* water m\py

Article

Evaluating Temporal and Spatial Variation in
Nitrogen Sources along the Lower Reach of Fenhe
River (Shanxi Province, China) Using Stable Isotope
and Hydrochemical Tracers

Zhilong Meng !, Yonggang Yang 1*{*, Zuodong Qin ! and Lei Huang 2

1 Institute of Loess Plateau, Shanxi University, Taiyuan 030006, China; mzhl0828@163.com (Z.M.);
qzdsxu@126.com (Z.Q.)

Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000,
China; mathecology@163.com

*  Correspondence: yygsxu@126.com; Tel.: +86-351-701-0700

Received: 20 November 2017; Accepted: 11 February 2018; Published: 24 February 2018

Abstract: Nitrate is one of the most common pollutants in river systems. This study takes the lower
reach of Fenhe River as a case study, combined with a multi-isotope and hydrochemical as the
tracers to identify nitrate sources in river system. The results show that all samples in the industrial
region (IR) and urban region (UR) and 68.8% of the samples in the agriculture region (AR) suffer
from nitrate pollution. NO3; ™ —-N is the main existing form of dissolved inorganic nitrogen (DIN),
followed by NH4*-N, which account for 57.9% and 41.9% of the DIN, respectively. The temporal
variation in nitrogenous species concentration is clear over the whole hydrological year. The spatial
variation is smaller among different sampling sites in the same region but greater among different
regions. The main source of nitrogenous species is from anthropogenic rather than natural effects.
Multi-isotope analysis shows that denitrification is found in some water samples. Combined with
the apportionment of nitrate sources by the IsoSource model and the analysis of the C1™ content, the
main source of nitrate in the IR, UR and AR are industrial sewage and manure, domestic sewage and
manure, and chemical fertilizers, respectively. Atmospheric nitrogen deposition is also a source of
nitrate in the study area.

Keywords: anthropogenic impact; nitrate isotope; quantitative analysis; river systems; temporal and
spatial variation

1. Introduction

Nitrate pollution in river systems is a worldwide problem that has gained widespread attention in
the field of aquatic ecology [1-3]. In recent years, economic development and anthropogenic activities
have increased the concentration of nitrate in river systems, which has caused many environmental
problems, such as the eutrophication of water, algal blooms, and low oxygen zones [4—6]. Excessive
nitrates in drinking water and foodstuff can transform into nitrosamines with hydrochloric acid
in gastric juice. The nitrosamines combine with hemoglobin and greatly reduce the function of
hemoglobin to carry oxygen, endangering human and animal health; this disease is medically known
as methemoglobinemia [7]. Accordingly, numerous independent countries and the World Health
Organization (WHO) have stipulated that NO3 ™-N concentrations in drinking water should be limited
to 10 mg/L.

A high load of nitrogen and other nutrients can cause eutrophication of water bodies. The study of
the temporal and spatial distribution of nitrogenous species in watersheds can be used for watershed
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management. It is also beneficial to reduce the loss of nitrogen in soil and improve the ecological
environment of the watershed. Many studies show that industrial sewage and domestic sewage are
the main sources of nitrogenous species, particularly in heavily polluted areas. The direct discharge of
untreated industrial sewage and the overland flow of domestic sewage are the main sources of the
nitrate pollution in the industrial and residential areas. The application of chemical fertilizers is the
main source of nitrogen species in the highly agricultural areas [8-11].

Traditional methods to identify water pollutant sources are mainly by investigating the land
use types and local hydrochemical characteristics in the polluted areas. However, the point-source
and non-point-source pollutions generally overlap; the results are inaccurate [12]. Temporal and
spatial variation in nitrogenous species are also studied in some catchment areas; the concentration of
nitrogenous species shows characteristics of being higher in summer and lower in winter; the spatial
distribution variability of nitrogenous species is complex [13-16]. However, the site-specific studies
are not appropriate for the Fenhe River Basin, and there are few studies on the temporal and spatial
variation in nitrate in the Fenhe River Basin.

The sources of nitrogen in nature include atmospheric deposition, industrial sewage, domestic
sewage, municipal solid waste, chemical fertilizers, industrial synthetic nitrogenous substances,
livestock manures and plant humic substances [17]. Many studies have shown that the multi-isotope
tracer technique of §"°N and 6'80 is an important way to study the nitrate pollution in groundwater
and surface water [18,19]. Owing to that the ranges of stable isotopic compositions of different water
bodies are not affected by the variation in water environmental factors, it is possible to trace the nitrate
sources by using 6'°N-NO;~ and §'®O-NO;~ multi-isotope and hydrochemical analysis data and
field investigations [20-22].

At the same time, the multi-source mass balance (IsoSource model), based on the principle of
stable isotope mass conservation, has been used to partition pollutant sources in wastewater, food
sources in animal food, water sources for plant uptake, and nitrate sources in soil organic matter. The
principle is to construct a conservation model for the nitrogen and oxygen isotopes by inputting the
isotopic data of potential nitrate sources. The probability distribution of the different pollution sources’
contribution rate in water samples is calculated by the model with the iterative method, and it gives
the average values of all the sources [23,24].

In the past few decades, the Fenhe River Basin has suffered serious pollution. The amount
of untreated sewage discharged into Fenhe River is 3.4 x 10!° kg year~!. The main pollutants are
volatile phenols, reducing substances and ammonia nitrogen, which form the main industrial waste
of the coal mines, thermal power stations and coal preparation plants that exist in the area. These
pollutants account for 42% of the sewage discharge; the reducing substances metered as chemical
oxygen demand (COD) amount up to 5.8 x 107 kg year~!; the amount of ammonia and nitrogen
discharged into Fenhe River is up to 9.1 x 10° kg year~! [25]. Fenhe River is the second major tributary
of the Yellow River; there is an estimated 1.9 x 10* kg (N) km~?2 year‘1 of nitrate from nitrification of
ammonium/urea-containing fertilizer discharged into the Yellow River annually [26]. The amount
of nitrogen deposited from the atmosphere into the Yellow River is approximately 2000 kg (N) km 2
year~! annually [27].

At present, the research on nitrate source identification and apportionment in Fenhe River Basin is
fragmentary. There are some studies on water nitrate pollution in the Loess Plateau. However,
the Fenhe River Basin is only considered as a subcatchment of the Yellow River Basin in these
studies [28-31]. The common shortcoming is that there are too few sampling sites and data in the
Fenhe River Basin, which has led to an incomplete analysis of the nitrate source identification and
apportionment in the basin; systematic studies on the nitrogen cycle in this area are necessary. These
would not only be beneficial to the sustainable utilization of local water resources but also provide a
scientific basis for the management of water resources in the Yellow River Basin and Loess Plateau.
In this study, the lower reach of the Fenhe River in Shanxi Province, China is taken as the case study,
combined with §P"N-NO;~ and 6'80-NO; ™~ multi-isotope tracers, hydrochemical analysis, and the
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IsoSource model to identify and apportion the nitrate sources in river systems. Our objectives are (1) to
identify and verify the main existing forms of nitrogenous species, (2) to investigate the temporal and
spatial variation in nitrogenous species, and (3) to trace and apportion the proportional contributions
of each potential nitrate source in the river system. This study aims to provide scientific evidence
and reference for an insight regarding water management and the safeguarding of water ecology in
river systems.

2. Materials and Methods

2.1. Study Area

Fenhe River is the largest river in Shanxi Province, and it is also the second largest tributary of
the Yellow River, China (Figure 1). Fenhe River is divided into upper, middle and lower reaches by
Shanglan and Shitan as a result of the geologic and hydrologic characteristics [32]. The lower reach
of the Fenhe River Basin is located between a latitude of 35°20' N and 36°57' N and a longitude of
110°30’ E and 112°34’ E, with a catchment area of 11,276 km?2. The total annual runoff of Fenhe River
is 2.286 billion m?, and the average annual runoff in the lower reach is 0.776 billion m?3. Loess and
alluvial deposits constitute the hydrological underlying surface where the river flows through Linfen
Basin and Yuncheng Basin.
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Figure 1. Location of lower reach of Fenhe River and sampling sites. IR: industrial region; UR: urban
region; AR: agricultural region.

