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Abstract — The deterioration of the groundwater safety may lead to a series of ecological and
social problems. In this study, we select relevant hydrogeological and anthropogenic parameters
to construct the groundwater safety evaluation method for the lower plain of the Liaohe River
based on the improved DRASTIC model. By spatially weighted overlay and Getis-Ord Gi*
analysis of groundwater safety distribution maps, the main governance regions and main factors
causing groundwater deterioration were identified. On this basis, the evolution trend of the
groundwater key management area was quantitatively analyzed using the standard deviation
ellipse (SDE) method. The results show that groundwater safety in the north and south of the
lower plain of the Liaohe River are continuing to deteriorate. The correlation test between the
groundwater safety index and the measured nitrogen concentration verified the scientific
accuracy of the proposed groundwater safety evaluation method.

1. Introduction

Groundwater is an important natural resource for safe drinking water and social and economic
development [10]. While the demand for water is increasing due to the rapid development of modern
industry, and the discharge of pollutants is also increasing at the same time. Most countries are facing
different levels of groundwater pollution and overexploitation, which threaten ecosystems and humans
[4, 11]. Therefore, assessing the safety level of groundwater and grasping trends in its evolution are
urgently required for the protection and treatment of groundwater.

Increasing numbers of studies have comprehensively evaluated the safety of groundwater by
combining the essential characteristics of groundwater and external disturbance factors. Xu et al. [15]
constructed groundwater safety evaluation indicators from the five dimensions of nature, ecology,
environment, society, and economy, and then used fuzzy comprehensive evaluation methods to evaluate
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the safety of groundwater ecosystems, which reflected the relationship between human activities and
groundwater systems. Based on the superimposed analysis of groundwater quality, water quantity, and
land-use patterns in different regions, Liang et al. [8] evaluated regional groundwater safety according
to groundwater quality standards and provided a reference for comprehensive groundwater management.
With a focus on shale gas, Lu et al. [9] established a reliability—resilience—vulnerability and gas
migration index based on probabilistic and conditional probability-based algorithms, which provided a
groundwater safety assessment strategy for areas under shale gas development. All these studies
established a linear relationship between groundwater conditions and influential internal and external
factors, which provided a reference for regional groundwater safety assessment. Although researchers
have selected various parameters from different aspects for weighted overlay analysis to obtain a map
of groundwater safety in the comprehensive evaluation of groundwater based on the index system
method, most of them lack failed to consider spatial correlation patterns and internal driving forces. As
a result, defining the main controlling factors and critical areas for management or prevention of
groundwater pollution is challenging.

The objectives of this study are to: (1) construct an evaluation system of groundwater safety by
integrating hydrogeological conditions and human factors; (2) identify the main influencing factors and
key prevention areas of groundwater safety according to the spatial quantitative analysis methods.

2. Study area and data preprocessing

2.1. Study Area

The lower plain of the Liaohe River is located in the middle and lower reaches of the Liaohe River in
Northeast China. It straddles the middle of Liaoning Province from the northeast to the southwest. The
geographical coordinates are 40.3°-42.0° N and 121.0°-123.5° E. From southwest to northeast, the
slope is about 240 km long, and the east—-west expanse is 120140 km, with a total area of about 26,500
km? (Fig. 1). The administrative areas of the lower plain of the Liaohe River include Shenyang, Liaoyang,
Tieling, Panjin, Fuxin, Fushun, Jinzhou, Yingkou, and Anshan, including a total of 9 cities and 22
counties in Liaoning Province. The lower plain of the Liaohe River is not only the most essential grain
commodity production area in Liaoning or even China, but also the core area of the old industrial base
in Northeast China; thus, the intensity of production and activity in this region is high [14].
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Figure 1 Location of the lower plain of the Liaohe River.

