms varied in both soils (Fig. 4). Organic 
S was the dominant S form at all depths in the limestone soil 
and yellow soil profiles, a result that is in agreement with that 
of previous studies associated with soil S forms from other sites 
(e.g., Mitchell et al., 1992; Stanko-Golden et al., 1994; Novák 
et al., 2003). However, the total S and organic S contents 
were generally higher in limestone soil than in yellow soil. The 
percentage of organic S in total S was higher in limestone soil, 
with organic S ranging from 78.1 to 92.9% of total S compared 
with a range of 74.4 to 87.2% in yellow soil.

Generally, TRS was the dominant inorganic S form in both 
soils; however, the TRS contents (27.1–67.7 mg kg−1) were 
higher in yellow soil than in limestone soil (18.0–38.8 mg kg−1). 
Meanwhile, the percentage of TRS in total S was relatively high 
in yellow soil, ranging from 6.5 to 15.9% of total S, compared 
with a range of 3.1 to 11.0% in limestone soil. The SO4

2−–S con-

Fig. 3. Changes in soil organic C content, C/S ratios, pH values, clay content, and soil water content with depth increments in the soil profiles. Each 
point is the mean value of a composite of field samples at the same depths of the same soil type in the same site. Error bars represent 1 SD of the 
mean and provide an estimate of sample heterogeneity and analytical errors. HL, limestone soil in Huanjiang; HY, yellow soil in Huanjiang; PL, 
limestone soil in Puding; PY, yellow soil in Puding.
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tents were 24.3 to 58.9 mg kg−1 in yellow soil, compared with 
11.8–32.9 mg kg−1 in limestone soil. The relatively high SO4

2−–S 
content in yellow soil was expected because the low pH values of 
yellow soil favored SO4

2− adsorption (Prietzel et al., 2004).

Formation and Mineralization of Organic Sulfur
Sulfate is the dominant S form in soils that can be assimilated 

by plants and soil microorganisms to form organic S compounds 
(Likens et al., 2002). The assimilatory uptake of SO4

2− by plants 
and soil microorganisms to form organic S compounds exhibited 
no significant S isotope fractionation (Krouse and Grinenko, 
1991; Novák et al., 2001). Therefore, the d34S values of the 
organic S compounds were close to the d34S values of SO4

2− at the 
surface layers of the studied soil profiles (Fig. 5).

Generally, the total S and organic S contents decreased, 
whereas the d34S values of total S and organic S increased, 
with soil depth in the limestone soil and yellow soil profiles 
(Fig. 4 and 5). This result may be explained by the continuous 
mineralization of organic S in the studied soils (Novák et al., 
1996). Organic S mineralization is an important soil process that 
occurs simultaneously with organic S formation and explains the 
reduction of organic S contents with the increase in depth in 
most soil profiles (Stevenson and Cole, 1999; Lavelle and Spain, 
2003). Norman et al. (2002) used an incubation–extraction 
experiment with Black Forest soil and showed that organic S 
mineralization involves a two-step reaction. The first and gradual 
step is the conversion of C-bonded S to organic sulfate; the 
residual C-bonded S fractions are enriched in 34S relative to the 
resultant organic sulfate. The second step is the rapid hydrolysis of 
organic sulfate to inorganic SO4

2− (also referred to as secondary 
SO4

2−); the residual organic sulfate fractions are depleted in 
34S relative to the secondary SO4

2−. Secondary SO4
2− can then 

be transported downward by leaching in the soil profiles. The 
residual organic sulfate after hydrolyzation was labile and could 
be transported with soil seepage water (Schoenau and Bettany, 
1987; Gebauer et al., 1994; Mitchell et al., 2001; Norman et 
al., 2002). Researchers generally agree that the continuously 
increasing d34S value of total S in soils is caused by the aging of 
organic S, especially by the removal of isotopically light organic 
sulfate–S produced by mineralization of C-bonded S (Novák 
et al., 2005 and references therein). In this study, the ongoing 
mineralization of organic S (mainly C-bonded S) resulted in the 
total S and organic S fractions generally being enriched in 34S as 
depth increased in the studied soil profiles (Fig. 5).

