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Abstract: Nitrate pollution in surface water has become an environmental problem of global concern.
The effective way for controlling the nitrate pollution of surface water is to identify the pollution
source and reduce the input of nitrate. In recent decades, nitrogen (δ15N) and oxygen (δ18O) isotopes
of nitrate has been used as an effective approach for identifying the source and fate of nitrate
pollution in surface water. However, owing to the complexity of nitrate pollution source and the
influence of isotopic fractionation, the application of this method has some limitations. In this work,
we systematically discussed the fundamental principle of using nitrogen and oxygen isotopes to trace
the nitrate source, the fate identification of nitrate, and the major testing techniques. Subsequently,
the applications of nitrogen and oxygen isotopes for source identification of surface water were
illustrated. However, there are still significant gaps in the application of the source identification
and transformation mechanisms to nitrate and many research questions on these topics need to
be addressed.
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1. Introduction

Growing nitrate pollution has become a common environmental problem worldwide [1].
Rivers are important channels which connect the nitrogen pools of mainland and ocean.
The ever-increasing nutrient substances in rivers are the key changing factors of the global water
quality and biodiversity. The data from the Global Environmental Monitoring System shows that
the nitrate concentrations are seven times as high as the allowable maximum pollutant concentration
(45 mg/L) in most rivers [2,3]. The excessive amount of nitrate in surface water not only results in
the eutrophication of water body but also poses a direct threat to human health [4]. Therefore, it is of
significance to identify the sources of nitrate, and analyze the nitrate transformation mechanism for
water environmental protection.

The nitrate sources of surface water are diversified and mainly include precipitation,
mineralization of soil nitrogen, farmland fertilization, septic tank emissions, manure, domestic
wastewater, and industrial sewage [5]. The human activity, hydrologic process, and migration and
transformation mechanisms of nitrate vary within different land uses [6]. The major source of nitrate
pollution is generally determined by the geographic position, scale, land-use type, and hydrological
conditions of the watershed. Because the nitrogen isotopic compositions of nitrate and the fractionation
mechanisms of nitrogenous substances are different, the value of δ15N has been used to identify nitrate
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sources since the 1970s [7]. The continuous progress of source tracing technology has gone through
four stages, i.e., source apportionment using δ15N, source apportionment using δ15N and δ18O, source
apportionment using multi-isotopes, and research of mathematical models. However, a global database
of δ15N and δ18O is lacking in previous researches. The comprehensive analysis on the transformation
mechanism of nitrogen is also not clear. Moreover, the degree of isotopic fractionation is difficult
to quantify. Until now, there is no review that systematically summarizes present limitations and
future prospects of application of nitrogen and oxygen isotopes. Thus, the present work analyzed the
composition characteristics of δ15N and δ18O values of various sources and the influencing factors.
The application cases of stable isotope technique under different land-use types and basin conditions
were also summarized. This review would provide a theoretical basis for the control of nitrate pollution
in surface water.

2. Fundamental Principle of Using Nitrogen and Oxygen Stable Isotopes to Identify the Pollution
Source and Fate of Nitrate of Surface Water

2.1. Compositions of Nitrogen and Oxygen Stable Isotopes

There are two naturally occurring stable isotopes of nitrogen, namely, 14N and 15N, and the
corresponding natural abundances are 99.633% and 0.366%, respectively. Oxygen is composed of
three stable isotopes, 16O (99.757%), 17O (0.038%), and 18O (0.205%). Nitrogen and oxygen participate
in various physical processes and chemical reactions in the natural environment. The stable isotope
composition is usually expressed in delta (δ) units and a per mil (‰) notation relative to the respective
international standards

δ = (Rsample/Rstandard − 1)× 1000, (1)

where the positive value and negative value of δ respectively represent the enrichment and
impoverishment of heavy isotopes in test sample compared with a standard sample. The nitrogen
and oxygen isotopic ratios (R) are reported as the per mil deviation from the 15N/14N or 18O/16O
ratios relative to N2 (air) and Vienna Standard Mean Ocean Water (V-SMOW). The overall error of
measurement is below 1‰.

The δ15N and δ18O compositions of nitrate differ in different potential sources. δ15N is light in
precipitation (δ15N value ranges from −10‰ to 8‰) and chemical fertilizer (δ15N value ranges from
0‰ to 3‰). After the nitrification of microorganisms, the δ15N value of soil nitrogen ranges from
−3‰ to 5‰. However, δ15N is heavy in manure and sewage (δ15N value ranges from 7‰ to 20‰
or is larger than 20‰) [5,8]. δ15N plays an important role in identifying the nitrate from ammonium
nitrogen fertilizer, soil nitrogen, manure, and sewage. The δ15N values of nitrate from precipitation,
soil, chemical fertilizer, manure, and sewage partly overlap (Figure 1). The synthetic fertilizer or
ammonia fertilizer do not contribute to the increase of δ15N as they are both from atmospheric N2 [9],
so the δ15N of precipitation is not significantly different from that of synthetic fertilizer. The application
of δ15N is not enough for the accurate identify of nitrate source. Mostly, it is combined with δ18O,
another indicator for identifying nitrate source, so as to reduce the uncertainties of nitrogen isotope
in identification [10]. The δ18O value of precipitation is high and usually ranges between +20‰ and
+70‰. The δ18O value of synthetic nitrate nitrogen fertilizer is 22‰ ± 3‰, while the δ18O value of
soil nitrogen transformed from in-situ ammonium nitrogen by nitrification is between −5‰ and 5‰.
The final production of δ18O varies with the nitrification ways as well as the δ18O ratio of δ18O-O2 in
atmosphere to δ18O-H2O in water. The values of δ18O in manure and sewage are lower than 15‰ [11].