2.2. Data Acquisition and Pre-Processing

Hydrogeological parameter data were mainly obtained from the “Water Resources in Liaoning” and
“Land Resources Atlas of Liaoning Province”, DEM, as well as measured data from monitoring points.
These sources are hydrological and geological statistical books compiled by the Liaoning Provincial
Department of Water Resources.
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The scales of different parameters differed widely; therefore, it is necessary to form a unified research
scale [6]. All parameter layers were standardized according to the rules of each parameter's contribution
to groundwater safety. Finally, we comprehensively considered the study area based on the data density
and work efficiency and created uniform mesh layers with a grid size of 1 x 1 km for further calculation
and analysis based on the center value of each grid unit.

3. Methodology

3.1. DRASTIC based groundwater safety evaluation method
The DRASTIC model [1] is one of the most versatile methods currently used to assess groundwater
vulnerability. The model consists of seven hydrogeological parameters: depth to groundwater (D), net
recharge (R), aquifer type (4), soil type (S), topography (7), impact of vadose zone type (/), and
conductivity (C). These parameters have fixed grading standards (Tables 1) and fixed weights. The
weights of the seven parameters are 5, 4, 3, 2, 1, 5, and 4, respectively. The DRASTIC-based
vulnerability index (V1) is computed using the following equation [7]:

vVl =D,D, +R,R, +A,A, +S,S, +T,T, + 1,1, + C,C, (1)
where the subscripts  and w refer to their rating and weight, respectively.

The groundwater vulnerability index calculated by DRASTIC can reflect groundwater safety from
hydrogeological aspects, the more vulnerable the groundwater system, the more likely it is to be polluted
or damaged, and the lower the safety of the groundwater. Based on this principle, four anthropogenic
parameters, water resources per capita (W), proportion of cultivated land (P), fertilization intensity (£,
and industrial wastewater discharge per unit area (U), are combined with the DRASTIC model to
construct a groundwater safety index (GSI), where W reflects the resource endowment of the study area,
P reflects the main human activities in the study area, /" and G reflect the principal source of groundwater
contamination in the study area. We rate and weight the four parameters according to the DRASTIC
rules (the rating criteria are shown in Table 2), and the weights of W, P, F, and U were 6, 7, 6, and 7,
respectively. The weights of these four humanistic parameters are greater than the weights of the
DRASTIC parameters because they have a stronger impact on groundwater safety. The coercive index
(CI) can be obtained by adding the four parameters linearly, which is expressed by the following
equation:

clr =w,w,.+P,P. + E,F. +U,U, (2)

As with the vulnerability results obtained by DRASTIC, the higher the score, the lower the safety of
groundwater. Therefore, the GS/ can also be constructed by linear addition of CI and VI. The GSI is
computed using the following equation:

3)

1
GSI = x 1000
VI, VI, + CI,CI,

Since CI is an active destructive pressure on the groundwater system with a large variation and VI
is relatively stable, we determine the weight of CI is 0.6 and the weight of VI is 0.4. To visually
compare the results, these values can be multiplied by 1000, yielding an index value closer to 1.

Table 1 Range and rating for parameters D, R, 4, S, T, I and C.

D R T c
Range Rating Range Rating Range Rating Range Rating
(m) (mm) (%) (m/day)

0-1.5 10 0-50 1 0-2 10 0.01-1.3 1
1.54.5 9 50-100 3 2-6 9 1.3-3.9 2

4.5-9 7 100-180 6 6-12 5 3.9-8.6 4

9-15 5 180-250 8 12-18 3 8.6-13 6

15-23 3 >250 9 >18 1 13-24.2 8
23-30.5 2 >24.2 10
>30.5+ 1

A S 1
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Type Rating Type Rating Type Rating
Holocene 5 Clay 1 Holocene deposits 8
Conglomerate 4 Clay loam 3 Conglomerate 6
Karstic 8 Sandy clay loam 4 Flysch 3
Pleistocene 7 Loam 5 Tyrrhenian sea terraces 6
Marl 6 Sandy clay 5 Limestone 6
Flysch 3 Sandy loam 6 Mart 2
Silty clay 2 Pleistocene deposits 6

Table 2 Range and rating for parameters W (water resources per capita), P (proportion of cultivated
land), F’ (fertilization intensity), and U (industrial wastewater discharge per unit area).

