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isotopic anomaly of nitrate in atmospheric deposition (A70,.y) is used to identify unprocessed atmospheric ni-
trate in river systems to reduce the uncertainty caused by the wide range of 5'%0. In high-elevation regions, such
as the Qinghai-Tibetan Plateau (QTP) featured with lower temperature and pressure as well as strong radiation,
the A'70,m might be different from that in low-elevation regions, but no relevant studies have been reported. In
this work, A0, in the QTP was studied, and the fingerprints of nitrate isotopes in synthetic fertilizer, livestock
manure, domestic sewage, and soil organic nitrogen (SON) were identified and used to quantify various source
contributions to riverine nitrate in the Yellow River and Changjiang River source regions located in the QTP dur-
ing 2016-2017. The results showed that the average of A'70,y, in the QTP was 16.4%., lower than the range
(19-30%o.) reported for the low-elevation regions. The possible mechanism is decreased O3 as well as increased
hydroxyl and peroxy radical levels in the troposphere caused by the climate condition and ozone valley in the
QTP will affect the production pathways of atmospheric nitrate. By combining the sewage discharge data with
the output results of the SIAR (stable isotope analysis in R) model based on the stable isotope data, manure
was determined to be one of the major sources to riverine nitrate for both rivers. The contributions of various
sources to riverine nitrate were 47 + 10% for manure, 30 + 5% for SON, 10 + 4% for atmospheric precipitation,
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9 &+ 2% for synthetic fertilizer, and 4 4= 0% for sewage in the Yellow River source region. This study indicates that
the unique atmospheric conditions in the QTP have led to a lower A0, value, and atmospheric source makes a
considerable contribution to riverine nitrate in the QTP.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

River systems play critical roles in global nitrogen cycle because riv-
ers are important channels for nitrogen transport and complex “proces-
sors” for nitrogen transformation involving fixation, ammonium uptake,
nitrification, denitrification, etc. (Rabalais, 2002; Mulholland et al.,
2008; Xia et al., 2009; Liu et al., 2013b; Xia et al., 2017). During the
past decades, extensive applications of synthetic fertilizer, discharge of
municipal sewage, and burning of fossil fuels have contributed to high
nitrogen loads in rivers, which results in acidification, eutrophication,
deterioration of ecosystem, and increased human health risk (Kendall,
1998). Ambient nitrogen can enter rivers via atmospheric deposition,
surface runoff, and diffusion (Alexander et al., 2007). To mitigate nitro-
gen loads in rivers and achieve sustainability of water resource utiliza-
tion, we should identify nitrogen sources and then take rational
strategies. By knowing sources and complex pathways for nitrogen
into rivers, governors can make better policies for river management.
The forms of nitrogen in rivers and streams include organic and inor-
ganic nitrogen, and nitrate is the most thermodynamically stable form
and it accounts for >80% of dissolved inorganic nitrogen (DIN) for
most rivers in the world (Meybeck, 1982; Xia et al., 2002).

Stable isotope technique has been proven as a useful tool and ap-
plied widely to discriminate nitrate sources in aquatic systems. Different
nitrate sources show unique 8'°N and §'80 values; the 6'°N values of
synthetic fertilizer range from —6%. to +6%., plant tissue from —5%.
to +2%., manure from +5%. to +25%., sewage from +4%. to +19%o,
soil organic nitrogen (SON) from 0%, to 4+-9%., and atmospheric N depo-
sition from —15%o to +15%o; the 5130 values of atmospheric deposition
range from +23%. to +75%., nitrate fertilizer from +17%. to +25%o,
and nitrate produced by nitrification from —10%. to +15%. (Kendall,
1998; Xue et al., 2009 and references therein). In the last decades,
many studies have focused on the identification and quantification of
nitrate inputs into water bodies with dual isotope method, and domi-
nant contributor varies depending on the land use and hydrology of
catchments (Ohte, 2013). However, the wide range of '%0 in atmo-
spheric nitrate and fractionation dynamics of biologic end member in-
trinsically restrict the application of '80 (Mayer et al., 2001). To
overcome such limitation, recently there have been some studies on
the application of A0 to identify nitrate sources in river systems
(Dejwakh et al,, 2012; Liu et al., 2013a; Hale et al., 2014; Hundey et al.,
2016). For majority of materials or processes on the earth, isotopic frac-
tionation is mass-dependent and there is a common relationship be-
tween 80 and 70 isotope values expressed in delta notation as:

8170 = 0.52%6'%0 1)

However, unique mass-independent isotopic fractionation occurs
during ozone (03) production, which makes the 5'”0 value of O signif-
icantly higher than the expected value based on 6'80 of O5 (Thiemens,
1999). This is called “isotopic anomaly” and expressed as

A0 =5"70-0.52%5'%0 )

There is much evidence showing that the isotopic anomaly can be
transferred from Os to other oxygen-bearing compounds during photo-
chemical processes in the atmosphere (Fig. S1) (Thiemens, 1999;
Michalski et al., 2003). Due to the participation of tropospheric ozone,
atmospheric nitrate, formed via NO, oxidation, will obtain a high A'”0

value, and this A'70 value is not affected by mass-dependent biogeo-
chemical processes such as denitrification or assimilation, which is
helpful to distinguish atmospheric deposition from other pollution
sources in rivers (Michalski et al., 2003; Michalski et al., 2004; Kendall
et al., 2007).

In addition to O3, many other species including trace gases (e.g. NOy,
VOCs) and radicals (e.g. OH, HO,, RO,) also participate in atmospheric
nitrate production (Fig. S1), therefore the levels of these species and rel-
evant environmental variables (e.g. temperature, pressure, solar radia-
tion, relative humidity, and aerosol surface area) will also affect the
A0 value of atmospheric nitrate (denoted as A'0,q). To date, there
have been some model and field studies on transformation mecha-
nisms, influencing factors, and spatiotemporal variability of A'0¢m
(Alexander et al., 2009; Morin et al., 2011; Shi et al., 2015; Guha et al,,
2017). For example, a seasonal trend with lower A!'70,, value during
warmer months and higher value during colder months has been
found in Canada, Eastern Asia, the USA, and coastal Antarctic
(Michalski et al., 2003; Morin et al., 2007; Tsunogai et al., 2010). Besides,
the A0, also shows significant spatial variations, the high-latitude
regions such as Greenland, the Antarctic, and the Arctic, tend to have
higher A0,y values than the mid-latitudes (Patris et al., 2007;
Kunasek et al., 2008; Morin et al., 2008; Michalski et al., 2012). The fluc-
tuations of A0, over space and time are attributed to the changes of
A'70 value in atmospheric O5 (denoted as A'70(05)) and relative im-
portance of O3 during atmospheric nitrate production. As far as we
know, there have been studies on the A'70,, values in polar areas
and low-elevation areas at mid-latitudes. However, the A0, signa-
tures have not been well constrained in high-elevation areas. Only
Hundey et al. (2016) measured the A'”0 value of snow samples in the
Uinta Mountains (1281-3486 m a.s.l), and Guha et al. (2017) reported
lower A0, values (5-15%) in aerosol samples at Mt. Lulin
(~3000 m).

