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a b s t r a c t

A multi-isotope approach and mixing model were combined to identify spatial and sea-

sonal variations of sources, and their proportional contribution to nitrate in the Hutuo

River alluvial-pluvial fan region. The results showed that the NO3
� concentration was

significantly higher in the Hutuo River valley plain (178.7 mg/L) region than that in the

upper and central pluvial fans of the Hutuo River (82.1 mg/L and 71.0 mg/L, respectively)

and in the river (17.0 mg/L). Different land use types had no significant effect on the

groundwater nitrate concentration. Based on a multi-isotope approach, we confirmed that

the main sources of groundwater nitrate in different land use areas were domestic sewage

and manure, followed by soil nitrogen, ammonia fertilizer, nitrate fertilizer and rainwater,

and there were no significant spatial or seasonal variations. Combining d15NeNO3
- , d18O

eNO3
- and d37Cl results can increase the accuracy of traceability. Nitrification could be the

most important nitrogen migration and transformation process, and denitrification did not

significantly affected the isotopic composition of the nitrate. The SIAR model outputs

revealed that the main nitrate pollution sources in groundwater and river water were

domestic sewage and manure, accounting for 55.9%e61.0% and 22.6% (dry season), 50.3%

e60.4% and 34.1% (transition season), 42.7%e47.6% and 35.6% (wet season 2016) and 45.9%

e46.7% and 38.4% (wet season 2017), respectively. This work suggests that the random

discharge and disposal of domestic sewage and manure should be the first target for

control in order to prevent further nitrate contamination of the water environment.

© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sci-

ences. Published by Elsevier B.V.

* Corresponding author.
E-mail address: z_qqian@163.com (Q. Zhang).

Available online at www.sciencedirect.com

ScienceDirect
www.elsevier .com/locate/ jes

j o u r n a l o f e n v i r onm en t a l s c i e n c e s 8 9 ( 2 0 2 0 ) 9e2 2

https://doi.org/10.1016/j.jes.2019.09.021
1001-0742/© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

mailto:z_qqian@163.com
www.sciencedirect.com/science/journal/10010742
https://doi.org/10.1016/j.jes.2019.09.021
https://doi.org/10.1016/j.jes.2019.09.021
https://doi.org/10.1016/j.jes.2019.09.021


Introduction

Nitrate, is one of the most common pollutants in water envi-

ronments, due to its stability, high solubility and mobility

(Zhang et al., 2015a). In recent years, the problem of nitrate

contamination has been widely reported, especially in the

developing countries (Jin et al., 2015; Liu et al., 2006). High ni-

trate concentrations is often related to anthropogenic activ-

ities, mainly including wastewater discharge (Matiatos, 2016),

overuse of nitrogen fertilizers and animal manures (Xue et al.,

2012; Meghdadi and Javar, 2018), land fill seepage (Zhang et al.,

2015a), and elevated atmospheric deposition (Ji et al., 2017).

Nitrate contamination affects human and environmental

health. Previous studies have reported that excessive nitrate

can cause not only deterioration in water quality, but also

eutrophication, and toxic algal blooms (Nestler et al., 2011; Li

et al., 2013). Furthermore, drinking water containing exces-

sive levels of nitrate can increase the risk of diseases, such as

methemoglobinemia, ‘blue baby syndrome’ and stomach

cancer (Hord, 2011; Past�en-Zapata et al., 2014). Therefore, it is

very important to take effective control measures to prevent

the nitrate concentration from increasing further.

There are five main sources of nitrate pollution in water,

namely sewage and manure (SAM), soil nitrogen (SN), NO3
- fer-

tilizer (NF), NO3
- in precipitation (NP) and NH4

þ in fertilizer and

rain (NFAR) (Xue et al., 2009). Nitrate pollution in the water

environment has often come from multiple sources, which

makes it difficult to identify the sources by traditional methods

(such as hydrochemical methods). Nowadays, the dual isotope

approach (d15NeNO3
- and d18OeNO3

-) is widely used because the

different nitrate sources have distinct stable isotope signatures

(Xueetal., 2009;Nestleretal., 2011; Ji etal., 2017).Thed15Nvalues

from precipitation and soil nitrogen range from�13‰ to þ13‰

and from �3‰ to þ9‰ (Xue et al., 2009; Jin et al., 2015), respec-

tively. The typical d15N values of chemical fertilizers vary from

�6‰ to þ6‰ (Kendall et al., 2008). Manure and sewage are

enriched in 15N relative to other sources, and display high d15N

valuesbetweenþ4‰andþ25‰ (Xueetal., 2009; Ji etal., 2017).As

can be seen from these ranges, the d15N values of some nitrate

pollution sources overlap, so it is not possible to identify the

sources accurately byusing d15N alone. The d18OeNO3
- signature

canprovideadditional useful informationbecause of its distinct

isotopic characteristics. The d18OeNO3
- values fromnitrification,

NO3
- from fertilizers and precipitation range from �10‰ to

þ10‰, from þ17‰ to þ25‰, and from þ25‰ to þ75‰, respec-

tively (Xue et al., 2009; Matiatos, 2016).

Although using the dual isotope approach (d15NeNO3
- and

d18OeNO3
-) can improve the accuracy of source identification,

the ratio may be modified if a complex fractionation process

(such as, nitrification, denitrification or assimilation) occurs

during N transformation (Xue et al., 2009; Ji et al., 2017; Yu

et al., 2018). In addition, due to the similar values range of

nitrate isotopes in sewage andmanure, they tend to be treated

as a single source (Xue et al., 2009; Nestler et al., 2011). The

above limiting factors have an impact on the accuracy of

source identification. Previous researchers have tried to

introduce other methods to improve this situation. Some

studies, for example, combined the application of statistical

tests (Correlation Analysis and Principal Component Analysis)

and with an isotopic approach (d15NeNO3
- and d18OeNO3

-) to

explain the variance in large inter-correlated hydrochemical

and isotope datasets (Matiatos, 2016; Meghdadi and Javar,

2018). Other studies found that the combined application of

d15NeNO3
- and d18OeNO3

- as well as isotopes from other ele-

ments, such as boron (David Widory et al., 2005; Tirez et al.,

2010) and strontium (Nigro et al., 2017), can further increase

the accuracy of nitrate traceability.

Chlorine is a common chemical element in nature. The

fractionation of Cl� is limited and its isotope ratio variation is

low because it is neither adsorbed by clay nor involved in

redox reactions. Therefore, it plays an important role in the

research field of element migration and material origins (Sie

and Frape, 2002). Plotting NO3
- versus Cl� is widely used to

identify the sources of nitrate pollution (Li et al., 2010; Zhang

et al., 2015a). Liu et al., 2006 used a plot of the NO3
-/Cl� molar

ratio against Cl� concentration to trace the sources of nitrate.

