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Abstract

Since the Eastern Route of the South-to-North Water Diversion Project (SNWD-ERP) officially began operation, it was found
that the concentrations of sulfate rapidly increased after water transfer from Jiangsu Province to Shandong Province, especially
in Nansi Lake (NSL). The direct and original sources of sulfate in NSL and its surrounding inflowing rivers were investigated
by analyzing the hydrochemical properties of the water bodies and sulfur and oxygen isotope compositions of dissolved sulfate
during nondiversion and diversion water periods. During the diversion water period, the largest direct source of high SO42-
concentrations in NSL was evaporite dissolution, accounting for 52.18% of the total contribution. In contrast, during the
nondiversion water period, the maximum contribution of SO42- came from inflowing river inputs. To ensure the safety of the
water supply of the SNWD-ERP, some measures must be taken to decrease the sulfate inputs from inflowing rivers, such as
formulating strict discharge standards to reduce the direct discharge of sewage into the inflowing rivers around NSL.

Using sulfur and oxygen isotopes to analyze the source of sulfate associated with the Eastern
Route of the South-to-North Water Diversion Project in China

Running Head : Sulfate sources in the South-to-North Water Diversion Project in China.

Abstract:Since the Eastern Route of the South-to-North Water Diversion Project (SNWD-ERP) officially
began operation, it was found that the concentrations of sulfate rapidly increased after water transfer from
Jiangsu Province to Shandong Province, especially in Nansi Lake (NSL). The direct and original sources of
sulfate in NSL and its surrounding inflowing rivers were investigated by analyzing the hydrochemical proper-
ties of the water bodies and sulfur and oxygen isotope compositions of dissolved sulfate during nondiversion
and diversion water periods. During the diversion water period, the largest direct source of high SO4

2- con-
centrations in NSL was evaporite dissolution, accounting for 52.18% of the total contribution. In contrast,
during the nondiversion water period, the maximum contribution of SO4

2- came from inflowing river inputs.
To ensure the safety of the water supply of the SNWD-ERP, some measures must be taken to decrease
the sulfate inputs from inflowing rivers, such as formulating strict discharge standards to reduce the direct
discharge of sewage into the inflowing rivers around NSL.

Keywords:Nansi Lake; Sulfate; δ34SSO4; δ18OSO4; Diversion water period

Introduction

China is a country with water shortages, and the per capita water resources of China are below the global
average (Du, Fan, Liu, Park, Tang, 2019;Liu & Yang, 2012; State Council, 2012) . The most
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obvious feature is the disequilibrium in water resources between the north and the south, which is largely
due to the uneven spatial distribution of precipitation, and the northern region is generally less water-rich
than the South China region (Bian, Yan & Xu, 2014; Peng, Zhang, Yin & Wang, 2018; Wei, Yang,
Abbaspur, Monsavi & Gnauck, 2010; Xinchun et al., 2017; Yang & Zehnder, 2016; Zhao, Zuo
& Zillante, 2017) . The socioeconomic development of the northern region is greatly limited by the lack
of water resources (Li, Xiong, Zhang, Wang & Wang, 2016; Zhao et al., 2017; Zhang & Anadon,
2014) . Therefore, in 2002, the Chinese government launched the South-to-North Water Diversion Project
(SNDP) to solve the problem of water shortages in the northern region (He, Hipel & Kilgour, 2014) .
The SNDP is divided into three routes, including the Western Route Project, the Middle Route Project and
the Eastern Route Project.

The Eastern Route Project (SNDP-ERP) is an integral part of the South-to-North Water Diversion Project
in China. The project spans the Yangtze River basin, Yellow River basin, Huai River basin and Hai River
basin, and the total channel distance of water diversion is approximately 1,466.24 kilometers (Zhuang et al.,
2019 ). The SNWD- ERP diverts water from the lower reaches of the Yangtze River to Jiangsu, Shandong
and Hebei Provinces, and to Tianjin municipality with a complex hydraulic system of interconnected lakes,
rivers and canals (Fig. 1 ). Interconnected lakes, such as Nansi Lake, are thus used as storage reservoirs
and water channels. The SNWD-ERP has officially been operational for six years, starting in May 2012;
it runs during the dry season and stops during the wet season, which greatly reduces the water-shortage
pressure along the water transfer line. However, it is difficult to ensure long-term water quality due to the
complex hydraulic system (Gu, Shao & Jiang, 2012; Li, Li & Zhang, 2011; Zhuang et al., 2019) .
Long-term monitoring indicated that the sulfate concentrations increased rapidly after water transfer from
Jiangsu Province to Shandong Province and reached 400 mg/L in Nansi Lake.