As a typical high-elevation area, the Qinghai-Tibetan Plateau (QTP,
>4000 m a.s.l) plays important roles in global geochemical cycle. It
holds the headwaters of many large Asian rivers with the Yellow and
Changjiang Rivers being two largest ones. The study on riverine nitro-
gen sources in the QTP will provide insight into nitrogen cycle for high-
land rivers. However, there has been no research on the riverine
nitrogen source identification in the QTP. Moreover, the QTP is charac-
terized with high elevation and strong solar radiation and photochemi-
cally active lower troposphere (Lin et al., 2008), suggesting that the
atmospheric photochemical environment and processes in the QTP
may differ from those of other areas in the same latitudes. Considering
the mechanism of atmospheric nitrate production (Fig. S1), we expect
that the climatic conditions in the QTP will affect production pathways
of atmospheric nitrate. Low temperature and pressure in the QTP will
lead to the variation of A70(05) according to the fitting equation
(A0 = 78.8P7%122 A'70 = 16.2 + 0.06-T(K), Michalski et al.,
2012). In addition, strong solar radiation in the QTP will affect the pro-
duction of radicals such as peroxyl and hydroxyl radicals, further
influencing the pathways of atmospheric nitrate production and conse-
quently the A0, values. Yet, the A70,, value in the QTP has not
been reported. Thus, the adoption of the A'70,m values measured in
other low-elevation areas might not be appropriate to estimate unpro-
cessed atmospheric contribution to riverine nitrate in the QTP.

Therefore, we studied the stable isotopic composition of atmo-
spheric nitrate in the QTP and subsequently applied it in the nitrate
source identification for river systems in the source regions of the
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Yellow River and Changjiang River located in the QTP. The main objec-
tives were (1) to reveal the isotopic characteristics of atmospheric ni-
trate as well as the fingerprints of other sources including livestock
manure, SON, sewage, and synthetic fertilizer in the QTP, (2) to investi-
gate the temporal-spatial variations of riverine nitrate concentrations,
and (3) to determine proportional contributions of various sources to
riverine nitrate.

2. Materials and methods
2.1. The study area

The Yellow River source region (32°09’-36°33’ N, 95°53'-103°25’
E) (Li et al, 2018) and Changjiang River source region (32°26’-35°45’
N, 90°33'-95°20’ E) (Jiang et al., 2015) were taken as case studies
(Fig. 1). The Yellow River source region, with a drainage area of
131,400 km? and mean elevation of >3000 m (a.s.l), represents 16.5%
of the total area of the Yellow River basin. Affected by high elevation,
the climate is characterized by strong UV and solar radiation
(188-204 W/m?), long sunshine duration (2400-2600 h per year),
and low annual mean temperature (—4-1 °C) and humidity (53-60%)
(Xu and He, 2006; You et al., 2010). The annual mean precipitation is
about 530 mm, and about 75% of the total annual precipitation falls
from June to September. The rainfall generally decreases from the
southeast (800 mm) to the northwest (300 mm) (Zheng et al., 2007;
Hu et al., 2012). The major vegetation is meadow, which accounts for
53.5% of the study area. Cultivated land accounts for only approximately
5.2% (Du et al., 2015), which is distributed mainly to the southeast of the
Longyangxia reservoir, Guinan County. The Yellow River source region
is underdeveloped without large industries, and sewage mainly consists
of domestic wastewater. People mainly live in the flat terrain along river
banks, and domestic wastewater is discharged directly into rivers due to
lack of treatment facilities. Based on the difference of regional climatic
conditions, land use types, and human activity intensity, the Yellow

95°

River source region can be divided into three sections: MD-MT, MT-
JG, and JG-LYX (Fig. 1); detailed information for each section can be
found in Supporting Information.

The Changjiang River source region, with a drainage area of
137,800 km?, represents 8.8% of the total area of the Changjiang River
basin. Its climate, topography and vegetation conditions are similar to
the Yellow River source region. Due to its higher elevation
(>4000 m a.s.l), the annual mean temperature is below 0 °C and more
glaciers and permafrost are distributed in this region compared to the
Yellow River source region. Affected by such a harsh climate, the
Changjiang River source region is sparsely populated (<2 km™2). The
local residents mainly settle in the downstream of the Tuotuohe station
(Fig. 1) and they depend on livestock herding for a living.