The total S and organic S contents and the percentage of 
organic S in total S were higher in limestone soil than in yellow 
soil. This finding may be related to the smaller extent of organic 
S mineralization in limestone soil (Norman et al., 2002), which 
in turn may be related to different soil-forming processes of 
limestone soil and yellow soil. Limestone soil is formed during 
the early stage of soil formation by carbonate rock weathering 
and consequently undergoes a relatively short period of organic 
matter mineralization and basic cation leaching (Liu, 2009). 
Therefore, the organic matter and basic cation (e.g., Ca2+, Mg2+) 
contents are relatively high in limestone soil. Moreover, the 
humus produced by organic matter decomposition can combine 
with Ca2+ to form stable humus calcium in limestone soil that is 
slow to decompose (Bollag and Stotzky, 1990). Thus, the organic 
S fractions stored in the organic matter were relatively stable and 
exhibited less mineralization in limestone soil.

Yellow soil is formed during the later stage of soil formation 
by carbonate rock weathering and thus undergoes long-term 
organic matter mineralization and a strong leaching process, 
wherein basic cations (e.g., Ca2+ and Mg2+) are leached (Liu, 

Fig. 4. Changes in S contents of total S, organic S, total reduced inorganic S (TRS), and SO4
2−–S with depth in soil profiles. Black: organic S; hatched: 

TRS; and white: SO4
2−–S. Total S is the sum of organic S, TRS, and SO4

2−–S. HL, limestone soil in Huanjiang; HY, yellow soil in Huanjiang; PL, limestone 
soil in Puding; PY, yellow soil in Puding.
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2009). Therefore, the organic matter content, C/S ratios, and 
basic cation contents are low in yellow soil. Studies on the 
60-cm-deep soil profiles in the karst areas of southwestern 
China have shown that the average d13C values of soil organic 
C (d13Csoc) increase from −25.6 to −22.4‰ with depth in the 
yellow soil profiles. The value of d13Csoc increased from −22.9‰ 
at the surface layers to −21.8‰ at approximately 25 cm depth 
and then remained unchanged below 25 cm depth in the 
limestone soil profiles (Li et al., 2012). On the basis of the large 
magnitude of d13Csoc fractionation in yellow soil relative to that 
in limestone soil, Li et al. (2012) concluded that yellow soil has 
a greater extent of organic matter mineralization compared with 
limestone soil. This mechanism may result in a larger extent of 
organic S mineralization in yellow soil, which could explain the 
lower total S and organic S contents and lower percentage of 
organic S in total S in yellow soil than in limestone soil.

Transport of Organic Sulfur Fraction
The depth relationship between S contents and the d34S values 

of organic S is shown in Fig. 6. Decreasing organic S contents 
and increasing d34S values of organic S with depth were observed 
in the limestone soil profiles; the same trends were observed at 
depths from the surface to the middle layers in the yellow soil 
profiles. Organic S contents increased below the middle layers 
of the yellow soil profiles, whereas the d34S values of organic S 
sharply decreased. This contrast may be explained by the different 
amounts of transported organic S fractions in limestone soil and 
yellow soil. The small extent of organic S (mainly C-bonded 
S) mineralization in the limestone soil profiles may result in 
a relatively small amount of transported organic sulfate. The 
majority of the transported organic sulfate can be hydrolyzed to 
secondary SO4

2− and then lost by leaching without adsorption 

because of the high pH values in limestone soil. Therefore, the 
ongoing organic S mineralization and the subsequent transport 
and hydrolyzation of organic sulfate explain the gradual decrease 
in organic S contents and the increase in the d34S values of organic 
S with depth in the limestone soil profiles.

Yellow soils have a relatively large extent of organic S 
mineralization and, consequently, a large amount of organic 
sulfate mineralized from C-bonded S. The leaching of organic 
sulfate was strong in the acidic soils; this condition resulted 
in greater transport of organic sulfate (e.g., Tan et al., 1994; 
Prietzel et al., 2004). The organic sulfate from mineralization of 
C-bonded S has lower d34S values than the residual C-bonded 
S (Norman et al., 2002). On the basis of the above analyses, a 
reasonable explanation for the increase in organic S contents 
and the decrease in d34S values of organic S at the bottom layers 
of the yellow soil profiles was the transport and incomplete 
hydrolyzation of a large amount of organic sulfate under strong 
leaching conditions. This phenomenon resulted in the increase 
in total S contents and the decrease in d34S values of total S at the 
bottom layers in the yellow soil profiles (Fig. 4–6).

