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Abstract Nitrate contamination in both surface water and
groundwater has received considerable attentions in irri-
gated agricultural areas. Nitrate concentrations, and its
nitrogen and oxygen isotopic compositions, as well as oxy-
gen and deuterium isotopic compositions and chloride con-
centrations of surface water and groundwater from a typical
area in the lower reaches of the Yellow River irrigation
district were analyzed to ascertain spatial variations of nitrate
and its possible sources and transformations. The results of
this study showed nitrate in the Yellow River mainly derived
from mineralization of organic matter in sediments and
nitrification of atmospheric deposition, and nitrate in other
important tributaries were greatly affected by agricultural
activities, especially synthetic fertilizer. Nitrate in irrigation
canals which go through concentrated residential zone
mainly originated from domestic effluent and experienced
nitrification. Nitrate in groundwater is not only affected by
surface nitrate sources, but also closely related to hydraulic
conditions which make nitrate source discrimination more
complex. In areas belonging to the Yellow River basin with
shallow water tables, nitrate is mainly derived from synthetic
fertilizer, and denitrification processes controlled nitrate
isotopic compositions in extremely shallow groundwater
with low hydraulic gradients. While in places belonging to
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the Haihe River basin with deep water table, groundwater
nitrate is largely affected by mixing process of irrigation
water. The main sources of nitrate in groundwater are man-
ure and sewage and soil organic matter, while chemical
fertilizer and atmospheric deposition in large amount of
rainfall are its minor contributors.
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Irrigation region - Surface water - Groundwater

Introduction

As the main existing form of nitrogen, nitrate (NOjJ) is
found naturally in the environment (Appelo and Postma
2005). Since the 1970s, nitrate in water has received con-
siderable attention due to its environmental and health
effects. Previous studies show that high concentration of
nitrate can be related to some specific forms of cancer and
methemoglobinemia (Fan and Steinberg 1996; Fewtrell
2004), eutrophication and seasonal hypoxia in estuaries and
coastal oceans (Mclsaac et al. 2001). Nitrate contamination
in water bodies was reported from all parts of the world. A
survey of farm drinking water quality conducted through
the province of Ontario, Canada, in 1991 and 1992 showed
about 14 % of 1292 wells with NO3-N concentrations
above 10 mg/L limit (Goss et al. 1998). The nitrate con-
centration of alluvial groundwaters in the Nakdong River
basin, Korea, varied widely from below the detection limit
to 383.4 mg/L (NOj) with the median nitrate concentra-
tion of 55.4 mg/L (Min et al. 2002), and in China nitrate
was detected (detection threshold of 0.2 N mg/L) in 96 %
of all groundwater and 28 % of groundwater samples
exceeded WHO’s drinking water standard of 50 NO3 mg/L
(Gu et al. 2013; WHO 2011). Nitrate in water has many
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potential sources, including non-point sources such as
atmospheric deposition, soil organic matter and nitrogen
fertilizer and pesticides application in agricultural activi-
ties, and point sources including discharge of urban
domestic sewage, industrial wastewater, septic tanks and
landfills.

Accurate source identification is critical for reasonable
protection and prevention of water from nitrate contami-
nation. Nitrogen isotopes (3'°N) in nitrate have been
widely used for nitrate source discrimination over the past
several decades because different sources of nitrate often
have distinct isotopic compositions (Heaton 1986; Kendall
et al. 2008; Kohl et al. 1971). Using atmospheric N, iso-
topic composition as standard (0 %o), synthetic fertilizer
produced by fixation of atmospheric N, often has lower
3N values, generally in the range of —4 to +4 %o
(Kendall et al. 2008), soil N has slightly higher 315N values
from O to 48 %o linked to the relative rate of mineraliza-
tion and nitrification, and manure and sewage are enriched
in >N due to large fractionation during volatilization of
>N-depleted ammonia and conversion of NH; into N-

enriched NO3 with 35N values of NOy5 originating from
manure is between +5 and +25 %o and sewage between
+4 and 419 %o (Xue et al. 2009). And 3"°N values of
atmospheric N deposition have a wide range from —13 to
413 %o due to multiple effects of chemical reaction in the
atmosphere and various anthropogenic sources such as
combustion of fossil fuels (Xue et al. 2009). Nitrate derived
from synthetic fertilizer (—4 to +4 %o) versus animal waste
(+5 to +25 %o0) can be differentiated successfully using
3N alone due to their distinct isotopic composition ran-
ges, while nitrate derived from atmospheric deposition and
chemical fertilizer cannot be discriminated depending on
3N values only, because of their overlapping ranges.
Since the early 1990s, oxygen isotopes (5180) in nitrate
have been used as an additional tool for nitrate source
discrimination and process analysis, owing to larger dif-
ferences in its isotopic signatures than 8'°N between
atmospheric NO; (from +52.5 to 460.9 %o0) and micro-
bially produced soil NO3 (from +0.8 to +5.8 %o) (Durka
et al. 1994; Kendall et al. 1995; Kendall and McDonnell
2012; Xue et al. 2009). Nitrate-nitrogen and nitrate-oxygen
dual isotope methods have been successfully used for
nitrate sources identification in both urban and agriculture
rivers, small and large river basins, wetland and coastal
system, surface and groundwater systems (Battaglin et al.
2001; Campbell et al. 2002; Kendall et al. 2008; Wankel
et al. 2006).

