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ABSTRACT

The dual isotopic compositions of dissolved SO~ in aquatic systems are commonly used to ascertain SO3~
sources and possible biogeochemical processes. In this study, the physical parameters, major anions and
isotopic compositions of SO?{ in water samples from Changjiang River (Nanjin) to the East Sea in Chang-
jiang Estuary were determined. The salinity ranged from 0%. to 32.3%0 in the estuary water samples. The
cl, SOf{ concentrations and §'80-H,0 values followed the salinity variations from freshwater to seawa-
ter, which indicated that mixing processes might be a major factor involved in the distribution of water
and solutes. The contents and isotopic compositions of SO;~ suggested that atmospheric deposition,
evaporite dissolution and sulphide oxidation were the major sources of dissolved SO3 " in the freshwater
of Changjiang River. In addition, the mixing model calculated by contents and isotopic compositions of
SO3~ indicated that the mixing of freshwater and sea water was the major factor involved in SO3~ distri-
bution in Changjiang Estuary. However, slightly elevated §'%0-S0, values were observed in the turbidity
maximum zone, which suggested that biological processes might affect the O isotopic compositions of

SO% there.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Sulphur is an important biological element that is also a major
element of seawater and marine sediments. Sulphur has four main
oxidation states and acts as an electron acceptor and electron do-
nor for biogeochemical processes in redox reactions (Clark and
Fritz, 1997). Isotopic compositions (8>S and 5'%0) can be useful
indictors of SOf{ sources and biogeochemical processes in aquatic
environments (Clark and Fritz, 1997; Mayer, 2005). Accordingly,
several studies have employed the dual isotopic technique to iden-
tify the sources of SO3~ and transformation in rivers (Pawellek
et al., 2002; Brenot et al., 2007; Calmels et al., 2007; Otero et al.,
2008; Rock and Mayer, 2009). These studies have shown various
degrees of success for distinguishing the sources and fate of
SO;~. However, few studies have used the dual isotopic method
to explore SO~ biogeochemistry in estuaries.

Estuaries play a key role in the water and solute transportation
from rivers to the coastal sea. The Changjiang River is the largest
river in China and transfers a large amount of freshwater into the
East China Sea. A strong hydrologic regime occurring along the
water bodies ultimately re-suspends bottom sediments in re-
sponse to high tidal intrusions (Shen et al., 1992). The turbidity
maximum zone is an important area for the mixing of freshwater
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and sea water. Zhu et al. (2003) reported that the characteristics
of phytoplankton in a high red tide occurrence area were related
to freshwater entering the Chanjiang River estuary. Additionally,
organic matter preserved in the sediments was found to be pre-
dominantly controlled by the particulate organic matter based on
stable isotopic analysis of the Changjiang Estuary (Zhou et al.,
2006).

In this study, surface water and water column (16, 18, 19) sam-
ples were collected from downstream of Nanjin City to the East
China Sea during June 2005 (Fig. 1). The dual isotopic composition
of SO3~ combined with water and chemical data were used to
ascertain the factors controlling SO2~ behavior, such as conserva-
tive mixing or possible biogeochemical processes, especially in
the turbidity maximum zone.

2. Results and discussion

2.1. The variations of parameters and isotopic characteristics of water
in Changjiang Estuary

The temperature of the water samples ranged from 20.2 °C to
28.7 °C, with a mean value of 24.3 °C. The pH of the water samples
ranged from 7.0 to 8.7, with a median value of 7.9. Fresh water had
lower pH values than the high salinity waters. The salinity in-
creased from 0% to 32.3%. from the Changjiang River to the East
China Sea (Fig. 2). The Cl~ concentrations increased from
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Fig. 1. Map showing the locations of sampling sites along the Changjiang Estuary.
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Fig. 2. Variations of salinity (%.) and major anions in waters from Nanjing to East
Sea in the Changjiang Estuary.

0.12 mmol/L in freshwater to 517 mmol/L in high salinity waters.
There was a good positive relationship between the salinity and
Cl~ in the water (not shown). The vertical variations in the param-
eters in the water column are as follows: surface water had lower
salinity and Cl~ concentrations than samples collected from deeper
portions of the water column. The inhomogeneity of the water
chemistry suggested that mixing between the fresh water and
sea water was a slow process due to the complicated and large
movement of water in the Changjiang Estuary. The SO2~ concentra-
tions showed a similar trend to the salinity and Cl~ (Fig. 2), with
values ranging from 0.14 mmol/L to 23.5 mmol/L being observed.