In this study, we used a plot of the NO3
-/Cl� concentration

ration against d37Cl in order to further improve the accuracy of

the identification of nitrate sources.

The Hutuo River alluvial-pluvial fan is located in the west-

ern portion of the North China Plain. With rapid urbanization

and industrialization in recent years, the chemical environ-

ment of shallow groundwater has been seriously affected by

anthropogenic activities. Thewater chemistry is transforming

fromHCO3 -type water to HCO3eCl, HCO3eSO4 and SO4eHCO3

types (Zhang et al., 2017). Several studies have found that the

concentrationsof groundwaterNO3
- in this regionexceeded the

threshold for drinkingwater establishedbyWHO (50mg/L) and

posed a serious threat to the safety of drinking water for the

local population (Li et al., 2016; Zhang et al., 2017).

This study aims to (1) distinguish the characteristics of the

spatial and seasonal variation of groundwater and river nitrate

concentrations in the Hutuo River alluvial-pluvial fan; (2)

identify the main NO3
- sources in different hydrogeological

units and landuse areas by using theNO3
- (d15N and d18O), water

(d2H and d18O) and Cl� (d37Cl) isotopes; (3) reveal the main

transformations of nitrogen in this study area by the combined

use of NO3
- (d15N and d18O) andwater (d2H and d18O); (4) quantify

the spatial and seasonal variation in the proportional appor-

tionment of NO3
- sources in different hydrogeological unit and

land use areas by using a Bayesian isotopic mixing model.

1. Materials and methods

1.1. Description of study area

The Hutuo River alluvial-pluvial fan is located in the North

China Plain. The study area is the Shijiazhuang segment of the

fan, which starts at the western Gangnan reservoir (the up-

stream recharge area) and stretches to the western part of

Gaocheng. The total area is approximately 2442 km2.

The study area has a semi-humid and semi-arid monsoon

climate. The terrain is higher in thewest and lower in the east.

The western landforms consist of medium and low hills, and

the eastern part is the North China Plain. The main land use

types include farmland (38.62%), bare land (including moun-

tains and barren land) (34.34%), county land (13.09%), urban

land (11.60%), and surface water (2.35%).
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The main aquifer in the study area is part of the deep Qua-

ternarymulti-layer aquifer system in theHebei Plain,where the

lithology consists of gravel, pebbles, coarse sand and fine sand.

There is abundant water in the aquifer, and the groundwater

mainly occurs in the pores of the loose Quaternary sediments.

Theoverall flowof groundwater is fromnorthwest to southeast.

In this research, the study area is divided into three hydro-

geological sub-regions according to the characteristics of aqui-

fers and the conditions of groundwater recharge, runoff, and

discharge: namely the Hutuo River valley plain (HVP), upper

pluvial fans of the Hutuo River (UPF), and central pluvial fans of

the Hutuo River (CPF). The detailed description is as follows.

The HVP is between the Gangnan reservoir and the

Huangbizhuang reservoir. It is located in the transitional zone

between themountainous and plain areas. The depth towater

is shallow, the hydraulic conductivity is very good, and water

is abundant. As a result, the aquifer is interconnected strongly

with the rest of the region. The UPF includes Luquan, Shi-

jiazhuang urban area, Lingshou and Zhengding County, and

the aquifer lithology is mainly sand gravel. The type of

groundwater is mainly pore water. Due to over-exploitation of

groundwater, the upper first aquifer group is basically dried

out and the second aquifer group is being mined. The CPF

mainly includes Zhengding County as well as part of Luan-

cheng, Gaocheng and Wuji. The depth to water is deeper

(40e50 m) and the lithology of the aquifer is mainly composed

of sandy gravel, boulder coarse sand and medium sand.

1.2. Sample collection and analysis

Water samples were obtained from four field campaigns car-

ried out in January 2015 (dry season), OctobereNovember 2015

(transition from wet to dry season), August 2016 (wet season)

and September 2017 (wet season), from the upstream to the

downstream of the Hutuo River, respectively, and comprised

39 sampling sites (35 groundwater sites and four surfacewater

sites (two reservoirs sites, one mainstream site and onemajor

tributary)). Only two reservoir samples (Gangnan reservoir

and Huangbizhuang reservoir) were collected in January 2015

due to the River being without water. The two reservoir sites

are situated at the Hutuo River channel and are concentrated

water sources for Shijiazhuang city. All sampling site posi-

tions are shown in Fig. 1. The rain sampling site was located

on the rooftop of the Institute of Hydrogeology and Environ-

mental Geology, Chinese Academy of Geological Sciences, and

all sampling was conducted during June 2015eAugust 2016 (12

rain events monitored). All groundwater sampling wells are

primarily used for domestic and/or agricultural purposes; the

mean depth of these wells is 9.78 m (range from 4.0 to 50.0 m).

The values of pH, dissolved oxygen (DO) and Electrical Con-

ductivity (EC) were measured in the field using a WTW Multi

340i/SET multiparameter instrument (Germany).

Groundwater samples were collected by pumping from the

wells. River water was taken as grab samples which were

collected at a depth of 50 cm below the surface of the river. All

samples were filtered through 0.45 mm membranes, and were

collectedbyahighdensitypolyethylenesamplerandthenstored

in two 250-mL, two 1.5 L and one 4 L high-density polyethylene

sampling bottles for analysis of the main ions (NO3
�, NO2

�, Cl�,
NH4

þ andMn) and the isotopes (d15NeNO3
e, d18OeNO3

e, d2HeH2O,

d18OeH2Oand d37Cl (TheCl isotopic sampleswere collectedonly

in August 2016)), respectively. Samples for cation tests were

acidifiedwith HNO3 to a pH less than 2. Unpretreated (no HNO3

addition) sampleswere used for anion and isotope analyses.

Hydrochemical parameters were analyzed at the labora-

tory of the Groundwater Mineral Water and Environmental

Monitoring Center at the Institute of Hydrogeology and Envi-

ronmental Geology, Chinese Academy of Geological Sciences.

The ions, including nitrate (NO3
�), nitrite (NO2

�), chloride (Cl�)
and ammonia (NH4

þ) etc., were measured by spectrophotom-

etry (PerkinElmer Lambda 35, USA), and Mn was determined

by using inductively coupled plasma-mass spectrometry

(Agilent 7500ce ICP-MS, Tokyo, Japan).

