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The quantiﬁcation of point source (PS) pollution and non-point source (NPS) pollution in diﬀerent regions is
needed so that targeted management strategies for water environment managers can be prepared. The aim of this
study was to establish a method for quantifying PS and NPS pollution by measuring ion concentrations. The
Danjiangkou Reservoir and its main tributaries were selected as the study area. The spatiotemporal variation in
the concentration of nutrients and ions was analyzed. The results showed that the main ions did not display any
distinct spatiotemporal variations on the reservoir, but spatiotemporal variations were evident in the tributaries:
Mg2+, Na+, SO42− and Cl− were lowest in the wet season, K+ was highest in the dry-to-wet transition season,
and Si was highest in the wet season. We selected Cl−/TN, SO42−/TN, and Na+/TN as PS pollution tracking
indicators and K+/TN, Ca2+/TN, and Si/TN as NPS pollution tracking indicators. The mean contribution rate of
NPS pollution calculated using Cl−/TN, Na+/TN, and Si/TN, and by the isotope approach, had a signiﬁcant
linear relationship (p < 0.01). Therefore, Cl−/TN, Na+/TN and Si/TN were used to quantitatively assess the
pollution sources. The calculated results indicated the TN load was dominated by the NPS pollution, and the
average contribution rates of NPS of TN in the tributaries from the dry season to the wet season were 79%, 83%,
and 93%, respectively. The TN load of NPS was highest during the wet season with a maximum value over
400 × 10−3 t a−1 km−2, while the TN load of PS was highest during the dry season with a maximum value of
39.3 t a−1. This study provides a new approach to the quantitative analysis of pollution sources by using hydrochemical characteristic ion indicators.
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1. Introduction
Eutrophication caused by excessive nitrogen and phosphorus inputs
has caused many ecological and environmental problems, such as the
frequent occurrence of cyanobacterial blooms and a decline in biodiversity. Eutrophication has not been adequately addressed globally and
remains a major global water environment problem (Smith and
Schindler, 2009). Reducing nutrient emissions is fundamental to improving water quality and restoring the health of aquatic ecosystems.
Both point-source (PS) pollution (e.g., domestic wastewater and industrial wastewater) and non-point-source (NPS) pollution need to be
controlled to reduce eutrophication (Kronvang et al., 1995; Wu and

Chen, 2013). The quantiﬁcation of PS pollution and NPS pollution in
diﬀerent regions is required so that targeted management strategies for
water environment managers can be created.
Several methods have been proposed for quantifying PS and NPS
pollution. These methods include the use of: multivariate statistical
analysis, dual stable isotopes (a combination of 15N and 18O in nitrate),
hydrological and water quality watershed models, geographical information systems (GIS) technology, and hydrochemical characteristics
(Shrestha and Kazama, 2007; Rogers et al., 2012; Abbaspour et al.,
2007; Nas and Berktay, 2006; Singh et al., 2008). The multivariate
statistical method is generally used to analyze the spatiotemporal variation in water quality. However, this method could just infer the co-
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relationships and the source of contaminants preliminarily and its
successful application is dependent on abundant data being available
(Bu et al., 2010). The dual stable isotope (a combination of 15N and 18O
nitrate) approach is frequently applied to trace sources of nitrate. This
approach is based on the distinct isotopic characteristics of nitrate from
diﬀerent sources that are caused by the fractionation of isotopes in
natural circulation (Johannsen et al., 2008; Gautam and Iqbal, 2010).
Although this method is accurate and reliable, isotopic measurements
are expensive and require the use of sophisticated technology (Rogers
et al., 2012). Hydrological and water quality watershed models can also
be applied to identify sources of pollutants (Dimitriou et al., 2017; Tim
and Jolly, 1994). In addition, GIS can be employed to address the issue
of spatial heterogeneity (Praharaj et al., 2002; Ahn and Chon, 1999).
However, it is diﬃcult to eﬀectively apply models and GIS in many
areas with a paucity of data, because large amounts of data are required
to calibrate parameters.
Hydrochemical characteristics method uses the main ion composition to track contaminants generated by natural and anthropogenic
processes. The method has the advantages of being based on sound
principles, easy to implement, and low cost. Previous investigations
have shown that the main ions produced by PS pollution are Na+, Cl−,
and SO42− (Kaushal et al., 2005; Meybeck, 2003; Tao et al., 2013; Lang
et al., 2006; Favara et al., 2000; Singh et al., 2004). In water that is
more heavily aﬀected by NPS pollution than PS pollution, the main ions
produced are Ca2+, Mg2+, K+, and Si (Meybeck, 1987; Millot et al.,
2003; Singh et al., 2008). All the major ions associated with PS and NPS
pollution are found together with nutrients, and are positively correlated with nutrients. At present, hydrochemical characteristics method
is only used to qualitatively analyze pollution sources. Our hypothesis is
that the quantitative evaluation of PS and NPS pollution can be realized
by using measurements of ion concentrations.
The aim of this study was, therefore, to establish a method for
quantifying PS and NPS pollution by measuring ion concentrations. The
Danjiangkou Reservoir and its main tributaries were selected as the
study area. The spatiotemporal variation in the concentration of nutrients and ions was analyzed. The contribution rate of PS and NPS
pollution at various sites was calculated based on the characteristic ions
of these two sources. The results obtained using ion concentrations
were veriﬁed by results obtained using the dual stable isotope approach. Moreover, the spatiotemporal distribution of NPS and PS pollution load for the upstream tributary watershed of the Danjiangkou
Reservoir was assessed quantitatively.