2.2. Sampling and analysis

To trace nitrate sources, the rainwater samples were collected at four
meteorological stations (Fig. 1 and Table S1) from April to October in
2016 during each precipitation event which occurred weekly or bi-
weekly. The rainwater was collected with 5 L pre-cleaned pots and
was split into 500 mL of clean plastic bottles within 12 h and
transported to the laboratory as soon as possible. The precipitation
amount for each event was measured with automatic rainfall gauges.
In the laboratory, all samples were filtered with 0.2-um polyethersul-
fone membranes and preserved at —20 °C until analysis. Diurnal varia-
tions of ambient temperature and rainfall in 2016 at each
meteorological station are shown in Fig. S2. The rainfall from April to
October contributed to approximately 94% of annual precipitation.
Therefore, the average values of nitrate concentration and stable nitrate
isotopes (8'°N, 8'%0, and A'70) during April to October can well repre-
sent their annual average values in rainwater. In addition, thirteen sur-
face (0-10 cm) soil samples (Fig. 1) were collected during August in
2016, and grassland is the main vegetation type for the sampling sites.
Six livestock manure samples (Fig. 1) were collected and two synthetic
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Fig. 1. The Yellow River and Changjiang River source regions showing the elevation and sampling sites. MD: Madoi; DR: Darlag; MT: Mentang; MQ: Maqu; JG: Jungong; BD: Banduo; TNH:
Tangnag; LYXS: Upstream of the Longyangxia Dam; LYXX: Downstream of the Longyangxia Dam; RQ: Requ River; SQ: Shaqu River; BH: Baihe River. YSP: Yanshiping; TTH: Tuotuohe; QML:
Qumalai; XZ: Xinzhai; ZMD: Zhimenda. The four meteorological stations for rainwater: Madoi, Jigzhi, Henan, and Xinghai.
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fertilizer samples (urea and diammonium phosphate, SINOCHEM) were
obtained from a local market. Three domestic sewage samples were col-
lected from three major effluent ditches, respectively (Fig. 1). The river
water samples were collected at 12 sites in the Yellow River source re-
gion during 5/30-6/15 (spring), 7/30-8/15 (summer), and 9/25-10/
12 (autumn) in the non-frozen period of 2016, and 5 sites in the
Changjiang River source region during 5/22-6/4 in 2017 (Fig. 1). The
sampling sites were selected at hydrological stations except for the
Longyangxia reservoir. In each sampling period, triplicate river water
samples were collected at 20 cm-depth under the surface at each site
and filtered with 0.2-um polyethersulfone membranes on site within
24 h. All samples were preserved in a cooler and transported to the lab-
oratory as soon as possible, after which the samples were stored in a
freezer at —20 °C until analysis.

For the rainwater sample, the dissolved inorganic nitrogen (NO3,
NHZ, and NO3') concentrations were determined by spectrophotomet-
ric method (Autoanalyser-3, Bran & Luebbe, France). The average nitrite
concentration only accounted for 4.9% of the total concentration of ni-
trate and nitrite. The analysis of 6!°N, 6!80, A70 in nitrate was per-
formed with a denitrifier method (Casciotti et al., 2002), by which
nitrate was converted to N,O and then decomposed into N, and O, in
a heated gold tube (900 °C) for measurement via isotope ratio mass
spectrometry (IRMS, Thermo Delta V). The obtained 6'°N and §'%0
values were respectively normalized to AIR and VSMOW (Standard
Mean Ocean Water, oxygen) using the international reference materials
(USGS-32, USGS-34, USGS-35, and IAEA-N-3). The analytic precisions
(20) for 8'°N, 5'80, A'70 were 0.4%., 1.0%., and 0.4%., respectively,
based on repeated measurements of the nitrate reference materials.

Because ammonium was the dominant nitrogen form in the sewage,
manure, and fertilizer samples in this study and the soil samples mainly
consisted of organic nitrogen, the 5!°N value of SON and 6'°N-NH, of
sewage, manure, and fertilizer were analyzed to represent the finger-
prints of these potential riverine nitrate sources. The sewage samples
were filtered with 0.2-um polyethersulfone membranes, and the filtrate
was collected. The manure samples were extracted with deionized
water (m:v = 1:10) and filtered with 0.2-pm polyethersulfone mem-
branes, and the filtrate was collected. Then NHZ in the sewage and ma-
nure filtrate was extracted with diffusion method (Brooks et al., 1989)
and 6'°N-NH, was analyzed with EA-IRMS (ELEMENTAR-vario PYRO
cube, ISOPRIME-100). The §!°N of fertilizer samples was also deter-
mined with EA-IRMS. The soil samples were freeze-dried and ground
to pass 100 meshes. After that, carbonate materials were removed
with 0.5 M HCl and the soil samples were rinsed to neutral with deion-
ized water. The solid residues were freeze-dried and analyzed with EA-
IRMS for 6'°N. The obtained 5'°N values were normalized to AIR using
reference materials [AEA-N-1 and IAEA-N-3. The analytical precision
(20) of "N was 0.4%.. For the river water samples, the concentration
and stable isotope (5!'°N-NOs, 6'30-NOs, and A'70-NO;) measurement
of dissolved inorganic nitrogen were the same as the rainwater.

2.3. Mixing model

In this study, the SIAR model (stable isotope analysis in R, Parnell,
2008) was used to trace the contribution of nitrate sources. The SIAR
model is a novel methodology for analyzing mixing models imple-
mented in the R software package. The SIAR model combines Markov
Chain Monte Carlo sampling with Bayesian updating to create posterior
distributions of mixing fractions, which can be expressed as:

K

Xij = > Pe(Si + i) + & B-1
k=1

Sie ~ Nt 3, (3-2)

Cik ~ N<)\jk7 szk) (3 - 3)

£ ~ N(o,of) (3-4)
where X;;is the value of isotopej (j = 1, 2, 3, ..., j) of the mixturei (i =1,
2,3, ...,1); P is the proportion of source k (k = 1, 2, 3, ..., K), estimated
by the model; Sjx is isotope j in source k, normally distributed with mean
W and variance wjzk. Cjx is the enrichment factor of isotope j in source k,
normally distributed with mean Aj, and variance szk. g is the residual
error, normally distributed with mean 0 and variance o, and o7 is esti-
mated by the model. By specifying the averages and standard deviations
of source and mixture isotope fingerprints, the SIAR model allows users
optionally input informative priors about the form of source contribu-
tion distributions, and the posterior probability distribution of the
source contributions can be exported graphically and numerically. Dif-
ferent from the basic mass-balance linear mixing model (Xia et al.,
2018), the SIAR model can incorporate a variety of sources of uncer-
tainty including variability in isotope signatures and the lack of the
unique solution in the case of many sources. Here, the SIAR model was
applied to quantify the nitrate sources in the study area including nitro-
gen fertilizer, atmospheric precipitation, domestic sewage, and live-
stock manure.

3. Results
3.1. Inorganic nitrogen concentrations in atmospheric precipitation

The NO3 concentration in rainwater ranged from 4.3 to 117.9
pumol N/L (0.06-1.65 mg N/L) with a precipitation amount-weighted
mean value of 15.0 umol N/L (0.21 mg N/L), and NHZ concentrations
ranged from 6.4 to 77.1 umol N/L (0.09-1.08 mg N/L) with a precipita-
tion amount-weighted mean value of 26.4 umol N/L (0.37 mg N/L),
which were comparable to those in the Central Tibetan Plateau (Li
et al., 2007) but lower than those in the Rocky Mountains (Wasiuta
etal, 2015).