W P F U
Range (1000  Rating  Range (%) Rating Range Rating Range Rating
m3/person) (ton/km?) (1000 ton/km?)
>1.1 1 <0.05 1 <5 1 <1 1
1-1.1 2 0.05-0.1 2 5-10 2 1-2 2
0.9-1 3 0.1-0.15 3 10-15 3 2-3 3
0.8-0.9 4 0.15-0.2 4 15-20 4 34 4
0.7-0.8 5 0.2-0.25 5 20-25 5 4-5 5
0.6-0.7 6 0.25-0.3 6 25-30 6 5-6 6
0.5-0.6 7 0.3-0.35 7 30-35 7 67 7
0.4-0.5 8 0.35-0.4 8 35-40 8 7-8 8
0.3-0.4 9 0.4-0.45 9 40-45 9 89 9
<0.3 10 >0.45 10 >45 10 >9 10

Global Spatial Autocorrelation: Moran's [

Spatial autocorrelation analysis is a measure of the degree of potential interdependence of the spatial
distribution of certain elements or variables [13], we adopt global Moran's / to measure the overall
correlation of groundwater safety distribution, the equation for the global spatial autocorrelation index
is as follows:

Z?=1 Z}nzlwij(xi_f)(xj_f) (4)
s? 2?=1 z:;'n=1 Wij

1 ey - 1 . . L.
where §? = ;Z}Ll(xi -%)?% x= ;Z?ﬂxi, x; represents the observation value of the ith unit, X is

GlobalMoran'sl =

the average observation values, and 7 is the number of units. W;; is a binary adjacent space weight

matrix, indicating the adjacency relationship of the spatial object, if regions i and region j are adjacent,
Wij =1. Otherwise, Wl] =0.

3.2. Local Spatial Autocorrelation: Getis-Ord Gi*

Getis-Ord Gi* is one of the most widely used local spatial autocorrelation statistics to investigate the
specific spatial distribution and local clusters of various spatial phenomenon [5]. The Getis-Ord Gi* for
groundwater safety can be expressed as:

n n (5)
G = Y Wy D/ )
j=1 j=1

The standard form of Equation (5) can be obtained by standardizing the G;(d):
Gi(d) — E[Gi(d))] (6)
Z[Gi(d)] =
VAR[G;(d)]
where 7 is the number of units, x; is the groundwater safety index in the jth unit, W;;(d) is the spatial

weights matrix indicating the spatial adjacency relations between the unit i and its neighboring unit j,
and E[G;(d) and VAR|[G;(d)] are mathematical expectation values and variance values respectively.
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3.3. Standard Deviation Elliptic Method

The standard deviational ellipse (SDE) was originally proposed by Lefever to analyze the distribution
characteristics of discrete data sets [2], which is widely used to measure the trend in discrete points and
reflects the average distribution of a specific attribute over a certain period. It has particular application
value in the spatial analysis of tourism resources, water resources distribution, and pollution potential
evolution [3]. We use SDE to analyze quantitatively the temporal and spatial evolution of groundwater
safety and derive the distribution direction, evolution direction, and evolution scale in the study area.

4. Results and discussion

4.1. Spatial Distribution of Groundwater Safety

Based on Equations 1-3, we plotted the groundwater safety distribution map with the grid of 1 x 1 km
for years 1991, 2005 and 2020 (Fig. 2). The groundwater safety index was classified into five ranges
based on the natural breaks method, and the distribution maps were classified as high, moderate-high,
moderate, moderate-low, and low safety areas in order of the safety index from high to low. Table 3
summarizes the area ratios of every level of groundwater safety in the lower plain of the Liaohe River
in different years.

Fig. 2 and Table 3 show that the low and moderate-low safety areas showed a trend of decreasing
first and then increasing from 1991 to 2020, which changed from northern part only to a more distributed
pattern in the northern and southern. In 1991, the groundwater safety distribution was polarized, with
low and moderate-low safety zones mainly distributed in the north, and high and moderate-high safety
zones primarily distributed in the south and west. In 2020, the low safety and moderate-low safety areas
increased significantly; the areas achieving these two levels accounted for 61.4% of the entire study area.