The lower reach of the Fenhe River Basin has a temperate continental monsoon climate; the climate
is mild, and the sunshine is sufficient. The mean annual temperature ranges from 9 to 13 °C. The
annual precipitation is 538.6 mm, and the evaporation is 1120 mm; 72% of the rainfall is concentrated
in the rainy season (July to September) because of the uneven rainfall distribution. The per capita
water resources constitute only 350 m3, which belongs to the poor water resources area.
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The study area is the main irrigation area of Shanxi Province, which is also the main industrial
area and urban area. The study area can be divided into three categories by the different typical land
use types along the river flow direction: the industrial region (IR), urban region (UR) and agricultural
region (AR) (Figure 1). Many factories and enterprises are located in the IR, such as coal mines, thermal
power stations, and coal preparation plants. Therefore, a large amount of industrial sewage discharges
into the river; this tends to be the potential pollution source of the water bodies in this area. The UR is
characterized by being densely populated and highly urbanized; the urban agglomeration in the lower
reach of Fenhe River is located in this area, which has a population of 4.5 million. Domestic sewage
and livestock manure tend to be potential pollution sources of the water bodies in this area. More
than 83% of the land area in the AR is farmland; corn and winter wheat are planted as rotation crops.
Ammonia fertilizer and nitrogen fertilizer are widely used in March and April in this area to improve
the food production; these tend to be potential nitrate sources of the water bodies in this area [33].

2.2. Sample Collection and Field Experiment

Twelve sampling sites are situated in the lower reach of the Fenhe River according to the basin’s
topographic features and hydrological characteristics. F1, F2, F3, and F4 are in the IR; F5, F6, F7 and
F8 are in the UR; and F9, F10, F11 and F12 are in the AR. The sampling sites were pinpointed with
handheld GPS devices in the field (Figure 1). Six water samples were collected at each sampling site
with a frequency of once every 2 months from July 2015 to June 2016. River water was collected at
a depth of 50 cm in the central stream with an organic glass water collector (WB-PM, Beijing Purity
Instrument CO., Ltd., Beijing, China). In order to determine the source of contaminants accurately,
industrial sewage, domestic sewage, livestock manure, fertilizer and precipitation were collected in the
study area. The industrial sewage was collected at the sewage outfalls of the main factories, domestic
sewage was collected at the sewage outfalls of the urban residential area, livestock manure was
collected at sheepfolds and pigsties, and fertilizer was collected in the farmland during the fertilization
season; the main chemical compound of the fertilizer in the lower reach of Fenhe River was CO(NH;);
NH,Cl and NH4NOj precipitations were collected at the hydrological stations of Fenhe River when
it rained.

The liquid samples, which were measured for §>°N-NO;~ and 6'80-NO; ~, were stored in 0.1 L
polymethyl methacrylate (PMMA) organic glass bottles, and for water chemistry are stored in 1 L
polyethylene terephthalate (PET) bottles, respectively. All the sampling bottles were washed with the
collected water three times before storing the water samples to avoid contamination by impurities.
The liquid samples were sealed with Parafilm to prevent water evaporation and isotopic fractionation
and were stored at 4 °C. The solid samples were stored in a self-sealing bag at —20 °C in a refrigerator.

2.3. Laboratory Analyses

The hydrochemical was measured at Shanxi University within 24 h of sampling. The major cations
were found by atomic absorption spectrometry (PE-2380, PE Company, Waltham, MA, USA) and the
major anions were found by ion chromatography (Dionex-100, Dionex Company, Sunnyvale, CA,
USA) after being filtered through a 0.45 um cellulose acetate membrane to eliminate the interference of
impurities. The charge balance calculation showed that the charge imbalance did not exceed £5% for
any of the samples. NO3; "-N, NO, -N, NH;"-N, and TN were analyzed by a flow-injection analyzer
(HACH Quick chem 850052, Hach Company, Loveland, CO, USA). The solid samples were centrifugal
oscillated and filtered (0.3 um) before hydrochemical analysis [34]. The analytical precision was less
than £3%.

The measurements of 6°°N-NO;~ and §'80-NO3;~ were taken with an isotope ratio mass
spectrometer at the Institute of Environment and Sustainable Development in the Agricultural Chinese
Academy of Agricultural Sciences (AESIL, CAAS) by the denitrifying bacteria method [35]. All the
liquid samples were filtered through a 0.45 um cellulose acetate membrane before determination and
analysis. For solid samples, 2 mol/L KCI was added and the solution underwent centrifugal oscillation
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for 1 h; the suspension was settled for 3-5 min to make the impurities precipitate completely and was
then filtered. The denitrifying bacteria (Pseudomonas aureofacien) was added to the samples, which
had a lack of the N,O activating enzyme. All the NO3;~ and NO, ™ ions were transformed to N,O gas
before being delivered to a trace gas analyzer (Trace Gas) for automatic sampling to purify and trap
N,O; there was no isotopic fractionation in this process.

The per mil deviation values (J) of the isotope ratio of the sample to the standard sample is used
to indicate the isotopic content of the element; the isotope results are represented in J units defined
as follows:

‘S(%O) = [(Rsample - Rstandard)/Rstandard] x 1000 (1)

where Rgample and Rstandard are the ratio of heavy and light isotopes in the sample and standard sample,
respectively.

The international isotope standards used were USGS-32, USGS-34 and USGS-35 (National
Laboratory of the United States, USA). The test precision values of SBN-NO;~ and 680-NO;~
of the water samples were 0.05%0 and 0.28%, respectively. Duplicate analyses were within the o of
working standards, and the results were reproducible.

2.4. IsoSource Model Calculation

The IsoSource model is mainly used in the study of food web and plant water supply, and it
provides a new means for quantitative research of nitrate point-source pollution. In order to quantify
the proportion of different nitrate pollution sources, the data were calculated by the IsoSource model
in this study [23]. The mass conservation model is constructed by inputting the nitrogen and oxygen
isotopes in the water samples, as well as the sources of the determined nitrate (assuming there are
three sources), as shown by the following formulas:

3
PN =Y fi x 8PN; )
i=1
3
sB0 =Y f; x 61%0; 3)
i=1
3
1= fi 4)
i=1

where i refers to the three kinds of nitrate pollution sources; 6'°N and §'80 refer to nitrogen and
oxygen isotope values in mixed waters, respectively; §'°N; and §'80; refer to nitrogen and oxygen
isotopes in different nitrate pollution sources, respectively; f; refers to the proportion of different nitrate
pollution sources.

The tolerance parameter and increment parameter are set up before the software runs. The
probability distribution of the different sources in water samples is calculated by an iterative
method [24]. All possible percentage combinations (the sum is 100%) from different sources are
calculated by the following formula:

[(100/i) + (s — 1))!

. binati =
No. Combinations (100/1)1(s — 1)

Q)

where i refers to the increment parameter, and s refers to the number of nitrate sources. This model
can test all possible combinations of potential contributions from each source. When the difference
between the weighted average values of nitrogen and oxygen isotopes from different sources and
the measured values of nitrogen and oxygen isotopes in the water samples is less than 0.1%q, it is
considered to be a possible solution value [23].