3.2. The stable isotopes of atmospheric nitrate and other potential nitrate
sources

The 6'°N value of atmospheric nitrate in the Yellow River source re-
gion ranged from —10.2%. to 16.4%. with a precipitation amount-
weighted mean value of —0.6%.; the 5'%0 value of atmospheric nitrate
ranged from 7.5%. to 65.6%. with a precipitation amount-weighted
mean value of 35.0%. The A70 value of atmospheric nitrate ranged
from 6.6%. to 24.1%. with a precipitation amount-weighted mean
value of 16.4%. (Table S2 and Fig. S3), and the arithmetic mean of
A"0,m Was 16.3 & 3.9%., which was used in the SIAR model under
the assumption that the stable isotopic values of nitrate sources follow
normal distribution (see Section 2.3). The nitrate stable isotope values
in rainwater showed great spatiotemporal variation. For instance,
most of §'°N values were positive at the Madoi station in contrast to
negative values at the other stations, and the observed §'80 and A'70
values at the Madoi station were lower than those at the other stations.
Active nitrogen in the atmosphere mainly comes from natural sources
including soil emission, lightning, and biomass burning, and the spatio-
temporal variation of these sources might lead to the great spatiotem-
poral variation of 6'°N values in the atmospheric deposition of this
study. There were several extreme values in some rainwater samples
(e.g. mid-September) which showed higher nitrate concentrations
and lower §'80 values, and it might be caused by the mixing of terres-
trial nitrate in dust with nitrate in rainwater.

In addition to rainwater samples, SON, livestock manure, domestic
sewage, and synthetic fertilizer samples were also collected to analyze
terrestrial sources, and their isotopic fingerprints are shown in Table 1
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Table 1
The stable isotope fingerprints of nitrate sources in the Yellow River source region. SON:
soil organic nitrogen; AP: atmospheric precipitation.

Sources 515N (%) A0 (%)

Range Mean + SD Range Mean + SD
Fertilizer —0.6-1.4 04+ 1.0 —0.8-0.8 0+08
Manure 10.2-20.2 13.6 £+ 4.7 —0.8-0.8 0+08
Sewage 4.7-10.6 6.2 +42 —0.8-0.8 0+08
SON 3.8-79 56+ 1.0 —0.8-0.8 0+08
AP —10.2-16.4 —0.6+ 5.3 7.8-233 163 £ 39

and Fig. 2. The mean §'°N values of various sources were 5.6 4 1.0%. for
SON, 6.2 + 4.2%. for NHZ of domestic sewage, 13.6 + 4.7%. for NHS of
livestock manure, and 0.4 + 1.0%. for synthetic fertilizer. The 5'°N
values of various sources were in the reported ranges summarized by
Xue et al. (2009) and Xia et al. (2018). The 5'°N values of synthetic fer-
tilizer and SON had smaller variability than other sources. This is be-
cause the nitrogen in ammonia fertilizer comes from the fixation of
atmospheric N, (0%.) and little fractionation occurs in such process
(Michalski et al., 2015). Soil is a great N pool and has a relatively steady
8'°N value (Kendall, 1998). The A'70 values of terrestrial sources should
be zero theoretically due to mass-dependent fractionation, which were
away from the atmospheric source. For the purpose of determining pro-
portional contributions of riverine nitrate sources, the doubled value of
analytic precision (—0.8%. to 0.8%.) was used as a range of A!”0 for ter-
restrial sources in the SIAR model (Table 1 and Fig. 2).

3.3. Nitrate concentrations and stable isotopes in river water

For the Yellow River source region, the NHZ concentration of river
water ranged from 1.3 to 11.2 pmol/L with a mean value of 5.0 umol/L,
and the NO3 concentration ranged from 0.5 to 51.2 pmol/L with a
mean value of 28.2 umol/L (Fig. 3), which accounted for 85% of the
total dissolved inorganic nitrogen. The nitrate concentration increased
along the mainstream during each sampling period in the Yellow

—=- Fertilizer =~ = Manure -=— Sewage
0 _|—= SON AP
© Spring for the YRSR
A Summer for the YRSR

§‘ 5 x Autumn for the YRSR
o < Spring for the CRSR
= |
w -
>
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£ 2
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- [e]
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o X
%" 5y
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- )y T
[l 2T
: 06 04 5662 13.6 :
-10 0 10 20
315N (%0, AIR)

Fig. 2. A0 versus 6'°N in river water samples and potential nitrate sources. The size of
the error bar equals to the standard derivation mentioned in Table 1. SON: soil organic
nitrogen; AP: atmospheric precipitation. The YRSR: the Yellow River source region; the
CRSR: the Changjiang River source region.
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Fig. 3. Spatial and temporal variations of riverine DIN concentrations in the Yellow River
source region.

River source region. It might be due to the increased and intensified ni-
trogen sources as well as the enhanced nitrification along the main-
stream. The water temperature and dissolved oxygen demonstrated
an increasing trend along the mainstream (Li et al., 2018), which pro-
vided more favorable conditions for microbial nitrification. In addition,
there was no significant difference in DIN concentrations among differ-
ent seasons for the Yellow River source region. The riverine nitrate con-
centration in the Changjiang River source region ranged from 32.2 to
50.1 pmol/L with a mean value of 43.7 umol/L.

As shown in Fig. 2, the 6'°N value of riverine nitrate in the Yellow
River source region ranged from 3.6%. to 19.8%. with a mean value of
10.1 + 3.7%.. The 6'30 value ranged from —15.3%. to 11.9%. with a
mean value of 0 4 6.3%., and the A'”0 value ranged from —1.3%. to
5.9%. with a mean value of 1.6 & 1.6%., which were higher than the re-
ported ranges for the lower-elevation areas of the Yellow River (Liu
etal., 2013a,2013b). The 6'°N value of riverine nitrate in the Changjiang
River source region ranged from 4.2%. to 13.5%. with a mean value of
8.3%.; the 8'80 value ranged from 2.7%. to 10.2%. with a mean value
of 6.0%.; the A'”0 value ranged from 2.5%. to 3.7%. with a mean value
of 3.1%.. The 8'°N values of most river water samples were distributed
between those of manure and SON/sewage (Fig. 2), suggesting that
these sources made major contributions to riverine nitrate. Considering
both 8'°N and A'70 values, most river water samples fell between at-
mospheric and terrestrial sources, suggesting that atmospheric precipi-
tation also contributed to riverine nitrate.
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3.4. Quantification of proportional contributions of various sources to river-
ine nitrate

As shown in Fig. S4, most of river water samples fell in the bottom
left corner of the diagram with positive A0 close to zero and low
580 values, while the rainwater samples had relatively high A”0 and
5180 values. The §'80 values of both rainwater and river water samples
harbored wider ranges compared to A’0, therefore A'”’0 was more ap-
propriate to identify atmospheric source of riverine nitrate. Conse-
quently, the values of 6'°N and A'”0 in combination with the SIAR
model were used in this study to quantify the proportional contribu-
tions of various sources to riverine nitrate.