An understanding of how biogeochemical cycling
affects the isotopic composition is a prerequisite for correct
and reasonable application of isotopes as tracers of various
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sources. It has been recognized for several decades that
nitrate-consuming processes including assimilation and
denitrification can cause “coupled” enrichment of 3N
and 5'%0 in the remaining pool of NO3 (Granger et al.
2004). A large amount of datasets suggested relatively
consistent patterns that nitrate 3'°N and §'%0 values in
areas where denitrification occurred are likely plotting
along slopes of 0.5-0.7 (Kendall et al. 2008). Compared to
“coupled” isotopic effects during denitrification and
assimilation, nitrification can be considered as “decou-
pled” process because sources of nitrogen and oxygen
atoms are unrelated (Kendall and McDonnell 2012).
However, after several researchers’ work (Andersson and
Hooper 1983; DiSpirito and Hooper 1986; Hollocher et al.
1981), the current understanding is that two oxygen atoms
in NOj3 derive from H,O and another one derives from O,
and there may be further O exchange between nitrate and
water. Therefore, 8'%0 in ambient water has been linked
with 8'®0 in nitrate to explore nitrification process (An-
dersson and Hooper 1983). Lee et al. (2008) observed a
good positive correlation between 5180H20 and 8180N03— in
Han River, which suggested 618ON0; values are controlled

by SISOHZO during microbial nitrification.

The Yellow River irrigation region at the lower reaches
is located in Henan and Shandong provinces which plays
an important role in food production in China, with total
irrigation area of 186 x 10* hm? and annual average water
diversions of around 1 x 10!°m?® (Ren and Tang 1998).
Compared to widespread water scarcity in most regions of
North China plain (NCP), the Yellow River irrigation area
in the lower reaches usually has shallower water table be-
cause of lateral seepage from the Yellow River and vertical
recharge from surface irrigation (Shen et al. 2011). In the
process of water movement, large amount of nitrate residue
in the soil resulted from excessive application of synthetic
fertilizer, will move along with water flow due to its good
solubility in water and not readily absorbed by soil col-
loids. Apart from the effect of agricultural activities on
nitrate in groundwater, other sources including municipal
sewage, industrial wastewater and other point sources
(landfills, septic tanks) have been discussed in recent years.
In addition, because of the large amount of diverted water
used for irrigation, the Yellow River water and its tribu-
taries, which usually have higher nitrate concentrations
than precipitation, also contribute to the nitrate in
groundwater (Chen et al. 2007). Previous studies conducted
in North China plain suggested that groundwater nitrate is
also related to the geological setting, and groundwater flow
system controls accumulation patterns of nitrate (Chen
et al. 2005). Study result of environmental isotopes in a
typical irrigation region located in NCP showed that the
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main sources of nitrate in surface water were nitrification
of fertilizer and sewage and mineralization of soil organic
N and sewage mainly contributed to nitrate in groundwater
during dry season (Zhang et al. 2014).

Puyang Yellow River (PYR) irrigation region is chose
as the case study region due to its special geographical
location and over 30 years of irrigation history. In this
study, we have analyzed the dissolved anions and isotopic
compositions of dissolved nitrate in both surface and
groundwater. Comparative analysis of hydrochemical and
isotopic characteristics between surface and groundwater
sheds light on the interaction between different water
bodies and different nitrate sources for different water
bodies.

Materials and methods
Study region description

Puyang Yellow River (PYR) irrigation region is located in
the junction of Shandong, Hebei and Henan provinces, in
the northern area of Henan Province (China) (Fig. 1). It
covers an area of about 3150 km? and has a population of
over 2.890 million. The study area has a continental
monsoon climate with four distinct seasons, sandy-dry
spring, hot-wet summer, clear-sunny autumn and cold-dry
winter (Lu et al. 2014). The monthly average temperatures
vary from —1.6 °C in January to 26.8 °C in July (Liu et al.
2010). The average annual precipitation (1960-2008) is
644.4 mm, with over 65 % of the annual precipitation
falling during June and September (Liu et al. 2010).

Based on the 2000 national land-use data
(1 km x 1 km) (http://www.geodata.cn/Portal/metadata/
viewMetadata.jsp?id=100101-43&isCookieChecked=true),
the dominant land-use type is arable land accounting for
82.54 % of the total area, of which 98.57 % is dry land and
1.43 % is paddy field. Land used for industries and resi-
dents accounts for another 15.79 %, other land-use types
including grass, forest and water areas together are less
than 2 %. According to annual Puyang statistical yearbook,
fertilizer application in Puyang has increased from 161,179
tons in 1999 to 276,262 tons in 2013, with nitrogen fer-
tilizer increased from 87,212 tons in 1999 to 125,108 tons
in 2013.

There are nearly 90 tributaries which are mostly medium
and small rivers, belong to the Yellow River basin (YRB)
and Haihe River basin (HHB) with the Jindi River as their
boundary. Among them, the Yellow River (YR), Jindi
River (JDH), Majia River (MJH) and Zhulong River (ZLH)
are the most important rivers (Fig. 1). Except natural
tributaries, irrigation canals also constitute another impor-
tant part of surface water system in PYR. The First PQN

irrigation canal (FPQN), the Second irrigation canal
(SPQN) and the Third irrigation canal (TPQN) are the most
important canals transporting water from south to north,
with the Yellow River as their common source that located
in the southernmost of study area. The SPQN and TPQN go
through the whole study area from south to north and cross
JDH through inversed siphon beneath, and the FPQN enters
into MJH in its lower reaches after 35 km away from the
Yellow River (Fig. 1). The study is divided by the Jindi
River, with the northern region belonging to the Haihe
River Basin, and the southern area is part of the Yellow
River basin.