Sulfur is not only quite common in the Earth’s crust but is also a common and important biological element
(Schlesinger, 2005; Valiente et al., 2017 ). Sulfur acts as an electron acceptor and electron donor
in many redox reactions; therefore, the sulfur cycle plays an important role in biogeochemical processes
(Clark & Fritz, 1997; Hoefs, 2015; Feng; Li et al., 2011; Ono, Sim & Bosak, 2014; Rock &
Mayer, 2009; Spence & Telmer, 2005).Although sulfate is nontoxic, if sulfate concentrations are too
high, water quality declines, and high concentrations may even cause diarrhea in humans (Killingsworth
& Bao, 2015; Nakano et al., 2005 ). Sulfate is a ubiquitous component in surface waters. The origins of
sulfate in surface water are divided into two groups: a) natural sources, that is, form evaporite dissolution,
atmospheric deposition, and sulfide oxidation, and b) anthropogenic emissions, that is, form chemical fer-
tilizer use, urban sewage and industrial mine wastewater discharge ( Brenot, Carignan, France-Lanord
& Benoit, 2007; Calmels, Gaillardet, Brenot & France-Lanord, 2007; Cao, Wu, Zhou, Sun &
Han, 2018; Killingsworth & Bao, 2015; Krouse & Mayer, 2000; Otero, Soler & Cannals, 2008;
Sun, Kobayashi, Strosnider & Wu, 2017;Yang, Telmer & Veizer, 1996; Yoon et al., 2008 ).

The sulfur isotope compositions of sulfate are different if the sulfate sources are different (Brenot et al.,
2007; Ingri, Torssander, Andersson, Morth & Kusakabem, 1997; Krouse & Mayer, 2000;
Morth, Torssander, Kusakabe & Hultberg, 1999; Schiff, Spoelstra, Semkin & Jeffries, 2005;
Tuttle, Breit & Cozzarelli, 2009; Yoon et al., 2008; Yuan & Mayer, 2012 ). Therefore, stable
sulfur isotopes have been used in the past several decades to track the sources of dissolved sulfates (Hosono,
Delinom, Nakano, Kagabu & Shimada, 2011; Killingsworth & Bao, 2015; Kim, Yun, Yoon &
Mayer, 2019; Rivas, Pozo & Paz, 2014; Valiente et al., 2017; Yoon et al., 2008; Zhou et al., 2016;
). However, it is difficult to study the original sources of dissolved sulfates in lakes; e.g., the dissolved sulfates
from atmospheric precipitation and sulfide have the same isotope signature (Mayer, Shanley, Bailey &
Mitchell, 2010; Yang et al., 2010 ; Tuttle et al., 2009). As a result, the δ34S value range may overlap
(the δ34S values from both of the above sulfate sources are low). The sulfur isotope composition is affected
by biological reduction and negatively correlated with the sulfate concentrations (low concentrations and
high isotope values), which may coincide with the sulfur isotope values of the sulfates formed by evaporite
dissolution(Krouse & Mayer, 2000; Stam, Mason, Pallue & Cappellen, 2010; Young, Cadieux,
Peng, White & Pratt, 2018 ). The abovementioned phenomena make analyses of the sources of dissolved
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sulfates complicated.

The oxygen isotope composition of newly formed sulfates depends on many different factors in natural water
bodies, and it is possible to characterize sulfate sources by coupling the isotopes of sulfur and oxygen (Balci,
Shanks, Mayer & Mandernack, 2007; Karim & Vezier, 2000 ). Therefore, studies have begun to
confirm the sulfate sources of in rivers, glaciers, groundwater, wetlands and the atmosphere by using a dual
isotope approach (Cao et al., 2018; Guo et al., 2019; Killingsworth & Bao, 2015; Li, Gan, Zhou
& Liu, 2015; Young et al., 2018; Zhou et al., 2016 ). However, there are few studies of the sulfate
sources associated with artificial water transfer.

The aims of this study is to trace the sources of dissolved sulfate after water enters Shandong Province using
a dual isotope approach. Nansi Lake was chosen as the targeted study area because it has the highest sulfate
concentrations in Shandong Province. The geological characteristics, hydrochemical types and sulfur and
oxygen isotope compositions of sulfate in Nansi Lake, the surrounding rivers, and underground water during
the nondiversion and diversion water periods (Jul. 2018, and Jan. 2019) were investigated and analyzed.