Water 2018, 10, 231 6 of 16

3. Results and Discussion

3.1. Identification and Verification of Nitrogenous Species

The chemical compositions of river water samples collected in the lower reach of Fenhe River
Basin are summarized in Table 1. NO3~-N, NH;*-N and NO, " -N were the main sources of dissolved
inorganic nitrogen (DIN) in the study area.

Table 1. Mean concentration of hydrochemical parameters and the environmental isotopic ratios in
water samples in the lower reach of Fenhe River.

NO;— NO; -N NO, -N NH4*-N SBN-NO3;~ §180-NO;~
(mg/L) (mg/L) (mg/L) (mg/L) (%o0) (%o0)

F1 42.0 £ 6.2 544 £73 95+26 0.04 £ 0.02 52+17 24.6 £ 4.8 123+£28 102+21

1 F2 449 £5.6 431=£6.1 10.1 £ 3.6 0.03 £0.01 51£16 259+ 6.4 127 £22 91+£20
IR F3 435+49 421+41 9.8+29 0.04 £ 0.01 48+12 241478 127 +21 102+18
F4 42.7 £39 40.0£3.9 9.6 £3.7 0.04 £ 0.01 56 £13 247 £59 127 +£19 91+17

F5 39.5+4.1 58.9 £4.5 89 +38 0.05 £ 0.02 7.7 £15 26.6 +£4.9 16.7 £ 1.8 83+20
Fo 40.5+3.8 59.7 £4.2 91+27 0.04 £ 0.01 85+17 28274 163+ 1.6 84+17

Category Site Cl~ (mg/L) TN (mg/L)

UR F7 40.1+£52 62.0 £4.9 9.01 £27 0.04 £ 0.02 81+19 274 +81 16.7 £ 1.7 84+15
F8 37.6 £4.9 64.9 £7.8 85+34 0.05 £ 0.02 76 1.6 274 +£71 165+15 84+18
F9 299 £3.7 10.0 £3.1 6.8+ 1.8 0.02 £0.01 51£12 205£3.1 0.7 £0.6 142+21
F10 28.2+3.8 9.8+49 6.4+25 0.03 £+ 0.01 56 £20 20.7 £59 —22+11 181+£22
AR F11 28.1+34 103 +£5.8 6.4 +37 0.02 £ 0.01 51+£13 19.7 £ 57 -14+15 137 +17
F12 30.0 +4.8 9.6 £4.7 6.8 +27 0.02 £0.01 52+£18 212 +45 —21+09 177+ 25

Notes: ! IR: industrial region; UR: urban region; AR: agricultural region.

NO;~-N is the final product of oxidative decomposition of nitrogenous organic compounds.
The NO3™-N concentration in the IR was the highest among the three regions, with mean values of
9.4 £ 1.4 mg/L in the rainy season and 9.9 + 1.6 mg/L in the dry season. This is due to the industrial
sewage discharge around the sampling sites. However, the NO3; ™ -N concentration in the UR was
lower than that of the IR, with mean values of 7.0 £ 0.8 mg/L in the rainy season and 9.5 + 1.6 mg/L
in the dry season. Although the AR is located in the lower reach of the IR and UR, the NO3;™-N
concentration in the AR was the lowest among the three regions, with mean values of 6.6 = 0.5 mg/L
in the rainy season and 6.5 £ 1.9 mg/L in the dry season.

The NH,"-N concentration in the UR was the highest among the three regions, with mean values
of 6.1 £ 1 mg/L in the rainy season and 8.5 £ 1.6 mg/L in the dry season. This is due to the domestic
sewage discharge and livestock manure around the sampling sites. The NH;"—N concentration in the
IR was the lowest among the three regions, with mean values of 4.4 &+ 0.6 mg/L in the rainy season
and 5.4 & 0.8 mg/L in the dry season. The NH;"-N concentration in the AR was higher than that in
the IR, with mean values of 5.6 &= 0.6 mg/L in the rainy season and 5.1 & 1.6 mg/L in the dry season.
Related research shows that the NH4*-N concentration in river water would increase as a result of the
discharge of domestic sewage and the application of nitrogen fertilizer along the riverbank [36].

NO, ™ -N is the intermediate product in the process of nitrogenous organic compounds oxidizing
into nitrate. The presence of NO, ~-N in water indicates that the decomposition of organic compounds
is still in process. The high NO, -N concentration illustrates a process of nitrogenous organic
compounds oxidizing into nitrate in the river water. In this study, the NO, "N concentration was
relatively low, and the maximum concentration was 0.05 £ 0.03 mg/L in the UR in the dry season. This
is due to the domestic sewage and livestock manure in the UR and the industrial sewage discharge
from the IR, which is in the upper reach of the UR.

Total nitrogen (TN) is defined as the total amount of DIN and dissolved organic nitrogen (DON)
in water. The TN concentration is one of the important indices to measure water quality [37]. In this
study, the TN concentration in the IR was 26 £ 1.6 mg/L in the rainy season and 24.4 &= 3.0 mg/L in the
dry season, while the TN concentration in the UR was the highest among the three regions, with mean
values of 23.9 £ 3.1 mg/L in the rainy season and 28.6 & 3.2 mg/L in the dry season, which means that
the river water in this region is extremely polluted. The TN concentration in the AR was the lowest
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among the three regions, with mean values of 21.5 + 1.5 mg/L in the rainy season and 20.2 £ 4.9 mg/L
in the dry season. The seasonal variations in the TN concentration were not obvious in the AR, while
the seasonal variations among the three regions were clear, which was mainly due to the different land
use types along the riverbanks. There was no clear variation in the nitrogenous species concentration
between the rainy season and dry season in the AR. This is due to the insignificant change in the solute
content buffered by the wide river channel and slow water flow in the AR.

Figure 2a shows the contrast between NO3; ™ —N, NO, "-N, and NH4"-N concentrations. NO3™-N
is the main existing form of DIN in the lower reach of Fenhe River, particularly in the IR, and accounted
for 65.2% of the DIN. The industrial wastewater discharge results in a higher NO3 ~™-N concentration
in this area. The percentage of NH;*-N increased from 34.5% in the IR to 47.1% in the UR, which
was relatively close to that of NO3 ™-N (52.6%). This is due to the large amount of domestic sewage
discharge from the urban residential area, which is typical of a higher ammonia nitrogen concentration.
Figure 2b shows the contrast in NO3 ~—N, NH;*-N and DON concentrations. The sampling sites that
were situated in the IR showed characteristics of higher values of NO3;™-N and DON but a lower
value of NH;-N; the sampling sites that were situated in the UR showed characteristics of similar
values of NO; ™-N, NH4"-N and DON, which indicates that the IR and UR are mainly polluted by
anthropogenic sources, such as industrial sewage in the IR and domestic sewage and livestock manure
in the UR. The sampling sites that were situated in the AR showed characteristics of lower values of
NO; ™ -N and NH;*-N but a higher value of DON, which indicates that the AR is mainly polluted by
agricultural pollution, such as animal manure and nitrogenous fertilizer. The sampling site F9 was
located near the water-source protection area, which is the main drinking water source of the residents.
There are few industrial facilities and human activities around this area because of the protection
policy of the local government. The hydrogeological conditions are the result of the Ordovician karst
aquifer in this area; the groundwater is recharged by unsaturated vertical infiltration of the Fenhe
River and its tributaries [38]. The TN in this area is mainly formed by soil organic nitrogen. The
studies of Chanhe River in the Loess Plateau and the Songhua River in the Northeast China Plain
show that the TN is mainly derived from soil organic nitrogen and the nitrate concentration is lower;
these are rarely affected by human activities [39,40]. Compared with similar studies in Poland and
Japan, the results also suggest that soil organic nitrogen is the main source of TN or nitrate in the
less-anthropogenic-impacted river [6,13].
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Figure 2. The contrast between nitrogenous species concentration in the lower reach of Fenhe River:
(a) NO3 =N, NO, =N x 100, and NH4*-N; (b) NO3~-N, NH;*-N, and dissolved organic nitrogen
(DON).
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3.2. Temporal and Spatial Variation in Nitrogenous Species