The d15NeNO3
e and d18OeNO3

e values were determined by

ion-exchange methods (Silva et al., 2000) with a Finnigan MAT

253 mass spectrometer combined with an online Flash

Elemental Analyzer in the Research Center for Eco-

Environmental Sciences, Chinese Academy of Sciences. The

d18OeH2O and dD-H2O valueswere analyzed by a FinniganMAT

253 mass spectrometer at the Institute of Hydrogeology and

Environmental Geology, Chinese Academy of Geological Sci-

ences. The ratios of isotopicClweredeterminedusinga thermal

ionization mass spectrometer (Thermo Fisher Triton) based on

the Cs2Cl
þ ion method (Xiao et al., 1995) in the Salt Lake

Analytical and Test Department, Qinghai Institute of Salt Lakes

(ISL) of the Chinese Academy of Sciences. The analytical preci-

sion of the d15NeNO3
e, d18OeNO3

e, d18OeH2O and dD-H2O values

was ±0.2‰, ±0.25‰, ±0.2‰ and ±1‰, respectively. In addition,

the precision of the analysis based on the standard ISL 354NaCl

mean value (±2s) was 0.319058 ± 0.000011 (Xiao et al., 1995).

The stable isotope ratios for NO3
- , H2O and Cl� isotopic

composition are expressed in delta (d) units and as a per mil

(‰) notation relative to international standards:

dsample ¼
�

Rsample

Rstandard
� 1

�

� 1000‰ (1)

where Rsample and Rstandard are the 15N/14N for d15N, D/H for dD,
37Cl/35Cl for d37Cl and 18O/16O for d18O. The isotopic values are

reported relative to N2 in atmospheric air (AIR), Vienna

Canyon Diablo Troilite (V-CDT), ISL 354 NaCl and Vienna

Standard Mean Ocean Water (VSMOW) for d15N, d37Cl, and d D

and d18O, respectively.

1.3. Bayesian isotopic mixing model

The proportion of nitrate source contributions was quantified

using the Bayesian isotopic mixingmodel (Parnell et al., 2010),

implemented with the “SIAR” (Stable Isotope Analysis in R)

software package. The model can be expressed as follows:

xij ¼
X

k

k¼1

pk

�

sjk þ cjk
�þ εjk

sjk � N
�

mjk;u
2
jk

�

cjk � N
�

ljk; t2jk

�

εjk � N
�

0;s2
j

�

(2)

where Xij is the isotope value j of the mixture i, in which i ¼ 1,

2, 3, …, I and j ¼ 1, 2.
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3, ..., J; Sjk is the source value k of isotope j (k ¼ 1, 2, 3, …, K)

and is normally distributed with a mean value mjk and a

standard deviation ujk; Pk is the proportion of source k, which

needs to be estimated by the SIAR model; Cjk is the fraction-

ation factor for isotope j of source k and is normally distrib-

uted with a mean value ljk and a standard deviation tjk; and εij

is the residual error representing the additional unquantified

variation between individual mixtures and is normally

distributedwith amean value of 0 and standard deviation sj. A

detailed description of thismodel can be found in Parnell et al.

(2010).

1.4. Multivariate data analysis

The one-way analysis of variance (ANOVA) was used to

analyze the differences in ground-water NO3
� concentration,

d15N and d18OeNO3
�, and dD and d18OeH2O values in different

hydrogeological subregions and land use. ANOVA was per-

formed using SPSS software (version 21.0; SPSS Inc., Chicago,

IL, USA).

2. Results

2.1. Spatial and temporal variations of nitrogenous
species

The NH4
þ concentrations in groundwater and the river in

different seasons were below the detection limit (BDL;

detection limit ¼ 0.04 mg/L). The variations of NO2
- and NO3

- in

groundwater and river water in different seasons are illus-

trated in Table 1 and Fig. 2. The NO2
- concentrations in

groundwater and river samples ranged from BDL (detection

limit ¼ 0.002 mg/L) to 0.980 mg/L and from BDL to 0.410 mg/L,

respectively. The mean value of NO2
- in the groundwater was

clearly lower than the drinking water threshold of the WHO

(3 mg/L).

The NO3
� concentrations in groundwater and the river

ranged from 1.76 to 509.0 mg/L and from 7.80 to 49.5 mg/L,

with themean values of 104.2 and 21.7mg/L, respectively. The

mean value in groundwater was higher than the drinking

water threshold of theWHO (50mg/L). The NO3
� concentration

was significantly higher than the values of NH4
þ and NO2

- , so

NO3
� was the main nitrogenous species in the Hutuo River

alluvial-pluvial fan. As shown in Fig. 2(2-1), the spatial varia-

tion of the NO3
� concentration was significant in all the sea-

sons. It was higher in the HVP region (178.7 mg/L) than in UPC

(82.1 mg/L), CPF (71.0 mg/L) and the river (17.0 mg/L), and the

concentration fluctuations were larger in the HVP region than

in UPC, CPF and the river. This may be due to the groundwater

table being lower in the HVP which make the NO3
� concen-

trations vulnerable to the rain and human activity.

As a whole, the groundwater NO3
� concentrations were

higher in the dry season than in the wet season and the

transition season because of dilution by rainfall, but signifi-

cantly higher levels (p < 0.05) were only shown in the UPC

based on one-way ANOVA. By contrast, the NO3
� concentra-

tion in the river was higher in the wet season than the dry and

Fig. 1 e Land use and water quality monitor sites of Hutuo River alluvial-pluvial fan.
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transition season, which ismainly due to runoff carrying large

amounts of pollutants from villages and farmland into rivers.

As shown in Fig. 2(2-2), the average concentrations of

groundwater nitrate in the county (116.5 mg/L), agriculture

(95.3 mg/L) and urban areas (86.1 mg/L) were significantly

higher than in the river (21.7 mg/L). However, the different

land use types had no significant effect on groundwater ni-

trate concentrations. It is worth noting that the highest NO3
�

concentrations in dry season (509 mg/L), wet season (495 mg/

L) and transition season (465 mg/L) were found in the county

regions, and the mean NO3
� concentrations in county regions

was higher than the drinking water threshold of the WHO

(50 mg/L). Therefore, it poses a serious threat to the safety of

drinking water for the local population.

2.2. Spatial and temporal variations of stable isotopes

2.2.1. Isotopic compositions and variations in groundwater,
river and rainfall
The dD and d18O values of groundwater and river water are

summarized in Table 2. The mean values of the dD and d18O

were �58.9‰ and �8.09‰, �57.2‰ and �7.75‰ for ground-

water and the river, respectively. The ranges of the dD and

d18O values of rainfall were from�100.0‰ to �38.1‰ and from

�14.6‰ to �6.0‰, respectively, with a mean value of �63.1‰

and �9.4‰, respectively. As shown in Table 2, the

groundwater dD values were higher in the HVP region than in

the UPC and CPF regions, and the mean was significantly

higher in the HVP (�56.0‰) than in the UPC (�59.4‰) and CPF

(�60.0‰) in the dry season (January, 2015). The groundwater

d18O values were higher in the HVP than in the UPC and CPF,

and the d18O value was significantly higher in the HVP

(�7.66‰) than in the CPF (�8.19‰) in the wet season of 2016.