2. Materials and methods

2.1. Study area

Nansi Lake (NSL) is an important storage hub of the SNWD-ERP. This lake is located in western Shandong
Province (WSD), (34°27’ to 35deg20’ N and 116deg34’ to 117deg21’ E). NSL consists of four sublakes: the
Nanyang, Dushan, Zhaoyang and Weishan sublakes, extending from north to south. NSL is the largest lake
in North China, with a water area of 1,266 km2 and 53 inflowing rivers. NSL is situated in a warm temperate
zone, and the climate is a subhumid continental monsoon climate with 700 mm of annual precipitation. The
evaporites in WSD are dominated by rock salts and gypsum salts, and gypsum salts (gypsum mines) are
mainly distributed in the southwestern portion of WSD (Qi, 2010 ).

2.2. Sampling

Around NSL and the surrounding rivers, two samplings campaigns were conducted during nondiversion and
diversion water periods (Jul. 2018, and Jan. 2019). According to the previous monitoring data for sulfates in
NSL (obtained from the Shandong South-to-North Water Diversion Project Construction Administration),
17 samples were collected during the diversion water period, including samples from 11 rivers entering NSL,
one from groundwater, one from a transfer channel and four from the center of the lake; the samples were
named Sample 1-17 (S1-S17). Moreover, 11 samples were collected during the nondiversion water period
(Fig. 2 ). The water samples were filtered through a 0.45-μm Millipore membrane of cellulose acetate and
were hermetically stored in high-density polyethylene (HDPE) bottles for chemical and isotope analysis. In
addition, a gypsum sample was collected from a large gypsum mine near NSL.

2.3 Analytical methods

2.3.1 Chemical analysis

A portable water quality analyzer (HACH, HQ-40d) was used to measure the temperature (T), pH, and
electrical conductivity (EC) values at the sampling sites. Additionally, the alkalinity (HCO3

- metering) of
the samples was measured by Gran titration with 0.025N HCl (aq.) in the field. The samples for measuring
cations were acidified to pH < 2 with ultrapure HNO3. Approximately 200 mL of water was subsampled from
each water sample to measure the anion and cation concentrations of Cl-, SO4

2-, NO3
-, Na+, K+, Ca2+, and

Mg2+by ion chromatography (ICS-3000, DIONEX). The precision of the anion and cation concentrations
were better than 5 mg/L.

2.3.2 Isotopes analysis

Approximately 2 L of water was subsampled in a beaker and acidified to pH < 2 with distilled 6 M HCl to
remove HCO3

- or CO3
2-, and BaSO4 was precipitated by adding 10% BaCl2 (aq.) to the beaker and left to

stand overnight. The gypsum sample was ground to a powder, which was dissolved in 10% NaCl (aq.) for 24

3
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hours and then filtered through a 0.45-μm Millipore membrane of cellulose acetate. The filtrates were acidified
to pH< 2 with 25% HCl (aq.), and BaSO4 was precipitated by adding excessive 10% BaCl2 (aq.) to the
beaker and left to stand overnight (Goldberg, Poulton & Strauss, 2005; Kampschulte, Bruckschen &
Strauss, 2001 ). Then, the BaSO4 precipitated from the gypsum sample, and the water samples were both
filtered and collected on a 0.45-μm Millipore membrane of cellulose acetate. The precipitate was continuously
flushed with ultrapure water until the Cl- concentrations could be ignored in the filtrates (tested with AgNO3

reagent). Finally, the precipitate was dried for 24 hours at 60 .

The BaSO4 from each sample was divided into two portions, and the sulfur and oxygen isotopes were
measured by using a continuous flow isotope mass spectrometer (CF-IRMS, CV Instrument Corp., UK).
One portion was placed in a tin cup and burned and decomposed to SO2 in an elemental analyzer (Euro
EA 3000, Euro Vector S.P.A., Italy) at 1,000 °C and was then passed into IRMS (IsoPrime) by a helium gas
stream to measure the value of δ34SSO4. The other portion was wrapped tightly in a silver cup, was burned
and lysed to CO in the same analyzer at 1,280 °C; then, the product was passed into IRMS (IsoPrime)
by a helium gas stream to measure the δ18OSO4 value. The resulting values of δ34SSO4and δ18OSO4 were
compared with the Vienna Canyon Diablo Troilite (V-CDT) standard and the Vienna Standard Mean Ocean
Water (V-SMOW) standard, respectively. The international sulfur standard, NBS-127, was measured as an
internal standard correction. The precision of the δ34SSO4 and δ18OSO4 analyses was estimated to be better
than ±0.2

3. Results

3.1. Hydrochemistry

Table 1 shows the chemical data for each water sample in the nondiversion (n=11) and diversion water peri-
ods (n=17). In the nondiversion and diversion water periods, the SO4