The output result of the SIAR model (Fig. S5 and Table S3) showed
that the proportional contribution of sewage to riverine nitrate was al-
most equal to that of SON in the Yellow River source region in the
three seasons; this result might be caused by that the sewage and SON
had similar isotopic values. To distinguish the proportional contribution
of these two sources, we used the output result of the SIAR model to es-
timate the sum of sewage and SON contribution. The N discharge from
domestic wastewater (Table S4) was used to determine the contribu-
tion of sewage (detailed calculation is shown in Supporting Informa-
tion), and the contribution of SON can be calculated by subtracting the
contribution of sewage from the sum of sewage and SON.

As shown in Table 2, the average contributions of various sources to
riverine nitrate in the Yellow River source region in the three seasons
were 47 + 10% for manure, 30 £ 5% for SON, 10 £ 4% for atmospheric
precipitation, 9 4 2% for synthetic fertilizer, and 4 4 0% for sewage. The
patterns of proportional contributions of various sources to riverine ni-
trate in the Yellow River source region were similar for different sea-
sons, which were ordered by manure > SON > atmospheric
precipitation = fertilizer > sewage. Manure made the major contribu-
tion to riverine nitrate in each sampling period, which accounted for
42%, 62%, and 38% for spring, summer, and autumn, respectively
(Table 2). The proportional contributions of atmospheric precipitation
to riverine nitrate in the three seasons were 11% for spring, 4% for sum-
mer, and 13% for autumn.

As described in Section 2.1, there is little distribution of cropland in
MD-MT and MT-JG sections of the Yellow River source region, therefore
synthetic fertilizer was not taken into account for the two sections in the
SIAR model. According to Table 2 and Fig. 4, proportional contributions
of various sources to riverine nitrate in these two sections were ordered
by manure > SON > atmospheric precipitation > sewage. Sewage and
fertilizer could reflect human disturbance, and their total contributions
to riverine nitrate were ordered by JG-LYX (15%) > MT-]G (6%) > MD-
MT (3%), suggesting that anthropogenic interference increased with the
distance from the headwater in the Yellow River source region. The con-
tributions of atmospheric precipitation to riverine nitrate in various sec-
tions were shown as MT-JG (12%) > JG-LYX (8%) ~ MD-MT (8%),
which was consistent with the rainfall distribution that increased from
the northwest to the southeast of the Yellow River source region.

In addition, to simplify the source identification process, the finger-
prints of atmospheric precipitation, SON, sewage, and manure in the
Changjiang River source region were assumed to be the same as those

Table 2
Proportional contributions of various sources to riverine nitrate in different sections and
seasons. SON: soil organic nitrogen; AP: atmospheric precipitation.

Regions Section/season Manure SON AP Fertilizer Sewage
The Yellow River MD-MT 57 32 8 - 3
source region MT-]G 45 37 12 - 6
JG-LYX 42 35 8 11 4
Spring 42 32 11 10 5
Summer 62 23 4 7 4
Autumn 38 34 13 11 4
Mean 47 30 10 9 4
The Changjiang River source region 33 47 19 1

in the Yellow River source region in view of the proximity of spatial lo-
cations and similarity of natural and social conditions between the two
watersheds. Synthetic fertilizer was also not taken into account because
there is almost no cropland in the Changjiang River source region. The
proportional contributions of various sources to riverine nitrate were
47% for SON, 33% for manure, 19% for atmospheric precipitation, and
1% for sewage (Table 2 and Fig. 5). This result was comparable to that
in the Yellow River source region.

4. Discussion
4.1. The flux of atmospheric nitrogen deposition

The average wet N deposition rate in the Yellow River source region
could be estimated to be 3.3 kg N ha~ 'y~ based on the average inor-
ganic nitrogen concentration of rainwater (0.62 mg N/L) and annual
rainfall (530 mm). This rate was similar to contemporary N deposition
for grassland around the world (2.81 kg N ha~'y~!, Holland et al.,
1999), and comparable result was also documented in the Rocky Moun-
tain (1.1 kg N ha~'y~!, Wasiuta et al., 2015) which is a high-elevation
area in the same latitudes as the QTP. However, the estimated nitrogen
deposition rate in the QTP was much lower than that of the North China
Plain (27 kg N ha~'y™!, Zhang et al., 2008).

4.2. Nitrogen isotope variation of atmospheric nitrate

As shown in Table S2 and Fig. S3, the 5'°N values of atmospheric ni-
trate fell in the range of 15%. -15%. summarized by Xue et al. (2009) and
Xia et al. (2018). Apart from the isotopic fractionation of N atom during
the oxidation reaction of NO, into NOs3, the variability of N isotopes
could also be explained by the difference of N sources. Generally, if sta-
tionary sources (e.g. coal-fired power plants) control NO3™ formation,
the 6'5N value should be correlated with NO, emission (Elliott et al.,
2007). However, the 8!°N value of atmospheric nitrate in this study
showed no significant correlation with nitrate concentration
(Table S5) in spite of two large cities nearby, consequently, stationary
source in large cities might not be the dominant factor. The negative
correlation (P < 0.05, Table S5) of 8'°N value with ambient temperature
was consistent with the results reported by Freyer et al. (1993) and
Tsunogai etal. (2010); it could be due to the fact that lower temperature
facilitated exchange reaction between NO and NO,, which resulted in
the enrichment of °N in produced nitrate (Kendall, 1998). It might in-
terpret the phenomenon that most of §!°N values were positive at the
Madoi station with higher elevation and lower temperature, in contrast
to negative values at the other stations with lower elevation and higher
temperature (Table S2 and Fig. S2). However, this mechanism could not
explain the difference in 5'°N values among other stations, which might
be due to that other factors such as nitrate sources could also affect the
5'°N values. In addition, because of the lack of samples in colder months,
whether this mechanism could work in winter needs further study.