The major sources of nitrate are preliminarily determined by comparing dual stable isotopes
(δ15N and δ18O) of potential sources with those of surface water. Due to the influence of regional
climate, source emissions, topography, geology, etc., the isotopic compositions from different nitrogen
sources vary widely in different regions and time [12,13]. For example, the typical range of δ15N
in the precipitation is from −3‰ to 7‰ in China [14–16], while that is from −6‰ to 11‰ in other
countries and regions [11,17]. The typical value range of δ15N of soil organic nitrogen is from 3‰ to
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8‰ [18,19], while that is reported to be from 0 to 8‰ in other countries and regions [11]. The typical
value range of δ15N of Chinese chemical fertilizer is between −6‰ and 5‰ [4], which is smaller than
that of American fertilizer (between −4‰ and 8‰) [20]. The current studies on isotope composition
are limited to scattered regions. The lack of a global landscape map of nitrogen and oxygen stable
isotopes of nitrate in surface water has greatly affected the accuracy of the results of the application of
nitrogen and oxygen isotopes. The global and regional stable isotope databases should be established
to quickly and accurately identify the source of nitrate pollution.
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2.2. Isotopic Fractionation

The nitrogen and oxygen isotopes have been widely used in the effective identification of
nitrate pollution sources of surface water. Nevertheless, during the nitrogen cycle, complex isotopic
fractionation altered δ15N and δ18O compositions, thereby leading to the incorrect identification of
nitrate source. The reaction processes which affect the isotopic composition include nitrification,
denitrification, volatilization, assimilation, and mineralization [21,22].

Nitrification refers to the process in which ammonium salt is oxidized to nitrate by nitrobacteria.
Because the microorganisms give priority to utilize light isotopes (14N and 16O), lots of δ15N and
δ18O are enriched in the nitrate. One-third of the oxygen of the newly generated nitrate should be
derived from the dissolved oxygen in atmosphere and the other two-thirds are from the surrounding
water bodies [4]. No isotopic fractionation occurs during the oxygen combination. The δ18O generated
through nitrification process can be calculated by Equation (2) with the known δ18O-O2 in atmosphere
and δ18O-H2O in water, and the δ18O usually ranges from −10‰ to +10‰. The δ18O value of nitrate
in the water samples collected from agricultural area are within this range. In rivers run in forest area,
the δ18O value is relatively high and is above +16‰ [11,12]. If the measured δ18O value is within the
calculated range of δ18O, it indicates that nitrate is greatly influenced by nitrification. If the measured
value of δ18O is not within the calculated range, one possibility is that the isotopic compositions are
slightly influenced by nitrification [18]. Another possibility is that the evaporation of soil water and
the respiration of oxygen in atmosphere have led to the rise of δ18O value, that is, the measured
value of δ18O is higher than the calculated one [23]. High temperature will facilitate the respiration of
microorganisms, especially in summer, resulting in the enrichment of δ18O-O2.

δ18O = 2/3δ18O-H2O + 1/3δ18O-O2 (2)

Denitrification occurs under anaerobic conditions or low concentration of dissolved oxygen
(<2 mg/L) [24]. During denitrification, 14N and 16O are respectively converted to N2O and N2 by
microorganisms, resulting in an enrichment of 15N and 18O in the remaining nitrate. The enrichment
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factors range from −40‰ to −5‰ for nitrogen isotope [25] and from −18‰ to −8‰ for oxygen
isotope [26]. The extent of fractionation resulted from denitrification is influenced by the surrounding
circumstances. Besides, denitrification will lead to a negative correlation between δ15N value and
nitrate concentration. According to the Rayleigh equation, the logarithmic values of nitrate should be
linearly correlated with δ15N and δ18O values, respectively. If δ15N displays a significant negative linear
correlation with δ18O, the denitrification is responsible for nitrate transformation [18]. Denitrification
will lead to the decreased nitrate concentration but increased values of δ15N and δ18O. δ15N and
δ18O are correlated positively by a factor between 1.3:1 and 2.1:1 [4,27,28]. Denitrification has a
great enrichment effect on δ15N, while δ18O is rarely affected by denitrification. It indicates that
denitrification process is accompanied by some other reactions concerning nitrate [29].

The volatilization of ammonia will lead to the enrichment of δ15N-NH4
+ in the remaining

ammonium salt, followed by nitrification that may result in the formation of which will further
nitrate with enriched δ15N [30]. The assimilation process, in which plants utilize ammonium salt,
nitrate, and nitrite, will result in extensive isotopic fractionation (usually ranges from −27‰ to 0‰).
Theoretically, the fractionation ratio of δ15N to δ18O caused by assimilation is 1:1 [31]. Biological
nitrogen fixation is a major source of nitrogen of surface water. During biological nitrogen fixation
process, the molecular nitrogen is converted to ammonia. The δ15N value of the nitrogenous substances
generated by nitrogen fixation is close to that of atmospheric N2 (0‰) [32]. However, the organic
substances produced by diazotrophs will undergo mineralization or nitrification, which eventually
indirectly affect the concentration and δ15N value of nitrate.