2- concentrations ranged from 158 mg/L
to 277.65 mg/L and from 170.49 mg/L to 631.5 mg/L, respectively. The SO4

2- concentrations in the diver-
sion water period were notably higher than those in the nondiversion water period. The SO4

2-concentrations
in NSL showed a gradual increasing trend from south to north in both periods, and the maximum value of
SO4

2- was observed in the Nanyang sublake (NE). The highest concentrations of some major ions, such as
HCO3

-, Cl-, Na+ and Mg2+, were observed in the Nanyang sublake (SW) (HCO3
- up to 245.51 and 215.28

mg/L, Cl- up to 155.51 and 138.02 mg/L, Na+ up to 226.59 and 170.33 mg/L and Mg2+ up to 7.77 and
42.85 mg/L in the two periods). The SO4

2- concentrations and concentrations of other major ions, except
for Na+ and K+, in the Nanyang sublake (SW) were similar to those in the Nanyang sublake (NE). The pH
and EC values in the Nanyang sublake (SW) were greatest in NSL during the nondiversion water period and
reached 8.5 and 1,388 μs/cm, respectively. The concentrations of SO4

2- and other ions in the Dushan and
Zhaoyang sublakes were lower than those in the Nanyang sublake, except for NO3

- and Ca2+.

The SO4
2- concentrations in the main inflowing rivers around NSL ranged from 149.00 mg/L to 685.49 mg/L

during the nondiversion water period. The maximum SO4
2- concentrations appeared in the Chengguo River,

the main river entering the Zhaoyang sublake. The Sihe River, Old Wanfu River, Guangfu River, Zhushui
River, Zhuzhaoxin River and Old Canal are important inflowing rivers around the Nanyang sublake. The
average SO4

2- concentration in these rivers was approximately 319.34 mg/L, with maximum concentrations
being observed in the Zhuzhaoxin River (up to 590.65 mg/L). Similar to the findings in the nondiversion
water period, the SO4

2- concentrations in the inflowing rivers around NSL ranged from 142.06 mg/L to
671.32 mg/L during the diversion water period, and the maximum value appeared in the Zhuzhaoxin River,
a major inflowing river of the Nanyang sublake (NE). The Na+ content in the Zhuzhaoxin River was also
maximum value among those for all the inflowing rivers, reaching 357.04 mg/L, and the Cl- content was
slightly lower than that in the Old Wanfu River. The Old Wanfu River not only displayed the maximum Cl-

value (320.66 mg/L) but also the highest EC (1,967 μs/cm) and HCO3
- values (451.18 mg/L) among all river

samples. Additionally, there was little difference in the SO4
2- concentrations between the Zhuzhaoxin River

and the Old Wanfu River. The Old Wanfu River is a main inflowing river of the Nanyang sublake (SW). The
SO4

2- concentration in the Old Canal was 559.69 mg/L and was slightly lower than that in the Zhuzhaoxin
River. The proportions of SO4

2- and other major ions in the river samples around NSL exhibited trends

4
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similar to those in NSL.

Compared to those in the rivers, the SO4
2- concentrations in groundwater were lower during the nondiversion

water period, whereas HCO3
- contents were as high as 506.47 mg/L and the Ca2+ content reached a maximum

value of 143.81 mg/L. In contrast to the trends in the nondiversion water period, the SO4
2- concentrations

in groundwater clearly increased, and other major ion contents, such as HCO3
-, Cl-, Na+, Mg2+ and Ca2+,

displayed marked increases during the diversion water period.

These hydrochemical data can be used to determine the water type. The main water types of NSL during
the nondiversion and diversion water periods were Na+-SO4

2--Cl-and Na+-SO4
2--HCO3

-, respectively (Fig.
3 ). Similar to NSL, the water types of the main inflowing rivers were Na+-SO4

2--Cl-and Na+-SO4
2--HCO3

-,
respectively. The water type in NSL and the surrounding rivers was similar to Gonghe geothermal water
(Liu, Guo, Zhang, Wang & Wang, 2017) , where the ions mainly came from gypsum dissolution;
therefore, the ions in NSL and the surrounding rivers might have the same ion sources. However, the water
types in groundwater was Ca2+-SO4

2--Cl-during both the nondiversion and diversion water periods. This
finding indicates that the impact of groundwater inputs on NSL is low.