We observed that the corresponding cities in the north, Shenyang, Xinmin, and Liaozhong, have
higher levels of agricultural activity; the average proportion of cultivated land in these cities during the
study period was 0.491 and the average fertilization intensity was 45.675 t/km2, ranking the areas first
among all cities or urban agglomerations, and far exceeded the values in other regions. Therefore, the
main factor controlling groundwater safety in the northern region is agricultural pollution. The southern
cities, Panjin, Panshan, Dawa, Yingkou, are all located in the coastal area, the geological landscape and
water resource endowment of these coastal cities are poor, mainly reflected in the low elevation,
seawater erosion, soil salinization, etc. Therefore, the main factors affecting the unsafe groundwater in
the southern region are harsh geological environments and industrial pollution.

(a)1991 (b)2005

[ ] >0.667 High safcty arca
[ 0.667 - 0.606 Sub-high safety area
B 0.606 - 0.556 Moderate safety area
Bl 0.556-0.513 Sub-low safety arca
I <053 Low safety arca

Figure 2 Annual groundwater safety distribution map in the Lower plain of the Liaohe River.
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Table 3 Area ratio of each degree of groundwater safety in the lower plain of the Liaohe River

(unit: %).
Year High Moderate-high Moderate Moderate-low Low
safety safety safety safety safety
1991 10.15 36.50 19.03 2.99 31.32
2005 14.35 20.81 49.76 15.06 0.02
2020 4.10 13.32 21.17 30.84 30.56

4.2. Rationality of Groundwater Safety Evaluation Results

We tested the rationality of the proposed groundwater safety evaluation method by verifying the
correlation between the nitrogen concentration and the groundwater safety index, which is based on the
principle that the concentration of nitrogen in groundwater is positively correlated with the risk of
groundwater pollution [12]. According to the data availability, the data of nitrogen concentration in
groundwater in 1991, 2005, and 2020 were obtained and input into the coordinate system with the
groundwater safety values in the corresponding sampling points in these years (Fig. 3). The analysis of
these two variables showed that the Pearson correlation coefficients of the three years were 0.722, 0.790,
and 0.770, respectively, which were significantly correlated at the 0.01 level. The results prove that the
proposed groundwater safety evaluation method and the evaluation results are scientific and reasonable.

75 75
8 5 5
2" (a) 1991 2 2
.70 2 70} (b) 2005 S 70k o (c) 2020
9 3 4
5 65 5 65 5 65
£ 6.0 E 60 2 60
g g g
&} I IS .
55 55 55
A

b S
0 10 20 30 40 50 60 70 80 90 100110
Nitrogen concentration (mg/L)

50 1 1 L 1 1 1
0 10 20 30 40 50 60 70 80 90 100110
Nitrogen concentration (mg/L)

5'00 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 70 80 90 100110
Nitrogen concentration (mg/L)
Figure 3 Pearson correlation test of groundwater safety and nitrogen concentration for the years 1991,
2000, and 2005

4.3. Global Spatial Autocorrelation

The global Moran's / of groundwater safety was calculated at the 1 X 1 km scale. As shown in Fig. 4,
global Moran's / was 0.9596, 0.9347, and 0.9435 in 1991, 2005, and 2020, respectively. Therefore, the
groundwater safety in the lower plain of the Liaohe River was strongly spatially correlated during the
years studied.

Moran’s I= 0.9435

Moran’s I= 0.9596 _Moran’s [= 0.9347

(2)1991 .| (@205 (€)2020
¥4 |
5
1 5 ,"ﬂ 2
> P o &
| 2 x =
20 2o &0
Z 1 a 2| “
-5 o
2| 4|
,’}‘
3 2 1 0 1 2 3 6 4 2 0 2 4 6 g0 s 0 5 10