For the river, the dD and d18O values were higher than the

groundwater in the dry and transition seasons, but the dD and

d18O values were lower than the groundwater in the wet sea-

son of 2016. There was no significant temporal variation of

groundwater dD concentration in the three hydrogeological

sub-regions (HVP, UPC and CPF). However, the groundwater

d18O value in the wet season of 2017 was significantly higher

than in the dry season, transitional season and wet season of

2016. For the river, the d18O value in the wet season was

significantly higher than in the dry and transition season.

2.2.2. Isotopic compositions and variations in NO3
-

The d15NeNO3
- values in the groundwater of the Hutuo River

alluvial-pluvial fan were 1.86‰e16.03‰, with an average of

8.14‰, and the range in the river was 5.61‰e14.17‰, with an

average of 10.29‰. As shown in Fig. 3, the d15NeNO3
- values of

the groundwater did not show significant differences in the

three hydrogeological units. The d15NeNO3
- value in river

water was higher than that in the groundwater of the HVP and

Table 1 e Summary of the NO2
- values of groundwater and river in different season in the Hutuo River alluvial-pluvial fan.

Sampling time Range (mg/L) Mean (mg/L) SD Standard (mg/L)

Dry season Groundwater (n ¼ 30) 0.002e0.021 0.005 0.005 3.0

River (n ¼ 2) 0.002e0.002 0.002 0

Transition season Groundwater (n ¼ 34) 0.002e0.980 0.031 0.168

River (n ¼ 4) 0.002e0.128 0.009 0.012

Wet season 2016 Groundwater (n ¼ 31) 0.002e0.920 0.043 0.166

River (n ¼ 4) 0.002e0.128 0.035 0.062

Wet season 2017 Groundwater (n ¼ 32) 0.002e0.048 0.013 0.016

River (n ¼ 4) 0.047e0.410 0.157 0.171

n ¼ Number of samples; SD ¼ Standard deviation; Standard is the threshold of drinking water by WHO (WHO, 2011).

Fig. 2 e The spatial and temporal variations of the NO3
- concentration in the Hutuo River alluvial-pluvial fan. The lines of the

SD followed by different lowercase letters for different hydrogeological subregions (2-1) and land use (2-2) in same season

designate significantly spatial variation at p < 0.05 level by one-way ANOVA; The lines of the SD followed by different

capital letters for same hydrogeological subregions and riverin different season designate significantly temporal variation

at p < 0.05 level by one-way ANOVA; The lines of the SD not followed by letters or different letters designate not significantly

temporal and spatial variation.
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UPF region. During the wet season, the d15NeNO3
- value in the

groundwater of the HVP and UPF region was higher than that

in the groundwater of the CPF. The range of d18OeNO3
- values

in groundwater of the Hutuo River alluvial-pluvial fan was

�1.91‰to 25.3‰, with amean of 6.48‰, and in surface water it

was 6.70‰e24.74‰, with an average of 13.20‰. Similar to the

statistical results of d15NeNO3
-, the d18OeNO3

- values in

groundwater showed no significant differences in the three

hydrogeological units. The d18OeNO3
- values in surface water

were higher than that in the groundwater of the UPF and CPF

(Fig. 3). Due to the influence of precipitation, the groundwater

d18OeNO3
- during the dry season was significantly higher than

during the wet season and the transitional season. The

d18OeNO3
- value in river water had no significant seasonal

differences.

2.2.3. Isotopic compositions and variations in Cl-

The d37Cl values of groundwater and river water are sum-

marized in Table 3. The ranges of the d37Cl value were from

0.78‰ to 2.38‰ and from 0.73‰ to 1.50‰ for groundwater

and the river, respectively. As shown in Table 3, the mean

values of the d37Cl were higher in the UPC region (1.73‰)

than in the HVP (1.41‰), CPF (1.37‰) and river (1.17‰) re-

gions. However, the d37Cl values in groundwater of the three

hydrogeological units and river did not show significant

differences.

Table 2e Summary of the dD‰-H2O and d18O‰-H2O values of groundwater and river in different season in the Hutuo River
alluvial-pluvial fan.

Sampling time d D‰ d18O‰

Range Mean SD Range Mean SD

Dry season HVP (n ¼ 8) �60e�52A �56.0a 2.39 �8.0e�6.8A �7.54a 0.37

UPC (n ¼ 10) �63e�57A �59.4b 2.01 �8.6e�7.4A �7.89a 0.35

CPF (n ¼ 10) �65e�53A �60.0b 3.80 �8.7e�6.7A �7.98a 0.66

River (n ¼ 2) �54e�50A �52.0a 2.83 �6.8e�6.0A �6.40b 0.57

Transition season HVP (n ¼ 8) �60e�56A �57.6ab 1.41 �8.2e�7.5A �7.81a 0.24

UPC (n ¼ 14) �63e�52A �58.1a 2.91 �8.6e�6.7A �7.72a 0.52

CPF (n ¼ 12) �64e�50A �58.9a 4.31 �8.8e�6.8A �7.97a 0.66

River (n ¼ 4) �62e�48A �53.8b 5.91 �8.5e�6.2A �7.03b 1.01

Wet season 2016 HVP (n ¼ 8) �60e�55A �56.5a 1.77 �8.1e�7.3A �7.66a 0.26

UPC (n ¼ 13) �65e�53A �58.6ab 3.71 �8.9e�6.7A �7.79ac 0.64

CPF (n ¼ 10) �65e�57A �60.7b 3.09 �8.9e 0.7.5A �8.19bc 0.51

River (n ¼ 4) �66e�57B �62.3b 4.11 �9.1e�7.7B �8.50b 0.63

Wet season 2017 HVP (n ¼ 8) �70e�52A �58.6a 5.63 �10.47e�7.8B �8.79ab 0.82

UPC (n ¼ 14) �67e�52A �59.0a 5.62 �9.49e�7.7B �8.55a 0.64

CPF (n ¼ 10) �69e�56A �62.1a 3.72 �9.66e�8.6B �9.07b 0.34

River (n ¼ 4) �63e�52AB �58.1a 4.73 �8.94e�7.7B �8.41ab 0.59

Total GW (n ¼ 125) �70e�50 �58.9 3.85 �10.47e�6.7 �8.09 0.69

River (n ¼ 14) �66e�48 �57.2 5.80 �9.1e�6.0 �7.75 1.09

GW: Groundwater; n: Number of samples; SD: Standard deviation.

The values followed by different lowercase letters within a row for different hydrogeological subregions and river in same season designate

significantly spatial variation at p < 0.05 level by one-way ANOVA.

The values followed by different capital letters within a row for same hydrogeological subregions and river in different season designate

significantly temporal variation at p < 0.05 level by one-way ANOVA.