The spatial variations in the 5!20 values of the water were sim-
ilar to the variations in salinity and Cl~. The O isotope of water can
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Fig. 3. Comparison between salinity and 8'®0-waters showing water mixing in
Changjiang estuary waters.

provide a characteristic fingerprint of the water sources. The isoto-
pic composition of modern seawater is close to 0%. (Clark and Fritz,
1997). In the present study, the water (19-50 m) with the greatest
salinity in the estuary had a §'80 value of 0%, while less saline
water in the river had a 3'®0 value of —7.1%.. As shown in Fig. 3,
there was a good positive relationship between the salinity and
880 of the water, which demonstrates that the movement of water
mass in the Changjiang Estuary affected the distribution of dis-
solved ions. The low §'80 value of sea water in the estuary sug-
gested that dilution had occurred as a result of freshwater
discharge.

2.2. The sources of sulphate in the Changjiang Estuary

The measured 5**S values of SO~ have a range of 5.3-20.5%,
and §'®0—S02" values have a narrow range of 8.0-12.4%.. As indi-
cated by Fig. 4, the SO2~ could be separated into two major types:
freshwater SO;  and sea water SO3 . The SO2~ of modern seawater
has a very homogenous and well-defined isotopic composition,
with a value of +21%. for §°*S and +9.5%. for 5'80 (Longinelli,
1989). In the present study, the isotopic compositions of SO~ in
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Fig. 4. 5'50—S03 versus §**S—S03~ for waters in Changjiang estuary, China. The
isotopic composition of various sources in the diagram (refer to Clark and Fritz,
1997; Krouse and Mayer, 2000; Calmels et al., 2007; Liu et al., 2009).

water samples with high salinity had characteristics similar to
modern seawater. In the Huangpu River, the last significant tribu-
tary of the Changjiang River before it empties into the East Sea,
SO2~ has 5°*S and 5'®0 values of 8.5% and 12.4%o, respectively.
The Huangpu River flows through many cities including Shanghai;
thus, SOZ~ in Huangpu River water is mainly derived from atmo-
spheric deposition and anthropogenic inputs.

The dissolved SO~ in river water was derived from these major
sources, including atmospheric deposition, dissolution of evapor-
ites, sulphide oxidation and mineralization of C-bound S as well
as anthropogenic inputs (Pawellek et al., 2002; Rock and Mayer,
2009; Mayer, 2005). Hong et al. (1995) demonstrated that the
3%4S—S02" values of rain were below —3%o in the Changjiang Basin.
The O isotope values of atmospheric SOf{ generally have enriched
180 values due to the high contribution of air O, to SO~ (Krouse
and Mayer, 2000; Jenkins and Bao, 2006). Jenkins and Bao (2006)
also showed that the range of 5'¥0—SO;  values was between
+10%0 and +20%. for atmospheric SO~ in Baton Rouge, LA in the
USA. In the present study, the 5*4S and §'®0 values of SO~ for
the mainstream of Changjiang River have a narrow range of
5.3-5.6%0 and 8.6-10.5%., respectively. Atmospheric deposition
might be a minor source of SOf{ to Changjiang River waters be-
cause of low contents of SO;~ and high 5'®0 values of SO in
precipitation.

The isotopic compositions of gypsum vary based on their geo-
logical age (Claypool et al., 1980). The Changjiang watershed is pri-
marily overlain with sedimentary rocks composed of marine
carbonates, evaporites and alluvium from Precambrian to Quater-
nary age (Chen et al., 2002). Evaporites, mainly present in the
upper reaches of the Changjiang watershed, release SO;  with
5*'5—S02" of +11%. and 5'80—S02~ of +8%. (Liu et al., 2009).
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Additionally, rich sulphides are present in coal strata inter-bedded
with carbonates in the region, especially in the southern basin of
the Changjiang River (Chetelat et al., 2008). The coal has a mean
84S value of —0.3%c in South China (Hong et al., 1993), which could
contribute S to waters after natural oxidation. There are two main
processes involved in sulphide oxidation (Taylor et al., 1984; van
Everdingen and Krouse, 1985):