Dissimilatory Sulfate Reduction and Total Reduced 
Inorganic Sulfur Formation

Values of d34S for SO4
2−–S on the surface layers of the soil 

profiles were close to the d34S values of atmospheric deposition 
at each site (Fig. 5). This result indicates that atmospheric 
deposition was the main S source of SO4

2− on the surface soils 
of the studied soil profiles from both sites. After the biological 
assimilation of SO4

2− to form organic S, the deposited SO4
2− may 

undergo bacterial DSR conducted by anaerobic sulfate-reducing 
microorganisms to form TRS in limestone soil and yellow soil 
profiles (Fossing and Jørgensen, 1989; Krouse and Grinenko, 

Fig. 5. Changes in d34S values of total S, organic S, total reduced inorganic S (TRS), and SO4
2−–S with depth in soil profiles. Solid circle: total S; open 

circle: organic S; solid square: SO4
2−–S; open square: TRS; and open circle with error bar: bulk deposition. HL, limestone soil in Huanjiang; HY, yellow 

soil in Huanjiang; PL, limestone soil in Puding; PY, yellow soil in Puding.
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1991). The resulting TRS product during the DSR process is 
significantly depleted in 34S compared with the residual SO4

2− 
(Krouse and Grinenko, 1991). As DSR continues, the d34S values 
of SO4

2− and the resulting TRS gradually increase (Tuttle et al., 
1990; Krouse and Grinenko, 1991).

In this study, the d34S values of TRS ranged from −6.8 to 
−0.9‰ in all soil profiles in the Puding site and from −12.5 
to −7.1‰ in all soil profiles in the Huanjiang site (Fig. 5). The 
vertical profiles of the S contents and the d34S values of SO4

2−–S 
and TRS in both soil types are compared in Fig. 7 and 8, 
respectively. Figures 5, 7, and 8 show that TRS had the lowest 
d34S values compared with the d34S values of other S forms in the 
studied soils. The SO4

2−–S contents decreased with the increase 
in soil depth, whereas the TRS contents and the d34S values of 
residual SO4

2− and the resulting TRS gradually increased. These 
results indicate that DSR continued under suitable anaerobic 
conditions as soil depth increased and that TRS was the main 
product during DSR. Under S deposition conditions, the soils of 
karst areas in southwest China can be considered an open system, 
where fresh SO4

2− (from atmospheric deposition) replaces 
the reduced SO4

2−. With the continuous input, ongoing DSR 
process, and the leaching of deposited SO4

2−, the differences 
in the d34S values of SO4

2− and TRS may change slightly with 
the increase in soil depth. This condition explains the trend of 
parallel increase in the d34S values of SO4

2− and TRS with depth 
in the soil profiles (Fig. 5).

The presumably oxidized conditions in the soils did not inhibit 
the occurrence of DSR for the following possible reasons. The 
soil samples from the two areas were collected in late May, which 
is during the wet season (Apr.–Sept.). Wet weather dominated in 

the two areas in May. The sampling depths of the surface layers 
of the soil profiles were approximately 5 cm from the soil surface. 
The sampled soils were relatively wet (see soil water content in Fig. 
3e). The seasonal or temporary wet conditions in soils may have 
created suitable anaerobic microhabitats for DSR. In addition, 
some sulfate-reducing microorganisms (e.g., Desulfovibrio-
related strains) are not obligate anaerobic bacteria; reports 
indicate that they are able to survive in oxidizing environments 
(e.g., Marschall et al., 1993; Teske et al., 1996; Jonkers et al., 
2005). These conditions imply that DSR could occur even in 
oxidizing microhabitats in soils, albeit at a small reaction rate. 
Moreover, some sulfate-reducing microorganisms were able to 
establish anaerobic microhabitats by different means, such as the 
formation of metallic sulfide aggregates (Fukui and Takii, 1990; 
Furusaka et al., 1991). These aggregates are likely to form around 
particles of organic compounds where oxygen could locally be 
removed rapidly because of the high respiration rates (Wind 
and Conrad, 1995). In the wet soils of southwestern karst areas 
in China, the decaying root and plant debris can provide such 
surroundings that make the occurrence of DSR reasonable.