Fig. 1. Monthly variations in precipitation from September 2017 to August
2018 for the Danjiangkou Reservoir area and its main tributaries.

February), the dry-to-wet transition season (March, April, May, and
June) and the wet season (July, August, September, and October).
Water samples were collected along cross sections of the river, 0–1 m
below the surface. Sampling was done using 1-L high-density polyethylene (HDPE) sample bottles. The bottles had previously been
soaked in 15% concentrated nitric acid for 48 h and then rinsed with
Milli-Q water several times (Li et al., 2009). Acid-washed bottles were
rinsed three times with sampled water before sampling. Concentrations
of HCO3− were measured on site by acid titration using hydrochloric
acid. Each sample was titrated 2 to 3 times. The average error was <
5%. Wastewater samples (domestic wastewater and industrial wastewater) were collected using 1-L HDPE bottles at the beginning of March
2018. A ﬁve-point sampling method was used to collect soil samples
from 0 to 20 cm soil proﬁles using a 5-cm soil auger. All soil samples
were placed in zip-lock bag immediately to avoid contamination. Three
parallel samples were collected from each sampling site. Samples were
kept cool in the ﬁeld by being placed in ice, and transported to the
laboratory as quickly as possible.

2.2. Chemical analysis
In the laboratory, the water samples and wastewater samples for
measuring major ions were immediately ﬁltered using pre-rinsed
0.45 µm cellulose membranes (Millipore). The soil samples were air
dried and passed through a 1.0 mm stainless steel sieve. The soil was
extracted with Milli-Q water (soil:solution = 1:5 (w/v)). After shaking
for 3 min, the samples were centrifuged at 10,000 × g for 6 min, and
then ﬁltered through pre-rinsed 0.45 µm cellulose membranes. The
ﬁltrate used for measuring Mg2+, K+, Na+, Ca2+, and Si was acidiﬁed
(to pH < 2) with ultra-pure concentrated nitric acid, and then stored
in the dark at 4 °C. The samples for isotopic analysis were ﬁltered with
pre-rinsed 0.2 µm cellulose membranes and frozen below − 20 °C until
analysis. Major cations (Mg2+, K+, Na+, and Ca2+) and Si were determined using an Inductively Coupled Plasma Mass Emission
Spectrometer (ICAP Qc, ThermoFisher, MA, USA). Major anions (Cl−,
SO42−, and NO3−) were measured using an Ion Chromatograph (IC)
(ICS-1100, Dionex, Sunnyvale, USA). The analytical precision was
within ± 5%. Total nitrogen (TN), total phosphorus (TP), and ammonia nitrogen (NH4+–N) were measured according to the Methods for
the Examination of Water and Wastewater Protocols (APHA, 2005). The
concentration of nitrate nitrogen (NO3−–N) was calculated based on
the measured NO3−concentration. Isotopic analysis of nitrate was
performed using a denitriﬁer method, in which nitrate was converted to
N2O. The δ15N and δ18O values were determined using an Isotope Ratio
Mass Spectrometer (Isoprime100, Elementar, Hanau, Germany) at the
Institute of Applied Ecology at the Chinese Academy of Sciences, Shenyang. The Stable Isotope facility was normalized to multiple laboratory working standards that were previously calibrated to international
standards (USGS32, USGS34, and USGS35). The precision for the δ15N