4.3. Mechanism for the lower oxygen isotope values in atmospheric nitrate

Table S2 and Fig. S3 showed that the 5'20 values of atmospheric ni-
trate in the Yellow River source region fell in the reported range
(25-75%0) around the world (Kendall et al., 2007; Xue et al., 2009),
but lower than those (33.4-86.2%.) in South China (23°N) (Fang et al.,
2011) and in Bermuda with the same latitude (32° N) as the study
area (Hastings et al., 2003). The A'70,m values (mean 16.4%.) in the
Yellow River source region were lower than the range (19-30%.) re-
ported in previous studies for the low-elevation regions (Michalski
et al., 2003; Michalski et al., 2004; Kendall et al., 2007; Savarino et al.,
2008; Sofen et al., 2014; Nelson et al., 2018), and they were also lower
than the reported values (mean 23.7%., Hundey et al., 2016) for the
Uinta Mountains with the elevation ranging from 1281 to 3486 m (a.s.
1). Because the 6'®0 and A'70 values in atmospheric nitrate are
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Fig. 4. Probability distribution of proportional contributions of various sources to riverine nitrate in different sections in the Yellow River source region based on the SIAR model. The 50%,
75%, and 95% credible intervals are presented by the boxes from dark to light, respectively. The MD-MT section is featured with high elevation and alpine meadow; the MT-]G section is
featured with grassland and small cities; the JG-LYX section is featured with cropland and denser population.

determined by the reactions that produce atmospheric nitrate (Hastings
et al,, 2003), the spatial variability of 6'80 and A'”0 values in atmo-
spheric nitrate and their difference between our study area and other
sites can be explained by the production pathways of atmospheric
nitrate.

As shown in Fig. S1, atmospheric nitrate is produced by NO, oxida-
tion via a series of pathways in which O atom plays a vital role. In the
daytime, there is a rapid cycle between NO and NO, (Hastings et al.,
2003; Morin et al., 2011; Shi et al,, 2015):

NO + O3 (or HOz, RO, X0)—NO, + O, (R1)
NO, + 0, ™ NO + 05 (R2)

When sunlight is present, NO; is oxidized by hydroxyl radical (OH)
into HNOs:

NO, + OH+M ™ HNO; + 0, (R3)

Proportion
0.4 0.6 0.8 1.0

0.2

0.0

Manure Sewage SON AP

Sources

Fig. 5. Probability distribution of proportional contributions of various sources to riverine
nitrate in the Changjiang River source region based on the SIAR model. The 50%, 75%, and
95% credible intervals are presented by the boxes from dark to light, respectively.

NO,, can also react with HO, into HNO4, and HNO4 will produce
HNOs5 via hydrolysis reaction:

HNO,4 + H,0—-HNOs; + H,0, (R4)

At night and in colder environments, the oxidation reaction of NO,
by 03 is promoted and HNOs is produced via hydrogen abstraction by
nitrate radical (NO3) from dimethyl sulfide (DMS) or hydrocarbon
(HC), and via heterogeneous hydrolysis of dinitrogen pentoxide (N,Os):

NO, + 03—NO; + 0, (R5)
NO;3 + DMS or HC—HNO;3 + products (R6)
NO, + NO; + M-=N,05(g) + M (R7)
N,05(g) + H,0(1) + surface—~2HNO;(aq) (R8)

Similar to the diurnal variation mentioned above, the temperature
and radiation fluctuations brought by seasonal variation can also alter
the pathways of atmospheric nitrate production.

On the basis of the sources and life cycles of atmospheric NOy men-
tioned above, oxygen atoms of atmospheric nitrate could come from ox-
ygen (0,), O3, OH, and peroxy radical (HO,/RO,). It has been reported
that the 6'80 mean value of troposphere 0, is 23.5%. (Kendall, 1998),
and that of troposphere O3 ranges from 90%. to 120%. (Johnston and
Thiemens, 1997). The 6'80 range of OH is from —30%. to 2%. due to
rapid oxygen isotope exchange with water vapor, while the oxygen
atoms of peroxy radical actually come from atmospheric O, and their
580 values are close to O, in theory (Hastings et al., 2003; Fang et al.,
2011). Therefore, higher 8'80 value of atmospheric nitrate reflects
more participation of Os, while lower value indicates more importance
of hydroxyl and peroxy radicals. Except for Os, the A70 values of oxi-
dants involving OH, RO,, and HO, are near zero (Morin et al., 2011),
thus non-zero A'”0,, could be regarded as a result of O3 participation
in atmospheric NO, oxidation reaction. The A'”0,m, value depends on
A'70(05), the oxidation parameters for NO and the mole fractions of dif-
ferent pathways (Michalski et al., 2012). This value would be relatively
lower when OH pathway (R3) dominates atmospheric nitrate produc-
tion, while it would be relatively higher when N,O5 pathway (R8) is
dominant.

Considering the production mechanism of atmospheric nitrate, it
could be inferred that the lower 6'0 and A'70 values of nitrate in rain-
water observed in this study are related to the unique climate condition
in the QTP. First, as mentioned in Sections 1 and 2.1, the QTP is charac-
terized with high elevation, low pressure, and low temperature, which
might affect the A'70(05) value (Michalski et al., 2012). Second, Zhou
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and Luo (1994) reported that an “ozone valley” occurred over the QTP in
summer when the stratospheric ozone level was 10% lower than that
over the East China Sea area in the same latitudes, which would increase
the solar radiation reaching the troposphere and change atmospheric
photochemical property in troposphere (Hansen et al., 1997), promot-
ing the production of hydroxyl and peroxy radicals. Third, the main
source of OH in troposphere is the reaction of water vapor with elec-
tronically excited O atom ('D) produced by ozone photolysis in solar
UV radiation (Chameides and Walker, 1973; Crutzen et al., 1999;
Huang et al., 2009). The modeling result of Lin et al. (2008) showed
that the mean concentration of OH was 3-8 x 10° cm~—3 in the QTP,
which was higher than that in free atmosphere at the same altitudes
in lower-elevation areas, and also higher than the value (10.7
x 10° cm™3) used for global A0, simulation in Alexander et al.
(2009). Moreover, the level of tropospheric ozone was found lower in
the QTP in all seasons, and especially in June, it was 40-50% lower
than the surrounding areas (Huang et al., 2009). These facts suggested
that atmospheric hydroxyl and peroxy radicals played more vital roles
in atmospheric nitrate production compared to Os, leading to the
lower 6'80 and A!70 values in atmospheric nitrate in the QTP.