In soils, TRS may result from bedrock weathering in 
addition to DSR activities. Compared with a typical anaerobic 
environment, the magnitude of isotope fractionation between 
SO4

2− and TRS ( 2
4

34
SO TRSS --Dd ) during DSR in the studied soils 

was small (<7‰) (Brunner and Bernasconi, 2005). Similarly, 
in the fen site Schlöppnerbrunnen of a forested catchment in 
northeastern Bavaria, Germany, the 2

4

34
SO TRSS --Dd values were 

approximately 3.5 and 2.1‰ at soil depths of 5 and 25 cm, 
respectively (Alewell and Novák, 2001). These observations of 
small values of 2

4

34
SO TRSS --Dd  during DSR indicate that some 

Fig. 6. Changes in S contents and d34S values of organic S with depth in soil profiles. CDT, Canyon Diablo Troilite; HL, limestone soil in Huanjiang; HY, 
yellow soil in Huanjiang; PL, limestone soil in Puding; PY, yellow soil in Puding.
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sulfide S enriched in 34S may have contributed to the increasing 
d34S values of TRS extracted in the studied soils. No mining 
activities are conducted in the studied sites. The d34S values of 
carbonate bedrock S were 12.3 ± 1.6‰ (mean ± SD; n = 6) in the 
Puding site and 15.6 ± 1.5‰ in the Huanjiang site. Considering 
the positive d34S values of carbonate bedrock S and the small 
values of 2

4

34
SO TRSS --Dd , carbonate bedrock weathering could 

be a potential source of TRS in the studied soils. Other factors, 
such as the community structure of the sulfate-reducing 
microorganisms involved, the nature and availability of organic 
substrates, and the reaction rate of DSR in soils, may affect the 
distributions of 2

4

34
SO TRSS --Dd  values during DSR (Hoek and 

Canfield, 2008 and references therein).
Generally, the remarkable depletion in 34S of TRS relative to 

SO4
2− and the parallel increase in d34S values of TRS and SO4

2− 
indicate the occurrence of a bacterial reduction process of SO4

2− 
in both soils. However, the vertical profiles of TRS contents in 
limestone soil were different from those in yellow soil (Fig. 4 and 
8). The TRS contents increased with depth and reached the highest 
values at depths close to the bottom layers in the limestone soil 
profiles; the highest TRS content was observed on the subsurface 
layers, and TRS contents decreased below the subsurface layers 
in the yellow soil profiles. This result indicates that active DSR 
occurred at different depths in limestone soil and yellow soil. A 
relatively high TRS content in yellow soil was expected because 
the soil formation process of this type of soil is enrichment with 
pedogenic Fe and Al minerals (Liu, 2009). The deposition and 
subsequent leaching of SO4

2− resulted in acid-induced dissolution 
of Fe minerals (Prietzel et al., 2004). This phenomenon may result 
in relatively high TRS content during DSR in yellow soil. The 

organic C contents decreased with depth (Fig. 3a), which could 
have led to the decreasing rate of DSR and the decrease in TRS 
contents at the bottom layers of the limestone soil and yellow soil 
profiles (Hao et al., 1996; Castro et al., 2000).

Transport and Accumulation of Sulfate
After the assimilation of SO4

2− to form organic S compounds, 
the DSR reactions, adsorption, desorption, and leaching of 
SO4

2− become important soil processes that can affect SO4
2−–S 

distributions in the soil profiles. At both sites, decreasing SO4
2−–S 

contents and increasing d34S values of SO4
2−–S with depth were 

observed in the limestone soil profiles; the same trend was observed 
at depths from the surface layers to the middle layers in the yellow 
soil profiles (Fig. 7). From the middle layers to the bottom layers 
in the yellow soil profiles, the SO4

2−–S contents increased, and the 
d34S values of SO4

2−–S sharply decreased. As mentioned previously, 
DSR reactions could occur in both soils. Previous studies have 
demonstrated that the adsorption and desorption of SO4