SAFETY SAFETY SAFETY

Figure 4 The global Moran's / scatter map of groundwater safety index
Hot and Cold Spots
With the center distance of the adjacent grid units as the distance weight, the Getis-Ord Gi* of the
central value of the groundwater safety index in each unit was calculated, and the hot and cold spot
distribution maps of groundwater safety in the lower plain of the Liaohe River were created (Fig. 5).
Fig. 5 shows that the northern urban agglomerations (Shenyang, Xinmin, and Liaozhong) had long
centers of cold and sub-cold spots, which were more obvious than other areas in terms of spatial neighbor
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effects. Therefore, the northern regions of the lower plain of the Liaohe River are the primary regions
requiring pollution prevention and management to strengthen the degree of governance and control. The
groundwater in the southern region has gradually changed from sub-hot to sub-cold spots, this is the
main region requiring governance or pollution prevention, which is second only to the north in terms of
pollution treatment. The southeastern region of the study area mainly included hot and sub-hot spots,
which were locally congregated on a small scale. The degree of groundwater safety in this region was
significantly better than other areas, which can provide a reference for groundwater safety management
in other areas.

12005 AT

y .y
Gi ZScore 5 - Gi ZScore

(a)1991

B 5887625579 g y B -10.2162- -3.7565
I -2.5579--0.5300 P -3.7565- -1.0490
__ -0.5300- 1.3499 " -1.0490- 0.6819
0 B 1.3499- 28818 0 40 km J B 0.6819-2.0418
Bl 28818-4.4214 S Wl 2.0418- 43166

(¢)2020 N
O S
‘E-. . . ‘r Gi ZS : B Cold spots

%" 3’ ’ LZScors | Sub-cold spots
4 B -10.9753--62417
b 2 A -6.2417--1.5605 Warm spots

e — AIS605:0.5235 BN Sub-hot spots

0 40km W 0.5235- 2.0630
LA B 2.0630- 4.0841 B Hot spots

Figure 5 Distribution of hot and cold spots of groundwater safety in the lower plain of the Liaohe
River.

4.4. Spatial-Temporal Evolution of Groundwater Safety

The cold and sub-cold spots are the areas that need to be urgently treated and managed. Therefore, we
evaluated the cold and sub-cold spot regions as the research objects, exploring their temporal—spatial
evolution trends to provide theoretical support for prevention and control of pollution in low-safety
groundwater regions. As shown in Fig. 6 and Table 4, there was a large southward movement from 1991
to 2005, the center in 2005 shifted to south by 26.3092 km from the center in 1991, during this period,
the problem of low groundwater safety had developed from a local to a more regional problem. By 2020,
the size and distribution of the SDE and the location of the center were very close to those in 2005, the
deterioration of groundwater safety has stabilized. Therefore, we concluded that the groundwater safety
in the lower plain of the Liaohe River is deteriorating overall, and the situation is becoming increasingly
serious. The prevention and control of groundwater pollution must urgently be addressed.

Xinmin 1991 \

; s -/
/'h?\/ / 2020 o (
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/u vvvvv e ’_/(/\ Laorons Pt }r \v’
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Figure 6 Evolution of SDE and gravity of cold spots.
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Table 4 Statistics of standard deviation ellipse and gravity center.

Year  Latitude (N) Longitude (E)  Longaxis  Shortaxis | Displacement Rotation
(km) (km) distance (km) Angle
1991 41°52'58.073"  123°0'33.683" 79.0097 68.6366 - 58.73°
2005 41°40'10.254" 122°46'44.122"  152.0481 74.5277 26.3092 41.71°
2020  41°41'24.155" 122°45'22.303”  156.1315 67.1027 1.4600 45.87°

5. Conclusion

In this study, a number of geological parameters and humanistic parameters were selected to establish
the groundwater safety assessment method with DRASTIC model. On this basis, the main prevention
regions were identified by Getis-Ord Gi* method. Then, SDE method to quantitatively analyze the
spatial-temporal evolution trend of main focused areas. The results of the correlation test between the
groundwater safety index and the measured nitrogen concentration data verifies the groundwater safety
index in this study. The proposed study can provide a reference for groundwater management for water
resource managers in the lower plain of the Liaohe River. The parameters selected in this study may not
be sufficient and will be enriched in future studies.
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