As a part of the Yellow River alluvial plain, PYR irri-
gation region is mainly built up by river deposits with the
loose bed thickness of the Quaternary system ranging from
350 to 400 m. Based on its stratum structure, it is usually
divided into two different aquifer groups, a shallow
unconfined aquifer less than 150 m and a deep confined
aquifer between 150 and 300 m. The shallow aquifer and
deeper aquifer are separated by claypan with weak per-
meability (Li and Song 2004). In study area, groundwater
hydraulic connection between YRB and HHB is poor
because of clay stratum associated with the JDH which has
low hydraulic conductivity. In addition, field measurement
suggested that affected by lateral seepage of the Yellow
River, water table in YRB often ranges from 2 to 8 m,
while in HHB water table falls below 15 m and even
deeper (Fig. 1). Groundwater heads are generally higher in
the southern part and lower in the northern region. Gen-
erally speaking, groundwater in study area flows from
south to north with part area located in river confluence
reaches in HHB has dispersed flow to all directions.

Water sampling

According to instruction of water samples collection and
preservation in the drinking water standard examination
method (GB/T5750-2006), all of the surface water and
groundwater samples were collected and preserved within
one week in August 2013 (1 August through 6 August).
Additionally, five surface water samples were collected
from different rivers located in the study area, and the other
12 samples were collected at different sites from the irri-
gation canals. Eighteen shallow groundwater samples in
HHB and another seven samples in YRB were collected
respectively (Fig. 1). Wells were purged by pumping at
least three well volumes of water prior to sampling. All
samples were stored at 4 °C after bottling.

Analytical techniques

Electrical conductivity (EC), water temperature (T), pH
and dissolved oxygen (DO) were measured in situ using
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Fig. 1 Location of the Puyang Yellow River irrigation district in its lower reaches, the Yellow River basin (YRB) and Haihe River basin (HHB)
are in the southern and northern part, respectively, with Jindi River as their boundary

multi-parameter portable meter (HACH40d, USA), which Hydrogen and oxygen stable isotopes in H,O were
was previously calibrated. Alkalinity was determined by = measured using liquid water isotope analyzer (DLT-100,
titration with 0.01 M H,SO, against methyl orange within ~ Los Gatos Research Inc., USA). Nitrate stable isotope
12 h. All water samples for chemical analysis and isotopic =~ sample collection and analysis were done following the
composition were filtrated going through 0.45-ng filter  procedures of Silva et al. (2000). Nitrate was extracted
(Millipore cellulose acetate membrane) before laboratory  using the anion exchange resin method, and its isotopes
analysis. Anions including C1~ and (NO3) were analyzed ~ were determined using Finnigan MAT253 mass spec-
using ICS-2100 Integrated IC System (Thermo  trometer combined with an online Flash Elemental Ana-
Scientific™). lyzer. All stable isotope analysis data were reported in per
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mill (%o) relative to international standard (V-SMOW for
hydrogen and oxygen isotopes and air for nitrogen isotope).
All of the water samples were treated and analyzed in the
physical and chemical analysis center laboratory of the
Institute of Geographic Sciences and Natural Resources
Research (IGSNRR), Chinese Academy of Sciences
(CAS).

Results
Water chemistry and isotopic compositions

The NOj3 concentrations in both surface water and
groundwater have wide ranges with the highest value of
108.76 and 439.06 mg/L. A wider range of NOj5 concen-
trations was observed in rivers than that in irrigation canals
with mean values of 40.37 and 18.86 mg/L, respectively.
Compared with pH values in surface water (7.34-8.13),
groundwater samples have a slightly higher pH values
ranging from 7.64 to 8.45. The observed dissolved oxygen
(DO) concentrations in surface water were generally higher
than those in groundwater, with average value of 7.79 and
3.32 mg/L, respectively. Natural river has the lowest
electrical conductivity (EC) value (1102.9 uS/cm), and
groundwater samples have higher EC values with average
value of 1844.7 uS/cm in YRB and 2070.3 pS/cm in
HHB; samples from irrigation canals have the highest ECs
with mean value of 2860.2 puS/cm. The C1™ concentrations
in surface water have wide ranges in surface water, with
the ranges between 22.4 and 1198.8 mg/L in irrigation
canals and 57.9-211.4 mg/L in rivers. And the Cl™ con-
centrations in groundwater didn’t show significant differ-
ences with mean value of 211.3 and 213.6 mg/L in YRB
and HHB.

The 3D values in surface water vary from —69.04 to
—52.84 %o and 3'30 values vary from —9.62 to —7.15 %o.
Compared to surface water, groundwater has narrower
range from —67.12 to —56.12 %o for 6D and from —9.08 to
—7.30 %o for 8'*0. The 3D and 3'°0 values of the Yellow
River were —67.88 and —9.46 %o, respectively.

Nitrogen and oxygen isotopes in nitrate

In general, the lighter isotope reacts more readily, resulting
in the increase in the 8'°N of the substrate, and decreases in
the products. Stable isotope composition of nitrogen in
nitrate has been used extensively to provide information on
the origins and transformations of nitrate in different water
bodies due to the characteristics of different isotopic
compositions in different formation process and transfor-
mation processes (Heaton 1986; Kendall and Aravena

2000; Kohl et al. 1971; Liu et al. 2006). The 3"°N of NO3
varies from +2.69 to +26.17 % (n = 10, mean
+12.40 %o) in irrigation canals and varies from +2.25 to
+20.00 %o (n = 7, mean +11.03 %o) in rivers. The mean
values of 615NN03— in YRB and HHB were +13.14 %o
(n =7, 4+0.30 to +26.19 %) and +10.05 %o (n = 18,
+4.13 to +15.70 %o), respectively.

Due to different sources for oxygen atoms in NOj3 in
different cycling processes, there are distinct 6180No;
values between atmospheric NOj; (from +52.5 to
+60.9 %0) and microbially produced soil NOj (from
40.8 to +5.8 %o) (Xue et al. 2009), and natural fertilizer
(from +46 to 458 %0) and synthetic nitrate fertilizer
(from +17 to +25 %o0) and ammonium fertilizer (from
—5 to +15 %o) (Kendall et al. 2008). The 5'30 of NO3
provided a further indication of sources and transfor-
mation of nitrate in surface and groundwater (Liu et al.
2006). The BISONO; value ranged from —4.01 to
+15.13 %o with an average value of +4.21 %o in canals
and within the range from —4.87 to +16.61 %o in rivers.
The BISONOS— average values of groundwater in YRB and
HHB were +1.31 and +3.32 %o, which were slightly
lower than that in surface water. Overall an over-
whelming majority of samples fell into the range
indicative of microbiological process with one sample
with 3'®Ono; value of +16.61 %o slightly beyond the
scope of microbiological effect.