3.2. Isotopic data

The dual isotopic data for lake, river and underground water samples are shown in Table 1. In the nondi-
version and diversion water periods, the δ34SSO4 values in the lake samples ranged from 9.5(SW)) and from
11.78sublake) respectively, with average values of 11.78respectively. The fluctuation ranges of δ34SSO4 in
the nondiversion and diversion water periods showed little variation. The δ34SSO4 values in river samples in
the nondiversion and diversion water periods ranged from -0.07Chengguo River) to 22.15the Sihe River) to
14.55mean values of 10.92the lake samples, the fluctuation ranges of δ34SSO4 values in the river samples were
greater, and the δ34SSO4 value range during the nondiversion water period was greater than that during the
diversion water period.

The values of δ18OSO4 in lake samples ranged from 8.33(SW)) and from 8.6in the nondiversion and diversion
water periods, respectively, with average values of 10.14the values of δ18OSO4 varied from 7.59from 6.27the
nondiversion and diversion water periods, respectively, with mean values of 9.90δ18OSO4 values from lake
samples displayed the same pattern as the δ34SSO4 values. However, the fluctuation ranges of δ18OSO4

values from river samples were definitely smaller than those of δ34SSO4 values. The maximum δ18OSO4 and
δ
34SSO4 values for both the lake and river samples appeared at the same location during the nondiversion

and diversion water periods. The change in δ34SSO4 values was not clear in most of the samples for different
periods, except samples from the Chengguo River (Table 1 and Fig. 4(i) ), and the δ18OSO4 values in
samples all approached a trend of 1:1 (Table 1 and Fig. 4(j) ), except for the Sihe River. It can be assumed
that the SO4

2- source in these two rivers had changed. In addition, the δ34SSO4 and δ18OSO4 values from
the gypsum collected around NSL were 15.70

4. Discussion

4.1 Sulfate characteristics during the two sampling periods

The SO4
2- concentrations were significantly high in NSL, and they could have been influenced by seasonality.

Usually, in the wet season, large amounts of precipitation dilute surface water, resulting in a decrease in some
chemicals, whereas in the dry season with little rainfall, evaporation can cause salinity variations, such as for
SO4

2- and Cl-. The maximum SO4
2- concentrations in NSL in the diversion water period (dry season) were

more than three times greater than those in the nondiversion water period (wet season). The contents of the
other major ions and pH values in the diversion water period were higher than those during the nondiversion
water period (Fig. 4 ).

The SO4
2- concentrations in NSL were positively correlated with those in the surrounding rivers. As shown

in Table 1, the SO4
2- concentrations in the sublakes surrounded by some inflowing rivers with high SO4

2-

contents were significantly higher than those in other areas. During the diversion water period, the SO4
2-

contents were highest in the Zhuzhaoxin River and in the Old Canal, the main rivers inflowing into the

5
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Nanyang sublake (NE), and accordingly, the SO4
2- concentrations in the Nanyang sublake (NE) were con-

siderably higher than those in the other sublakes (Table 1 and Fig. 2 ). This result suggested that the
inflowing rivers might be major contributors to the increase in SO4

2- concentrations in NSL. Similarly, other
major ions in the sublakes of the NSL presented the same patterns as in the inflowing rivers. This result
was in agreement with the results of a previous study (Valiente et al., 2017 ), suggesting that in sur-
face waters, SO4

2- concentrations can be affected by external inputs (streams), beyond precipitation and
evaporation processes.

The concentrations of SO4
2- and Cl- in surface waters can change due to rainfall and evaporation, but

the relative ratios for the two sampling periods would change little (Drzewicki, Trojanowska-Olichwer,
Jedrysek & Halas, 2017 ). However, as shown in Fig. 4(e) , the SO4

2-/Cl- ratio values in the diversion
water period were generally higher than those in the nondiversion water period, implying that there could
be other factors responsible for the increase in the SO4

2- concentrations in lakes and rivers in addition to
decreased rainfall in the diversion water period, such as sewage inputs.

4.2. Sources of sulfate in the NSL

According to the above discussion of hydrochemical and isotopic characteristics in NSL and the main inflowing
rivers, the potential sources of sulfate in NSL were mainly related to atmospheric precipitation, river inputs,
and evaporite dissolution. Atmospheric precipitation is an important potential source of sulfate in surface
water (Li et al., 2011 ). According to Krouse and Mayer (2000), the values of δ34SSO4 and δ18OSO4

from atmospheric deposition ranged from -3measured values of δ34SSO4 and δ18OSO4 from the lake samples
fell outside of these ranges. It was also noted that there was little acid precipitation in the study area (Yu et
al., 2017 ), indicating that atmospheric deposition was not the main source of the sulfate present in NSL.

