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Introduction

As a valuable freshwater resource, groundwater plays 
an important role in many fi elds from domestic life to 
industrial and agricultural water supply, and its safety 
directly affects residents’ physical health and quality of 
life [1-2]. In recent years, groundwater pollution becomes 
more and more serious with large-scale agricultural 
activities, the discharge of industrial wastewater containing 

nitrogen, and urban living sewage [2-4]. Such pollution 
causes more serious problems in areas where groundwater 
is the main source of drinking water. In the early 1990s, 
research indicated that 0.8 million people in France were 
threatened by nitrate-polluted drinking water, 0.85 million 
in the UK, and 2.5 million in Germany [5]. Thus, issues of 
groundwater quality are gradually attracting more attention 
from researchers worldwide [2, 6-7]. Subsequently, many 
scholars carried out large-scale studies on the detection, 
prevention, and control of nitrogen in groundwater, and 
the three types of nitrogen-composed elements (nitrate, 
nitrite, and ammonium nitrogen) have become topics 
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of global concerns for groundwater pollution [8-11]. At 
present, many countries have subsequently launched 
research and evaluation programs on nitrate pollution 
of groundwater to establish basic data for effectively 
controlling groundwater pollution [11-12]. 

Groundwater in many areas of China has been polluted 
by nitrate to various extents, and presents a deteriorating 
trend. Research on the various forms of nitrogen pollution 
started rather late in China and currently focuses on 
identifying the sources of the pollutants by means of 
isotope analysis [13-14]. As one of the three major plains 
in northeastern China, Songnen Plain is an important basin 
for large-scale production of commodity grain and animal 
husbandry. The study area is located in the central part of 
the Northeastern Plain, and has a semi-arid, sub-humid 
continental monsoon climate. The total water resource 
volume in the study area is 132.88×108 m3, of which the 
allowable groundwater extraction is 79.10×108m3 (59.53% 
of gross water resources). Therefore, groundwater is 
an important source of water for this region [15]. Some 
locations have experienced water pollution problems 
in recent years, resulting from a combination of natural 
conditions, geological setting, and human activities. 
For example, excessive pumping of groundwater will 
bring about runoff from river and fl oodplains toward 
over-exploited areas, which could result in abnormal 
hydro-chemical conditions [16]. Furthermore, the toxic 
substances from agricultural irrigation and fertilization 
would infi ltrate the groundwater together with the runoff, 
threatening the safety of drinking groundwater and 
agricultural production. The problem of excessive nitrogen 
concentration is especially serious. Therefore, it is critical 
to evaluate the risks associated with spatial variability of 
nitrogenous pollution in groundwater in order to ensure 
the safety of groundwater [17].

Although previous studies have examined the 
distribution and sources of groundwater, there are few 
studies of the risks to human health associated with nitrogen 
pollution of groundwater. Therefore, it is necessary to 
conduct health risk assessment on the basis of analyzing 
the spatial variability of nitrogen concentrations. This 
study collected groundwater samples in Songnen Plain in 
recent years. The chemical properties and evolving trends 
of groundwater in the area are examined via statistical 
and chemical analysis. The spatial variability of nitrate 
nitrogen in groundwater is analyzed via a semi-variogram, 
producing a health-risk assessment model associated with 
groundwater quality, and providing theoretical references 
for containment and management of nitrogen pollution 
in groundwater as well as sustainable development in the 
region.

Materials and Methods

Background of the Study Area

Songnen Plain is located in northeastern China 
(geographical coordinates 44°38′57″-49°16′14″N, 

122°59′05″-128°14′12″E). Overall, it covers a total area 
of 18.71×104 km2 [18]. It has a semi-arid, sub-humid 
continental monsoon climate. The Nenjiang, Songhua, 
and Lalin rivers make up the southern boundary. Songnen 
Plain has high elevation on all sides and gently slopes 
inward to lower elevation at its center, forming a semi-
enclosed asymmetric basin-shaped terrain that presents 
a north-northeast-extended diamond [19]. The inner 
topography can be divided into three parts: plateau plain 
in the east, low plain in the middle, and inclined piedmont 
plain in the west [20]. Songnen Plain has a temperate 
continental monsoon climate, presenting semi-humid and 
semi-arid features. Precipitation and humidity decrease, 
whereas evaporability and dryness increase from the east 
and northeast to the west and southwest. The semi-humid 
climate in the east and northwest gradually gives way to a 
semi-arid climate in the west and southwest. The research 
area is within the Songhua River system. Southeast of the 
Second Songhua River and northwest of the Nen River 
the two waterways converge in the middle of the plain, 
constituting the Songhua River, into which fl ow the Lalin 
and Hulan rivers, which subsequently fl ow east across 
Sanjiang Plain [19].