Based on the previous review of typical SISNNO; and

SISONOB— range indicative of different nitrate sources
(Kendall et al. 2008; Kendall and McDonnell 2012; Xue
et al. 2009), &' Nno; and SISONO; values of surface and

groundwater are listed in Fig. 2. In general, the SISNNO;
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Fig. 2 Dual isotopic compositions of nitrate in the lower reaches of
the Yellow River irrigation district (3'%0—NO3 vs. §'>’N—NO7) and
typical ranges indicative of different nitrate sources
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values in the surface water varied from -+2.25 to
+26.17 %o with an average of 11.84 & 6.41 %o, and their

6180N03— values varied from —4.87 to +16.61 %o with

mean value of 3.83 & 7.53 %o (n = 17). The 8" Nyo;
values in groundwater were in the similar range to those of
surface water, with slightly low mean value (10.91 &+ 4.95)
and smaller variation. The SISONO; values in groundwater
fell into the range between —6.98 and +13.64 %o with the
mean value of 2.76 £ 5.82 %o (n = 25). The smaller
variation of 8'5NN03— and SISONOS— values in groundwater
than that in surface water illustrated more direct effects of
different nitrate sources on surface water than groundwater
which receives water infiltrated by soil. The lower 6180N03—
value in groundwater may result from more microbial
processes during vadose zone.

Discussion
Mixing processes

Even though low concentration of NOj usually indi-
cates natural sources while high levels of concentra-
tion means anthropogenic inputs, it is often difficult to
judge nitrate source only based on nitrate concentra-
tion due to a variety of different nitrogen chemical
forms and transformation processes which probably
exerting effects on nitrate concentration. Therefore,
Cl™ is often used in combination with NO; to dis-
tinguish mixing process from transformation process,
because Cl™ is usually considered as a conservative
tracer which is not subject to physical, chemical and
microbiological processes (Altman and Parizek 1995;
Liu et al. 2006; Mengis et al. 1999). In general, there
is no clear correlation between NO; and CI~ which
indicates that no simple mixing process is responsible
for the change of NOj concentration in surface water
or groundwater (Fig.3). But it is worth noting the
close relationship between NO5 and Cl~ in HHB
where CI~ concentrations are less than 200 mg/L,
which suggests that mixing processes partly contribute
to enrichment of nitrate in groundwater in HHB.
Potential sources for CI™ include natural sources (at-
mospheric deposition, dissolution of halite), agricultural
chemicals and other anthropogenic sources, such as sewage
effluent and industrial wastewater. Previous studies show
there are no rock salts or evaporite sediments and C1~ from
chemical fertilizer usually come along with increase of
NO5 concentration. Therefore, extremely high Cl™ con-
centration with relative low NOj3 often indicates contam-
inant of domestic sewage and industrial wastewater. Water
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samples from irrigation canals with CI~ concentration of
over 1000 mg/L probably have been contaminated by
municipal sewage or local industrial wastewater.

The plot of NO; /CI™ molar ratio versus Cl~ concen-
tration can be used to discriminate agricultural inputs from
municipal inputs (Liu et al. 2006). In agricultural areas,
NO; in water bodies is inevitably linked to fertilizer
application rate (Bohlke and Denver 1995). Because urea
the commonly used nitrogen fertilizer in North China plain
and mineralization of soil organic N do not contain Cl™
(Mengis et al. 1999), high NO5 /CI™ often suggests nitrate
mainly derived from agricultural fertilizer application.
While municipal sewage and animal manure are rich in
CI™ with low NOj3, low NO5 /CI™ along with high C1~
concentration can be used to indicate municipal inputs.
When there is no significant change in Cl~ concentration,
which suggests no obvious mixing process occurring,
decrease in NO3 /Cl™ ratios probably results from NO3
consuming processes such as denitrification. It can be
easily observed that NO3 in part of irrigation canals was
mainly resulted from municipal effluent, and NO5 in rivers
and groundwater in HHB may be the combined result of
multisource (Fig. 4). The NO5/CI” ratios in YRB
decreased with CI™ remaining the same, which could be
attributed to nitrate-consuming processes such as
denitrification.

Possible isotopic fractionation processes

The basic premium for nitrate-nitrogen and nitrate-oxygen
stable isotopes discriminating different nitrate sources to
aquatic system reasonably is to ensure isotopic composi-
tions representative of original sources without any con-
siderable fractionation, which relies on an understanding of
how different biogeochemical cycling affects the isotopic
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composition of NO3 (Kendall et al. 2008). In the whole N

cycling processes, isotopic fractionations of 8'°N almost
happened in every major processes including atmospheric
N, fixation, organic matter mineralization, ammonium
nitrification, nitrate denitrification, assimilation and
ammonia volatilization (Robinson 2001). Of which, deni-
trification of NOj, assimilation of NOj3 by plants/microbes
and nitrification of NH, /NH; are directly related to

measured value of 3N in nitrate.