As seen in Fig. 5 , SO4
2- in NSL mainly came from sewage and evaporate dissolution, and sewage was only

carried into the lake through the inflowing rivers around NSL, as a policy prohibits direct sewage discharge
into the lake. Therefore, the direct sources of SO4

2- in NSL were the evaporite dissolution and river inputs.
In addition, the isotopic signatures were changed by microbial sulfate reduction in the anaerobic environment
of water bodies (Young et al., 2018 ), resulting in low SO4

2- concentrations but high δ34S values; hence,
information on sulfate sources might be obscured by microbial sulfate reducers (Valiente et al., 2017
). However, there was no significant negative correlation between the SO4

2- contents and δ34SSO4 values
during the nondiversion and diversion water periods (Fig. 6 ), and NSL is difficult to form an anaerobic
environment due to long-term high dissolved oxygen (Tian, Pei, Hu & Xie, 2012 ). Therefore, the effect
of microbial sulfate reducers on the sulfur isotope composition can be overlooked in NSL.

4.3. Contributions from different sulfate sources

After sulfate dissolves in water, it is difficult to change its isotopic composition

(microbial reduction has little effect on sulfate in natural water); therefore, the source information is retained
( Li et al., 2011; Zhou et al., 2016) used the characteristics of the isotopic composition in natural water
and successfully determined that the sulfate in the Jialing River in the rainy season is mainly derived from
sulfide oxidation with a 56% contribution ratio, and in the dry season, the sulfate is mainly derived from
domestic and industrial wastewater with a 49% contribution ratio. Therefore, in this paper, stable isotopes
were also used to calculate the contribution ratios from each source of sulfate in NSL.

To accurately calculate the contribution rates, according to the geographic position

of each main SO4
2- source, NSL was divided into different areas. In the nondiversion water period, the SO4

2-

contents in the Nanyang sublake and its inflowing rivers were high, and the concentrations in other sublakes
and their inflowing rivers were low, except in the Chengguo River. Additionally, low SO4

2-contents have
little effect on the environmental and water quality in natural waters. Therefore, the Nanyang sublake, as
the key research area of NSL, was divided into different areas to calculate the contribution rates of each
main SO4

2- source. Unlike in the nondiversion water period, NSL was divided into different areas in the
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diversion water period, because of the environmental influence of high SO4
2- contents in each sublake and

the inflowing rivers during the diversion water period could not be ignored.

4.3.1 Nondiversion water period

Fig. 3 shows that there were significant differences in the chemical types of water

in the Old Canal and in the Nanyang sublake and that the SO4
2- concentrations in the Old Canal were lower

than those in the Nanyang sublake. Therefore, the Old Canal was not the main source for the Nanyang
sublake, and the impact of the Old Canal on sulfates in the Nanyang sublake could be ignored during the
nondiversion water period.

In addition, the converging area of the Sihe River and the Nanyang sublake was the boundary of the
distribution of the gypsum salts in the WSD, and there was more gypsum salts distributed in the area of
southwest of the Sihe River (Qi, 2010 ). Therefore, SO4

2- from evaporite dissolution was not considered as
the main source of sulfate in the Nanyang sublake, except in the converging area of the Sihe River and the
Nanyang sublake.

According to the spatial distribution of the adjacent main SO4
2- source, the Nanyang sublake was divided

into three parts: NYSL-1, NYSL-2 and NYSL-3 (Fig. 7(a) ). NYSL-1 was the mixing area of the Guangfu
River, the Zhushui River and the Nanyang sublake. NYSL-2 was the convergence area of the Sihe River and
the Nanyang sublake. NYSL-3 was the mixing area of the Zhuzhaoxin River, the Old Wanfu River and the
Nanyang sublake. We hypothesized that the δ34SSO4 values in each region reached the value observed in the
Nanyang sublake during the nondiversion water period. The δ34SSO4 values were measured to the northeast
and southwest of the Nanyang sublake due to the complex SO4

2- concentration distributions in the Nanyang
sublake. In the NYSL-1 and NYSL-2 regions, the δ34SSO4 value was 12.50δ34SSO4 value was 13.35(Table 1
).

The SO4
2- contribution rates of each main source can be calculated by the following formulas (Li et al.,

2011 ):

δ
34Slake=δ

34Si*A+δ34Sj*B (1)

A + B= 100% (2)

δ
34Slake = δ34Sgypsum * C + δ34Sk *D (3)

C + D = 100% (4)

where δ34Slake is the value of δ34SSO4 in the lake; δ34Si, δ
34Sj and δ34Sk are the values of δ34SSO4 from

different inflowing river inputs; and δ34Sgypsum is the value of δ34SSO4 in gypsum (15.70C and D are the
contribution rates. Eq. (1) and Eq.(2) were used for NYSL-1 and NYSL-3, and Eq. (3) and Eq. (4) were
used for NYSL-2.