Sampling and Test

In order to illustrate the groundwater hydro-chemical 
characteristics and nitrogen pollution conditions, 279 
samples (Fig. 1) were collected from 2011 to 2013, and 
tested in the laboratory of the Heilongjiang Province 
Hydrogeology and Environmental Geology Investigation 
Institute. The tested parameters included Na+, K+, Ca2+, 
Mg2+, Cl_, SO4

2+, total dissolved solids, pH, total hardness, 
and the three forms of nitrogen (NH4

+, NO3
-, NO2

-). Na+ and 
K+ were tested by fl ame photometric method; Ca2+, Mg2+, 
and total hardness were tested by EDTA complex titration 
method; Cl_ was tested by standard solution titration 

Fig. 1. Spatial distribution of sampling locations in the study area.
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with silver nitrate method; pH was tested by a pH meter; 
NH4

+, NO3
-, and NO2

- were tested by spectrophotometric 
method. Quality assurance and quality control were 
conducted according to “Standard for Assessment and 
Investigation of Groundwater Pollution” (DD2008-
01), using the method of adding standard recovery and 
extracting repeated samplings to control quality.

Data Analysis

Mathematical Statistics and Analysis Software

The characteristics of groundwater hydrochemistry are 
analyzed via Statistical Package for the Social Sciences 
(SPSS). The ion index method is used to detect ion genesis 
and evolution, and Aqueous Geochemical Analysis 
(AquaChem) is favorable to discuss the water type and 
features by Piper trilinear chart [21-22]. 

Semi variance function and theoretical model: the 
semivariance function is an important function that 
mainly expresses spatial correlation between regional 
variables and can be used to study the spatial distribution 
randomness and structure of attributes quantifying the 
dispersion of all observations below the mean or target 
value in the data set [23-24].   The semivariance function 
is expressed as:
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...where:
γ(h) – Semivariance function
h – Step or potential difference, namely the sample 
interval distance
N(h) – Sample log with step h
Z(xi) – Observed values of variables in the direction 
of x
Z(xi + h) – Observed values of variables in the 
direction of xi
As a lag-increasing function, the variation in γ(h)  

is expressed by the semivariable curve, the main four 
parameters including nugget, range, sill, and partial sill. 

Health Risk Evaluation Model

The model of health risks associated with nitrate 
pollution is based on the model and standards from the U.S. 
Environmental Protection Agency (USEPA), including 
hazard identifi cation, dose-effect analysis, exposure 
assessment, and risk characterization, and fi nished 
according to risk information from the EPA to assess the 
implications of pollution incidents (Ministry of Environm
ental Protection, China). Nitrite nitrogen and ammonium 
nitrogen are non-carcinogenic and are evaluated as:

                        (2)

                                (3) 

                   (4)

...where: E is the exposure dose; C is the target material 
content; IR is drinking-water consumption (here designed 
as 2 L/d); EF is the exposure frequency, usually 365 d/a; 
ED is the duration of drinking water; and AT is exposure 
occurrence time(d), of which carcinogens are 70a×365 d/a 
and non-carcinogens are 30a×365 d/a.

According to EPA standards, when the standard is 1 
and the THI is more than 1, there is a considerable risk 
to human health from non-carcinogens, whereas THI less 
than 1 indicates a low risk to human health [17].

Results and Discussion

Hydrochemicial Characteristics and Evolution

Table 1 shows that groundwater in the study area 
mainly has neutral pH, with a few samples slightly 
alkaline, and that the classifi cation of total dissolved solids 
(TDS) is appropriate for fresh water. In the phreatic water, 
the mean contents of HCO3

- and Ca2+ in groundwater are 
high while the coeffi cient of variation of HCO3

- and Ca2+ is 
comparatively low, which indicates that they are the stable 
ions in groundwater. The coeffi cient of variation of Cl-and 
SO4

2- is comparatively high and the concentrations of the 
two are also very high, which refl ects the effect of human 
activities, such as sewage from daily life discharged 
optionally, causing the content of Cl-and SO4

2- to increase.
Fig. 2 shows that HCO3-Ca is the predominant 

groundwater hydro-chemical type, with other types 
including HCO3-Ca-Mg, HCO3-Cl-Ca, and HCO3-Ca-
Na; and that the water type is seldom infl uenced by the 
increasing content of Cl- and SO4

2-. Most of the samples 
are distributed in Zone 5, where carbonate hardness is 
more than 50%. Compared with the confi ned water, the 
phreatic water samples are scattered due to its direct 
connection with the outside. 