Fig. 3 e The spatial and temporal variations of the d15NeNO3
- and d18OeNO3

- value in the Hutuo River alluvial-pluvial fan. The

lines of the SD followed by different lowercase letters for different hydrogeological subregions and riverin same season

designate significantly spatial variation at p < 0.05 level by one-way ANOVA; The lines of the SD followed by different

capital letters for same hydrogeological subregions and riverin different season designate significantly temporal variation

at p < 0.05 level by one-way ANOVA; The lines of the SD not followed by letters or different letters designate not significantly

temporal and spatial variation.
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3. Discussion

3.1. Groundwater origin and recharge

Stable water isotopes (dD and d18O) can provide a fingerprint

for the origin of water and hydrological processes (Past�en-

Zapata et al., 2014; Ji et al., 2017), and can sometimes pro-

vide valuable information about likely nitrate pollution sour-

ces (Brooks et al., 2012; Ji et al., 2017). In addition, the dD and

d18O values of the river and groundwater can be used to clarify

their conversion relationship (Zhang et al., 2014), which is

important for further analysis of the nitrate sources. We

compare groundwater and river water with global and

regional (Hutuo river alluvial-pluvial fan region) meteoric

water lines (GMWL and LMWL, respectively) in Fig. 4. The

global meteoric water lines, defined as dD ¼ 8 d18O þ10. The

regionalmeteoricwater lineswere obtained from local rainfall

samples (dD ¼ 7.25 d18O þ4.85).

As shown in Fig. 4, the compositions of the dD and d18O in

river water and groundwater samples were close to the GMWL

and LMWL, suggesting that precipitation was the primary

recharge source of river and groundwater in the study regions.

Fig. 4 indicated that the most of the points fall below the

GMWL and LMWL, and the slopes of the regression lines for

the river (5.00) and groundwater (the slopes were 5.72, 6.01,

6.00, for the dry season, transition season and wet season

2016, respectively), were lower than that of the GMWL (8) and

LMWL (7.25), which may due to the rain having undergone

intense evaporation during the recharge process. It is worth

noting that the slope of the regression line in wet season 2017

was higher than in wet season 2016, perhaps because the

rainfall in wet season 2016 (August) was not subjected to

intense evaporation, and had yet to seep into the aquifer. By

wet season 2017 (September), after three months of infiltra-

tion it had entered the aquifer, and the slope of the regression

lines in the two months therefore showed significant

differences.

The dD and d18O values in the river were higher than in the

groundwater (Table 2), indicating that the river had undergone

more intense evaporation than the groundwater. On the other

hand, there was a strong hydraulic connection between the

river and the groundwater, indicated by their similar regres-

sion line slopes. In the study region, the conversion relation-

ship between river and groundwater was that the river

recharged the groundwater, which due to the water table

being deeper (the water tables were 2e21 m, 20e35 m and

25e60 m in HVP, UPF and CPF regions, respectively). There-

fore, the pollutants in the river would increase the nitrogen

concentration of the groundwater.

3.2. Identification of sources of nitrate

3.2.1. Identification of nitrate sources using d15NeNO3
- and

d18OeNO3
-

Nitrate in the water environment comes from various pollu-

tion sources, such as precipitation, fertilizer, soil nitrogen,

sewage andmanure (Xue et al., 2009; Zhang et al., 2018). In this

study, we identified the nitrate sources in the river and

groundwater of the Hutuo River alluvial-pluvial fan by using

d15NeNO3
- and d18OeNO3

- isotopes. Fig. 5 shows that, in gen-

eral, the d18OeNO3
- value in the rainy season was more

concentrated than that in the dry season, probably due to the

strong evaporation in the dry season, which caused the frac-

tional distillation of oxygen isotopes (Yue et al., 2014). In

different seasons and different hydrogeological units, most of

the water samples did not fall within the range of potential

pollution sources. Therefore, the nitrates in the study area

may have multiple sources, such as nitrate fertilizer, soil N,

sewage and manure.

In the groundwater sampling sites, except for d18O in

September 2017, the average d15N and d18O values of the three

hydrogeological units did not show significant variation

(Fig. 3). Therefore, we suggest that the nitrate may all come

from the same pollution sources. According to previous

studies, the d15NeNO3
- and d18OeNO3

- values for sewage and

manure, soil N and ammonia fertilizers from þ4‰ to þ25‰,

�3‰ toþ9‰,�4‰ toþ6‰ and�10‰ toþ10‰,�10‰ toþ10‰,

�10‰ to þ10‰, respectively (Xue et al., 2009; Nestler et al.,

2011; Jin et al., 2015; Kim et al., 2015). The d15NeNO3
- and

d18OeNO3
- values in most of the groundwater samples in this

Table 3 e Summary of the d 37Cl‰ values of groundwater
and river in the Hutuo River alluvial-pluvial fan.

Sampling time d37Cl‰

Range Mean SD

Wet season 2016 HVP (n ¼ 7) 0.78e2.01 1.41a 0.50

UPC (n ¼ 11) 1.04e2.38 1.73a 0.42

CPF (n ¼ 9) 0.86e2.07 1.37a 0.36

River (n ¼ 3) 0.73e1.50 1.17a 0.40

n: Number of samples; SD: Standard deviation.

The values followed by different lowercase letters within a row for

different hydrogeological subregions and river designate signifi-

cantly spatial variation at p < 0.05 level by one-way ANOVA.

Fig. 4 e Relationship between dD and d18O with respect to

Global Meteoric Water Line(GMWL) and Regional Meteoric

Water Line(LMWL) in different season in the Hutuo River

alluvial-pluvial fan.
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study area (60%, 76%, 87% and 100% of water samples in dry

season and transition season, wet season in 2016, and wet

season in 2017, respectively) were within the range of the

above three potential pollution sources. As a result, the nitrate

contamination of groundwater in the Hutuo River alluvial-

pluvial fan area may result from a mixture of domestic

sewage and manure, soil nitrogen and ammonia fertilizers.

The main land use type in the Hutuo River alluvial-pluvial

fan region is farmland (38.62%), and the use of nitrogen fer-

tilizersmay also be a source of groundwater contamination by

nitrate. Previous studies have found that if nitrate in thewater

was derived from nitrate fertilizers, the d18O values were be-

tween þ17‰ and þ25‰ (Fang et al., 2012; Liu et al., 2006). In

our study area, 20% and 9% of the water samples in January

2015 and October 2015 were probably contaminated by nitrate

fertilizers.

In the Hutuo River alluvial-pluvial fan region, the ground-

water d15NeNO3
- and d18OeNO3

- values were not within the

range of published nitrate values for precipitation (d15NeNO3
-:

�13‰ toþ13‰, d18OeNO3
-: þ25‰ toþ75‰) (Saccon et al., 2013;

Xue et al., 2013). During the study period, we collected 12

precipitation samples. The average NO3
- concentration of

rainfall was 8.94 mg/L, which had relatively little impact on

groundwater nitrate contamination. As a result, we can be

confident that precipitationwas not themain source of nitrate

in the groundwater.