All the calculated contribution rates are summarized in Table 2 , and the maximum contribution of SO4
2-

in the Nanyang sublake came from the Old Wanfu River input and was as high as 32.56%, followed by the
contribution of evaporite dissolution (25.60%). Therefore, the inflowing river inputs were the main sulfate
source in the Nanyang sublake in the nondiversion water period.

4.3.2 Diversion water period

With the increased high SO4
2-concentrations to high levels in inflowing rivers, the distributions of the SO4

2-

content in NSL during the diversion water period was complicated. According to the SO4
2- distributions,

NSL was divided into three major areas, named as the Zhaoyang and Weishan sublake areas (ZWSL), the
Dushan sublake area (DSSL) and the Nanyang sublake area (NYSL) (Fig. 7(b) ). To accurately calculate
the contribution rates from each source, ZWSL, DSSL and NYSL were further divided into three subregions,
two subregions and four subregions, respectively, in accordance
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with the locations of adjacent major sulfate sources. The first three subregions were the convergence areas of
the Hanzhuang Canal and the Weishan sublake, the Panlong River and the Weishan sublake, and the
Chengguo River and the Zhaoyang sublake. The fourth and fifth subregions were the lake mixing areas of
the Baima River and Dongyu River with the Dushan sublake, respectively. The sixth subregion was the
mixing area of the Sihe River and the Nanyang sublake. The final three subregions were the mixing areas of
the Old Wanfu River and the Wanfu River, the Zhuzhaoxin River and the Zhushui River, and the Old Canal
and the Guangfu River. It was hypothesized that the δ34SSO4 value in each subregion reached the value in
each corresponding sublake during the diversion water period.

To calculate the SO4
2- contribution rates, Eq. (3) and Eq. (4) were used for the first six subregions, and Eq.

(1) and Eq. (2) were used for the latter three subregions. A δ34SSO4value of 11.78used for the first, second
and third subregions, and 14.63the δ34SSO4 value for DSSL for the fourth and fifth subregions. Additionally,
12.86δ34SSO4 value of the lake in the seventh subregion. The remaining subregions used 14.10δ34SSO4 value of
the lake (Table 1 and Fig. 7(b) ). The calculated contribution rate of each river in NYSL to the respective
subregions was divided by 12, and contribution rate of each river in DSSL and ZWSL were divided by 6 and
9 respective. The contribution rates of each source to the NSL was obtained. The results are presented in
Table 3 .

According to Eq. (3) and Eq. (4) , the total SO4
2- contribution rates of evaporite dissolution to NSL was

52.18%, with the maximum contribution rate occurred during the diversion water period. The SO4
2- source

from inflowing river inputs cannot be neglected, especially for the Zhuzhaoxin River, Old Canal, and Wanfu
River (total contribution of 22.76%). Moreover, these three rivers all flowed into the Nanyang sublake, where
the SO4

2- contributions from inputs were largely higher than those from evaporite dissolution.

In contrast to trends in the NYSL, the SO4
2- sources for the DSSL and ZWSL both came mainly from

evaporite dissolution, and the contribution rates of inflowing rivers provided lower amounts of sulfate. In
addition, the Hanzhuang Canal is a channel for artificial water transfer from Jiangsu Province to Shandong
Province during the diversion water period. As shown in Table 3 , the contribution rate from artificial
water transfer to NSL was low compared with that from evaporite dissolution and with the contribution of
other inflowing rivers. Notably, sulfate from diversion water was not the main source in NSL.

By comparing the contributions of SO4
2- sources in NSL in the nondiversion and diversion water periods,

mainly concentrating on the Nanyang sublake, it was evident that the contributions had significant dif-
ferences. For example, the Wanfu River was not the main SO4

2- source for the Nanyang sublake in the
nondiversion water period, but it provided the maximum contribution during the diversion water period.
Similar changes also occurred in the Old Canal. In addition, the SO4

2- contribution rate of the Zhuzhaoxin
River increased greatly from the nondiversion to diversion water periods. However, the SO4

2-contribution
of the Old Wanfu River decreased dramatically. The SO4

2- contribution from evaporite dissolution to the
Nanyang sublake changed little between the nondiversion and diversion water periods.

4.4. Sources of sulfate in the inflowing rivers

The main sources of sulfate in rivers and water transfer included atmospheric deposition, evaporite dissolu-
tion, the oxidation of sulfides, and human inputs (Brenot et al., 2007; Cao et al., 2018; Killingsworth
& Bao, 2015; Sun et al., 2017; Yoon et al., 2008 ). The sulfate from human inputs into the river system
came mainly from domestic sewage. Therefore, the SO4

2-sources in the rivers around NSL were divided into
four types: a) atmospheric deposition, b) evaporite dissolution, c) sulfide oxidation, and d) sewage.

