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Sulfur isotopic compositions and their environmental implications
in limestone soil from a small karst catchment

ZHANG Wei'*" and ZHANG Li-li**
1. School of Geography and Tourism, Guizhou Normal College, Guiyang 550018, China;

2. State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guivang 550081,

3. Sﬁﬁﬁfr’my of Chinese Academy of Sciences, Beijing 100049, China
Abstract: The sequential extraction method for soil sulfur was used to determine the 0°*S values of total sulfur,
SO4*, total reduced sulfur (TRS) and organic sulfur in limestone soil, with an attempt to discuss the transportation
and transformation of sulfur and its environmental implications in limestone soil. Organic sulfur was the major
sulfur form in limestone soil. Mineralization of organic sulfur explained the increasing 0**S values and decreasing
sulfur contents of total sulfur and organic sulfur with increasing depth in soil profiles. The parallel increasing 5°*S
values of TRS and SO,> indicate the occurrence of a bacterial reduction process of sulfate with TRS as the main
product in limestone soil. The high pH values and low clay contents prevented SO,> adsorption in limestone soil.
Therefore, the residual SO4* after biological S retention was lost by way of leaching in limestone soil profiles. At
present, the effect of acid deposition on limestone soil appeared not so serious, because SO,> transport did not
lead to a decrease in the pH values of limestone soil. It is noted that the deposited SO,* was retained as organic
sulfur in limestone soil, and SO,* adsorption can be negligible in limestone soil, then limestone soil may release

more S into rivers by way of organic sulfur mineralization in a long period after a large decrease in annual sulfur
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deposition rate. The environmental implications such as changes in soil properties and chemical compositions of

river water in Southwest China should be investigated in the future.

Key words: small karst area; limestone soil; sulfur isotope; environmental implication
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Fig.1 Map showing the location of the limestone soil sampling sites at Puding County, Guizhou Province
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Table 1 Field descriptions of the limestone soil profiles collected at Puding County
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Fig. 2 Changes in soil pH value, organic carbon content, C/S ratio, clay content, and soil water content with increasing depth in limestone soil profiles

; HL

Each point is the mean value of a composite of field samples at the same depth of the same soil type in the same site. CL represents limestone soil in
the small Chenqi catchment, HL represents limestone soil in the small Houzhaihe catchment, and error bars represent one standard deviation of the

mean and provide an estimate of sample heterogeneity and analytical errors.
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ZHANG Wei et al.: Sulfur isotopic compositions and their environmental implications in l[imestone soil



640 W 2016 4
2.4 TRS 6 7 . SO4” -8
) , TRS SO TRS
SO4™ 34
0°S s
TRS!'>22] SO TRS 505~ ’ TRS
b 27
50427 , 34S, SO427 SO4 s
,S0,5 TRS &*S ’
[13,29] S0,> S0,%,
’ 2- 2
, TRS %S , ~6.86%0~ SO, SO,
—0.71% 4), TRS %S . SO, 6¥S TRS
, S0.> & 5*'S ,
6 7 S0,2-S S0 §*s S0, &S TRS %S
TRS TRS &S (G
SO,”-S (mg/kg) SO,”-S (mg/kg)
16 20 24 28 32 36 20 24 28 32 36
O T T T T 0 T T T
10 F 10 | - SO7-S
-O- §S
2 20 20
=
gl
¥ 30 fF 30
40 40
CL-1 CL-2
50 1 1 1 1 50 1 1
-2 -1 0 1 2 3 -3 -1 1 3
5”8(‘]')1“ (%0) (5”Scr)'r (%0)
SO, -S (mg/kg) SO, -S (mg/kg) SO,”-S (mg/kg)
18 22 26 30 34 18 24 30 36 20 25 30 35 40 45
0 T T T 0 T T 0 T T T T
10 F 10 10 |
z 20 | 20 + 20
s
]
1
¥ 30 | 30 F 30 b
40 40 40
CL-3 HL-1 HL-2
50 1 1 1 1 50 1 1 50 1 1 1
-2 -1 0 1 2 3 -3 -1 1 3 -4 -2 0 2 4
(SMSCDT (%0) (5”SCDT (%0) (5”SCDT (%0)
6 S0,7-S 5*s