Figure 3a shows the temporal variation in the TN concentration in the lower reach of Fenhe
River. The maximum concentrations of the TN were observed in the IR and AR in March, while the
minimum concentrations were observed in the IR and AR in January and February. This could be
attributed to the cyclical changes in the industrial production activities in the IR. Another reason is
the application of nitrogen fertilizers to winter wheat from early March, and nitrogenous substances
leaching into soil and flowing into the river water with the soil runoff. However, the TN concentration
in the UR showed an opposite temporal variation trend; the maximum concentration was observed
in January, and the minimum concentration was observed in September. This phenomenon could be
explained by the TN concentration mainly being influenced by anthropogenic activities rather than
natural effects. Although the seasonal variation in river water flow has an effect on the variation in the
TN concentration, the influence of human-induced land use changes was more apparent in this study
area. Industrial land and urban residential land will deteriorate water quality, whereas agricultural
land has little influence on water quality change.
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Figure 3. Temporal variation in (a) total nitrogen (TN), (b) NO3™-N, and (c¢) NH4*-N concentrations in
the lower reach of Fenhe River. The error bars represent standard deviation. RW in IR: river water in
industrial region; RW in UR: river water in urban region; RW in AR: river water in agricultural region.

The concentrations of NO3 ™ -N and NH;"-N increased rapidly from March to May in the AR
(Figure 3b,c); the maximum concentration of NO3™-N was observed in March, and the maximum
concentration of NH; "N was observed in April. This could be attributed to the agricultural activities
in the AR, such as the application of fertilizers and aerial farming. March and April are the seeding
period of most crops; large amounts of fertilizer are applied in this period. Nutrient nitrogen that is
not absorbed by crops flows into the river with the surface runoff after a great deal of fertilization.
The maximum concentrations of NO3 " -N and NH,*-N were observed in the IR in December and in
the UR in January, which was consistent with the land use investigation. This could be attributed to
the IR being dominated by industrial and mining enterprises and the UR being dominated by urban
residents’ living and commercial areas. The maximum concentration of NO3 ™-N was found in the
UR in February 2016. This is due to less upstream water from the IR, and the reduced denitrification
process in the lower-temperature environment also makes the NO; ™ concentration increase.

The annual precipitation is 538.6 mm and the annual evaporation is 1120 mm in the study area.
Related studies show that the lower reach of Fenhe River Basin is a semiarid region; a wide range of
water shortages result because of the lower precipitation and higher evaporation in this area. The
unreasonable development and excessive exploitation of the water resources has led to a serious
decrease in the ground water storage. Precipitation is the main recharge source of surface water in
this area [41,42]. Precipitation has a certain dilution effect on the concentration of river pollutants
in the rainy season. Although surface water is recharged by groundwater in the dry season, the
recharge is very small. Some river reaches have dried up in the dry season, and the interaction between
groundwater and surface water has little influence on the nitrogen concentration of the surface water.
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Additionally, many factors would affect the nitrogenous species concentration, such as the
distribution of sampling sites, the topography of the study area, hydrogeological conditions, and
regional precipitation, particularly in regions that are seriously influenced by anthropogenic activities.
Figure 4 shows the spatial variation in the nitrogenous species concentration in the three regions. The
results show that the variation was smaller among different sampling sites in the same region, while
the variation was greater among different regions. This could be attributed to the different land use
types along the riverbanks. Compared with the IR and UR, the nitrogenous species concentration was
relatively low in the AR. The dissolved oxygen (DO) decreased as a result of the sluggish flow in the
broad river channel; this environment is conducive to anaerobic microorganisms, and the NO3 ™~ ions
are transformed into N, by the process of denitrification. At the same time, the Huihe River, which is
one of the primary tributaries of Fenhe River, flows into the main stream of Fenhe River in the AR; the
water quality of the Huihe Reservoir and Huihe Second Reservoir in the upper reach of the Huihe
River is relatively good. Gudui Spring, which is a karstic spring with a 1.3 m3/s natural resources
quantity, is also in the AR. The recharge by Huihe River and Gudui Spring also reduce the nitrogen
pollutant concentration. On the other hand, the sampling sites F9, F10, F11, and F12 were located at
the Yumenkou irrigated area, not far away from the estuary of the Fenhe River and the Yellow River.
The longitudinal gradient of the Fenhe River is slow, and the flow velocity is small. The Yellow River
flowing backwards has caused a great deal of siltation in the Fenhe River. This is also an effective way
to reduce nitrate concentrations in this region.
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Figure 4. Spatial variation in (a) total nitrogen (TN), (b) NO3 ™ -N, and (c) NH4*-N concentrations in
the lower reach of Fenhe River. The error bars represent standard deviation. IR: industrial region; UR:
urban region; AR: agricultural region.

On the whole, the mean concentrations of TN and NH,*-N increased with the flow direction
in the IR and UR. The maximum concentrations of TN and NH4*-N were observed in the UR. This
phenomenon could be explained by the urban domestic sewage discharged into the river water in
this region; another reason is that the river water in this region is the influx of the upstream water
from the IR. Land use types have changed the underlying surface characteristics and have a great
impact on the water cycle and material transport. The nitrogen output of different land use types
is different, and the output intensity of nutrients would increase as a result of the decrease in the
forest land area and the increase in agricultural land area. Urbanization has increased the pollutants
discharged into rivers by point-source pollution. Another main characteristic of urbanization is the
increase in the impervious ground surface ratio; the natural infiltration process of soil will also weaken
by the impervious ground surface. During the rainstorm period, the urban areas will lose the natural
vegetation’s interception and absorption of pollutants, and a large number of pollutants will flow
into the river through the impervious ground surface in a short time [43]. Sampling sites F2 and F3
were nearby a coal preparation plant and a thermal power plant, and industrial sewage was the major
factor of the increase in the NO3 ™-N concentration. Agricultural land will affect the degradation of
water quality, which may depend on the farming methods and climatic characteristics in the study
area [44]. Sampling site F10 was located in a typical intensive agricultural area, and the application
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of nitrogenous fertilizer and ammonia fertilizer were the major factors for the increase in NH4*-N
and NO3; ™ -N concentrations. At the same time, the groundwater resources in the AR also reduced the
nitrogen concentration by recharging the surface water [41]. The results of this study can be interpreted
as the fact that the agricultural land is near the river channel, and the fluctuation of water quality
is more sensitive with the changes in land use types or geological conditions, while the correlation
between climatic conditions and water quality is offset or covered.

3.3. Nitrate Source Identification and Apportionment

CI™ is a conservative element in natural water environments. C1~ can be used as an indicator
to trace the changes in the NO3;~ concentration in the process of water mixing and denitrification.
The high CI~ concentration in river water could signify a multi-anthropogenic source in the study
area [1,45]. C1™ in domestic sewage is high and it has the chemical property of stability. Comparing
the concentrations of C1~ and NO3 ™~ in river water can provide more evidence of nitrate sources [18].