Groundwater alternates rapidly in the runoff zone, 
which causes the soluble components in the aquifer to be 
leached and transported by the underground runoff, such 
as Cl-, SO4

2-, Na+, and K+, etc., of which Ca2+ and HCO3
- are 

the main components. While nearby the valley, namely the 
discharge area of groundwater, evaporation is relatively 
obvious, soluble salt (such as NaCl) content increases, and 
the hydro chemical types are relatively complex.

Spatial Distribution Characteristics of NO3-N

Table 2 shows statistical analysis characteristics 
of the NO3-N, NO2-N, and NH4-N concentrations in 
groundwater. The results show that NO3-N, NO2-N, and 
NH4-N pollution has worsened since the leaching of 
agricultural non-point pollution into groundwater.
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In Table 2, the over standards rate of NO3-N is the 
largest (50.8%), compared with only 45.16% for NH4-N 
and 20.78% for nitrite. The variation coeffi cient of NO3-N, 
NH4-N, and NO2-N is 183.57%, 293.54%, and 235.13%, 
respectively. It shows obvious spatial variation and 
distribution. The fi ndings demonstrate the necessity of 
studying nitrate pollution, as this is the most serious form 
of pollution and shows strong spatial variation.

Using Kriging and choosing 0, 1, or 2 order of the trend 
effect parameter to calculate the interception error, we 
then determined the optimal model. The selection criteria 
are as follows: mean standardized error (ME) close to 
zero, root-mean-square is minimum, average standardized 
error (ASE) close to root-mean-square standardized error 
(RMSSE), and root-mean-square standardized error close 
to 1. Tendency parameters and interpolation error are 
listed in Table 3.

According to the selection criteria for the optimal 
model parameters, and considering the interpolation 
error, NO3-N distribution is best fi tted to the second-  order 
spherical model. Then the model parameters are revised 
by the second-order spherical model. The optimal model 
is established by means of a fi tted semivariance function 
with the model index corrected according to interpolation 
error. The optimal semivariance function model and 
parameters are listed in Table 4.

From Table 4, the nugget value of NO3-N is 2.423, 
which indicates that the concentration shows spatial 
variability. The partial base station value is 1.793, 
indicating that the spatial variability is due to nonrandom 
factors. The basal effect is 0.575, which signifi es that the 
NO3-N distribution with medium spatial variability is due 
to regional hydrogeological conditions and human activity, 
in which the latter is obvious. The spatial variation of 
NO3-N in groundwater shows that this form of pollution 
is driven by both natural factors and human activities, of 
which the latter is the main and direct factor.

Table 1. Statistical parameters of groundwater chemical contents (mg/L, pH unconcluded).

item
Quaternary phreatic water Quaternary confi ned water

Min. Max. mean standard 
deviation

Coeffi cient of 
variation (%) Min. Max. mean standard 

deviation
Coeffi cient of 
variation (%)

TDS 233.4 942.3 442.0 221.1 50.02 196.2 787.0 429.2 130.8 30.47 

K+ 1.1 2.9 1.8 0.5 26.38 0.5 5.5 1.3 0.7 54.12 

Na+ 14.8 117.7 44.3 29.6 66.72 11.5 60.1 27.9 10.2 36.77 

Ca2+ 38.7 140.6 75.7 33.8 44.71 30.4 193.0 94.4 32.2 34.14 

Mg2+ 8.4 59.0 25.0 17.5 69.93 7.9 39.8 20.7 8.4 40.45 

Cl- 0.0 223.7 57.2 65.9 115.24 2.6 123.7 32.9 32.0 97.34 

SO4
2- 2.8 177.9 50.8 61.5 121.08 0.9 179.4 34.3 39.0 113.71 

CO3
2- 0.0 8.9 0.9 2.4 260.06 0.0 8.6 1.5 2.3 148.80 

HCO3
- 108.7 450.1 299.9 121.2 40.42 149.7 543.3 348.7 98.8 28.33 

pH 6.7 8.3 7.4 0.1 1.67 7.0 8.0 7.5 0.2 3.03 

hardness 145.1 574.0 292.5 146.5 50.08 107.8 607.8 321.1 108.4 33.77 

Fig. 2. The Piper trilinear charts of groundwater hydrochemical 
types in the study area.