Denitrification is a multi-step reduction process of NO3
to gaseous products (N, N,O or NO) which usually only
occurs where O, concentration are less than 20 pM (Ken-
dall and Aravena 2000; Kendall et al. 2008; Kendall and
McDonnell 2012). It has been found that in a closed sys-
tem, denitrification is not only accompanied by disap-
pearance of dissolved O, appearance of Mn>" and Fe®"
(Mariotti et al. 1988) and increases of water alkalinity
because of organic matter oxidation, but also causes
exponentially increase in 35N and 8'%0 in the remaining
NOy5 in specific ratios as NO; decreased (Bottcher et al.
1990). Along with the decrease of NO; concentration,

there are no clear increase trends in neither SISONO; nor
SISONOB— values (Fig. 5), which indicated denitrification
process cannot be mainly responsible for the shifts in iso-
topic compositions of nitrate. Plot of 6180N03— Versus

31 Nno; in Fig. 6b showed that groundwater samples took

from YRB had the 3'*0/5'°N ratio between 0.5 and 0.7.
YRBO02, YRB04, YRBO5, YRB06 and YRBO7 were loca-
ted in the eastern part of YRB with shallow water table and
extremely low hydraulic gradients which makes denitrifi-
cation possible. Groundwater with low hydraulic gradients
usually remains long time in the same place, and with the
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Fig. 5 NO; isotopic compositions versus NO; concentration in the
lower reaches of the Yellow River irrigation district a 5'°N —-NO3
versus NOJ concentration. b 61807NO3_ versus NO3 concentration

proceeding of oxygen consuming process, available oxy-
gen in the groundwater is quite limited which benefits to
denitrification.

Nitrification is a multi-step oxidation process resulting
in nitrate as main product and also other nitrogen oxides as
its intermediate species. In general, the extent of fraction-
ation during nitrification is dependent on the substrate pool
that can be consumed; nitrification is diffusion limited at
low ammonium concentration, and only stimulated when
there is a large amount of ammonium available which will
result in a large fractionation and 8'°N value of the first
formed NO3 would be quite low (Kendall and McDonnell

2012). The 3'°N value at TPQNO2 site is 11.75 %o and
decreased sharply to 5.52 %o at TPQNO3 which is located
in the downstream with the distance less than 1 km. At the
same time, DO concentration also decreased accordingly
from 3.17 mg/L at TPQNO2 to 0.78 mg/L at TPQNO3,
which is resulted from nitrification of ammonium con-
sumed large amount of dissolved oxygen. In addition,
because there is a release of hydrogen ions during nitrifi-
cation (Anthonisen et al. 1976), decrease of pH to an extent
can be another evidence of nitrification with pH value from
8.13 at TPQNO2 to 7.58 at TPQNO3. However, with the
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consumption of NH; pool, nitrification rate usually
decreased with the 5'°N of the total NO; increased to pre-
fertilization values (Feigin et al. 1974). The 315N value of
nitrate increased from 5.52 %o at TPQNO3 to 16.76 %o at
TPQNOS. Because the source of N and O atoms during
nitrification is unrelated (Kendall and McDonnell 2012), it
is impossible to identification of nitrification depending on
relationship between 51 Nno; and BISONOS—. However,
because two of the three oxygen atoms in NO5 are derived
from ambient water, the positive correlation between
6180N03— and 5180H20 is usually used as an indicator of
nitrification (Lee et al. 2008). Samples took from TPQN
showed clear increase in SISONOS— along with the increase

of SISOHZO (Fig. 7a) which illustrated that occurrence of
nitrification. TPQN received large amount of municipal
sewage and industrial wastewater after entering Puyang
City with EC value sharply increased to 5630 pS/cm at
TPQNO2, and sewage and wastewater are usually rich in
ammonia which supplies necessary conditions for
nitrification.
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Source and fate of nitrate in surface water
Source of nitrate in rivers

The Yellow River is the most turbid large river in the world
with suspended sediment concentrations average 20-
50 x 10° mg/L in the middle and lower parts (Zhang et al.
1995). Nitrate concentration of the Yellow River is
25.63 mg/L, which is slightly higher than the analysis
result of 13.6, 19.5 and 20.6 mg/L conducted in August
2003, September 2003 and May 2005 (Chen et al. 2007).
According to statistics data, 9.729 x 10° m?> of the Yellow
River water in 2013 was diverted for irrigation, industrial
and domestic use in the whole Puyang region which has an
area of 4188 km?. Large amount of water derived from the
Yellow River will not only contribute to nitrate in surface
water, but also probably exert an effect on nitrate in
groundwater through vertical infiltration of crop irrigation
and lateral seepage of surface water. The SISNNOS— value in
the Yellow River is +6.890 %o, which is in consistent with
analysis result of 4+5.1 %o in Gaocun closed to study area
conducted in late October 2011 by Liu et al. (2013). The
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3'%Ono; value of the Yellow River is +10.90 %, which is
higher than observed value —1.6 %o in Gaocun. This is
probably caused by input of high amount of precipitation in
wet season, which has higher SISONo; (from +52.5 to

460.9 %o). The SISNNO; and SIBONO; values of the Yellow
River fell into the range indicative of soil organic nitrogen.
In the middle reaches of the Yellow River, water loss and
soil erosion of Quaternary Loess Plateau provides 10 % of
the river discharge and 90 % of the river sediment load for
the Yellow River (Zhang et al. 1990), which results in large
amount of organic nitrogen in sediments and becomes one
of the most important nitrate sources in the middle and
lower reaches of Yellow River (Zhang et al. 1995). Due to
apparent seasonal variation of precipitation and its contri-
bution to surface water, nitrate sources of surface water
also present strong differences during dry season from wet
season (Liu and Xing 2012). Because unprocessed atmo-
spheric nitrate only accounted for 0-7 % of the total nitrate
in the Yellow River based on more accurate A'’O esti-
mation result (Liu et al. 2013), nitrate in the lower reaches
of Yellow River in wet season mainly derives from soil
organic nitrogen, which is caused by large amount of soil
erosion in the Loess Plateau.