To further verify the influence of unique condition in the QTP on the
A"0,m, we calculated the A0,y value based on photochemical
steady-state approximation (Morin et al., 2011) as well as the back-
ground values of trace gases and radicals in the QTP (see Supporting In-
formation), and the result showed that the estimated A'”0,,,, value was
17-21%., which was comparable to the mean value (15-20%.) in the
QTP in summer (June-July-August) predicted by Alexander et al.
(2009). The estimated A'70,m value in the QTP was close to the ob-
served ones in the present study. Therefore, the lower §'%0 and A!70
values in atmospheric nitrate in the QTP can be interpreted as follows:
the lower ambient temperature and pressure will affect A'”0 value of
ozone; the thin air and ozone valley in summer result in stronger radi-
ation, and more UV rays can pass through the stratosphere; decreased
05 as well as increased hydroxyl and peroxy radical levels in the tropo-
sphere ultimately contributes to lower 680 and A'”0 values of rainwa-
ter. The slope of A'70 versus 5'%0 plot can reflect the role of O3 in
making nitrate. As shown in Fig. S6, the slope is 0.20 (between 0 and
0.52), indicating the participation of Os is significant but not dominant.
However, considering that the A'’0 were lower than 15%. in many
samples at the Madoi station, this photochemical mechanism might
not explain all variability. Another possible interpretation might be
that eolian dust brought by westerly circulation (across desert and
arid area) would result in the mix of nitrate from terrestrial sources
with atmospheric nitrate, and the dilution effect would reduce the ob-
served A!'70,, value in wet deposition.

Similar to the present study, a lower A'70,,, value has also been ob-
served in some other studies. For example, a three-year observation of
A0, in tropical (3° S) fog-water showed a range of 13-22%.
(Brothers et al., 2008). Alexander et al. (2009) used GEOS-Chem photo-
chemical model to simulate global A'”0,y, value 0-200 m above the
surface, and the result showed that the mean value of A70,, around
the world ranged from 7%, to 41%. with a lower value in the tropics.
Moreover, lower A0, values (5-15%.) in aerosol samples were
found in Taiwan (23° N) by Guha et al. (2017), and it was suggested
that peroxy radical dominated the oxidation reaction of NO into NO,,
resulting in lower 6'80 and A'”0 values of atmospheric nitrate. The
unique climate condition in the QTP makes the photochemical process
in the troposphere similar to that in the lower latitude, which might
provide interpretation for the lower observed A!70,, value in the pres-
ent study.

4.4. Comparison of riverine nitrate in the study area with other rivers
For both rivers in this study area, the riverine nitrate levels were

higher than the average value (7 umol/L) for unpolluted major world
rivers (Meybeck, 1982; Turner et al., 2003). The finding suggests that

the riverine nitrogen load has been influenced by the growing human
activities (Chen et al., 2014) in the Yellow River and Changjiang River
source regions. However, the nitrate levels in the source regions were
far lower than those in the middle and lower reaches of the Yellow
River (309 umol/L NO3, Liu et al., 2013a) and Changjiang River (NO3
60 umol/L, Li et al.,, 2010), and this was because intensive urbanization
and agricultural activities in the middle and lower reaches generated a
large amount of pollution, while these human activities in the source re-
gions were relatively lower because of sparser population density
(2-16 km™2, Table S4).

4.5. Relative importance of various sources

The Yellow River source region was taken here to assess the relative
importance of various sources to riverine nitrate. The major source of
riverine nitrate was manure (Table 2 and Fig. S5), which was due to
the fact that a large amount of livestock was raised in this region. Ac-
cording to Gan and Hu (2016), manure from livestock in Qinghai Prov-
ince was mainly produced by cattle (80%), followed by sheep (15%). In
2016, the number of livestock (cattle, sheep, and horse) was about
5.55 x 10° head in the Yellow River source region (Table S4), which
accounted for 28.7% of that in Qinghai Province. On the basis of our cal-
culation, the manure production from livestock in the Yellow River
source region reached 25.5 x 10° t (Table S4). The grazing pattern in
the QTP is rather extensive, therefore a large amount of manure pro-
duced by livestock is directly exposed to the environment without
treatment. That means a large amount of immobile organic nitrogen
fixed by plant is turned into mobile nitrogen via animals' digestion
such as ammonium nitrogen. The nitrogen production from livestock
manure was estimated to be 19.5 x 10* t N/year (Table S4), and this
value might be increasing considering a trend of overgrazing (Dong
et al., 2015) in this region, which was a huge potential nitrogen source
for river systems.

The secondary source was SON. Soil erosion leads to great input of
SON to rivers, and there are mainly three types of soil erosion: water
erosion, freeze-thaw erosion, and wind erosion. With steep terrain
and rugged topography, the Yellow River source region has a large
drop gradient, which accelerates water erosion. In addition, freeze-
thaw cycle generally occurs in cold or high-elevation regions because
of huge diurnal temperature alteration, and this cycle increases me-
chanical denudation and thus chemical weathering (Li et al., 2018). Pre-
vious research (Zhang et al., 2007) showed that the freeze-thaw erosion
was much extensive in the QTP, and freeze-thaw eroded area accounted
for 55.3% of the Tibetan plateau. Furthermore, wind erosion caused by
strong monsoon, vegetation degradation caused by overgrazing (Du
etal, 2004), and climate warming (Yang et al., 2014) in the QTP also in-
crease soil erosion, thus leading to the high contribution of SON to river-
ine nitrate.