Fig.6 Depth distribution characteristics of SO4> -S contents and 6°*S ratios of SO4*-S in limestone soil profiles

Geochimical Vol. 45' No. 6' pp- 634~643I Nov,, 2016



oA % BRI DNREARETWEMRARFERTERTEX 641
S (mg/kg) S (mg/kg)
10 20 30 40 16 22 28 34
0 T T T 0 T T
-@ TRS
10 r 1o-r O oS
e 20 F 20
N
=
i
¥ 30 | 30
40 40
CL-1 CL-2
50 1 1 1 50 1 1 1 1
-4 2 0 2 4 6 =7 -6 -5 -4 -3 -2
634SCDT (%o) 5SJSCDT (%0)
S (mg/kg) S (mg/kg) S (mg/kg)
18 22 26 30 15 25 35 45 18 22 26 30
0 T T T 0 T T O T T
10 10 | 10 |
e 20 F 20 20
2
=
i
K 30 F 30 30 |
40 | 40 | 40
CL-3 HL-1 HL-2
50 1 1 50 1 1 1 50 1 1 1
=7 -5 -3 -1 -7 -5 -3 -1 =7 -5 -3 -1
5“SCDT (%o) ()‘MSCDT (%o0) dHSCDT (%o)
7 TRS 58
Fig.7 Depth distribution characteristics of TRS contents and 6°*S ratios of TRS in limestone soil profiles
2—
SO, )
[32-33]
b b
6 2 2 >
5 cm, ( ) [34] ’
b b
S0, : 50, 804"
, ( ) s TRS 'S
[30-31]
b
S04+ : S04+

ZHANG Wei et al.: Sulfur isotopic compositions and their environmental implications in l[imestone soil



642

Wik 3

2016 £

SO

SO

TRS (351

2.5 SO,

S0,

, ~2.15%0~ —1.34%0
5*S

SO

5
S0,

5*S
~2.94%0~ —2.64%o
[3]

B

> SO427

SO

5*S
84S, ,S0,%

, TRS
SO

TRS

, TRS
5**s

pH
2-
5 S04

/ S0,*
pH [36]
7.0, , ,

[36]

SO,
S0,
. Nor
SO 'S
SO,

S0, -S , SO

2.6

Prietzel et al.®
, pH

7.0,
Nelia ,

SO TRS

SO,

S0,-S ,

84S S0,*

> SO427
[37]

pH

pH

SO,
pH ,
SO,* )

SO

£ % X #k(References):

’ [1]

54

(2]

pH
pH

SO
SO

[6]

(7]

[J]. , 2008, 37(4):
404-414.

Liu Cong-qiang, Jiang Ying-kui, Tao Fa-xiang, Lang
Yun-chao, Li Si-liang. Chemical weathering of carbonate
rocks by sulfuric acid and the carbon cycling in Southwest
China [J]. Geochimica, 2008, 37(4): 404—414 (in Chinese with
English abstract).

Wang Z Y, Zhang X S, Zhang Y, Wang Z, Mulder J. Accumu-
lation of different sulfur fractions in Chinese forest soil under
acid deposition [J]. J Environ Monitor, 2011, 13: 2463-2470.
Zhang W, Liu C Q, Wang Z L, Zhang L L, Luo X Q. Speci-
ation and isotopic composition of sulfur in limestone soil and
yellow soil in karst areas, southwest China: Implications for
different responses to acid deposition [J]. J Environ Qual,
2014, 43: 809-819.

Larssen T, Lydersen E, Tang D, He Y, Gao J X, Liu H Y, Seip
H M, Vogt R D, Mulder J, Shao M, Wang Y H, Shang H,
Zhang X S, Solberg S, Aas W, @kland T, Eilertsen O, Angell V,
Liu Q R, Zhao D W, Xiang R J, Xiao J S, Luo J H. Acid rain
in China [J]. Environ Sci Technol, 2006, 40: 418-425.

Alewell C, Novak M. Spotting zones of dissimilatory sulfate
reduction in a forested catchment: The **S-**S approach [J].
Environ Pollut, 2001, 112: 369-377.