2. Materials and methods
2.1. Description of the sampling sites and water sampling
The Danjiangkou Reservoir (32°20′−33°45′ N, 110°40′−111°50′ E)
is located at the border of Hubei and Henan Province, China, and has a
water surface area of 745 km2. It is the main drinking water source for
the Middle Route of China’s South-to-North Water Transfer Project
(SNWTP) (Li and Zhang, 2010). The average annual precipitation is
about 873 mm, and the interannual variability is large. About 80% of
the precipitation falls during May to October (Fig. 1). A total of 20
sampling sites were selected for the Danjiangkou Reservoir and its main
tributaries. Samples D1 to D12 were taken from the Danjiang River
(DJR), Qihe River (QR), Dinghe River (DR), Laoguanhe River (LGR) and
Sheweihe River (SWR), and samples D13 to D20 were taken from the
Danjiangkou Reservoir (Reservoir). The terms in brackets (e.g., DJR,
Reservoir) refer to sampling groups. In addition, 11 wastewater samples
and 11 soil samples were collected evenly in the study area (Fig. 2).
Sampling was carried out from September 2017 to August 2018 over
a one-year period. Samples were collected at the beginning of each
month. All the samples were collected on the same day for each sampling. The sampling period was divided into three seasons according to
precipitation: the dry season (November, December, January, and
2
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Fig. 2. Sampling sites for the Danjiangkou Reservoir and its main tributaries.

and δ18O values were ± 0.4‰ and ± 1.0‰, respectively, based on
replicate analysis of the working standards and calibrations. High
purity reagents and Milli-Q water were used for all analyses. All laboratory equipment was pre-washed with 15% concentrated nitric acid
and then rinsed with Milli-Q water. All processing was done using three
parallels.

respectively. Because of the lack of surface runoﬀ data, the average
concentration of total nitrogen in all watersheds except for the reservoir
area during the wet season was used as the concentration of total nitrogen in the soil extract (ie,c(TNsoil)) .
The second method was based on the dual stable isotope approach.
This approach involves the following formulas (Liu et al., 2013):

2.3. Quantitative assessment of pollutant sources

δ 15N = fPS × δ 15NPS + fNPS × δ 15NNPS

(8)

δ 18O = fPS × δ 18OPS + fNPS × δ 18ONPS

(9)

In the current study, two methods were used to quantify the source
of nitrogen. The ﬁrst method was based on hydrochemical characteristic ion indicators. The calculation was according to the following
formulas:

c (ion water )
c (ionsoil )
c (ionsew )
=
× fNPS +
× fPS
c (TNwater )
ε1 × c (TNwater )
ε2 × c (TNwater )

(1)

fPS + fNPS = 1

(2)

c (TNsoil )
= ε1
c (TNave (water ) )

(3)

c (TNsew )
= ε2
c (TNave (water ) )