Jindi River is one of the most important tributaries in
the lower reaches of the Yellow River, which has the
slight lower 8""Nyo: (+2.25 %o) and 3'*Ono; (+3.46 %o)
values and lower nitrate concentration of 7.72 mg/L. It
suggests that chemical fertilizer and soil organic nitrogen
both may be responsible mainly for nitrate in it, while
other sources such as municipal sewage and manure
which are usually enriched heavier N and have very
limited contributions. MJHO1 has the similar SISNNO;
value comparing with JDHOI1, but with extremely high
nitrate concentration (108.76 mg/L) which probably sug-
gests greater contribution of synthetic fertilizer than
organic soil nitrogen. In addition, high 8180N03—
(+16.61 %0) may illustrate the great effect of nitrate-ni-
trogen fertilizer. MJH river received large amount of
domestic sewage after entering into Nanle County, the
main sources for nitrate changed from synthetic nitrogen
fertilizer and soil organic nitrogen to manure and septic
waste, with the 615NN0; increased from +2.78 %o in

MIJHO1 to +14.09 %0 at MJHO2, and SISONO; decreased
from +16.61 %0 in MJHOl to —4.870 %o at MJHO02,
which are exactly the symbols of manure/sewage con-
tamination and microbial nitrification. Both of ZLH and
YSG are located in the lower reaches of MJH, which has
the similar isotope composition with MJHO02, with
8" Nyo, ranging from +14.74 to 4-20.01 %o, and 8"*Nyo,
ranging from —0.19 to —2.58 %o.

In general, in the wet season nitrate in the Yellow River
can be mainly attributed to mineralization of organic
matter in sediment. And other rivers usually derived nitrate
from synthetic fertilizer in ambient croplands including
nitrate-nitrogen fertilizer and ammonia nitrogen fertilizer.
While nitrate in rivers located in the downstream of con-
centrated residential area largely affected by municipal
sewage and industrial wastewater.

Source of nitrate in canals

Rivers and irrigation canals are both as the most important
surface water bodies. Different from rivers, water quality
of irrigation canals didn’t raised much more attention in the
past. In fact, in order to facilitate irrigation, irrigation
canals were usually established across concentrated farm-
land which makes them readily receive return flow from
ambient croplands with lots of organic manure or synthetic
fertilizer. In addition, field investigations found that
municipal sewage and industrial wastewater that dis-
tributed along the irrigation canals also constitute another
constant pollution which further complicated nitrate source
discrimination.

All of the irrigation canals derive water from the Yellow
River in the southernmost and transport it from the south to
the north. Except FPQN is connected with MJH in its lower
reaches, SPQN and TPQN are located in the west and east
part of study area without direct connections with local
rivers. In rainy season, precipitation usually can fully meet
crop water demand and it’s also the time to carry out water-
sediment regulation in the upper reaches of the Yellow
River; thus, there are usually very limited water remaining
in irrigation canals due to reduced or even stopped water
diversion from the Yellow River, which make them
extremely readily affected by anthropogenic activities
compared with rivers. Both of the SISNNO; and 818ON03—
values in canals showed greater variations than rivers
(Fig. 6a). In general, SPQN located in agricultural area has
the smaller SISNNO; value than TPQN which passes

through concentrated residential area, and their 5 NNO;
values didn’t show large differences. Along with SPQN
canal, nitrate concentration and oxygen isotope in nitrate of
SPQNO1 and SPQNO3 were very similar, which suggested
they experienced microbial reactions. The increase of EC
and Cl™ concentration and decrease of SISNNO; value from
SPQNO1 to SPQNO3 illustrated the increased input of
chemical fertilizer to nitrate in canals. It is worth noting
that sharp rise of 5180No3— value in SPQNO02 and significant
lower T and pH, which probably indicate of point source
pollution. In addition, significant decrease in nitrate con-
centration and increase in its isotopic compositions
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probably illustrated occurrence of denitrification when
dissolved oxygen concentration is less than 2 mg/L.

TPQNOI1, located in the upstream of dense sewage
drainage outlets, received rainfall as its main water source
during wet season because water diversion usually largely
decreased in rainy season when precipitation can fully
satisfy crop water demand. It has the depleted 6180H20 and
dDm,0 values of —9.62 and —64.78 %o with EC value of
371 pS/cm, which is a further indication of precipitation
source (Table 1). However, high nitrate concentration and
SISNNO; value in TPQNO1 suggested that different from
relatively single water source, nitrate in TPQNOI1 possibly
was affected by another nitrate sources such as nitrate in
remaining water and sediments in canals.

Due to inadequate drainage facilities in the western
region of Puyang City, large amount of industrial
wastewater and municipal sewage are discharged into
TPQN irrigation canal. EC value in site TPQNO2 jumped to
5630 puS/cm and gradually fell to 3560 puS/cm at site
TPQNOS after around 20 km of flow path. As discussed
before, nitrate isotopic compositions cannot reveal their
pollutant sources due to fractionation effect during nitrifi-
cation. But from the plot of NO; /Cl™ molar ratio versus
Cl, it can be found that water samples from TPQN irri-
gation canal clearly fell into the range indicative of
municipal inputs which is consistent with field investiga-
tion result. Because allocation mechanism of water
resources between Henan and Hebei provinces remains
obscure, regulation sluice over TPQN canal in the admin-
istrative boundary was almost closed all throughout the
year. In the downstream of water sluice, EC value of
TPQNO7 is 1039 pS/cm, which is greatly lower than that at
TPQNO6 but comparable to EC levels in Wei River.

In general, EC values in SPQN (from 792 to 1779 puS/cm)
are obviously smaller than that in TPQN, which is probably
because SPQN mainly distributes in agricultural cultivation
region while TPQN passes across Puyang City with dense
population and well-developed industries. Geographic
variations become one of the most important factors that
affect nitrate sources for surface water.