From Fig. 5 , the values of δ34SSO4 and δ18OSO4 from samples such as those from the Old Canal, Guangfu
River, Zhuzhaoxin River, Wanfu River and the Old Wanfu River in both periods were associated with sources
of evaporite dissolution. Specifically, the Zhuzhaoxin River, the Old Canal and the Wanfu River, all entered
the Nanyang sublake with high SO4

2- contributions. Although the SO4
2- from evaporite dissolution was less

than 30% in the NYSL according to the calculated contribution rates (for two periods), the rivers entering
the Nanyang sublake had high concentrations and contribution rates of SO4

2- , which came from evaporite
dissolution. Therefore, it is reasonable to assume that the δ34SSO4 and δ18OSO4 values of the Nanyang

8
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sublake plot in the evaporite dissolution area in Fig. 5 .

The δ34SSO4 and δ18OSO4 values of the Panlong River, Chengguo River, Baima River and Dongyu River
were in the range of the sewage sources; therefore, the SO4

2-sources of these rivers were mainly from artificial
inputs during the diversion water period. These rivers are large rivers with wider watershed areas and are
important water resources for the cities in each watershed. Domestic sewage from large cities, such as Jining
and Zaozhuang, might be received by these rivers. In addition, the Zhushui River plots in the overlapping
area between evaporite dissolution and sewage, as shown in Fig. 5 . The SO4

2- source of the Zhushui River
during the nondiversion water period mainly plots in the area of evaporite dissolution. During the diversion
water period, sewage became one of the primary sources, and the values of δ34SSO4 and δ18OSO4 in the
Zhushui River were influenced, resulting in shifts in the values of δ34SSO4 and δ18OSO4 to values that plot
in the sewage area.

The δ34SSO4 and δ18OSO4 values in the Hanzhuang Canal were in the range of atmospheric deposition and
plotted near the sewage area, which could have been the result of a mixture of sewage and atmospheric de-
position sources. The SO4

2- source of the Chengguo River in the nondiversion water period was atmospheric
deposition, but the source in the diversion water period involved both sewage and atmospheric deposition.
By comparing the SO4

2-contents of the Chengguo River in the nondiversion and diversion water periods,
sewage had a greater contribution rate in the diversion water period. However, in the nondiversion water
period, due to sufficient rainfall and the abundant coal resources in the Chengguo River Basin, sulfur dioxide
from coal combustion might have eventually transformed into sulfate and then entered the Chengguo River
through precipitation.

5. Conclusions

In the present study, to clarify the problem of increasing sulfate levels in the SNWD-ERP, the sources of
sulfate in NSL, an important storage hub of the SNWD-ERP, were traced through hydrochemical research
and by sulfur and oxygen isotope analysis. We obtained documented hydrochemical evidence of sulfate
changes in the two periods, and the changes were linked to seasonal overturn, evaporite dissolution and
inputs from the rivers that flow into NSL.

During the nondiversion water period (wet season), the SO4
2- concentrations were significantly lower in NSL,

except for that in the Nanyang sublake, than in the diversion period. The maximum SO4
2- contribution

in the Nanyang sublake came from the inputs of inflowing rivers, especially that from the Old Wanfu
River, providing up to 32.56% of the total contribution. In addition, the SO4

2- contribution from evaporite
dissolution accounted for 25.60% of the total level. In the diversion water period (dry season), the largest
source of the high SO4

2- concentrations in NSL came from evaporite dissolution, accounting for 52.18% of the
total contribution. However, the SO4

2- proportion from inflowing river inputs into NSL could not be ignored,
especially for the inputs from the Zhuzhaoxin River, Old Canal and Wanfu River, with SO4

2- contributions
of 8.10%, 7.54% and 7.12%, respectively. Notably, in the NYSL, the SO4

2- contributions of these rivers were
higher than those from evaporite dissolution.

Thus, to guarantee satisfactory diversion water quality, it is essential to initiate treatment methods to
decrease the SO4

2- content, such as by using activated carbon or charcoal adsorption, before water is diverted
from NSL to transfer pipelines. In addition, the SO4

2- contributions from sewage in inflowing rivers are a
major sulfate source, such especially for the Chengguo and Panlong Rivers. Therefore, it is necessary to
formulate strict discharge standards to reduce the direct discharge of sewage into the rivers that flow into
NSL.
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