Table 2. Statistical analysis of nitrogen in groundwater.

Inspection term NO3-N NO2-N NH4-N

Max (mg/L) 211.77 0.59 15.75 

Min (mg/L) 0 0 0

Average (mg/L) 21.57 0.023 0.50 

Detection rate (%) 86.00 62.36 55.9

Over standard rate (%) 50.80 20.78 45.16

Standard deviation 35.27 0.068 1.18

Variation coeffi cient 
(%) 183.57 293.54 235.13
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Then the spatial distribution of nitrate-nitrogen in 
groundwater was obtained using the Kriging method by 
ArcGIS (Fig. 3).

Based on groundwater quality standards [25], a nitrate 
nitrogen concentration >20 mg/L is categorized as grades 
IV and V, whereas lower concentrations are categorized as 
grades I, II, and III. From Fig. 3, the study area displays 
serious and widespread nitrogen pollution, especially grade 
V, which is distributed most widely. The region of poor 
groundwater quality accounts for 62% of the study area, 
and is distributed mainly in the eastern middle high plain, 
including Mingshui, Wangkui, Zhaozhou, Hailun, and 
Bayan County. The lightly polluted areas are distributed 
sporadically west of the alluvial-polluvial plain, such as 
the cities of Anda and Daqing, and Zhaoyuan. 

The spatial variation of nitrate nitrogen in groundwater 
shows that this form of pollution is driven by both natural 
factors and human activity, of which the latter is the main 
and direct factor. The transportation ability, pathways, and 
enrichment of nitrate are determined by the surrounding 
environment. The areas with groundwater quality of grades 
IV and V are the major rice-producing areas. The large crop 
area, considerable fertilizer inputs, and high water table 
lead to increasing concentrations of nitrate nitrogen in 
groundwater, as nitrogen is easily leached from fertilizers 
into groundwater by rainfall and irrigation. In addition, the 
regional unsaturated zone consists of sand and well-sorted 
sand gravel, which has weak adsorption and a capacity 
to degrade nitrate nitrogen. The near-surface unsaturated 
zone decreases the time required for pollutants to enter 
the aquifer and inhibits the assimilative capacity, thereby 
increasing pollution risk. The precipitation infi ltration 

coeffi cient reached 0.3~0.7 with high permeability, 
indicating that precipitation and irrigation water easily 
transport pollutants into groundwater. The combined 
outcome of these various factors is that groundwater in the 
study area is seriously polluted.

The areas of groundwater grades I to III are distributed 
in the west, where there is little cultivated land or use of 
fertilizers and pesticides. In the meantime, the region has 
a steep hydraulic gradient with a thick unsaturated zone, 
which inhibits the transport of nitrate pollutants into 
groundwater. Therefore, self-purifi cation of groundwater 
is strong and water quality remains good.

Table 3. Statistics for model parameters and interpolation error.

Order of trend Model type
Forecast error

ME RMSE MSE RMSSE ASE

None

Gaussian 1.707 157.854 0.011 1.003 157.687 

Spherical 1.412 158.040 0.009 1.008 156.987 

Exponential -2.172 169.527 -0.007 1.120 150.304 

First

Gaussian -1.875 166.509 -0.006 1.124 148.089 

Spherical -1.605 167.482 -0.003 1.153 148.124 

Exponential -1.343 166.064 -0.005 1.103 149.300 

Second

Gaussian -2.516 168.473 -0.008 1.104 150.885 

Spherical -0.431 160.649 -0.001 1.049 152.773 

Exponential -1.791 165.481 -0.007 1.082 151.727 

Table 4. Optimal semivariance model and parameters.

Trend types Model type
Range Anisotropy 

ratio Angle Nugget Partial 
sill

Substrate 
effectMajor semi axis Minor semi axis

None Exponential 1.098 0.366 2.998 75.059 2.423 1.793 0.575

Fig. 3. Spatial distribution of nitrate-nitrogen in groundwater.
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Health Risk Assessment of Nitrate Contamination 
in Groundwater

According to rules of NO3
-, NO2

-, and NH4
+ 

transformation in groundwater, which has suffered nitrogen 
source pollution in the past, nitrogen concentrations 
exceed the limits specifi ed in water quality standards. 
NO2, although the content is small, has high environmental 
toxicity and also represents a considerable threat to human 
health. Therefore, it is often used as an important indicator 
of nitrogen pollution. 