Source and fate of nitrate in groundwater

Compared to surface water, nitrate in groundwater is not
readily affected directly by surface sources because of a
series of biochemistry reactions occurred in soil and
aquifer, but usually is the result of multiple factors
including thickness of vadose zone, hydraulic conditions of
aquifer and sediment compositions.

Due to big differences of hydraulic conditions and
sediment compositions between YRB and HHB, nitrate
sources for groundwater in YRB and HHB are different
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which can be found in nitrate isotopic compositions
(Fig. 6b). Groundwater nitrate in YRB is closely related to
hydraulic conditions due to shallow water table and vari-
able hydraulic gradients. YRBO1 and YRBO3 with higher
hydraulic gradient had the higher SISONO; values (49.24

and +7.15 %o), while 5'*Oyo; values of YRB02, YRBO4,
YRBO5 and YRB06 with much lower hydraulic gradient
ranged from —6.07 to —1.40 %o (Fig. 6b). This is probably
because groundwater with low hydraulic gradients always
has a relative small flow velocity and long residence time
which helps occurrence of microbial processes. The
31 Nno; value in YRBO1 with groundwater buried depth of
2.15 m is 40.30 %o indicative of contributions of chemical
fertilizer and NH; in precipitation. With the increase of
water table, microbial processes such as denitrification and
soil mineralization gradually contribute more to the nitrate
in groundwater. The significant correlation between
3" Nyo; and 8" Ono; illustrated that possibility of deni-
trification in YRB.

Compared to 51 No; of groundwater in YRB, 5" Nno;
of groundwater in HHB has a narrow range from +4.13 to
+15.70 %o, with most of the samples falling into the range
indicative of manure and septic waste contamination
(Fig. 6b). Groundwater samples took from the confluent area
of rivers, MJH and ZLH, clustered together with very similar
8" Nyo, (from +7.63 to +9.99 %0) and 3'*Ono; values
(from —1.62 to +1.81 %o0). The nitrate concentrations in
confluent area ranged from 13.85 to 152.63 mg/L with the
average value of 94.80 mg/L, which is close to concentration
level of nitrate in MJHO1 of 108.76 mg/L. Therefore, nitrate
of groundwater in confluent area was probably affected by
lateral seepage of surface water and experienced microbial
processes during migration. Samples distributed along irri-
gation canals had slightly higher 615NN03 values than the
river confluent area. In past 30 years, groundwater in HHB
was mainly recharged by infiltration of irrigation water
diverted from the Yellow River, which resulted in nitrate in
irrigation water continuously entered into groundwater
along with water flow. As discussed before, surface irrigation
canals derived most of nitrate from municipal inputs;
therefore, groundwater recharged by irrigation mainly
derived nitrate from municipal sewage and manure. In
addition, extensive application of animal manure as basic
fertilizer also contributes to nitrate in groundwater.

Conclusions
In the Yellow River irrigation district, concentrations of

NO5 in surface water were lower than in groundwater
because of dissolution by large amount of precipitation in
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Table 1 Anion contents, hydrogen and oxygen isotopic compositions of water, and nitrogen and oxygen isotopic compositions of dissolved