2− exhibit 
no significant S isotope fractionation (e.g., van Stempvoort et al., 
1990). Therefore, the different depth distributions of SO4

2−–S 
contents and the d34S values of SO4

2−–S can be explained by the 
differences in the transport and subsequent accumulation of 
SO4

2−, which in turn may be related to adsorption, desorption, and 
leaching of SO4

2− in the studied soils.
In most soil environments, the adsorption and desorption 

of SO4
2− are basically pH-dependent processes (Prietzel et al., 

2004). The high pH values in limestone soil effectively prevented 
SO4

2− adsorption; hence, the amount of adsorbed SO4
2− was 

negligible in limestone soil. The residual SO4
2− after biological 

S retention and secondary SO4
2− (from the hydrolyzation of 

Fig. 7. Changes in S contents and d34S values of SO4
2−–S with depth in soil profiles. CDT, Canyon Diablo Troilite; HL, limestone soil in Huanjiang; HY, 

yellow soil in Huanjiang; PL, limestone soil in Puding; PY, yellow soil in Puding.
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organic sulfate) are transported by leaching through the subsoil 
into groundwater or are lost by runoff on slopes. DSR and 
leaching of SO4

2− decreased the SO4
2−–S contents, whereas the 

d34S values of SO4
2−–S increased with depth in the limestone soil 

profiles (Fig. 4 and 7).
In the surface layers of the yellow soil profiles, residual SO4

2− 
after biological S retention and secondary SO4

2− are adsorbed 
onto clay minerals (mainly hydrated silicate of magnesium and 
aluminum) or pedogenic Fe and Al oxohydroxides because of 
low pH values (Prietzel et al., 2004). This process mobilizes an 
equivalent amount of previously adsorbed SO4

2−; this SO4
2− is 

then leached with soil water in yellow soil. DSR and leaching of 
SO4

2− from the surface layer to the middle layers of the yellow soil 
profiles decreased the SO4

2−–S contents and increased the d34S 
values of SO4

2−–S with depth (Fig. 4 and 7). Under acid deposition 
conditions, the increasing depth caused the continuous deposition 
and transport of SO4

2− to lower the soil pH values further (Fig. 
3c). Meanwhile, clay contents increased in the yellow soil profiles 
(Fig. 3d). This increase resulted in the increased SO4

2− adsorption 
capacity of deep soil layers (Stanko-Golden et al., 1994; Prietzel 
et al., 2004). Thus, most of the transported SO4

2− with lower d34S 
values than the residual SO4

2− after in situ DSR can be re-adsorbed 
into the deep soil layers. This process increased the SO4

2−–S 
contents and decreased the d34S values of SO4

2−–S at the bottom 
layers of the yellow soil profiles (Fig. 4 and 7).

Different Acidification Stages of Limestone Soil  
and Yellow Soil

Analyses of the vertical profiles of SO4
2−–S contents, d34S 

values of SO4
2−–S, pH values, and clay contents indicate that 

limestone soil and yellow soil belong to different acidification 
stages according to the three-stage theory of mineral soil 
acidification proposed by Prietzel et al. (2004). The entire 
limestone soil profile could belong to the first stage because of 
high pH values and low clay contents (Fig. 3c and 3d). These 
conditions effectively prevented SO4

2− adsorption into soil. The 
downward transport of SO4

2− by leaching gradually depleted the 
basic cation pools from limestone soil. However, SO4

2− transport 
did not decrease the pH values of limestone soil probably because 
of the abundant calcium and magnesium contents in limestone 
soil (Larssen et al., 2011).

The surface to middle layers (~20 cm deep) in the yellow 
soil profiles probably belong to the third acidification stage. At 
these depths, the residual SO4

2− after the biological retention of 
SO4

2− is adsorbed onto clay minerals or some pedogenic Fe and 
Al minerals because of the low pH values (Fig. 3c and 3d). The 
continuing input of SO4

2− and H+ from acid deposition resulted 
in remobilization of the previously adsorbed SO4

2− (Prietzel et 
al., 2004). The desorbed SO4

2− and secondary SO4
2− from organic 

S mineralization may have transported downward. This process 
gradually decreased the soil pH values and caused a concomitant 
depletion of the soil base cation pool. 