(4)

fTN (NPS ) =
fTN (PS ) =

fPS + fNPS = 1

where δ15NNPS (δ18ONPS ), δ15NPS (δ18OPS ), and δ15N (δ18O) are the δ15N
(δ18O) values of nitrate from the soil extract, wastewater, and water
sample, respectively; fPS and fNPS are the contribution rates of PS and
NPS of nitrate nitrogen, respectively.
Speciﬁcally, the contribution rates of PS and NPS of the water
quantity were obtained by calculating the contribution of a certain ion
indicator of pollution source samples to the corresponding ion indicator
of water samples ﬁrstly. Then, the contribution rates of PS and NPS of
TN were obtained by calculating the contribution of the TN concentration of pollution source samples to the TN concentration of water
samples. Next, the contribution rates of PS and NPS of NO3−–N were
calculated by the dual stable isotope approach. Since nitrogen in river
water is mainly in the form of NO3−–N (Deutsch et al., 2006), the NPS
contribution rates of TN and NO3−–N should be linear. Finally, the NPS
contribution rates of TN obtained by the hydrochemical characteristic
ion indicators method were compared with the NPS contribution rates
of NO3−–N obtained by the dual stable isotope method.

fNPS × c (TNsoil )
c (TNwater )

(5)

fPS × c (TNsew )
c (TNwater )

(6)

fTN (PS ) + fTN (NPS ) = 1

(7)

(10)

2.4. Analysis of the spatiotemporal distribution of pollution load

where c(ion soil) , c(ion sew) , and c(ionwater) are the ion concentrations of
the soil extract, wastewater, and water sample (mg L−1), respectively;
c(TNsoil) , c(TNsew) , and c(TNwater) are the total nitrogen concentrations
(mg L−1) of the soil extract, wastewater, and water samples, respectively; c(TNave(water)) is the average total nitrogen concentration for the
20 water samples over 12 months (ie, 240 samples) (mg L−1); ε1 and ε2
are ratios of the total nitrogen of soil extract to the total nitrogen of
water sample and the total nitrogen of wastewater to the total nitrogen
of water sample, respectively; fPS (fTN(PS) ) and fNPS(fTN(NPS)) are the
contribution rates of PS and NPS of water quantity (total nitrogen),

In this study, the spatiotemporal distribution of pollution load of
NPS and PS was assessed for the upstream tributary watershed of
Danjiangkou Reservoir. The watershed area was determined by high
resolution (30 m) digital elevation data from Digital Elevation Model of
the Shuttle Radar Topography Mission (SRTM DEM) (Frey and Paul,
2012). Speciﬁcally, the spatiotemporal distribution of NPS pollution
load was analyzed using the inverse distance weighted (IDW) interpolation method. IDW interpolation method estimates the value of an
3
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Fig. 3. Spatiotemporal variation in the concentrations of (a) TN, (b) TP, (c) NO3−–N, and (d) NH4+–N for the Danjiangkou Reservoir area and its main tributaries.

phosphorus in the dry season are used to indicate PS pollution, while
high concentrations of nitrogen and phosphorus in the wet season are
used to indicate NPS pollution. In this study, the TP concentrations of
most watersheds in the wet season were signiﬁcantly higher than that in
the dry season, which reﬂected the existence of large amounts of NPS
pollution. However, seasonal changes in phosphorus did not demonstrate any information about PS pollution.
NH4+–N was generally used as the main pollution indicator of PS
pollution such as domestic wastewater (Guo et al., 2014). In the areas
with heavy PS pollution, the concentrations of NH4+–N in the wet
season should be obviously lower than that in the dry season due to the
dilution of abundant rainfall during the wet season. However, the results of our study did not conform to this pattern. There may be two
causes for this: (1) the high temperature during the wet season accelerated ammoniation and thus the release of NH4+–N in the sediment
(Cloete and Kritzinger, 1984); and (2) the increase in anthropogenic
domestic wastewater discharge in summer led to the rising of the
NH4+–N concentrations (Smith et al., 2012). It was therefore diﬃcult
to use the seasonal changes of NH4+–N for evaluating the quantitative
contribution of PS and NPS pollution. In addition, the seasonal variation in NO3−–N was almost the same as the variation in TN. In summary, it seems reasonable to conclude that the higher concentration of
TN in the dry season indicated the existence of PS pollution, while the
higher concentration of TP in the wet season can reﬂect the existence of
NPS pollution. In this context, there was obviously PS pollution in DJR
and DR, and clear NPS pollution in DJR, QR, and SWR. Nevertheless, it
was still unclear how the contributions of PS and NPS pollution can be
quantiﬁed based on the seasonal variation in nutrient concentration.