The NO3; ™~ concentrations of sewage, manure and fertilizer collected in this study were 1.3 & 0.2,
1.0 £ 0.12, and 0.2 & 0.2 mmol/L, respectively. The CI™ concentrations of sewage, manure and fertilizer
were 1.3 £0.2,2.2 £ 0.1, and 0.2 £ 0.1 mmol/L, respectively. There was no significant correlation
between NO3;~ and Cl~ on account of the large variation in the Cl~ concentration in the study area
(Figure 5). The IR had a relatively low CI~ concentration but a high NO3~ concentration. Most of the
river water samples collected in this region are plotted in the triangle diagram and are close to the side
of the sewage, which indicated that industrial sewage is the major factor controlling the hydrochemical
composition in this region. At the same time, fertilizers and manure are also the potential sources
of nitrate in water body in the region, while in the UR, the NO3™ concentration was low and the
CI™ concentration was high. Most of the river water samples collected in this region are plotted
around the line of sewage and manure, indicating that the domestic sewage discharge and livestock
manures from local residents are the dominant sources in this region, because the domestic sewage and
livestock manures were found to have the highest C1~ concentrations and lowest NO3 ™ concentrations.
Both the NO3; ™~ and CI~ concentrations of samples were low in the AR. All the river water samples
collected in the AR are plotted around the lower left quarter of the triangle diagram, which suggests
that fertilizer is the main source in this region. The Cl~ concentration in the AR decreased by a
factor of 6 when compared with that in the UR; with no chloride leaving the water system and a
decrease in concentration, the low-chloride water of tributaries and groundwater in the AR diluted
the C1~ concentration, which is a result that has also been found in low-gradient agricultural streams
of Little Kickapoo Creek in Illinois State [46]. Similar studies in the large rivers of Bangladesh, India
and Pakistan show that domestic sewage and manure are the main sources of nitrate in the urban
regions [11]. The related study on the Yellow River of China also shows that the main source of nitrate
in the agricultural region is chemical fertilizers [14].

The main sources of nitrate include manure, sewage, fertilizers, and atmospheric deposition;
SPN-NO;3~ and §'8O-NO; ~ are ideal geochemical tracers that can be used to identify the origin and
transformation of nitrate [47,48]. For all samples in the IR, 61°N-NO; ~ values ranged from 2.8% to
15.5%0 with a mean value of 12.5%, and 6'80-NO;~ values ranged from 3.9%0 to 14.6%0 with a mean
value of 9.6%o. For all samples in the UR, §">’N-NO;~ values ranged from 7.7%s to 22.3%o with a mean
value of 16.5%, and 5'80-NO;~ values ranged from —1.0%o to 17.5% with a mean value of 8.3%q. For
all samples in the AR, 6'°N-NO;~ values ranged from —7.8%q to 11.9%, with a mean value of —1.3%,
and 6'80-NO; ™ values ranged from 3.9% to 31.3%¢ with a mean value of 15.7%.
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Figure 5. Mixing diagram of NO3 ™~ and CI™ concentrations. The means and standard deviations are
shown for sewage, fertilizer, and manure. RW in IR: river water in industrial region; RW in UR: river

water in urban region; RW in AR: river water in agricultural region.

Nitrification and denitrification are the major controlling factors in the process of nitrogen cycling
and nitrogen balance in ecological systems. Nitrification is the process of NH4* oxidizing into NO3 ™~
by autotrophic microbes in soil and aquatic environments. Isotopic compositions of NO3; ~-N in water
and soil are also greatly controlled by isotopic fractionation caused by nitrification. Theoretically,
NO; ™ generated by nitrification derives one-third of its oxygen from DO, and two-thirds of its oxygen
from water [49]. Denitrification is the process of reducing NO3™-N to N, and N,O by anaerobic
microorganisms [20]. The fractionation of nitrogen isotope is very significant in this process. Compared
with the products of N; and NO, the residual nitrate is significantly enriched in ¥0 and °N.

The §°N-NO;~ background value of shallow groundwater (<+5%o) under natural conditions is
typically used to determine whether groundwater is polluted by nitrate [50]; 68.8% of the samples in
the AR and all samples in the IR and UR exceeded the background value, which indicated varying
degrees of nitrate pollution in the lower reach of Fenhe River, particularly in the IR and UR. At the
same time, denitrification was also observed in the lower reach of Fenhe River. As Figure 6a shows,
most of the samples are plotted in the fertilizer and soil organic nitrogen field, indicating that the
fertilizer and soil organic nitrogen are the main sources of nitrate in the AR. The §"°’N-NO; ~ and
5180O-NO; ~ in precipitation are affected by many complicated atmospheric processes, which leads
to great spatial and temporal variability in the 6'>N-NO3~ and 6'80-NO;~ in precipitation. The
influence factors include isotope fractionation caused by heavy rain in the process of nitrification,
and many other factors contribute to the reduction in 6'°N-NO;~ and 6'80-NO;~ in atmospheric
chemical reactions. Some of the samples are plotted within or close to the precipitation field, indicating
that the nitrate in precipitation also plays the role of a nitrate source in the AR. In order to identify the
sources accurately, we also determined the 515N—N03’ and 5180—NO3’ values of industrial sewage,
domestic sewage, manure, fertilizer and precipitation in the study area (Figure 6b). The results show
that industrial sewage is the major source of nitrate in the IR. Domestic sewage and manure are the
major sources of nitrate in the UR, and industrial sewage is also a potential source in this region.
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Figure 6. Relationship between §'5N-NO3~ and §'®0-NO3 ™ (a), and the end members of atmospheric
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contoured fields are based on those by Kendall [51,52]. RW in IR: river water in industrial region; RW
in UR: river water in urban region; RW in AR: river water in agricultural region.

As Figure 6b shows, the ranges of stable isotopic compositions of nitrate for industrial sewage,
domestic sewage, and manure overlap, which indicates that they cannot be considered as separate
nitrogen sources in terms of stable isotopes of nitrate. In this regard, the three identified nitrogen
sources were merged into one nitrogen source of sewage and manure for the apportionment of nitrate
sources. In order to accurately identify the contribution of each source, the contribution rate of nitrate
pollution sources in the study area were calculated by the IsoSource model. The §"°N-NO3~ and
5180O-NO;~ values of the chemical fertilizer, manure and sewage in the study area are shown in
Figure 6b, and the SN-NO;~ and 68O-NO;3~ values of atmospheric nitrogen were —0.2%0 and
53.1%0, respectively [53]. Some water samples in the lower reach of Fenhe River were affected by
denitrification (Figure 6a); thus, these water samples were excluded for the quantitative calculation of
nitrate pollution sources by the IsoSource model.

As Table 2 shows, the mean contribution of sewage and manure was the highest (80.5%), followed
by chemical fertilizers (14.2%) and then the atmospheric nitrogen (5.3%), for the river water in the
IR. Significant differences were found among different sampling sites in this region. In fact, human
activities were ubiquitous. For example, some residential areas are plotted in the IR for the industrial
workers of coal mines, thermal power stations, and coal preparation plants. The domestic sewage and
manure of the dependents also plays a role in the nitrate pollution in the local water. Furthermore,
the sampling site F1 was located near a mixed rural and factory area; the agricultural activities also
affect the water quality to a certain extent. Therefore, the results of the IsoSource model show that
the atmospheric nitrogen, chemical fertilizers, and sewage and manure accounted for 5.3%, 26.4%,
and 68.3% of the nitrate sources in the sampling site F1, respectively. The percentages of sewage and
manure were high in sampling sites F2 (84.1%) and F3 (89.5%), respectively. This could be attributed to
the sewage continuously discharged from the coal mine, thermal power station, and coal preparation
plant around these two sampling sites, which would lead to the enrichment of heavy isotopes '°N in
the river water.

The mean contribution of sewage and manure was the highest (87.5%), followed by chemical
fertilizers (6.7%) and then the atmospheric nitrogen (5.8%), for the river water in the UR. The results
show that the percentages of sewage and manure were high in sampling sites F7 (88.1%) and F8 (89.3%),
respectively. This is due to a large residential area near the sampling site F7 and a farm product market
near the sampling site F8, according to our investigation. Cl~ in domestic sewage is high and has
stable chemical properties. Comparing the concentration of CI™ and NO3; ™ in river water can provide
more evidence of nitrate sources. The mean contributions of sewage and manure were 87.5% in the UR
and 80.5% in the IR (Table 2). The mean values of CI~ were 61.4 mg/L in the UR and 44.9 mg/L in
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the IR (Table 1). Consequently, the main source of nitrate pollution in the UR is domestic sewage and
manure; industrial sewage and manure are the main sources of nitrate pollution in the IR.