Yellow soil profiles with depths below 20 cm belong to the 
second acidification stage. The elevated H+ concentration in the 
soil solution and increased clay contents induces an increasing 
adsorption of SO4

2− at depths below 20 cm in the yellow soil 
profiles (Fig. 3d). The transported SO4

2− is re-adsorbed and 
accumulates at deep layers in the yellow soil profiles (Fig. 
4 and 7). The adsorption and accumulation of SO4

2− at the 
bottom layers reduced the downward flux of SO4

2− and H+ 

Fig. 8. Changes in S contents and d34S values of total reduced inorganic S (TRS) with depth in soil profiles. CDT, Canyon Diablo Troilite; HL, limestone 
soil in Huanjiang; HY, yellow soil in Huanjiang; PL, limestone soil in Puding; PY, yellow soil in Puding.
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and consequently decelerated basic cation depletion and soil 
acidification in yellow soil.

Conclusions
The S contents and the d34S values of total S, organic S, 

SO4
2−–S, and TRS differ in limestone soil and yellow soil under 

similar acid deposition conditions. This result is attributed to the 
different processes of S retention and cycling in the two soils. This 
condition is closely related to the respective physical–chemical 
properties of limestone soil and yellow soil. Most of the deposited 
SO4

2− was mainly retained as organic S in both soils; the extents 
of organic S mineralization and transport of organic sulfate were 
different. This difference explains the different vertical profiles of 
total S and organic S contents in limestone soil and yellow soil. 
The remarkable depletion in 34S of TRS relative to SO4

2− and the 
parallel increasing d34S values of TRS and SO4

2− indicate that, 
after the formation of organic S, the deposited SO4

2− underwent 
the DSR reaction to form TRS in both soils. The high pH 
values inhibited SO4

2− adsorption in limestone soil. Most of the 
residual SO4

2− after biological S retention and secondary SO4
2− 

from organic sulfate hydrolyzation in limestone soil were lost by 
leaching. The deposited SO4

2− was first transformed into organic 
S and TRS by biological S retention and then adsorbed into 
yellow soil because of the low pH values. The continuing input 
of SO4

2− from acid deposition resulted in the remobilization of 
previously adsorbed SO4

2−; the desorbed SO4
2− and secondary 

SO4
2− can be transported downward in the yellow soil profiles. 

Under S deposition conditions, the transport of SO4
2− lowered 

the pH values of the deep soil layers; clay contents increased with 
depth in the yellow soil profiles and resulted in the increased 
SO4

2− adsorption capacity of the deep soil layers of the yellow soil. 
The transported SO4

2− was readsorbed and accumulated at the 
bottom layers of the yellow soil profiles. In addition to biological 
S retention to form organic S and TRS, SO4

2− adsorption was 
another important S retention process for deposited S in the 
yellow soil. This process explains the higher SO4

2−–S contents in 
yellow soil than in limestone soil.

The limestone soil profiles may belong to the first acidification 
stage. The surface to middle layers of the yellow soil profiles 
may belong to the third acidification stage. Layers below the 
middle layers of the yellow soil profiles may belong to the second 
acidification stage. The effects of acid deposition on yellow 
soil were more serious compared with those on limestone soil. 
This difference is caused by the considerable accumulation of 
atmospherically deposited SO4

2−, which may be adsorbed onto 
pedogenic Fe, Al, and clay minerals in yellow soil. The desorption 
and subsequent leaching of the adsorbed SO4

2− under acid 
deposition can result in soil acidification and accelerate the loss 
of basic cations from yellow soil. However, a greater amount of 
deposited S was retained as organic S in limestone soil compared 
with yellow soil. Sulfate adsorption was negligible in limestone 
soil. Therefore, limestone soil may release more S into river water 
through organic S mineralization for a fairly long period after the 
considerable drop in the annual S deposition rate. This process 
could occur when rigorous environmental protection policies are 
introduced and a highly effective technology for desulfurization 
is applied for coal-fired power plants in China. Studies on the 
effects on soil and river ecosystems in southwestern areas of 
China are expected in the future.
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