The study area displays serious nitrate nitrogen 
contamination and widespread pollution of groundwater. 
Further analysis is therefore conducted to determine 
potential risks to human health. Based on the EPA 
classifi cation, the reference dose of nitrate nitrogen is 
1.6 mg/(kg · d) [26], and the risk index scope of nitrate 
nitrogen is 0.001 to 39.075 as calculated by the health 
risk assessment model of non-carcinogens (types 2 and 
4). There are 121 samples exceeding the standards by as 
much as 43.37%, demonstrating that the levels of nitrate 
nitrogen contamination in groundwater represent a threat 
to human health. The corresponding non-carcinogenic 
chronic poisoning index of groundwater calculated by the 
nitrate nitrogen quality [25] grading value of groundwater 
and types 2 and 4 are shown in Table 5.

From Table 5, groundwater quality of class I or II has 
a chronic poisoning risk index of less than 0.4, which 
is within the acceptable range. Groundwater quality of 
classes IV and V has a chronic poisoning index greater 
than 1, which is unacceptable. Groundwater quality of 
class III has a chronic poisoning index of 0.400~1.572, the 
upper range of which can affect human health and exceeds 
the acceptable range. Based on chronic poisoning index, 
the area is divided into high-risk and low-risk areas by 
ArcGIS, as shown in Fig. 4.

Fig. 4 showed that approximately 88.78% of the 
study area has suffi ciently high concentrations of NO3-N 
in groundwater, which represents a high risk to human 
health. The high-risk area is mainly distributed in the 
eastern high plains and in the central low plains, including 
the irrigated area of intensive agriculture, and urban areas 
with relatively developed industry and dense populations, 
including Hailun, MingShui County, Anda, and Zhaozhou 
County. At the same time, the area is also the main source 
of water supply for Songnen Plain. The low-risk zone 
accounts for only 11.22% of the total area, and is mainly 
distributed in the western alluvial plain with scattered 
distribution in other areas.

From the spatial distributions of nitrate concentration 
of health risk, the high-risk area covers the area with 

water quality of classes IV, V, and part of class III. 
The remaining area is categorized as low risk, which 
demonstrates that the part of the area with water quality of 
class III also has a risk to human health despite satisfying 
the environmental quality standards for drinking water. 
Therefore, it is necessary to evaluate groundwater quality 
based on the health risks, combined with assessment of 
regional hydrogeological conditions in order to eliminate 
the negative effects of groundwater nitrogen pollution on 
human health.

Conclusions

Groundwater mainly derives from infi ltration, but in 
some area total hardness, Cl-, and SO4

2 are high. Hydro-
chemical type is mainly HCO3-Ca, and the variable 
coeffi cient in phreatic water is higher than that in confi ned 
water. Ion action is mainly associated with the action of 
calcite and silicate mineral weathering dissolution and ion 
exchange. 

The fi ndings for the three types of nitrogen (NO3-N, 
NO2-N, and NH4-N) concentration show that mean NO3-N 
concentration is 21.57 mg/L, the over standards rate 
accounts for 50.8% of samples, which indicates serious 
pollution and that nitrogen levels of most groundwater 
samples exceed the EPA quality standards for drinking 

Table  5. Quality classifi cation and toxicity index of nitrate in groundwater.

Quality classifi cation I II III IV V

concentrations (mg/L) ≤2 ≤5 ≤20 ≤30 >30

Toxicity index <0.151 0.151~0.400 0.400~1.572 1.572~2.389 >2.389

Fig. 4. Health risk evaluation of nitrate-nitrogen in groundwater.
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water. It demonstrates that the spatial variability of 
nitrate nitrogen is caused both by structural and random 
factors, and is also infl uenced by regional hydrogeological 
conditions and human activities, in which the latter is the 
dominant. 

The area of high-risk NO3-N concentration is mainly 
distributed in the eastern high plains, which is located 
in the irrigation area with intensive agricultural activity 
and weak self-cleaning capacity, including Hailun, 
MingShui County, Anda, Zhaozhou County, and so on. 
The groundwater is the main source of water supply for 
these areas. Therefore, relevant departments should pay 
greater attention to issues of water quality in this area. The 
low-risk area accounts for only 11.22% of the total study 
area and is mainly distributed in the western alluvial plain.
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