The above-mentioned biochemical processes are easily affected by land-use types, climate,
hydrological conditions, and migration pathways. It is important to quantify the influence of
these factors on the identification of pollution sources and transformation of tracer nitrogen.
The fractionation produced by denitrification is relatively high, while the nitrogen isotopic fractionation
is relatively low during nitrification, ammonia volatilization, mineralization, assimilation, and nitrogen
fixation. Approximately 72% of the nitrogen entering the river is removed during processes
like biological absorption, atmospheric deposition, leakage to the bottom aquifer, and microbial
denitrification [33,34]. Denitrification is the only way to permanently remove nitrogen in the rivers,
and it can directly and significantly change the isotope values of nitrates. The denitrification
determination and the attenuation mechanism of nitrate are applicable to specific geological and
hydrological conditions. The mechanisms of isotopic fractionation would be influenced by land use,
vegetation, soils, industry, agriculture, mixed-degree of different sources, and complex transformation
processes of the nitrogen cycle. The current researches of isotopic fractionation are limited to qualitative
level and they lack a quantitative basis. That is, they can only determine whether isotopic fractionation
has occurred, but they cannot analyze the degree of fractionation caused by various biochemical
reactions. Therefore, the mechanisms of the related process are still unclear.

3. Research Progress in Analytical Techniques of Nitrogen and Oxygen Isotopes

It has been proven that nitrogen and oxygen isotopes have been used as effective approaches for
identifying the source and fate of nitrate pollution in surface water. Thus, it is crucial to ensure that the
testing technique of isotopic compositions is accurate, rapid, and inexpensive. Ion-exchange method,
denitrifier method, and Cd-azide reduction method are the most common approaches currently used
for analytical techniques for δ15N and δ18O determination.

Ion exchange method was developed by Silva et al. [35]. This method has three steps, i.e.,
transformation, purify, and mass spectroscopy analysis. Briefly, nitrate is purified and concentrated
by passing samples through ion exchange resin columns, and then can be simultaneously analyzed
δ15N and δ18O values via isotope ratio mass spectrometer (IRMS). The adsorption rate and elution rate
during the transformation are two key indicators for experimental operation. Incorrect operation will
cause nitrogen isotopic fractionation, which results in smaller measured values. Garten [36] found
that the absorption rate of anion exchange resin (Rowex 1-X8) was more than 97%, and the recovery
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of saturated K2SO4 solution was close to 100%. No obvious isotopic fractionation occurred during
the adsorption and desorption of zwitterion, and the deviation was below 0.3‰. In traditional mass
spectroscopy, prepared AgNO3 samples are put into sealed tube for high temperature combustion so
that the AgNO3 are converted into N2 and CO2 and then values of δ15N and δ18O can be measured
through IRMS. Mass spectroscopy is not widely used because it is cumbersome in preprocessing steps
and needs lots of AgNO3 samples. Recently, a new testing technique of higher accuracy has gotten
extensive applications. In this method, prepared AgNO3 samples are placed in aluminum or silver tube
at 1400 ◦C in an element analyzer, samples can be conducted by conversion to N2 and CO. Subsequently,
the isotope values are measured through IRMS. This method has the following demerits: (1) the amount
of require water sample is huge, and a relatively large amount of N in samples (>1 µmol N) is essential
to avoid contamination from atmospheric N2 [37]; (2) chemical reagents (e.g., silver oxide) used
for sample preparation are very expensive; (3) influence of other ions (e.g., SO4

2− and Cl−) on the
quantification of nitrate concentration [38]. The merits of this method can be summarized as follows:
(1) it achieves a high level of sensitivity and is easy to operate [12]; (2) no harmful preservatives are
added into sample water and thus cross contamination can be effectively avoided; (3) the preservation
time is long (two years when refrigerated in humid environment); (4) isotopic fractionation only occurs
to a small extent. This method is a well-developed approach for the measurement of δ15N and δ18O,
and has been widely used in field experiments.

Denitrifier method was put forward by Sigman et al. [39] and Caaciotti et al. [40]. In this method,
the simultaneous determination of δ15N and δ18O of N2O produced from the conversion of nitrate by
denitrifying bacteria which naturally lack N2O-reductase activity. This method has four experimental
steps, namely, bacterial selection, bacterial cultivation, conversion, and extraction of N2O. This method
has many advantages. First of all, it only requires a small amount of sample water and is able to be
used for the analysis of low-concentration samples. Apart from that, it only converts nitrate and is
completely uninfluenced by organic nitrogen. Besides, it shortens the analyzing time because the
preparation procedure is simple. Moreover, it is also applicable for samples with a concentration of
nitrate lower than 1 M. The denitrifier method has been used as a standard technique by the United
States Geological Survey to determine the δ15N and δ18O of nitrate [41]. The nitrogen is completely
transformed during the denitrification, so δ15N only needs a blank correction. However, the oxygen
in nitrate is not completely transformed into N2O and there is oxygen isotopic fractionation, so δ18O
needs correction of oxygen isotopic fractionation, exchange, and blank. The limitation of this method
lies in that it fails to distinguish the nitrate in water sample from nitrite, and thus the presence of
nitrite in water samples can bias the isotopic composition of product N2O. For this reason, if the water
sample contains nitrite, the nitrite should be removed first [42]; otherwise, the measured results should
be corrected [43]. In addition, it needs a long time to cultivate bacteria, in which the bacteria are likely
to be affected by toxicity of the sample. Therefore, the rapid and complete transformation of nitrate
into N2O should be considered in the selection and culture of bacteria. Zhu et al. [44] modified the
classical denitrifier method with P. aureofaciens for robust and reliable conversion of nitrate to N2O
without prior induction of denitrification with extraneous nitrate.