unknown point according to a function of the reciprocal of the distance
from adjacent sample points (Shahbeik et al., 2014). The spatiotemporal distribution of PS pollution load was represented by diﬀerent
circular areas.
2.5. Data processing and statistics
Statistical analyses were performed using the Statistical Program for
Social Sciences (SPSS) 11.0 software. Regression and correlation analyses were used to examine the relationships between variables using a
p-value of 0.05 to determine signiﬁcance. All data were graphed and
descriptively analyzed using Origin 10.5 software. Maps of the sampling sites and spatiotemporal distribution of pollution load of PS and
NPS were created using ArcGIS 11.2.
3. Results and discussion
3.1. Spatiotemporal variation in nutrient concentration
The nutrient concentrations in tributary rivers and the reservoir
were shown in Fig. 3. The concentrations of TN and NO3−–N varied
from 0.72 mg L−1 to 8.88 mg L−1 and from 0.21 mg L−1 to 8.31 mg
L−1, respectively, and the mean values were 2.90 mg L−1 and 2.03 mg
L−1, respectively. The concentration trends of TN and NO3−–N were
basically the same, most watersheds had higher concentrations in the
dry season. The concentrations of TP and NH4+-N ranged from 0.01 mg
L−1 to 0.17 mg L−1 and 0.04 mg L−1 to 0.51 mg L−1, respectively, with
averages of 0.04 mg L−1 and 0.16 mg L−1, respectively. The concentrations of TP and NH4+-N in the tributary rivers increased gradually from the dry season to the wet season. The nutrient concentrations
were lower in the reservoir than in the tributary rivers with no obvious
spatiotemporal variation.
In general, nitrogen and phosphorus in rivers are derived from PS
pollution during the dry season. However, a large amount of NPS pollution containing nitrogen and phosphorus is discharged into the rivers
as a result of erosion by rainfall runoﬀ during the wet season (Duan
et al., 2016). Therefore, high concentrations of nitrogen and

3.2. Spatiotemporal variation in major ions concentration
The concentrations of Ca2+ and Mg2+ both displayed large ranges
from 16.6 mg L−1 to 87.9 mg L−1 and from 3.6 mg L−1 to 34.2 mg L−1,
respectively. The concentrations of Na+ and K+ varied from 1.2 mg
L−1 to 22.2 mg L−1 and from 3.4 mg L−1 to 12.8 mg L−1, respectively,
and the mean values were 8.1 mg L−1 and 6.3 mg L−1, respectively.
The mean concentration of Si was 5.2 mg L−1, and the maximum value
4

Journal of Hydrology 590 (2020) 125291

M. Wei, et al.

b

Dry
Dry-to-wet
Wet

80

40

0

DJR

QR

DR

30

Mg2+ (mg L-1)

Ca2+ (mg L-1)

a

20
10
0

LGR SWR Reservoir

DJR

QR

Study region

15

c
20

LGR SWR Reservoir

d

12
K+ (mg L-1)

Na+ (mg L-1)

DR

Study region

10

9
6
3

0

DJR

QR

DR

DJR

LGR SWR Reservoir

QR

Study region

90

e
SO42- (mg L-1)

Si (mg L-1)

15

10

5

0

DJR

QR

DR

60

30

0

LGR SWR Reservoir

DJR

QR

DR

LGR SWR Reservoir

Study region

250

g
HCO3- (mg L-1)

Cl- (mg L-1)

LGR SWR Reservoir

f

Study region

30

DR

Study region

20
10

h

200
150
100

0
DJR

QR

DR

50

LGR SWR Reservoir

Study region

DJR

QR

DR

LGR SWR Reservoir

Study region

Fig. 4. Spatiotemporal variation in the concentrations of (a) Ca2+, (b) Mg2+, (c) Na+, (d) K+, (e) Si, (f) SO42−, (g) Cl−, and (h) HCO3− for the Danjiangkou
Reservoir and its main tributaries.