Only two river water samples (Gangnan reservoir and

Huangbizhuang reservoir) were collected in dry season, and in

both cases the nitrate concentrations were low (7.80 and

10.48 mg/L). The d15NeNO3
- and d18OeNO3

- values of Gangnan

reservoir were þ13.17‰ and þ24.74‰, respectively, and not

within the theoretical value ranges of the sewage andmanure,

soil N and ammonia fertilizers. In addition, the Gangnan

reservoir is in the water conservation region of Shijiazhuang

city, and there are protective walls around it; thus, it is less

affected by human activities. Therefore, the NO3
- in Gangnan

reservoir maymainly come from rainfall and nitrate fertilizer.

The d15NeNO3
- and d18OeNO3

- values of Huangbizhuang

reservoir were þ14.17‰ and þ8.60‰, respectively, which was

within the range of sewage and manure. During the research,

it was found that the villages surrounding the reservoir dis-

charged sewage directly into it, while garbage and animal

manure were piled up everywhere and entered the Huang-

bizhuang reservoir directly as a result of the scouring effect of

the runoff in the rainy season. Thus, the nitrate in the

Huangbizhuang reservoir mainly came from sewage and

manure. In the transition season, the d15NeNO3
- and d18OeNO3

-

values of the four water samples were in the range of mixing

values for sewage, manure and nitrate fertilizer, therefore

resulting from a mixture of these nitrate sources. In the wet

season in 2016 and 2017, the d15NeNO3
- and d18OeNO3

- values

of the four water samples were within the ranges of the

sewage, manure and soil N, indicating that the nitrate was

probably a mixture from these three contamination sources.

3.2.2. Identification of sources of nitrate by using d37Cl
As shown in Fig. 6, there was a positive relationship between

Cl� and NO3
- in different seasons (p < 0.001), which indicated

Fig. 5 e d15NeNO3
- versusd18OeNO3

- value in different seasons in three hydrogeological subregions and River from the Hutuo

River alluvial-pluvial fan. SAM: sewage and manure; SN: soil nitrogen; NF: NO3
- fertilizer; NP: NO3

- in precipitation; NFAR:

NH4
þ in fertilizer and rain.
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that the Cl� and NO3
- have the same pollution sources in the

region. Previous research showed that the d37Cl range of

sewagewas betweenþ0.0‰ andþ1.0‰ (Lang et al., 2008; Fang,

2014), and the d37Cl of rainfall was positive in Hebei province,

China (Fang, 2014). In our study region, rainfall may not be the

primary contamination source of the Cl�, due to the concen-

tration of Cl� in rainfall being lower (mean value is 2.28 mg/L,

n ¼ 12). A scatter plot of d37Cl vs. NO3
-/Cl was produced, based

on the characteristic d37Cl and NO3
-/Cl values for different

pollution sources. As shown in Fig. 7, the Cl� of groundwater

mainly originated from the mixing of sewage, manure and

fertilizer, further confirming this as the main groundwater

nitrate source for the Hutuo River alluvial-pluvial fan.

3.3. Effects of land use types on nitrate sources

Land use type is a direct reflection of human activity and is

closely related to groundwater pollution (Lockhart et al., 2013).

Previous researchers found that land use types had a signifi-

cant effect on groundwater nitrate levels (Zhang et al.,2015a).

In theHutuo River alluvial-pluvial fan area, due to the fact that

the construction of the sewage network and garbage treat-

ment facilities in rural areas was backward, and villagers had

poor awareness of environmental protection, the ground-

water pollution was very serious (The mean concentration

was 116.5 mg/L in county areas and in excess of the drinking

water threshold of the WHO (50 mg/L)). During the whole

investigation and sampling period, we recorded that more

than 20 villages in the HVP region did not have a sewage

network, and their domestic sewage was directly discharged

into the Hutuo River. In addition, large numbers of livestock

and poultry were kept in the nearby villages. As shown in

Fig. 5, the d15N and d18O values in county areas are relatively

dispersed, and they are mainly located above the range of

values of the domestic sewage and manure. Therefore, the

main nitrate sources of groundwater in this region were

probably domestic sewage and manure.

It is worth noting that the mean concentration of ground-

water nitrate in agricultural areas was 95.3 mg/L, above the

threshold for drinkingwater set byWHO (50mg/L). As a result,

groundwater in agricultural areas is also heavily contami-

nated with nitrates. As shown in Fig. 5, the d15N and d18O

values in agricultural area are also relatively dispersed; thus, it

can be inferred that nitrate in this area may come frommixed

sources. In this study, the sampling sites in the agricultural

area were close to the village and were located within 5 km of

theHutuo River. Therefore, the sources of groundwater nitrate

in agricultural areas may be agricultural fertilizers, domestic

sewage and manure.

In urban areas, the mean concentration of groundwater

nitrate was 86.1mg/L, and it was in excess of the threshold for

drinking water set by WHO (50 mg/L). As shown in Fig. 5, the

d15N and d18O values in urban areas are more concentrated,

andmainly within the range of domestic sewage andmanure.

Due to the lack of livestock or poultry farming in urban areas,

the main source of nitrate was domestic sewage. In addition,

fertilizer may also be another important source of ground-

water nitrate in urban areas, as the daily maintenance of

green belts and park lawns requires fertilization.

3.4. Identification of transformation of nitrate

3.4.1. Nitrification
Theoretically, the d18OeNO3

- values of nitrate produced by

microbial nitrification could be calculated, because approxi-

mately one-third of the oxygen in NO3
- should be derived from

oxygen in the air, while two-thirds should be derived from

ambient water at the site of nitrate formation (Li et al., 2010;

Zhang et al., 2018). As a result, the d18OeNO3
- values derived

from microbial nitrification can be calculated by measuring

the groundwater d18OeH2O values and assuming that the

d18OeO2 is from atmospheric O2 (þ23.5‰). As shown in Fig. 8,

in the dry season, the d18OeNO3
- values were all higher than

the theoretical values, which may have resulted from higher

d18OeH2O values due to the evaporation of soil water, or by

bacterial respiration generating higherd18O values in the O2

(Kendall et al., 2008; Yue et al., 2014). The evaporation of soil

water in the alluvial-pluvial fan region is very strong, which is

due to the sediment beingmainly composed of coarse-grained

conglomerates and sands. Compared with the dry season, the

Fig. 6 e Relationship between the Cl¡ and NO3
-

concentration in different seasons from the Hutuo River

alluvial-pluvial fan.