Cd-azide reduction method, proposed by McIlivin et al. [45], is a new method which is able
to measure δ15N and δ18O. In this method, Cd is added into water sample to reduce nitrate into
nitrite and then azides are added as well so that the nitrite can be further reduced into N2O.
Subsequently, high-purity N2O can be obtained through separation, enrichment, and purification.
Finally, the compositions of δ15N and δ18O are measured through IRMS. Apart from not being
susceptible to organic substances, advantages of this method also include simple preparation procedure,
inexpensive, small sample volumes, and automation with high sample throughput. However,
this method is dangerous due to the toxicity of the adopted reagents [46]. Furthermore, the nitrite
in water sample will lead to the deviation of δ15N and δ18O values, so the measured results need
further correction.
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Even though the accuracies of the above mentioned three simultaneous testing techniques for δ15N
and δ18O have been significantly improved, they still have certain limitations in tracing nitrate pollution
sources of surface water. The preparation procedure of water samples will directly affect the accuracy
of final results. So far, no single simple method has been able to automatically extract the nitrate in
water samples and meanwhile to completely avoid the isotope contamination and fractionation.

4. Application of Nitrogen and Oxygen Isotopes in Nitrate Source Tracing of Surface Water under
Different Land-Use Types

Chemical fertilizer, manure, precipitation, soil nitrogen, and nitrogen fixation are the main sources
of nitrate in rivers which run in the basin mostly covered with agricultural land. The crop species
cultivated in farmland, the fertilizing methods, and the activities of microorganisms in soil vary
in different seasons, so these factors have great influences on the source identification of nitrate in
surface water within farmland area. The nitrate in farmland soil which comes from different sources
is transferred to surface water through processes like eluviation [5]. Kellan et al. [22] found that the
δ15N value in the wastewater of farmland applied with pig manure was much higher than that in the
wastewater of farmland applied with inorganic fertilizer. It was also higher than that of pig manure.
This evidence indicates that the δ15N in farmland soil has been fractionated and inorganic fertilizer and
animal manure are the major sources of the nitrate in farmland wastewater. When the nitrate derived
from atmospheric precipitation, fertilizer, or soil transfers from soil system to rivers, influencing factors
like microorganisms may cause the enrichment of 15N. Consequently, the isotopic characteristics of
nitrate source disappear. However, in the event that the activity of microorganisms is low, δ15N
and δ18O values are relatively stable during nitrate transfer, in which case the nitrate source can be
correctly identified [5,47]. Deutsch et al. [47] reported that δ15N and value of farmland wastewater
in winter was significantly higher than those of groundwater and precipitation, but the δ18O value
of farmland wastewater was much higher than that of groundwater yet was far lower than that of
precipitation. The δ15N and δ18O values of rivers and farmland wastewater were close. The results
of researches conducted on nitrogen and oxygen isotopes technique and geochemical methods show
that the high-concentration of nitrate in farmland wastewater and in rivers is directly correlated with
the use of massive chemical fertilizers [4,48]. Besides, it has been proven that the negative impacts of
fertilizer can be largely reduced by proper agricultural management [49].

Precipitation and soil are the major sources of the nitrate in rivers which run in the basin
mostly covered with forestland. Nitrate from soil includes the soil organic nitrogen and the nitrate
transformed from the NH4

+ in soil through nitrification. Though the δ15N values of these sources
are quite close, the enrichment of δ18O in atmospheric precipitation makes it possible to correctly
identify the nitrate source through δ18O value [4]. When the precipitation is low in amount,
the nitrification in soil is the main reason for the increase of the nitrate concentration of rivers within
forestland-covered basin [50,51]. The nitrogen in precipitation is unable to go into rivers directly for
being intercepted by forestland, and thus the nitrogen is absorbed by organisms where organic nitrogen
is synthesized. The nitrate will be produced by the mineralization and nitrification of upper soil organic
nitrogen. The nitrate in soil will eventually enter surface rivers under eluviation, infiltration, etc. [52].
After analyzing the δ15N and δ18O composition of surface water within the forestland-covered basin
in Northeastern United States, Burns et al. [28] found that over 80% of nitrate was generated by
the nitrification of soil nitrogen. When the precipitation increased, the soil organic nitrogen and
precipitation became the major contributors of nitrate in rivers within forestland-covered basin [53].
Besides, the data of δ18O show that the atmospheric nitrate will go into rivers after the nitrification of
microorganisms [51].