reached 13.9 mg L−1 which occurred in QR during the dry-to-wet
transition season. The concentration of SO42− varied from 6.8 mg L−1
to 81.4 mg L−1, with an average of 35.9 mg L−1. The mean concentration of Cl− was 9.6 mg L−1, and the maximum value was 29.6 mg
L−1 in DR during the dry-to-wet transition season. The concentration of
HCO3− displayed a comparatively large value with an average of
143.2 mg L−1, ranging from 82.8 mg L−1 to 226.1 mg L−1 (Fig. 4).
In the tributary rivers, the concentrations of Mg2+ and
SO42−decreased gradually from the dry season to the wet season. The
concentrations of Na+ and Cl− were lowest in the wet season, while the
concentrations of K+ and Si were highest in the dry-to-wet transition
season and the wet season, respectively. The concentrations of Ca2+

and HCO3− remained relatively stable.
The ternary diagrams (Fig. 5) showed that Ca2+ was the dominant
cation, contributing about 63% to the major cation budget. Anion
chemistry was dominated by HCO3− constituting 72% of the total anions, while Cl−and SO42−contributed about 5% and 4%, respectively.
Overall, water in the Danjiangkou Reservoir and its main tributaries
were of the Ca2+ and HCO3− type, which was consistent with the results of previous studies (Li and Zhang, 2008; Li and Zhang, 2009).
Generally, the hydrochemistry of water controlled by rock weathering,
especially carbonate rock weathering, has higher concentrations of
Ca2+, Mg2+, and HCO3− (Meybeck, 2003; Chen et al., 2002). Therefore, the HCO3-Ca type ion characteristics indicated that the ions in the
5
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Fig. 5. Ternary diagrams showing (a) cations, and (b) anions for the Danjiangkou Reservoir and its main tributaries.
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Soil
, (g) Cl−, (h) TN, (i) TP, (j) NO3−–N, and (k) NH4+–N for wastewater and soil

extract. Results showed that the concentrations of Ca2+, K+, and Si in
soil extract were signiﬁcantly higher than those in wastewater. In
contrast, the concentrations of Na+, SO42−, Cl−, TN and NH4+-N in
wastewater were obviously higher than those in soil extract (Fig. 6).
Fig. 7 illustrated the concentrations of major ions of PS pollution
(e.g., wastewater) and NPS pollution (e.g., runoﬀ) from previous investigations covering other areas. The speciﬁc values were shown in

Danjiangkou Reservoir area were mainly derived from NPS pollution.
Despite these observations, it was not possible to quantitatively assess
the contribution rates of PS and NPS pollution yet.
3.3. Main ions and water quality indices of wastewater and soil extract
The study compared the ion composition of wastewater and soil
6
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Fig. 8. The ratios of Cl−/TN, SO42−/TN, Na+/TN, K+/TN, Ca2+/TN, Mg2+/TN, and Si/TN for soil extract and wastewater.

contribution of NPS pollution and PS pollution. Therefore, a characteristic ion/TN was selected as the traceability indicator. Fig. 8
showed that Cl−/TN, SO42−/TN and Na+/TN were higher in wastewater which can be used as indicators to trace PS pollution, while K+/
TN, Ca2+/TN, Mg2+/TN, and Si/TN were higher in soil extract which
can be used as indicators to trace NPS pollution. These ion indicators
presented two regions on the radar map: a “PS region” enclosed by
wastewater sampling points, and a “NPS region” enclosed by soil extract sampling points. On account of the homology of Ca2+ and Mg2+
in this study area (Li and Zhang, 2010), only Ca2+/TN was used. The
ﬁnal ion indicators selected for use as tracers were Cl−/TN, SO42−/TN,
Na+/TN, K+/TN, Ca2+/TN and Si/TN. The above ion indicators were
calculated for diﬀerent watersheds, which were then superimposed on
the “PS region” and “NPS region”. The larger the area superimposed on
the “NPS region”, the larger the contribution of NPS pollution. Otherwise, the contribution of PS pollution was larger. Thus, the pollution
sources could be qualitatively analyzed using this approach. The results
indicated that all watersheds had a large contribution of NPS pollution
in all seasons, and that the contribution of NPS pollution in DJR and
LGR gradually increased from the dry season to the wet season (Fig. 9).