Fig. 7 e The combined biplot of d37Cl and NO3
-/Cl¡ in wet

season 2016 from the Hutuo River alluvial-pluvial fan.
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d18OeNO3
- values of water samples in the wet and wetedry

transition season were closer to theoretical values due to the

lower evaporation of soil water. In our study region, the

d18OeNO3
- values of 99.3% of water samples were lower than

those in rainwater (þ25‰ to þ75‰) and 94.3% of water sam-

ples had values lower than in the fertilizers (þ17‰ to þ25‰);

in addition, the NH4
þ concentration in all the groundwater

samples was lower than the detection limit (0.04 mg/L).

Therefore, nitrification could be the most important nitrogen

migration and transformation process in this region. In recent

years, groundwater in the area has been heavily exploited,

and two large reservoirs have been built upstream, which

blocked the groundwater recharge sources. This, in turn, has

led to a continuous decline in the groundwater level and

created an artificially oxidizing environment, so that the

vadose zone was also conducive to nitrification.

3.4.2. Denitrification
Another process that caused changes in the nitrate isotope

value was microbial denitrification. Denitrification is prone to

occur when there is sufficient organic carbon and the oxygen

content in groundwater is very low (Xue et al., 2009). In this

study area, denitrification may not be a major process, as the

aquifer systemhad an oxidizing environment (the average DO

in groundwater was 6.82 mg/L and the average Mn concen-

tration was below 8 mg/L). Research has shown that microbial

denitrification will increase the d15NeNO3
- and d18OeNO3

-

values of water samples, reduce the nitrate concentration and

produce d15NeNO3
- and d18OeNO3

- ratios of 1.3e2.1:1 (Panno

et al., 2006). As shown in Fig. 5, most water samples were

not within these ratios; only five in the dry season, nine in the

transition season, nine in wet season 2016, and six in wet

season 2017 were within the ratios. For these sites, the con-

centration of DOwas higher (4.87e8.88mg/L in the dry season,

3.34e7.85 mg/L in transition season, 5.67e10.01 mg/L in wet

season 2016 and 2.65e9.16 mg/L in wet season 2017) which

was not within the appropriate denitrification oxygen level

(<2.0mg/L) (Zhang et al., 2018), while the nitrate concentration

was higher (103.5e390 mg/L in dry season, 50.6e128.6 mg/L in

transition season, 44.11e495 mg/L in wet season 2016 and

36.09e154.31 mg/L in wet season 2017). As a result, these sites

did not show denitrification, or had only slight denitrification.

In summary, denitrification did not significantly affect the

isotopic composition of nitrate in the Hutuo River alluvial-

pluvial fan region.

3.5. Estimates of proportional contributions of the
dominant nitrate sources

After determining the potential pollution sources and trans-

formation of NO3
- in the Hutuo River alluvial-pluvial fan by

both hydrochemical and multi-isotope approaches, SIAR,

based on the Bayesian Isotope mixing model (Eq. (2)), was

applied in order to evaluate the proportional contributions of

the possible nitrate source. We collected the five potential

nitrate sources values from the literature (reviewed in Zhang

et al., 2015b). We assumed the fractionation factor Cjk ¼ 0 in

Eq. (2) due to denitrification not having a great impact on the

isotope composition. The results of the SIAR model showed

high seasonal and spatial variation in the contributions of five

potential sources of nitrate (Fig. 9).

3.5.1. Estimates of proportional contributions of nitrate
sources in different hydrogeological units
As shown in Fig. 9, the main groundwater nitrate pollution

sources in different hydrogeological units of the Hutuo River

alluvial-pluvial fan were domestic sewage andmanure. In the

dry season, domestic sewage and manure accounted for a

large proportion, ranging from 55.9% to 61.0%. In the rainy-dry

transitional season and rainy season, due to the impact of

precipitation, the proportion of domestic sewage and manure

decreased to 50.3%e60.4% (transition season), 42.7%e47.6%

(wet season 2016) and 45.9%e46.7% (wet season 2017),

respectively. In different seasons, the contribution of NO3
- in

rainwater to groundwater nitrate pollution was very low, at

2.9%e4.2% in the dry season, 1.6%e2.9% in the transitional

season, and 1.1%e2.9% in wet season 2016 and 2017, respec-

tively. This was mainly due to the low NO3
- content in rain-

water in this region. The contribution rates of NH4
þ(NFAR) and

soil nitrogen (SN) in NH4
þ fertilizer and rainwater showed the

following trend: wet season 2016 and 2017 (17.1%e21.4% and

23.6%e26.4%) > transitional season (13.9%e16.1% and 18.8%e

22.6%) > dry season (10.7%e13.2% and 16.8%e18.2%) which

was due to the erosion of residual fertilizer and soil nitrogen in

the aerated zone by rainfall. The contribution rate of NO3
-

fertilizer to groundwater nitrate pollution did not change

significantly in different seasons; it was 8.5%e9.6% in the dry

season, 5.2%e8.2% in the transitional season, and 3.8%e8.7%

in the wet season 2016 and 2017.

The contribution rate of nitrate pollution sources in the

river showed that NO3
- in rainwater contributed the least, with

a value of 17.7% in the dry season (Only two reservoir samples

(Gangnan reservoir and Huangbizhuang reservoir) were

collected, and these two reservoirs are the surface water

sources of Shijiazhuang city, with relatively good pollution

protection measures, less impact from human activities, and

the recharge source is mainly rainwater. Therefore, for the

two samples, the contribution rate of NO3
- in rainwater is

relatively high), 8.9% in the rainy-dry transitional season,

4.56% in the wet season 2016 and 6.4% in the wet season 2017,

Fig. 8 e d18OeH2O versus d18OeNO3
- value in different

seasons in three hydrogeological subregions and River

from the Hutuo River alluvial-pluvial fan.
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respectively, while it was also higher than the contribution

rate to groundwater of 1.1%e4.2%. The contribution rate of

domestic sewage and manure was the opposite to that of

groundwater, and showed the trend of wet season (35.6% in

wet season 2016 and 38.4% in wet season 2017) > transitional

season (34.1%) > dry season (22.6%). This phenomenon is

mainly due to the fact that domestic sewage and manure do

not easily enter the river water in the dry season. However, in

the rainy season, under the erosive effect of rainstorm runoff,

the manure that has accumulated in the villages around the

Hutuo River and has been applied to the farmland can easily

bewashed into the rivers and reservoirs. The contribution rate

of ammonia fertilizer and ammonia in rainwater (NFAR) and

soil nitrogen (SN) to nitrate in river water did not show much

seasonal change, but it did show that there was a higher

contribution in the wet season than the dry season and the

transitional season, namely, accounting for 22.5% and 19.2%

for wet season 2016, 25.2% and 23.0% for wet season 2017,

18.6% and 21.0% for transitional season, 19.8% and 20.5% for

dry season. The contribution rate of nitrate fertilizer to river

nitrate pollution did not change significantly in different

seasons, namely 19.5% in the dry season, 17.3% in the rainy-

dry transitional period, and 12.2% in the wet season of 2016

and 13.0% in the wet season of 2017.