Likens G E, Driscoll C T, Buso D C, Mitchell M J, Lovett G
M, Bailey S W, Siccama T G, Reiners W A, Alewell C. The
biogeochemistry of sulfur at Hubbard Brook [J].
chemistry, 2002, 60: 235-316.

Kirchner J W, Lydersen E. Base cation depletion and potential
long-term acidification of Norwegian catchments [J]. Environ
Sci Technol, 1995, 29: 1953-1960.

Biogeo-

Geochimical Vol. 45' No. 6' pp- 634~643I Nov,, 2016



%6 H

% BRI DNREARETWEMRARFERTERTEX

643

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Driscoll C T, Driscoll K M, Mitchell M J, Raynal D J. Effects
of acidic deposition on forest and aquatic ecosystems in New
York State [J]. Environ Pollut, 2003, 123: 327-336.

Guo J, Vogt R D, Zhang X, Zhang Y, Seip H M, Xiao J, Tang
H. Aluminum mobilization from acidic forest soils in
Leigongshan area, Southwestern China: Laboratory and field
study [J]. Arch Environ Con Tox, 2006, 51: 321-328.

Larssen T, Xiong J L, Vogt R D, Seip H M, Liao B, Zhao D.
Studies of soils, soil water and stream water at a small catch-
ment near Guiyang, China [J]. Water Air Soil Poll, 1998, 101:
137-162.

Liao B, Larssen T, Seip H M. Response of five Chinese forest
soils to acidic inputs: batch experiment [J]. Geoderma, 1998,
86:295-316.

5 > > 5

415-422.

Zhang Wei, Liu Cong-qiang, Li Xiao-dong, Liu Tao-ze, Zhang
Li-li. Sulfur istopic ratios indicating sulfur cycling in slope
soils of karst areas [J]. Environ Sci, 2010, 31(2): 415-422 (in
Chinese with English abstract).

Krouse H R, Grinenko V A. Stable isotopes: Natural and an-
thropogenic sulphur in the environment [M]. England: John
Wiley, 1991: 1-440.

Kang P G, Mitchell M J, Mayer B, Campbell J L. Isotopic
evidence for determining the sources of dissolved organic
sulfur in a forested catchment [J]. Environ Sci Technol, 2014,
48: 11259-11267.

Zhao F Z, Knights J S, Hu Z Y, McGrath S P. Stable sulfur
isotope ratios indicates long-term changes in sulfur deposition
in the broadbalk experiments since 1845[J]. J Environ Qual,
2003, 32: 33-39.

Morth C M, Torssander P, Kjonnas O J, Stunaes A O, Moldan
F, Giesler R. Mineralization of organic sulfur delays recovery
from anthropogenic acidification [J]. Environ Sci Technol,
2005, 39: 5234-5240.

Novak M, Kirchner J] W, Fottova D, Préchova E, Jackvoa I,
Kram P, Hruska J. Isotopic evidence for processes of sulfur
retention/release in 13 forested catchments spanning a strong
pollution gradient (Czech Republic, central Europe) [J]. Global
Biogeochem Cy, 2005, 19(4): doi: 10.1029/ 2004GB002396.
Midwood A J, Boutton T W. Soil carbonate decomposition by
acid has little effect on ¢"°C of organic matter [J]. Soil Biol
Biochem, 1998, 30: 1301-1307.

Zhu S F, Liu C Q, Vertical patterns of stable carbon isotope in
soils and particle-size fractions of karst areas, Southwest
China [J]. Environ Earth Sci, 2006, 50: 1119-1127.

Backlund K, Boman A, Frgjdo S, Astrom M. An analytical
procedure for determination of sulfur species and isotopes in
boreal acid sulfate soils and sediments [J]. Agr Food Sci, 2005,
14: 70-82.

Prietzel J, Mayer B, Krouse H R, Rehfuess K E, Fritz P.
Transformation of simulated wet sulfate deposition in forest
soils assessed by a core experiment using stable sulfur iso-
topes [J]. Water Air Soil Poll, 1995, 79: 243-260.