As for the basin mostly covered with urban mixed-use land, the nitrate of surface water is
mainly from domestic wastewater, industrial sewage, chemical fertilizer, manure, soil nitrogen,
and atmospheric precipitation. Seasonal changes and human activities are the major influencing
factors altering nitrate sources of surface water within this kind of basin. There are lots of impervious



Appl. Sci. 2019, 9, 18 7 of 17

surfaces which only intercept a small amount of precipitation and thus most of the precipitation will
go into surface rivers. Therefore, seasonal change of precipitation has a great impact on the nitrate
in urban rivers. During rainy season, the contribute rate of atmospheric precipitation to nitrate in
surface rivers can reach 50% or even 67% [28,53]. By measuring δ15N and δ18O values, Chen et al. [54]
studied the sources of nitrate in Taihu Lake area. The nitrate mainly derived from precipitation,
domestic wastewater, and organic fertilizer in summer, while it was from the nitrification of domestic
wastewater, organic fertilizer and soil organic nitrogen in winter. The source of nitrate in surface
water varies both in seasons and spatial distribution. Lee et al. [55] reported that precipitation and soil
organic substance were the major sources of the nitrate in the northern part of Han River, but manure
and sewage were the main sources in the southern part of Han River. With δ15N and δ18O isotopes,
Ren et al. [56] studied the surface water within the urban area of Beijing and found that the main
sources of nitrate were manure and sewage. After investigating the pollution source of the nitrogen
compound along the Olt River, Popescu et al. [57] found that inorganic nitrogen pollution was mainly
caused by agricultural and domestic wastewater. Based on δ15N and δ18O, Archana et al. [58] found
that sewage was the main nitrate source of surface water, and assimilation, nitrification, and nitrogen
fixation were the major driving factors under the complicated urban circumstances.

The δ15N and δ18O has been widely applied in the source identification of nitrate in surface water
within the above-mentioned small-scale basins and within other large-scale basins. Table 1 presents
the data of the source identification of nitrate in surface water in large-scale basins all over the world.
As suggested by the data, stable isotope method has provided useful information for analyzing the
source and fate of nitrate as well as for the removal of nitrate. The nitrate source of surface water varies
according to time and space. Besides, the nitrogen sources will go through several biochemical reactions
(ammonization, nitrification, and denitrification) before entering rivers. However, these biochemical
reactions are easy to be affected by land-use types, climate, hydrological conditions, and migration
ways. At present, most of the researches only analyzed nitrate sources by comparing the δ15N and
δ18O values of surface water with the δ15N and δ18O values from different sources. They ignored
the influence of nitrogen sources on isotopic fractionation during migration and transformation,
and failed to calculate the effect extent of fractionation on the results. Because of the complexity
of the river system, simple isotopic geochemistry research is not enough to reveal the geochemical
cycle process of river nitrate. Thus, it is of great significance to study the extent of these influences
for identifying the nitrate pollution sources for tracing the migration and transformation ways of
nitrogen. Furthermore, other indicators like hydrological conditions, water quality, and land-use types
are necessary if detailed analyses on the source of nitrate in large-scale basin and on the pollution
characteristics are to be conducted.

Table 1. Application of nitrogen and oxygen isotopes for the identification of nitrate source and fate in
surface water in large-scale basins.

Watersheds Area (km2) Main Sources References

Mississippi River Basin,
United States 2.9 × 106 Stream nitrogen assimilation [59]

Changjiang River Basin,
China 1.8 × 106 Nitrification (including “modified fertilizer”) and

urban sewage effluent [19]

Yellow River Basin,
China 7.5 × 105

Sewage/manure effluents in the upstream;
manure/sewage effluents and ammonium/urea-

containing fertilizer in the middle and lower reaches
[60]

Songhua River Basin,
China 5.6 × 105

Soil organic nitrogen, nitrogenous fertilizers, and
sewage in the high flow season; soil organic nitrogen

and sewage in the low flow season.
[61]
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Table 1. Cont.

Watersheds Area (km2) Main Sources References

Illinois River Basin,
United States 7.8 × 104

A mixture of relatively undenitrified tile drain
waters, highly denitrified groundwater, and

treated wastewater
[62]

Oldman River basin,
Canada 3.0 × 104 Soil nitrification in the western tributaries; manure

and/or sewage in the eastern tributaries [63]

Lake Winnipeg, Canada 2.45 × 104 Manure and/or wastewater discharge and inorganic
agricultural fertilizers [64]

Guadalhorce River Basin,
Spain 3.2 × 103 Fertilizers and organic sources (manure and sewage) [65]

Taihu Lake, China 2.3 × 103
Sewage/manure, and soil organic N in winter;
atmospheric precipitation and sewage/manure

inputs in summer
[54]