The contribution of atmospheric precipitation to riverine nitrate for
the Yellow River source region was relatively low compared to manure
and sewage. According to the average nitrate concentration
(0.21 mg N/L) in rainwater and annual rainfall (530 mm), the total
amount of wet N deposition in the Yellow River source region could
be estimated to be 1.3 x 10 t N/year, which was much lower than nitro-
gen production by livestock manure (Table S4). The contribution of at-
mospheric precipitation to riverine nitrate in the Yellow River source
region was relatively higher than that in the middle and lower reaches
of the Yellow River (Liu et al., 2013a). The comparison results suggested
that the contribution of atmospheric source to riverine nitrate cannot be
ignored in the study area. In addition, a little higher contribution of at-
mospheric source in the Changjiang River source region than that in
the Yellow River source region might be due to a more intensified snow-
melt eventin this region during spring. This was also consistent with the
result of the St. Lawrence River (Thibodeau et al., 2013), reflecting the
importance of snowmelt events on riverine nitrate load.
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The cultivated land accounts for only approximately 5% of the area in
the Yellow River source region, and the fertilizer consumption was
about 0.5 x 10* t N/year (Table S4), lower than that of the atmospheric
N deposition. Thus, the contribution of synthetic fertilizer to riverine ni-
trate was not significant (9%). In addition, the proportional contribu-
tions of synthetic fertilizer and sewage in the Yellow River source
region were lower than those in the middle and lower reaches of the
Yellow River (Liu et al., 2013a).

4.6. Uncertainty analysis

Denitrification is one of the important nitrate sinks. When denitrifi-
cation occurs, NO3 in water samples will enrich 6'0 and 6'°N with a
statistical ratio of about 1:2 (Kendall, 1998), which has been applied
in many studies involving surface water and groundwater systems
(Dejwakh et al.,, 2012; Liu et al,, 2013a; Lu et al,, 2015). However,
there was no significant linear correlation (P> 0.05, data not shown) be-
tween 6'80 and 6'°N of nitrate in river water, thus the isotopic fraction-
ation resulting from denitrification process was not significant.
Moreover, the application of A'’0 avoided the interference of isotopic
fractionation of 870 and §'80 to source identification. Considering the
spatial and seasonal variability of stable isotopic signatures in the mix-
ture, the river water samples were divided into different groups, and
the application of the SIAR model integrates some uncertainty including
spatiotemporal variability of nitrate isotope values and the lack of deter-
ministic solutions in case of many sources (Parnell et al., 2010).

However, there are some sources of uncertainty for attention. First,
the 6'°N values of organic nitrogen in soil and ammonium in fertilizer,
manure, and sewage were used in source identification of riverine ni-
trate, thus nitrification might result in unpredictable isotopic fraction-
ation and introduce some uncertainty. According to previous studies
(e.g. Kendall, 1998), mineralization usually causes a tiny fractionation
(41%.) between soil organic matter and soil ammonium. The estima-
tion of fractionation associated with nitrification is very complex in nat-
ural systems. Such fractionation not only depends on environmental
conditions but also on the size of the substrate pool, and the fraction-
ation effect is weak when the substrate is almost consumed according
to the Rayleigh equation. In this study, riverine nitrate was the major
component of DIN, suggesting that fractionation caused by nitrification
might not be significant. Moreover, the measured isotope values of fer-
tilizer and soil N in the present study were comparable with the re-
ported nitrified NHZ fertilizer and soil N sources in other studies
(Kendall, 1998; Xue et al., 2009). In some relevant studies (Korth
et al., 2014; Kim et al., 2015; Hundey et al., 2016), the isotope values
of SON and NH{ in fertilizer were also used to trace nitrate sources in
catchments. Second, due to the restriction of the sampling condition,
the precipitation and river water samples during winter were not col-
lected, which led to some uncertainty. Third, the calculation based on
A'70 can only explain the part of unprocessed atmospheric nitrate en-
tering rivers, but cannot explain the parts of processed nitrate and pro-
duced nitrate by atmospheric ammonium transformation in post-
deposition process, which might underestimate the contribution of at-
mospheric source to riverine nitrate. Despite of above sources of uncer-
tainty, the results in this study were consistent with the estimated
nitrogen production of various sources as discussed in Section 4.5,
which might provide insights for nitrogen management and pollution
control in the Yellow River and Changjiang River source regions.

5. Conclusions

In this study, the A'70 value in atmospheric nitrate as well as the fin-
gerprints of other sources were studied and used in source identifica-
tion of riverine nitrate for the Yellow River and Changjiang River
source regions located in the QTP. The observed §'80 and A'70 values
of atmospheric nitrate in this study were lower than those reported
for low-elevation regions. This is because (1) lower ambient

temperature and pressure will affect A'”0 value of ozone; (2) the thin
air and ozone valley in the QTP in summer result in stronger radiation,
and more UV ray can pass through the stratosphere; (3) the decreased
03 concentration as well as increased hydroxyl and peroxy radical levels
in the atmosphere alter the pathways of atmospheric nitrate produc-
tion, and ultimately contribute to lower '80 and A'”0 values of rainwa-
ter. Another possible interpretation might be the dilution effect caused
by terrestrial nitrate in dust. In addition, the isotopic fingerprints of
other sources including synthetic fertilizer, SON, manure, and sewage
fell in the ranges of previous research.

The nitrate levels of river water for the Yellow River and Changjiang
River source regions were higher than the average value for unpolluted
major rivers in the world. The proportional contributions of various ni-
trate sources were ordered by manure > SON > atmospheric
precipitation ~ fertilizer > sewage for the Yellow River source region,
and by SON > manure > atmospheric precipitation > sewage for the
Changjiang River source region. Manure was one of the major sources
to riverine nitrate; this might be due to that extensive livestock grazing
pattern made a large amount of livestock manure directly exposed to
the environment without treatment, resulting in a large quantity of mo-
bile nitrogen entering rivers. It can be expected that the contribution of
livestock manure would increase in the future considering a trend of
overgrazing. The anthropogenic interference (sewage & synthetic fertil-
izer) increased with the distance from the headwater of the Yellow
River source region, while the contribution of atmospheric precipitation
to riverine nitrate in various sections was consistent with the spatial dis-
tribution of rainfall in the Yellow River source region. The contribution
of atmospheric source in the studied area was higher than that in the
middle and lower reaches of the Yellow River.

This study indicates that A'70 ¢y, will vary with atmospheric condi-
tions, and atmospheric source makes a considerable contribution to riv-
erine nitrate in the QTP. Livestock manure plays an important role in the
riverine nitrogen load of the Yellow River and Changjiang River source
regions. The results obtained at the present research would provide
some guidance and reference for future nitrogen pollution control and
water quality management in this water source conservation area.
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