Table 2. Proportional contributions of three potential nitrate sources as estimated using IsoSource
model in the lower reach of Fenhe River.

Category Site Atmospheric N (%) Chemical Fertilizer (%) Sewage and Manure (%)
F1 53+12 264 +48 68.3 +7.8
R F2 58+1.0 10.1 £ 5.6 84.1 +£10.1
F3 47 +09 58+24 89.5+9.1
F4 54+11 145+ 53 80.1 +£11.2
F5 56+1.1 6.1+24 88.3 £9.8
UR F6 79 +32 79+41 84.2 +12.3
F7 47 £0.7 72+31 88.1 £8.5
F8 49409 58 +20 89.3 +10.2
F9 48+ 0.6 498 £54 454+75
AR F10 77+23 53.7 £5.9 38.6 £5.7
F11 7627 478 +£7.1 446 £6.1
F12 71+16 60.2 + 85 32.7£59

The mean contribution of chemical fertilizers was the highest (52.9%), followed by sewage and
manure (40.3%) and then the atmospheric nitrogen (6.8%), for the river water in the AR. This area
is the main grain producing area of Shanxi Province. Nitrogen fertilizer and ammonia fertilizer are
applied extensively in March and April in this region. The study area was located in the southeast of
the Chinese Loess Plateau, where the soil and water loss is serious. The excessive fertilizers used are
vulnerable to being lost and flowing into the river water by the surface runoff. This is the reason why
fertilizer is the dominant pollution source in this region.

The contributions of each nitrate source in the lower reach of Fenhe River are similar to those of
the Jinghe River in the Loess Plateau of China; the potential nitrate sources showed high variability
between the different land use areas [39]. Compared with similar studies in other catchments, such
as a river subcatchment in Germany and Baltic Sea catchments [54,55], the contributions of sewage
and manure were much higher in the lower reach of Fenhe River. This phenomenon indicates that the
nitrate pollution in the lower reaches of Fenhe River is serious because of the frequent industrial and
anthropogenic activities.

4. Conclusions

The following conclusions can be drawn from this study:

(1) All samples in the IR and UR and 68.8% of the samples in the AR suffered from nitrate pollution.
The nitrate pollution has already endangered the health of local residents in the lower reach of the
Fenhe River. Denitrification was found in some water samples in the study area. Land use types
were the major influencing factors of nitrate pollution sources. NO3 N is the main existing form
of DIN, followed by NH4*-N.

(2)  Over the whole hydrological year, the temporal variation in the nitrogenous species concentration
was clear in the study area. In the UR, the nitrogenous species concentration was high in winter
and low in summer. In the IR and AR, the nitrogenous species concentrations were high in
summer and low in winter. The major factor influencing the nitrogenous species concentration
was anthropogenic rather than natural effects. The spatial variation was smaller among different
sampling sites in the same region but greater among different regions. This distribution was not
only affected by the seasonal changes of precipitation condition and runoff variation, but was
also closely related to the seasonal changes in human activities. Compared with the IR and UR,
the nitrogenous species concentration was relatively low in the AR.
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®)

The apportionment of the nitrate pollution source by the IsoSource model showed that the
atmospheric nitrogen, chemical fertilizers, sewage and manure are the main sources of nitrate in
the study area. Combined with the analysis of C1~, industrial sewage and manure are the main
sources of nitrate in the IR, domestic sewage and manure are the main sources of nitrate in the UR,
and chemical fertilizers are the main sources of nitrate in the AR. Atmospheric nitrogen deposition
is also a source of nitrate in the study area. In order to control the pollution of the point-source
pollution, we should establish a reasonable land use mode and scientific management measures
for livestock manure. Environmental awareness and living environment management of urban
and rural residents should also be strengthened.

Acknowledgments: This research is supported by the National Natural Science Foundation of China (41671076),
and the West Light Foundation of the Chinese Academy of Sciences (29Y729801). We also express our appreciation
to the anonymous reviewers of the manuscript.

Author Contributions: Zhilong Meng and Yongggang Yang analyzed the results and wrote the main manuscript
text; Zuodong Qin provided important academic guidance; Lei Huang contributed to the discussion of the results
and to the analysis. All authors reviewed the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, C.Q. Li, S.L,; Lang, Y.C.; Xiao, H.Y. Using S15N- and 6180-values to identify nitrate sources in karst
ground water, Guiyang, Southwest China. Environ. Sci. Technol. 2006, 40, 6928-6933. [CrossRef] [PubMed]

2. Johannsen, A.; Ddhnke, K.; Emeis, K. Isotopic composition of nitrate in five German rivers discharging into
the North Sea. Org. Geochem. 2008, 39, 1678-1689. [CrossRef]

3. Nestler, A; Berglund, M.; Accoe, F,; Duta, S.; Xue, D.; Boeckx, P.; Taylor, P. Isotopes for improved management
of nitrate pollution in aqueous resources: Review of surface water field studies. Environ. Sci. Pollut. Res.
2011, 18, 519-533. [CrossRef] [PubMed]

4. Zhang, W.L,; Tian, Z.X.; Zhang, N.; Li, X.Q. Nitrate pollution of groundwater in Northern China. Agric.
Ecosyst. Environ. 1996, 59, 223-231. [CrossRef]

5. Fukada, T.; Hiscock, K.; Dennis, P. A dual-isotope approach to the nitrogen hydrochemistry of an urban
aquifer. Appl. Geochem. 2004, 19, 709-719. [CrossRef]

6. Lawniczak, A.E.; Zbierska, J.; Nowak, B.; Achtenberg, K.; Grzeskowiak, A.; Kanas, K. Impact of agriculture
and land use on nitrate contamination in groundwater and running waters in central-west Poland. Environ.
Monit. Assess. 2016, 188, 1-17. [CrossRef] [PubMed]

7. Fewtrell, L. Drinking-water nitrate, methemoglobinemia, and global burden of disease: A discussion.
Environ. Health Perspect. 2004, 112, 1371-1374. [CrossRef] [PubMed]

8. Mekonnen, M.M.; Hoekstra, A.Y. Global grey water footprint and water pollution levels related to
anthropogenic nitrogen loads to fresh water. Environ. Sci. Technol. 2015, 49, 12860-12868. [CrossRef]
[PubMed]

9. Ma, G,;Wang, Y,; Bao, X.; Hu, Y,; Liu, Y,; He, L.; Wang, T.; Meng, F. Nitrogen pollution characteristics and
source analysis using the stable isotope tracing method in Ashi River, northeast China. Environ. Earth Sci.
2015, 73, 4831-4839. [CrossRef]

10. Bu, H.; Song, X.; Guo, E Dissolved trace elements in a nitrogen-polluted river near to the Liaodong Bay in
Northeast China. Mar. Pollut. Bull. 2017, 114, 547-554. [CrossRef] [PubMed]

11.  Amin, M.N,; Kroeze, C.; Strokal, M. Human waste: An underestimated source of nutrient pollution in coastal
seas of Bangladesh, India and Pakistan. Mar. Pollut. Bull. 2017, 118, 131-140. [CrossRef] [PubMed]

12.  Shen, L; Lin, G.F; Tan, ].W,; Shen, ].H. Genotoxicity of surface water samples from Meiliang Bay, Taihu Lake,
Eastern China. Chemosphere 2000, 41, 129-132. [CrossRef]