5. Source Identification of Nitrate in Surface Water by Nitrogen and Oxygen
Isotope-Based Methods

The conventional methods based on land-use types, hydrochemistry, multiple isotopes (δ2H, δ18O,
δ11B, δ13C, and δ34S) and dual isotopes of nitrate are combined to reduced isotopic fractionation caused
by objective factors like spatial-temporal change [5,12,57]. Xing et al. [18] carried out a study on the
rivers on the Loess Plateau and found that nitrate was the major existing form of nitrogen in these
rivers. Land-use type has an obvious impact on nitrogen concentration. The nitrate concentrations
of rivers affected by coal are an order of magnitude higher than those of samples collected in forest
or agricultural areas. As the original values of δ15N and δ18O differ according to the land-use types,
correlation analysis should be conducted on them under each land-use type. The solute tracers in
hydrochemistry like soluble ions (Cl− and Br−) link with the ratio difference between different ions
(content ratios of NO3

−/Cl−, Cl−/Br−, Cl−/Na+, and SO4
2−/Ca2+) are conductive to the accurate

nitrate source identification based on δ15N and δ18O [4,12,66]. Cl− is difficult to have physical,
chemical, or biological reactions and thus is a good indicator for reflecting the input and dilution of
domestic sewage. Chen et al. [67] reported that whether the nitrate of surface water was mainly from
fertilizer or animal manure and sewage could be known by analyzing the molar ratio of NO3

−/Cl−.
Mayer et al. [68] found the reason for the increased δ15N in water by analyzing the correlation between
nitrate concentrations and δ15N values. That is, the nitrification of microorganisms decreases nitrate
concentration but increases δ15N. If they both increase, it may be because there are two or several
nitrate sources with high in nitrate concentrations and δ15N values. Showers et al. [69] attempted
to identify the sources of nitrate in water samples collected from a farm. They found that there was
little difference between δ15N and δ18O of nitrate from the two possible sources, i.e., septic tanks and
manure. Yet septic tanks could be excluded according to the difference between the compositions of
δ2H and δ18O-H2O of septic tank effluent and groundwater.

The change of isotope δ13C of dissolved inorganic carbon in river reflects the geochemical
behaviors and biogeochemical cycle of carbon. The major sources of δ13C are decomposition of
soil organic matters, dissolution of carbonate minerals, respiration of aquatic plants, and atmospheric
CO2. As the carbon pools are quite different, the δ13C in water can provide important information for
the evolution, biogeochemical cycle, and environmental change of carbon [70]. As the multi-sources
of pollutant and reaction mechanism can cause the superposition of isotopic signals, the source of
nitrate and its transformation ways can be traced through δ15N, δ18O, and δ13C. Li et al. [71] identified
the source and transformation ways of nitrate in the upstream of Chaobai River, using the δ15N and
δ18O as well as δ13C, and found that soil nitrogen was the major source of nitrate in rainy season,
while sewage and manure were the major sources in dry season. Although denitrification did not
occur, mineralization and nitrification played important roles in nitrogen biogeochemistry.
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Boron (B) isotope transports simultaneously with nitrate in surface water. Generally, B comes
from fertilizer, manure, and household goods [23]. There is obvious difference in the compositions of
δ11B from different sources. Because B is not affected by transformation processes, the combined use
of δ11B and the dual isotopes of nitrate have great benefits of the correct identification of nitrate source.
Xue et al. [66], by using δ15N, δ18O and δ11B, found that the major sources of the nitrate of surface
water in the Flanders area of Belgium were manure and domestic sewage. Widory et al. [72] used
δ11B to evaluate the contribution of domestic sewage to nitrate. The δ11B is an effective indicator for
distinguishing animal waste (between +6.9‰ and +42.1‰) from domestic sewage (between −7.7‰
and +12.9‰).

17O can be introduced into identifying nitrate source. Unlike δ18O, the value of δ17O will not
change during biochemical processes. Hence, δ17O is more sensitive and reliable in tracing the
nitrate from atmospheric precipitation than the conventionally used δ18O. The δ17O can be used to
accurately recognize the nitrate from atmospheric precipitation (δ17O > 0) and that from other pollution
sources (δ17O = 0) [73]. Tsunogai et al. [74] applied δ17O to quantify the rate of precipitation into
lake. The total amount of nitrate in lake decreased during the observation period, indicating that
nitrate from atmospheric precipitation was assimilated quickly in summer. More than 90% of the
assimilated nitrate would be transformed into nitrate through mineralization during the nitrogen
cycle. Scaccon et al. [75]—by using the δ15N, δ18O, and δ17O of nitrate, the δ2H and δ18O-H2O; and the
δ34S and δ18O of sulfate—found that river pollution derived from agricultural activities, precipitation,
nitrification, and urban sewage within Mariano lagoon basin in Italy.

In summary, the complex isotope fractionation during each process in the nitrogen cycle may
change the δ15N and δ18O values of nitrate pollution sources, which may lead to the deviation of nitrate
pollution source identification. However, by combining with other isotopes or conventional methods,
e.g., the solute tracer in hydrochemistry, the isotopes are still powerful to accurately analyze the nitrate
pollution source and fate of surface water. In addition, some other methods—such as correlation
analysis, end-member analysis [76], principal component analysis, classification-tree method [77],
uncertainty analysis [78], and grey water footprint [79]—could be used to assist the source identification
of nitrate pollution.

6. Applications of Mathematical Models

With the development of the techniques in tracing nitrate source, attempts have been made to
establish quantitative mathematical models for analyzing the contribution ratios of different sources
to the nitrate in surface water. They are believed to move the study on nitrate pollution source
identification from qualitative to quantitative. The main mathematical models currently used are
introduced in the following subsections.