Fossing H, Jorgensen B B. Measurement of bacterial sulfate
reduction in sediments: Evaluation of a single-step chromium
reduction method [J]. Biogeochemistry, 1989, 8: 205-222.

[J]. , 2010, 31(2):

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Bates A L, Spiker E C, Orem W H, Burnett W C. Speciation
and isotopic composition of sulfur in sediments from Jellyfish
Lake, Palau [J]. Chem Geol, 1993, 106: 63-76.

Hall G E M, Pelchat J-C, Loop J. Separation and recovery of
various sulphur species in sedimentary rocks for stable sulphur
isotopic determination [J]. Chem Geol, 1988, 67: 35-45.
Stevenson F J, Cole M A. Cycles of Soil: Carbon, Nitrogen,
Phosphorus, Sulfur, Micronutrients [M]. 2nd ed. New York:
John Wiley, 1999: 330-365.

Novak M, Bottrell S H, Prechova E. Sulfur isotope inventories
of atmospheric deposition, spruce forest floor and living
Sphagnum along a NW-SE transect across Europe [J]. Bio-
geochemistry, 2001, 53: 23-50.

Novak M, Buzek F, Harrison A F, Pfechova E, Jackova I, Fot-
tova D. Similarity between C, N and S stable isotope profiles
in European spruce forest soils: Implications for the use of
68 as a tracer [J]. Appl Geochem, 2003, 18: 765-779.
Norman A L, Giesemann A, Krouse H R, Jiager H J. Sulphur
isotope fractionation during sulphur mineralization: Results of
an incubation-extraction experiment with a Black Forest soil [J].
Soil Biol Biochem, 2002, 34: 1425-1438.

Orr W L, White C M. Geochemistry of sulfur in fossil fuels
[M]//Tuttle M L, Rice A C, Goldhaber M B. Geochemistry of
Organic and Inorganic Sulfur in Ancient and Modern Lacus-
trine Environments: Case Studies of Fresh-Water and Saline
Lakes. Washington D C: America Chemical Society, Syrup Ser,
1990: 114-148.

Teske A, Wawer C, Muyzer G, Ramsing N B. Distribution of
sulfate-reducing bacteria in a Stratified Fjord (Mariager Fjord,
Denmark) as evaluated by most-probable-number counts and
denaturing gradient gel electrophoresis of PCR-amplified ri-
bosomal DNA fragments [J]. Appl Environ Microbiol, 1996,
62: 1405-1415.

Jonkers H M, Koh I O, Behrend P. Muyzer G, de Beer D.
Aerobic organic carbon mineralization by sulfate-reducing
bacteria in the oxygen-saturated photic zone of a hypersaline
microbial mat [J]. Microbial Ecol, 2005, 49: 291-300.

Fukui M, Takii S. Survival of sulfate-reducing bacteria in oxic
surface sediment of a seawater lake [J]. FEMS Microbiol Lett,
1990, 73: 317-322.

Berthelin J. Developments in geochemistry[M]//Furusaka C,
Nagatsuka N, Ishikuri S. Survival of Sulfate Reducing Bacte-
ria in Oxic Layers of paddy soils. Amsterdam: Elsevier, 1991:
259-264.

Wind T, Conrad R. Sulfur compounds, potential turnover of
sulfate and thiosulfate, and numbers of sulfate-reducing bac-
teria in planted and unplanted paddy soil [J]. FEMS Microbiol
Ecol, 1995, 18: 257-266.

Castro H F, Wiliams N H, Ogram A. Phylogeny of sulfate- re-
ducing bacteria [J]. FEMS Microbiol Ecol, 2000, 31: 1-9.

Prietzel J, Mayer B, Legge A H. Cumulative impact of 40
years of industrial sulfur emissions on a forest soil in
west-central Alberta (Canada) [J]. Environ Pollut, 2004, 132:
129-144.

Larssen T, Duan L, Mulder J. Deposition and leaching of sul-
fur, nitrogen and calcium in four forested catchments in China:
Implications for acidification [J]. Environ Sci Technol, 2011,
45:1192-1198.

ZHANG Wei et al.: Sulfur isotopic compositions and their environmental implications in l[imestone soil