13. Babiker, I.S.; Mohamed, M. A ; Terao, H.; Kato, K.; Ohta, K. Assessment of groundwater contamination by
nitrate leaching from intensive vegetable cultivation using geographical information system. Environ. Int.
2004, 29, 1009-1017. [CrossRef]

14. Liu, T; Wang, F; Michalski, G.; Xia, X.; Liu, S. Using 15N, 170, and 180 to determine nitrate sources in the

Yellow River, China. Environ. Sci. Technol. 2013, 47, 13412-13421. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/es0610129
http://www.ncbi.nlm.nih.gov/pubmed/17153996
http://dx.doi.org/10.1016/j.orggeochem.2008.03.004
http://dx.doi.org/10.1007/s11356-010-0422-z
http://www.ncbi.nlm.nih.gov/pubmed/21246297
http://dx.doi.org/10.1016/0167-8809(96)01052-3
http://dx.doi.org/10.1016/j.apgeochem.2003.11.001
http://dx.doi.org/10.1007/s10661-016-5167-9
http://www.ncbi.nlm.nih.gov/pubmed/26887311
http://dx.doi.org/10.1289/ehp.7216
http://www.ncbi.nlm.nih.gov/pubmed/15471727
http://dx.doi.org/10.1021/acs.est.5b03191
http://www.ncbi.nlm.nih.gov/pubmed/26440220
http://dx.doi.org/10.1007/s12665-014-3786-4
http://dx.doi.org/10.1016/j.marpolbul.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27614567
http://dx.doi.org/10.1016/j.marpolbul.2017.02.045
http://www.ncbi.nlm.nih.gov/pubmed/28238487
http://dx.doi.org/10.1016/S0045-6535(99)00399-9
http://dx.doi.org/10.1016/S0160-4120(03)00095-3
http://dx.doi.org/10.1021/es403357m
http://www.ncbi.nlm.nih.gov/pubmed/24199648

Water 2018, 10, 231 15 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

Mouri, G.; Takizawa, S.; Oki, T. Spatial and temporal variation in nutrient parameters in stream water in a
rural-urban catchment, Shikoku, Japan: Effects of land cover and human impact. J. Environ. Manag. 2011, 92,
1837-1848. [CrossRef] [PubMed]

Goss, M.]J.; Barry, D.A.J.; Rudolph, D.L. Contamination in Ontario farmstead domestic wells and its
association with agriculture: 1. Results from drinking water wells. J. Contam. Hydrol. 1998, 32, 267-293.
[CrossRef]

Matson, P.A.; Vitousek, PM. Ecosystem approach to a global nitrous oxide budget: Processes that regulate
gas emissions vary in predictable ways. BioScience 1990, 40, 667-672. [CrossRef]

Li, S.-L,; Liu, C.-Q.; Li, J.; Liu, X.; Chetelat, B.; Wang, B.; Wang, F. Assessment of the sources of nitrate in
the Changjiang River, China using a nitrogen and oxygen isotopic approach. Environ. Sci. Technol. 2010, 44,
1573-1578. [CrossRef] [PubMed]

Mayer, B.; Boyer, E.W.; Goodale, C.; Jaworski, N.A.; Van Breemen, N.; Howarth, R.W.; Seitzinger, S.; Billen, G.;
Lajtha, K.; Nadelhoffer, K.; et al. Sources of nitrate in rivers draining sixteen watersheds in the northeastern
U.S.: Isotopic constraints. Biogeochemistry 2002, 57-58, 171-197. [CrossRef]

Aravena, R.; Robertson, W.D. Use of multiple isotope tracers to evaluate denitrification in ground water:
Study of nitrate from a large-flux septic system plume. Ground Water 1998, 36, 975-982. [CrossRef]

Silva, S.R.; Kendall, C.; Wilkison, D.H.; Ziegler, A.C.; Chang, C.C.Y.; Avanzino, R.J. A new method for
collection of nitrate from fresh water and the analysis of nitrogen and oxygen isotope ratios. J. Hydrol. 2000,
228, 22-36. [CrossRef]

Fukada, T.; Hiscock, K.M.; Dennis, P.E; Grischek, T. A dual isotope approach to identify denitrification in
groundwater at a river-bank infiltration site. Water Res. 2003, 37, 3070-3078. [CrossRef]

Phillips, D.L.; Gregg, ].W. Source partitioning using stable isotopes: Coping with too many sources. Oecologia
2003, 136, 261-269. [CrossRef] [PubMed]

Benstead, J.P.; March, ].G.; Fry, B.; Ewel, K.C.; Pringle, C.M. Testing isosource: Stable isotope analysis of a
tropical fishery with diverse organic matter sources. Ecology 2006, 87, 326-333. [CrossRef] [PubMed]
Wang, J.; Fu, B.; Yang, Q.; Chen, L. Analysis on soil nutrient characteristics for sustainable land use in
Danangou Catchment of the Loess Plateau, China. Catena 2003, 54, 17-29. [CrossRef]

Zhu, Z.L.; Chen, D.L. Nitrogen fertilizer use in China—Contributions to food production, impacts on the
environment and best management strategies. Nutr. Cycl. Agroecosyst. 2002, 63, 117-127. [CrossRef]

Lii, C,; Tian, H. Spatial and temporal patterns of nitrogen deposition in China: Synthesis of observational
data. J. Geophys. Res. Atmos. 2007, 112. [CrossRef]

Gong, Y.; Yu, Z.; Yao, Q.; Chen, H.; Mi, T.; Tan, ]J. Seasonal Variation and Sources of Dissolved Nutrients in
the Yellow River, China. Int. . Environ. Res. Public Health 2015, 12, 9603-9622. [CrossRef] [PubMed]

Chen, J.; Taniguchi, M.; Liu, G.; Miyaoka, K.; Onodera, S.; Tokunaga, T.; Fukushima, Y. Nitrate pollution of
groundwater in the Yellow River delta, China. Hydrogeol. J. 2007, 15, 1605-1614. [CrossRef]

Fu, G.; Chen, S;; Liu, C.; Shepard, D. Hydro-Climatic Trends of the Yellow River Basin for the Last 50 Years.
Clim. Chang. 2004, 65, 149-178. [CrossRef]

Yue, EJ.; Li, S.L.; Liu, C.Q.; Zhao, Z.Q.; Ding, H. Tracing nitrate sources with dual isotopes and long term
monitoring of nitrogen species in the Yellow River, China. Sci. Rep. 2017, 7, 506-515. [CrossRef] [PubMed]
Li, YM.; Pan, J.E. Shanxi River; Science Press: Beijing, China, 2007; pp. 28-30. (In Chinese)

Jia, C.H. Environmental Quality and Control Strategies of Pollution of the Linfen Section of Fenhe River.
J. Shanxi Teach. Univ. 2000, 14, 77-82. (In Chinese)

Heaton, TH.E.; Stuart, M.E.; Sapiano, M.; Micallef Sultana, M. An isotope study of the sources of nitrate in
Malta’s groundwater. J. Hydrol. 2012, 414, 244-254. [CrossRef]

Rock, L.; Ellert, B.H. Nitrogen-15 and Oxygen-18 Natural Abundance of Potassium Chloride Extractable Soil
Nitrate Using the Denitrifier Method. Soil Sci. Soc. Am. J. 2007, 71, 355-361. [CrossRef]

Markich, S.J.; Brown, P.L. Relative importance of natural and anthropogenic influences on the fresh surface
water chemistry of the Hawkesbury-Nepean River, South-eastern Australia. Sci. Total Environ. 1998, 217,
201-230. [CrossRef]