6.1. Mass-Balance Mixing Model

Phillips et al. (2002) [80] developed an alternative mixing model based on two isotopes and
three sources and incorporates concentration variation. The calculation formulas of this model are
expressed as

δ15N =
3

∑
i=1

f i × δ15Ni, (3)

δ18O =
3

∑
i=1

f i × δ18Oi, (4)

3

∑
i=1

f i = 1, (5)

where i represents the pollution source of nitrate, δ15N represents the abundance of δ15N of nitrate
in mixed water sample, δ18O represents the abundance of δ18O of nitrate in mixed water sample,
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δ15Ni represents the abundance of δ15N in pollution source i, δ18Oi refers to the abundance of δ18O in
pollution source i, and fi is the total contribution ratios of three nitrate pollution sources.

Mass-balance mixing model is only suitable for calculating the contribution ratios of no more
than three major nitrate pollution sources. Besides, this model fails to consider the incorporation
of several substantial sources of uncertainty, such as spatial and temporal variability of nitrogen
and oxygen isotopes of nitrate as well as the isotopic fractionation during nitrification [81].
Deutsch et al. [47], based on mass-balance mixing model, calculated the contribution ratios of
irrigation water, groundwater, and precipitation to the nitrate of a river in Mecklenburg in Germany.
The corresponding ratio was 86%, 11%, and 4%, respectively. Similarly, Voss et al. [82] quantified the
contribution ratios of three pollution sources (sewage, precipitation, and soil) to nitrate in 12 tributaries
of the Baltic Sea. Mass-balance model can be used in the rivers with simple sources of nitrate pollution.
It can also be used in cases where the pollution sources are similar by treating them as one source. For
instance, rural domestic sewage and manure are together regarded as rural pollution, and nitrification
of soil nitrogen and chemical fertilizer are regarded as one agricultural non-point source pollution.
Accordingly, targeted measures can be taken so as to prevent and control the pollution.

6.2. SIAR Model

SIAR (stable isotope analysis in R) mixing model, first established by Parnell et al. [50], is a logic
prior distribution built based on Dirichlet distribution with Bayesian framework. It is used to estimate
possible proportional source contribution, and then to determine the probability distribution for the
proportional contribution of each source to the mixture. By defining the j isotopes of n compounds
from k sources, SIAR model can be expressed as

Xij =
K

∑
k=1

Pk(Sjk + cjk) + εij, (6)

Sjk ∼ N(µjk, ω2
jk), (7)

cjk ∼ N(λjk, τ2
jk), (8)

εij ∼ N(0, σ2
j ), (9)

where Xij is the isotope value of j of mixture i, Pk is the proportion of source k, Sjk is the source value k
on isotope j from source i which obeys the normal distribution whose mean is µ and variance is ω,
and cjk is the fractionation factor of isotope j from source i which obeys the normal distribution whose
mean is λ and variance is τ. ε is the residual error which represents the variance of other compounds
that cannot be quantified, and its mean and standard deviation are 0 under normal conditions.

SIAR model has been successfully applied in the source analysis of nitrate pollution as it takes
into the identification of over three potential pollution sources and reduces the uncertainties of mass
balance mixing model. With SIAR model, Xue et al. [66] successfully quantified the contribution ratios
of five potential nitrate sources (precipitation, nitrate nitrogen fertilizer, ammonium nitrogen fertilizer,
soil nitrogen, manure, and sewage). Zhang et al. [4], by using SIAR model, found that the nitrate
of the irrigation water of Yellow River basin was mainly came from domestic sewage and manure
(contribution ratio: 61–69%) and chemical fertilizer (contribution ratio: 12–16%). The nitrate pollution
of rivers mostly caused by chemical fertilizer (contribution ratio: 21–58%), soil N (contribution ratio:
16–35%) and sewage and manure (contribution ratio: 4–49%). In comparison to other models, the SIAR
model has many advantages. For instance, it considers isotopic fractionation and is able to evaluate
the contribution ratios of multiple (more than three) pollution sources. Nevertheless, any slight change
in the isotopic composition of pollution source will lead to a significant change in the results of SIAR
model [83]. In addition, the contribution ratios of different pollution sources calculated by SIAR model
are ranges instead of determined values.
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6.3. IsoSource Model

IsoSource model, based on multisource linear mixing model (mass conservation model), is used
to estimate the proportional contributions of n + 1 sources to a mixture. After setting the source
increment (1–2%) and mass balance tolerance parameter (0.01–0.05%), IsoSource model is able to
calculate the contribution ratio of different pollution sources in water samples through iterative
method. The possible combinations for the contribution rate of pollution source can be obtained by
Equation (10)

Q =
( 100

i ) + (s − 1)
s − 1

=
[(100/i) + (s − 1)]!
(100/i)!(s − 1)!