nitrate in the Yellow River irrigation district

Samples EC T pH DO NO3 Cl™ HCO3; 515NN0; 5180No; 3"%0mu,0 8*Hy,o0
(ps/cm) §©) (mg/L) (mg/L) (mg/L) (mg/L) (%o0) (%o0) (%0) (%0)
Irrigation canals
SPQNO1 792 30.5 8.11 9.39 21.59 63.0 231.3 11.427 —4.012 —7.93 —63.23
SPQNO02 1779 29.6 7.61 1.48 2.51 387.9 204.3 11.551 15.133 —8.02 —61.13
SPQNO3 1391 329 8.10 16.57 21.59 166.8 383.5 2.691 —2.663 —8.92 —59.26
TPQNO1 371 32.7 7.60 4.84 38.79 22.4 117.6 12.210 12.958 —-9.62 —64.78
TPQNO2 5630 29.6 8.13 3.17 67.42 1106.3 521.0 11.745 3.525 —7.37 —58.47
TPQNO3 4960 31.1 7.58 0.78 4.92 1011.9 687.8 5.521 0.559 —7.15 —52.84
TPQNO4 3640 30.7 7.85 1.22 2.97 625.0 525.2 26.171 —-3.709 —7.76 —58.35
TPQNO5 3560 32.5 8.04 6.38 7.05 623.6 508.5 16.757 10.037 —7.41 —58.18
TPQNO06 5440 31.5 7.92 11.53 5.43 1198.8 504.4 12.208 12.824 —7.25 —55.71
TPQNO7 1039 30.8 7.88 8.51 16.32 116.8 183.4 13.733 —2.530 —7.47 —59.26
Natural rivers
YSGO1 1637 31.5 8.09 5.81 60.40 194.7 408.5 14.736 —0.370 —7.92 —56.29
YSGO02 1664 35.0 8.02 17.40 36.69 2114 458.5 20.000 —2.579 —8.22 —57.12
JDHO1 935 32.7 8.05 5.99 7.72 90.2 295.1 2.252 3.458 —8.24 —63.32
MIJHO1 1243 31.3 7.86 3.18 108.76 122.5 429.3 2.783 16.608 —8.58 —62.15
MIJHO02 802 34.0 7.34 11.22 27.62 87.4 2334 14.094 —4.870 —9.46 —67.88
YR 796 28.8 7.90 5.61 25.63 57.9 232.6 6.890 10.889 —9.57 —69.04
ZLH 643 35.7 7.50 19.42 15.79 67.8 162.6 16.480 —0.187 —8.46 —65.21
Haihe River basin (HHB)
HHBO1 1185 16.5 7.97 0.94 2.07 50.5 717.8 5.065 —6.977 —9.08 —64.86
HHBO02 2430 19.3 7.64 5.53 439.06 194.3 600.2 6.774 —0.048 —7.30 —62.88
HHBO03 1679 18.0 8.02 6.84 1.14 180.4 704.5 12.693 5.685 —7.88 —59.19
HHBO04 1392 19.3 7.93 6.01 16.68 148.0 4252 13.417 —2.978 —7.64 —62.32
HHBO05 1661 19.2 8.14 4.71 6.18 271.0 416.8 9.427 8.822 —7.65 —58.11
HHBO06 1151 17.8 7.79 3.26 1.95 33.8 777.4 9.427 8.822 —8.36 —62.10
HHBO7 1347 17.2 8.22 1.84 3.47 53.9 812.8 13.106 11.790 —8.87 —65.33
HHBO8 2430 18.1 8.19 0.94 0.96 197.5 1104.6 10.483 12.938 —8.37 —60.31
HHBO09 2630 17.7 8.09 5.75 110.52 273.2 775.3 8.974 —1.536 —8.02 —59.32
HHB10 3580 17.9 8.26 4.80 111.55 406.7 1029.6 9.921 —1.618 —8.52 —62.87
HHBI11 2114 16.8 7.70 1.48 85.44 177.1 775.3 7.981 1.813 —8.09 —62.73
HHB12 1672 19.4 7.76 2.67 7.17 71.6 679.4 10.616 13.644 —8.77 —59.59
HHB13 2370 17.2 7.77 5.02 152.63 230.9 679.4 7.631 —0.184 —8.14 —59.09
HHB14 4280 17.7 8.12 1.54 13.85 538.7 929.5 9.994 0.797 —8.78 —56.43
HHBI15 1662 17.5 8.01 2.62 7.46 200.0 621.1 12.730 4.440 —8.07 —57.05
HHB16 1816 18.4 8.01 1.36 0.33 273.7 487.7 12.796 2.048 —8.08 —57.77
HHB17 1688 19.4 7.97 2.35 41.01 173.7 479.4 15.696 1.174 —-9.04 —56.12
HHB18 2179 19.3 7.94 2.10 19.50 370.0 500.2 4.127 1.089 —8.68 —58.49
Yellow River basin (YRB)
YRBO1 1378 17.6 8.21 1.12 5.06 90.4 812.8 0.298 9.241 —8.86 —67.12
YRBO02 1597 17.9 8.37 3.36 1.22 204.2 662.8 13.454 —2915 —7.78 —59.04
YRBO03 1543 16.7 8.04 3.55 0.49 74.0 687.8 15.068 7.153 —8.26 —60.40
YRB04 1740 17.5 8.45 2.74 0.45 39.5 1146.3 7.190 —6.066 —8.69 —64.94
YRBO05 2260 18.0 7.81 3.73 26.20 418.2 552.3 15.655 —1.400 —8.87 —66.32
YRBO06 1325 16.7 8.07 6.23 1.73 61.8 760.7 14.105 —2.896 —7.99 —60.62
YRBO7 3070 19.2 7.95 2.57 2.36 591.0 687.8 26.193 6.083 -7.70 —58.61
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wet season. Approximately 17.7 % of the surface water
samples and 20.0 % of the groundwater samples had
exceeded nitrate concentrations over WHO drinking water
standard.

Combined use of hydrogeochemical data, nitrate-nitro-
gen and oxygen isotopic information, hydrogen and oxygen
isotopic compositions in water molecules is a useful
method to identify nitrate source and transformation pro-
cesses. There is no mixing process or one single microbial
process that is responsible for the shifts in nitrogen and
oxygen isotopic values in surface water or groundwater.

In this study, nitrate in the Yellow River is mainly
derived from soil organic nitrogen due to serious soil and
water losses of the Loess Plateau in its upper reaches.
Nitrate in other important medium and small tributaries is
mainly affected by anthropogenic activities other than
natural precipitation and soil organic matter in sediments.
Of which, MJHO1 and JDH distributed in agricultural areas
derive the most of nitrate from agricultural activities such
as application of synthetic fertilizer and pesticide, and
MIJHO02 and YSG located in the downstream of concen-
trated residential area are usually heavily influenced by
industrial wastewater and municipal sewage. The isotopic
compositions of nitrate suggested that nitrate sources for
irrigation canals mainly depended on its ambient environ-
ment. SPQN in agricultural area received large amount of
return flow of irrigation and rainfall from ambient farmland
in wet season, with dissolved synthetic and manure fertil-
izers as its main source and domestic sewage discharge
from scattered villages as minor contributor. Nitrate in
TPQN canal that passing through the biggest concentrated
residential zone Puyang city can be attributed to drainage
of local municipal sewage and industrial wastewater, and
high correlation between SISONO; and SISOHZO and
enrichment of lighter '*N in nitrate along with water flow
indicated occurrence of nitrification processes.

Different from surface water, nitrate in groundwater is
not only affected by surface sources, but also closely
related to hydraulic conditions. Due to great differences of
hydraulic conditions in YRB and HHB, main sources for
nitrate in groundwater are different. In YRB, nitrate in
groundwater with extremely shallow water tables mainly
influenced by vertical seepage of atmospheric nitrate and
fertilizer application in surface soil. Besides, in places with
relatively high water table and low hydraulic gradients,
denitrification probably took place due to long residence
time in aquifer and anaerobic environment which can be

supported by the close relationship between 8180N03— and
SISNNO;. With the decline of water table, groundwater
nitrate reflects long-term accumulative effect with samples

took from rivers confluent area mainly deriving nitrate
from river water and others distributing along irrigation
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canals had higher 3" Nno; values indicative of manure and
septic waste contamination.
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