Table S1 and Table S2 (see the Supplementary Material). Similar to our
investigation, the concentrations of Na+, Cl−, and SO42− in wastewater
were generally higher than these ions in runoﬀ (Kelly et al., 2010;
Reynolds et al., 1989; Singh et al., 2010; Lang et al., 2006; Chetelat
et al., 2008), while the concentrations of Ca2+, K+, and Si in runoﬀ
were substantially higher than these ions in wastewater (Reynolds
et al., 1989; Duysings et al., 1983; Nightingale, 1987; Göbel et al.,
2007; Vuai et al., 2003; Clay et al., 2010). The natural diﬀerences in the
composition of major ions in the wastewater and runoﬀ provided an
important basis for dividing NPS pollution and PS pollution.
3.4. Qualitative analysis of pollution sources
The discussion in the previous sections showed that both NPS and
PS pollution had characteristic ions that can be used to qualitatively
distinguish the pollution sources. However, representative runoﬀ ion
concentration data cannot be obtained on account of variations in the
volume, intensity, and time of rainfall. Besides, since the soil–water
ratio was diﬀerent from the actual rainfall process, the absolute ion
concentration of soil extract cannot be directly used to evaluate the
7
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Fig. 9. The ratios of Cl−/TN, SO42−/TN, Na+/TN, K+/TN, Ca2+/TN, Si/TN for sampling sites at the Danjiangkou Reservoir and its main tributaries. Mg2+/TN was
not selected because Ca2+and Mg2+ were homologous.

also used to quantify the NPS and PS contribution rates of NO3−–N. The
speciﬁc values of δ15N and δ18O in nitrate for the Danjiangkou
Reservoir and its tributaries were shown in Fig. S1 (see the
Supplementary Material). The NPS contribution rates of TN, obtained
using the hydrochemical characteristic ion indicator method, were
compared with the NPS contribution rates of NO3−–N, obtained using
the isotope method (Fig. 10). It can be seen that there was a clear linear
relationship between the contribution rate of NPS pollution calculated
using Cl−/TN, Na+/TN, and Si/TN indicators and the contribution rate
of NPS pollution calculated using isotopes (p < 0.01). Moreover, the
mean contribution rate of NPS pollution calculated by the three ion
indicators and by the isotope method had a more signiﬁcant linear

3.5. Quantiﬁcation of pollution sources
A quantitative analysis of pollution sources was obtained by using
hydrochemical characteristic ion indicators. Under ideal conditions, the
contribution of pollution sources calculated using diﬀerent ion indicators should be the same. However, errors arose in the calculated
results because of the diﬀerences between the mean values of pollution
samples used in this study and the actual values, which were subject to
spatiotemporal variations. To be more accurate, appropriate ion indicators were selected for quantitative assessment and averaging. The
NPS and PS contribution rates of TN were calculated individually using
the selected ion indicators. In addition, δ15N and δ18O in nitrate were
8
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Fig. 10. Linear relationship between the contribution rates of NPS of TN for sampling sites at the Danjiangkou Reservoir and its main tributaries calculated using
diﬀerent hydrochemical ion indicators: (a) Si/TN, (b) Cl−/TN, (c) Na+/TN, (d) K+/TN, (e) Ca2+/TN, and (f) SO42−/TN, and the contribution rates of NPS of
NO3−–N calculated using the isotope method. Note: (g) showed the linear relationship between the mean contribution rates of NPS of TN calculated by Cl−/TN,
Na+/TN, Si/TN, and the contribution rates of NPS of NO3−–N calculated using isotopes.