3.5.2. Estimates of proportional contributions of nitrate
sources in different land use
As shown in Fig. 10, the contribution ratio of different pollu-

tion sources to groundwater nitrate showed similar results in

county, urban and agriculture areas; that is, the main sources

of groundwater nitrate in different seasons are domestic

sewage and manure, followed by soil nitrogen, ammonia fer-

tilizer, nitrate fertilizer and rainwater. The contribution rate of

domestic sewage and manure to groundwater nitrate was the

highest in rural areas, reaching 50.4%e66.0%, followed by

41.8%e49.5% in urban areas and 35.5%e41.7% in agriculture

areas. Due to the diluting effect of rainfall, the contribution

rate of domestic sewage was the lowest in the wet season and

the highest in the dry season. The contribution rate of rain-

water to groundwater nitrate in county areas (0.8%e2.9%),

Fig. 9 e Proportional contribution of five potential nitrate sources in groundwater and River in different seasons from the

Hutuo River alluvial-pluvial fan. SAM: sewage and manure; SN: soil nitrogen; NF: NO3
- fertilizer; NP: NO3

- in precipitation;

NFAR: NH4
þ in fertilizer and rain.

Fig. 10 e Proportional contribution of five potential nitrate

sources in different land use in different seasons from the

Hutuo River alluvial-pluvial fan. Note: SAM: sewage and

manure; SN: soil nitrogen; NF: NO3
- fertilizer; NP: NO3

- in

precipitation; NFAR: NH4
þ in fertilizer and rain.
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urban areas (2.8%e6.3%) and agriculture areas (3.7%e5.7%)

was low and did not show significant seasonal variations.

The contribution rate of soil nitrogen and ammonia fertil-

izer to groundwater nitrate was the greatest in the rainy season

and the smallest in the dry season (Fig. 10). The contribution

rate of soil nitrogen and ammonia fertilizer to groundwater

nitrate in county, urban and agriculture areaswas 13.6%e25.6%

and 9.7%e19.7%, 21.3%e23.7% and 16.2%e18.2%, 21.5%e24.8%

and 16.8%e23.2%, respectively. The contribution of ammonia

fertilizer to the groundwater nitrate in agriculture areas was

higher than that in county and urban areas.

The contribution rate of nitrate fertilizer to groundwater

nitrate did not show a significant seasonal change. Similar to

ammonia fertilizer, the contribution rate of nitrate fertilizer to

groundwater nitrate in the agriculture area was higher

(11.1%e14.3%) than in county areas (2.7%-7.8%) and urban

areas (8.1%e12.5%). The contribution rate of nitrate fertilizer

to groundwater nitrate in urban areas was higher than in rural

areas, which may be related to the green belt and park lawn

fertilization in urban areas.

3.6. Management implication

Nitrate pollution in water has become an environmental

problem of widespread concern (Xue et al., 2009; Zhang et al.,

2018). Our study indicated that the pollution sources of NO3
-

were mainly domestic sewage and manure for groundwater

and river water in different seasons in the Hutuo River

alluvial-pluvial fan region of north China. These results could

provide technical support for the governmental agencies to

implement targeted regional strategies for the prevention and

control of water contamination by nitrates. The most impor-

tant controlmeasurewould be stopping the randomdischarge

and disposal of sewage and manure. To facilitate this, local

government could build sewage pipelines and treatment

plants in villages for collecting and processing domestic waste

and usewaste storage tanks for collecting and disposing of the

manure before application. If domestic sewage were

controlled, nitrate pollution could be reduced by about 50%

and 30% for groundwater and river water, respectively.

The other important nitrate source was fertilizers (The

mean contribution of fertilizer (i.e., NH4
þ þ NO3

- fertilizer) to

groundwater nitrate accounted for 20.9%e30.1%, 19.1%e24.3%

and 19.2%e22.8% for wet season, wet-dry transition season

and dry season, respectively, and to surface water accounted

for 36.1%, 36.9% and 39.3% for wet season, wet-dry transition

season and dry season, respectively). Therefore, the state

ministries and research institutions should promote fertilizer

application based on soil testing, timed according to crop

characteristics and nutrient demand, in order to improve the

efficiency of nitrogen use. In addition, in the Hutuo River

alluvial-pluvial fan region, nitrification could be the most

important nitrogen migration and transformation process,

and excessive groundwater exploitation is a factor inducing

nitrate pollution. Thus, local government should develop

strict laws to prohibit over-exploitation of groundwater and

enforce groundwater recharge programs, such as water-

saving irrigation technology and rainwater recycling tech-

nology, which could raise groundwater levels, change the

groundwater environment, and then reduce nitrate pollution.

4. Conclusions

Spatial and seasonal variations of sources and their propor-

tional contribution to nitrate in the Hutuo River alluvial-

pluvial fan region of north China were evaluated using a

multi-isotope approach and the SIARmixingmodel.We found

that the NO3
� concentration showed significant spatial varia-

tion in all seasons and was significantly higher in the HVP

(178.7 mg/L) region than in UPC (82.1 mg/L), CPF (71.0 mg/L)

and the river (17.0 mg/L). However, the different land use

types had no significant effect on groundwater nitrate con-

centration. There was a strong hydraulic connection between

the river and the groundwater and its conversion relationship

was mainly the river recharging the groundwater.

We identified the nitrate sources by using a multi-isotope

approach (d15NeNO3
-, d18OeNO3

- and d37Cl). The results showed

that the groundwater nitrate sources mainly came frommixed

pollution of domestic sewage and manure, soil nitrogen and

ammonia fertilizers in this region. The nitrification could be the

most important nitrogen migration and transformation pro-

cess, while denitrification had not significantly affected the

isotopic composition of nitrate in this region.

The proportional contribution of different sources to

nitrate groundwater and river water was identified by using

an SIAR model. The results showed that the main ground-

water nitrate pollution sources in the different hydro-

geological units of the Hutuo River alluvial-pluvial fan were

domestic sewage and manure, accounting for 55.9%e61.0%

(in dry season), 50.3%e60.4% (in transition season), 42.7%e

47.6% (in wet season 2016) and 45.9%e46.7% (in wet season

2017). The main sources of groundwater nitrate in different

land use types were domestic sewage and manure, followed

by soil nitrogen, ammonia fertilizer, nitrate fertilizer and

rainwater.

All in all, combined use of NO3
- (d15N and d18O), water (d2H

and d18O) and Cl� (d37Cl) isotope could exactly identify the

nitrate pollution sources and transformation process in water

environment. In addition, based on the results of this study,

decision makers may propose more remediation strategies in

order to improve the nitrate contamination of the water

environment.
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