FeS, +31/20, + H,0 — Fe*" + 2505 +2H" (1)
FeS, -+ 4Fe’* + 8H,0 — Fe®* + 2505 + 16H" 2)

The 3'80 of SO, from sulphide oxidation can be calculated by the
fraction f of O, vs. H,O and their respective enrichment factors
according to the equation (van Everdingen and Krouse, 1985):

8180504 :fH20(8180H20 + 8180504_]-[20) =+ O.825f02(618002
+£'%0s0,-0,) + 0.125(8'* 0,0 + £'30s0,-11,0) 3)

The first pathway would lead to O of new SO; derived from air O
and water O. The O of new SO2™ is only derived from water O
according to Eq. (2). The isotopic composition of air O is about
+23.5%0 (Kroopnick and Craig, 1972; Horibe et al., 1973). In the
present study, the 880 of freshwater in Changjiang River has a va-
lue of about —7%. The enrichment factors of &!80so,_u,0 and
£80¢0,_0, could be assigned as 4.1%0 and —11.4%. (Taylor et al.,
1984; van Everdingen and Krouse, 1985). Therefore, the
3'®0—S02" values would primarily have a range of —10%. to 10%.
Thus, evaporite dissolution in the upper reach and sulphide and
C-bound S oxidation might be the major sources of dissolved SO3-
for the freshwater of the Changjiang River. Meanwhile, atmospheric
deposition and anthropogenic inputs would be the other sources for
the Changjiang River.

2.3. The mixing process and factors impacting sulphate in Changjiang
Estuary

Sulphate is stable in natural conditions in the river. Therefore,
the mean isotopic values and contents of SOf{ in samples NJ and
Z]J (those furthest upstream; Fig. 1) were assigned to the freshwater
endmember. Sample 19 from a depth of 50 m had the highest
salinity and was designated as the sea water endmember in this
study. Fig. 5 shows a mixing model based on the isotope mass bal-
ance in Changjiang Estuary following Faure (1986). The results sug-
gest that mixing between freshwater and sea water was the
controlling factor for SOf{ distribution in the Changjiang Estuary.
However, the measured §'80-S0,4 does not follow the mixing line.
The analytical precision for 880 values was 0.5%.. However, redox
processes might affect the 8'80-50,. Harmful algal blooms occur
primarily in a confined region on the inner shelf off the Changjiang
River in the East China Sea during May-August. There was also a
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Fig. 5. Mixing models (crosses and lines) calculated with §**S/5'® — 0SO3~ and SO2~ concentration (except water of Huangpu River) in Changjiang Estuary following Faure

(1986), using endmembers described in the text. Diamonds show measured values.
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high chlorophyll-a concentration in this region (Chen et al., 2003).
Lewicka-Szczebak et al. (2009) reported that large diurnal varia-
tions in the 8'80-S0, values were observed for summer and spring
due to dynamic biochemical transformations occurring in reservoir
waters. Sulphur is an important biological element that can be
assimilated by biological organisms. The organic S can be oxidized
to SO~ during summer. This modified SO;~ would have similar
5345-S0, and different 5'80-S0, values due to the fact that water
with more positive 3'80 values took part in the oxidation reaction.
The water samples from the turbidity zone had slightly higher
5'80-S0, values than others, which might indicate that modified
processes would be an important reason for high §'80-S0, value
in the region.

3. Summary

The salinity and major ions increased from the fresh water end-
member to the sea water endmember in Changjiang Estuary. The
good positive relationship between salinity and ions as well as
5180-H,0 indicated that mixing processes were the major factor
controlling the distribution of water and solutes. The SO~ concen-
trations ranged from 0.14 mmol/L to 23.5 mmol/L in this study,
while the measured 5**S and §'®0—S02~ values ranged from
5.3%0 to 20.5%0 and from 8.0%. to 12.4%. in Changjiang Estuary,
respectively. The dissolved SO3~ in the Changjiang River mainly de-
rived from atmospheric deposition, evaporite dissolution in the
upper reach and sulphide/C-bound S oxidation according to end-
member analysis and geological character of basin. The 5>%S-S0,
might be affected by mixing processes due to mixing model calcu-
lated by isotope mass balance. However, §'80-S0, values were not
in agreement with the mixing process, which might be affected by
biological transformations and redox processes.
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