upstream tributary watershed of the Danjiangkou Reservoir was shown
in Fig. 12. On the whole, the TN load of NPS was highest during the wet
season, among which the TN load of NPS exceeded 400 × 10−3 t a−1
km−2 in the downstream watershed of DJR, QR and SWR. The TN load
of NPS was relatively low during the dry-to-wet transition season. The
highest TN load of NPS exceeded 200 × 10−3 t a−1 km−2 during the
dry season, which occurred in DJR and DR watershed. The TN load of
PS was highest during the dry season, which ranged from 2.5 t a−1 to
39.3 t a−1 with an average of 14.7 t a−1. The average of TN load of PS
was 10.1 t a−1 during the dry-to-wet transition season, and the maximum value reached 33.1 t a−1, which occurred in DJR watershed. The
TN load of PS ranged from 0.1 t a−1 to 32.0 t a−1 with an average of
11.7 t a−1 during the wet season. The quantitative assessment of spatiotemporal distribution of NPS and PS pollution load provided a signiﬁcant reference for water pollution management of the Danjiangkou
Reservoir area.

relationship (p < 0.01). Consequently, the mean contribution rate
calculated using Cl−/TN, Na+/TN, and Si/TN was selected to quantitatively and reliably assess the pollution sources. In addition, the contribution rates of NPS of the characteristic ion indicators for the Danjiangkou Reservoir and its tributaries were shown in Fig. S2 (see the
Supplementary Material).
The contribution rate of NPS of TN was quantiﬁed using the mean
contribution rate calculated by Cl−/TN, Na+/TN, Si/TN. The TN load
was determined from the TN concentration and the river discharge. As
shown in Fig. 11, the highest TN load was in DJR. From the dry season
to the wet season, the contribution rates of NPS of TN decreased ﬁrst
and then increased, which were 91%, 79%, and 91%, respectively. And
the variation trend of TN load was the same, which were 4407.6 t a−1,
1605.6 t a−1, and 3453.8 t a−1, respectively. The lowest TN load was in
SWR, where the contribution rates of NPS of TN for the dry, dry-to-wet
transition, and wet seasons were 83%, 85%, and 99%, respectively, and
the TN load were 220.1 t a−1, 303.1 t a−1, and 649.6 t a−1, respectively. The contribution rates of NPS of TN and the TN load gradually
increased from the dry season to the wet season. Except for the reservoir area, the average contribution rates of NPS of TN were 79%,
83%, and 93%, respectively, and the average TN loads were 1419.2 t
a−1, 696.6 t a−1, 2007.8 t a−1, respectively, from the dry season to the
wet season. The TN input was dominated by the NPS pollution and the
TN load was highest during the wet season.
The spatiotemporal distribution of TN load of NPS and PS for the

4. Conclusion
1) Water in the Danjiangkou Reservoir and its tributaries was of a Ca2+
and HCO3− type. The concentrations of all major ions in the reservoir area were low and there was no distinct spatiotemporal
variation. Temporal variations were, however, apparent in the tributaries: the concentrations of Mg2+, Na+, SO42−, and Cl− were
lowest in the wet season, K+ was highest in the dry-to-wet transition
9
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Fig. 11. Spatiotemporal distribution of TN loads and contribution rates of PS and NPS for the main tributaries of the Danjiangkou Reservoir.
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season, and Si was highest in the wet season.
2) Six indicators (Cl−/TN, SO42−/TN, Na+/TN, K+/TN, Ca2+/TN, and
Si/TN) were used to qualitatively analyze pollution sources. Of
these, Cl−/TN, SO42−/TN, and Na+/TN were selected as PS pollution tracers, and K+/TN, Ca2+/TN, and Si/TN were selected as NPS
pollution tracers.
3) Cl−/TN, Na+/TN, Si/TN were used to quantitatively assess the
pollution sources. The TN load was dominated by the NPS pollution,
and the average contribution rates of NPS of TN in the tributaries
from the dry season to the wet season were 79%, 83%, and 93%,
respectively. The TN load of NPS was highest during the wet season
with a maximum value over 400 × 10−3 t a−1 km−2, while the TN
load of PS was highest during the dry season with a maximum value
of 39.3 t a−1. This study provides a new approach for quantitatively
analyzing pollution sources using hydrochemical characteristic ion
indicators.
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