Pastén-Zapata, E.; Ledesma-Ruiz, R.; Harter, T.; Ramirez, A.L; Mahlknecht, ]. Assessment of sources and fate
of nitrate in shallow groundwater of an agricultural area by using a multi-tracer approach. Sci. Total Environ.
2014, 470-471, 855-864. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jenvman.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21450393
http://dx.doi.org/10.1016/S0169-7722(98)00054-0
http://dx.doi.org/10.2307/1311434
http://dx.doi.org/10.1021/es902670n
http://www.ncbi.nlm.nih.gov/pubmed/20121182
http://dx.doi.org/10.1023/A:1015744002496
http://dx.doi.org/10.1111/j.1745-6584.1998.tb02104.x
http://dx.doi.org/10.1016/S0022-1694(99)00205-X
http://dx.doi.org/10.1016/S0043-1354(03)00176-3
http://dx.doi.org/10.1007/s00442-003-1218-3
http://www.ncbi.nlm.nih.gov/pubmed/12759813
http://dx.doi.org/10.1890/05-0721
http://www.ncbi.nlm.nih.gov/pubmed/16637358
http://dx.doi.org/10.1016/S0341-8162(03)00054-7
http://dx.doi.org/10.1023/A:1021107026067
http://dx.doi.org/10.1029/2006JD007990
http://dx.doi.org/10.3390/ijerph120809603
http://www.ncbi.nlm.nih.gov/pubmed/26287226
http://dx.doi.org/10.1007/s10040-007-0196-7
http://dx.doi.org/10.1023/B:CLIM.0000037491.95395.bb
http://dx.doi.org/10.1038/s41598-017-08756-7
http://www.ncbi.nlm.nih.gov/pubmed/28819112
http://dx.doi.org/10.1016/j.jhydrol.2011.10.037
http://dx.doi.org/10.2136/sssaj2006.0266
http://dx.doi.org/10.1016/S0048-9697(98)00188-0
http://dx.doi.org/10.1016/j.scitotenv.2013.10.043
http://www.ncbi.nlm.nih.gov/pubmed/24200723

Water 2018, 10, 231 16 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Zhang, R.; Shen, H. The systematic analysis of Guozhuang Spring karst-water system in Shanxi. Earth Sci.-].
China Univ. Geosci. 1991, 16, 1-17. (In Chinese)

Xing, M.; Liu, W. Using dual isotopes to identify sources and transformations of nitrogen in water catchments
with different land uses, Loess Plateau of China. Environ. Sci. Pollut. Res. 2016, 23, 388-401. [CrossRef]
[PubMed]

Yue, FJ.; Liu, C.Q,; Li, S.L.; Zhao, Z.Q.; Liu, X.L.; Ding, H. Analysis of SN and 6180 to identify nitrate
sources and transformations in Songhua River, Northeast China. J. Hydrol. 2014, 519, 329-339. [CrossRef]
Shao, W.; Cai, J.; Liu, J.; Luan, Q.; Mao, X,; Yang, G.; Wang, J.; Zhang, H.; Zhang, J. Impact of Water Scarcity
on the Fenhe River Basin and Mitigation Strategies. Water 2017, 9, 30. [CrossRef]

Meng, Z.L.; Yang, Y.G.; Qin, Z.D.; Jiao, W.-T. Isotopic tracing for nitrate pollution process of water body in
the lower basin of Fenhe River. China Environ. Sci. 2017, 37, 1066-1072. (In Chinese)

Wilson, C.; Weng, Q. Assessing surface water quality and its relation with urban land cover changes in the
Lake Calumet area, Greater Chicago. Environ. Manag. 2010, 45, 1096-1111. [CrossRef] [PubMed]

Yang, Y.G.; Fu, B.J. Soil water migration in the unsaturated zone of semiarid region in China from isotope
evidence. Hydrol. Earth Syst. Sci. 2017, 21, 1-24. [CrossRef]

Mulliss, R.M.; Revitt, D.M.; Shutes, R.B. The impacts of urban discharges on the hydrology and water quality
of an urban watercourse. Sci. Total Environ. 1996, 189190, 385-390. [CrossRef]

Peterson, E.W.; Benning, C. Factors influencing nitrate within a low-gradient agricultural stream. Environ.
Earth Sci. 2013, 68, 1233-1245. [CrossRef]

Bohlke, ].K.; Denver, ].M. Combined use of groundwater dating, chemical, and isotopic analyses to resolve
the history and fate of nitrate contamination in two agricultural watersheds, Atlantic Coastal Plain, Maryland.
Water Resour. Res. 1995, 31, 2319-2339. [CrossRef]

Kendall, C.; Coplen, T.B. Distribution of oxygen-18 and deuterium in river waters across the United States.
Hydrol. Process. 2001, 15, 1363-1393. [CrossRef]

Sigman, D.M.; Casciotti, K.L.; Andreani, M.; Barford, C.; Galanter, M.; Bohlke, ].K. A bacterial method for the
nitrogen isotopic analysis of nitrate in seawater and freshwater. Anal. Chem. 2001, 73, 4145-4153. [CrossRef]
[PubMed]

Strebel, O.; Bottcher, J.; Fritz, P. Use of isotope fractionation of sulfate-sulfur and sulfate-oxygen to assess
bacterial desulfurication in a sandy aquifer. J. Hydrol. 1990, 121, 155-172. [CrossRef]

Kendall, C.; McDonnell, J.J. Isotope Tracers in Catchment Hydrology; Elsevier Science Publishers: Amsterdam,
The Netherlands, 1998; p. 839.

Kendall, C.; Elliott, E.M.; Wankel, S.D. Tracing Anthropogenic Inputs of Nitrogen to Ecosystems. Stable
Isotopes Ecol. Environ. Sci. 2007, 2, 375-449.

Battaglin, W.A.; Kendall, C.; Chang, C.C.Y;; Silva, S.R.; Campbell, D.H. Chemical and isotopic evidence of
nitrogen transformation in the Mississippi River, 1997-1998. Hydrol. Process. 2010, 15, 1285-1300. [CrossRef]
Deutsch, B.; Mewes, M.; Liskow, I.; Voss, M. Quantification of diffuse nitrate inputs into a small river system
using stable isotopes of oxygen and nitrogen in nitrate. Org. Geochem. 2006, 37, 1333-1342. [CrossRef]
Voss, M.; Deutsch, B.; Elmgren, R.; Humborg, C.; Kuuppo, P; Pastuszak, M.; Rolff, C.; Schulte, U. River
biogeochemistry and source identification of nitrate by means of isotopic tracers in the Baltic Sea catchments.
Biogeosciences 2006, 3, 663—-676. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11356-015-5268-y
http://www.ncbi.nlm.nih.gov/pubmed/26308924
http://dx.doi.org/10.1016/j.jhydrol.2014.07.026
http://dx.doi.org/10.3390/w9010030
http://dx.doi.org/10.1007/s00267-010-9482-6
http://www.ncbi.nlm.nih.gov/pubmed/20364379
http://dx.doi.org/10.5194/hess-21-1757-2017
http://dx.doi.org/10.1016/0048-9697(96)05235-7
http://dx.doi.org/10.1007/s12665-012-1821-x
http://dx.doi.org/10.1029/95WR01584
http://dx.doi.org/10.1002/hyp.217
http://dx.doi.org/10.1021/ac010088e
http://www.ncbi.nlm.nih.gov/pubmed/11569803
http://dx.doi.org/10.1016/0022-1694(90)90230-U
http://dx.doi.org/10.1002/hyp.214
http://dx.doi.org/10.1016/j.orggeochem.2006.04.012
http://dx.doi.org/10.5194/bg-3-663-2006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Sample Collection and Field Experiment 
	Laboratory Analyses 
	IsoSource Model Calculation 

	Results and Discussion 
	Identification and Verification of Nitrogenous Species 
	Temporal and Spatial Variation in Nitrogenous Species 
	Nitrate Source Identification and Apportionment 

	Conclusions 
	References