, (10)

where Q is the quantity of combinations, i is source increment, and s is the number of pollution sources.
The IsoSource model can verify all the possible combinations for the potential contribution ratio of

each source. When the difference between the weighted averages of δ15N and δ18O of different sources
and the compositions of δ15N and δ18O of test water samples are smaller than 0.1‰, the solutions are
considered possible. At present, the IsoSource model is mostly applied in the studies on atmosphere
and plant water, and food web [84–86]. There are few studies that used IsoSource model to quantify
the contribution ratio of pollution source to the nitrate of surface water. By using IsoSource model,
Lu et al. [87] successfully calculated the variation ranges of chemical fertilizer (23–78%), sewage
(6–58%), and soil organic nitrogen (6–38%) in nitrate of surface water in the karst landform area of
Guilin. Sheng et al. [88] illustrated the mechanism of nitrate source tracing through δ15N and δ18O.
According to IsoSource model, a quantitative analysis on nitrate source at the mouth of Underground
River was conducted. The contribution ratio of manure, soil organic nitrogen, NH4

+ in precipitation
and fertilizer, and precipitation was 46.4%, 32.6%, 18.6%, and 2.4%, respectively. Different from SIAR
model which needs programming, IsoSource model, characterized by simple and complete operation
interface, is easy to use. Furthermore, it is able to calculate both the known contribution ratio and the
potential contribution ratio of pollution source.

Despite the fact that SIAR mixing model and IsoSource model are established based on
mass- balance mixing model, the uncertainties in the results of SIAR model should be further studied.
Besides, the reliability of IsoSource model needs to be further verified since its applications in the
source identification of nitrogen in surface water are rare. Furthermore, if it is possible to consider
the precipitation, rivers, groundwater, and soil water as a whole system, a hydrological model and
a geochemical reaction path model can be established. The study of water cycle and nitrogen cycle
could provide powerful evidence for identify nitrate source in water environment.

7. Conclusions and Suggestions

When combining with hydrochemistry, hydrogeology, other isotopes, and mathematical models,
the δ15N and δ18O of nitrate are able to solve such problems as the partial overlapping of isotopic
composition of various sources and isotopic composition reduced by isotopic fractionation. Thus,
they are promising in confirming identification sources of nitrate pollution of surface water as well as
in analyzing the transformation mechanisms. However, it should be pointed out that the following
limitations lie in the current researches. (1) The isotopic compositions of nitrate from different sources
have large spatial and temporal differences. The previous studies on isotope of different-form nitrogen
are limited to scattered regions, and there is not any comprehensive study on the systematical changes
of the nitrogen in global surface water or of the δ15N and δ18O of nitrate. Therefore, a global isotopic
database which could reflect the change of nitrogen and oxygen isotopes is missing. (2) Some researches
only analyze nitrate sources by comparing the δ15N and δ18O values of nitrate with the eigenvalues
of δ15N and δ18O of different sources and they fail to go deep into the isotope values of nitrate
during migration and transformation. (3) The pretreatment methods for testing the compositions
of nitrogen and oxygen isotopes are not cost-effective and have complex operating steps. It is quite
important to make the method automatic, simple, and cost-effective. (4) The mechanisms of relevant
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processes are still unclear. For instance, there are only methods for the qualitative judgment of isotopic
fractionation and there is lack of quantitative basis. That is, these methods can only ascertain whether
isotopic fractionation occurs. They are unable to determine the extent of fractionation caused by
biochemical reactions. As a result, the change degree of the compositions of original nitrogen and
oxygen stable isotopes of nitrate as well as the influence of the change on research results cannot be
analyzed thoroughly.

In order to overcome the limitations in the current researches and to make research progress,
the following issues should be taken seriously. (1) The stable isotope values of nitrogen from different
countries or regions are different owing to the various regional conditions. For the quick and accurate
analysis on the nitrogen pollution source of the water bodies, the stable isotope values of nitrogen
from different pollution sources should be gathered to establish a global and regional isotope database.
(2) Nitrogen will go through multiple biochemical reactions when it transfers from the pollution
source to water body, and these biochemical reactions are affected by such factors as land-use types,
climate, and hydrogeological conditions. It is of great significance to study the influencing factors
for identifying the pollution sources and tracing the migration and transformation ways of nitrogen.
Besides, because of the complexity of river system, the geochemical investigation of isotope alone is
not enough for revealing the geochemical cycle process of nitrate in rivers. Thus, nitrate sources of
water can be identified more accurately if data involved in different fields are adopted. For example,
the atmospheric precipitation, rivers, groundwater, and soil water are regarded as a whole when
establishing a hydrological model, through which the hydrological cycle and nitrogen cycle can be
better understand. (3) On the premise that the accuracy for measuring the isotope values is ensured,
current methods should be optimized or new methods need to be explored. Thus, the isotope testing
methods characterized by small sample size, high accuracy, automation, and low cost are the main
focuses of the future researches on nitrogen pollution source. (4) The fractionation extent of the nitrogen
and oxygen isotopes of nitrate of each process in nitrogen cycle should be quantified so as to increase
the accuracy of quantitative identification. The data of the regions with similar hydrogeological
conditions are processed and the denitrification rates under different conditions are determined
in order to get the universal law. (5) The application of isotope in the quantitative calculation of
contribution rates of nitrogen pollution sources is still the focus of future studies, thus the quantitative
model should be further improved. Besides, the current mathematical models need to be optimized
and verified to increase the accuracy and reliability of the results of quantitative analysis. Accordingly,
targeted measures can be taken to control the major pollution sources according to the results.
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