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Groundwater quality assessment is important for understanding the suitability of
groundwater resources for various purposes. Although many different methods have
been proposed for this purpose, few methods have considered the spatial variation of
groundwater components during the assessments. In this study, we proposed to combine
the self-organizing map (SOM) and entropy-based weight determining method to assess
groundwater quality. Totally, 955 water samples taken from 58 wells during
2010-2017 were used in the study. 22 hydrochemical components (K*, Na*, Ca®*,
Mg?*, NH,*, CI7, SO,%, F~, NOgs~, Fe?*, Fe®", Al etc.) were used in the assessment for
each sample. These sampling points can be classified into five clusters, which may be
affected by four different sources: landfill sources (cluster 3), industrial and agricultural
sources (cluster 5), and domestic sewage discharge sources (clusters 1, 2, and 4). The
scores of the water quality of the five clusters that were calculated by the entropy method
are 0.2658, 0.2634, 0.5737, 0.2608, and 0.5718, indicating that the groundwater affected
by domestic sewage discharge sources (clusters 1, 2, and 4) are better than other two
sources (clusters 3 and 5) in the study area. The results of this study provide insights for the
protection of groundwater resources and the treatment of groundwater pollution in the
future.

Keywords: self-organizing map (SOM), entropy method, water quality, groundwater, contamination

1 INTRODUCTION

Groundwater is the key water source for food, energy, and ecosystems especially in arid or semi-arid
area (Gleeson et al,, 2016). As part of the North China Plain, Beijing suffers from the semi-arid
climate and is highly dependent on the groundwater as its water supply (Li et al., 2020b). In order to
cope with the water resource shortage in Beijing, multiple emergency groundwater supply sources
have been constructed in the phreatic aquifer in the Pinggu Basin, northeast of Beijing (Li et al.,
2020a). Thus, groundwater resource protection is especially important in the Pinggu Basin. However,
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rapid urbanization and industrialization in recent years in this
area have put a serious threat on the groundwater quality and the
groundwater supply. Only a few studies have investigated the
hydrochemical characteristics and the groundwater quality in
these areas (Jiang et al., 2017; Li et al., 2020a). Jiang et al. (2017)
studied the major ions of groundwater in the shallow aquifer of
the Pinggu Basin and found that water-rock interaction was the
dominated process that controlled the hydrochemical evolution.
Recently, Li et al. (2020a) investigated the spatial and temporal
evolutions of groundwater hydrochemical monitoring data by the
SOM method and found that Cl”, SO,*, NO;~, and NH,"
increased in 2017 compared with that of 2014, but the
groundwater quality around this area has not been evaluated
in an integrative way.

Assessing groundwater quality usually needs to deal with a
large dataset as there are complex chemical components in the
groundwater (Sanchez-Martos et al., 2002) and multiple factors
need to be considered when performing the assessment (Li et al.,
2014). The Water Quality Index (WQI) method is an efficient
way of assessing the influence of individual parameters on the
overall groundwater quality, and thus has become the popular
method for groundwater quality assessment (Vasanthavigar et al.,
20105 Li et al., 2014). However, the determination of the weight in
this method is somewhat subjective which may affect the result of
the groundwater quality (Amiri et al., 2014). In order to solve this
issue, an information entropy-based weight determining method
was proposed in the assessment (Li et al., 2011). Multivariate
statistical analysis methods have also been widely used in the
groundwater quality assessment as they are powerful in
dimension reduction and classification (Omo-Irabor et al.,
2008). However, such methods do not consider the spatial and
temporal variations of the groundwater components and the
randomicity, complexity, and non-linearity in the environment
issues (Bodrud-Doza et al, 2016). Artificial intelligence (AI)
algorithms such as self-organizing maps (SOM) have been
introduced into the groundwater quality assessment recently
and they have shown that they can be used in the
groundwater quality assessment effectively (Gharibi et al,
2012; Nguyen et al,, 2015). However, only individual weight
was considered in the SOM method, while missing the
integrative impact on the overall quality.

In this study, we proposed to combine both the information
entropy-based weight determining method and the SOM method
to assess the groundwater quality in the Pinggu Basin during
2010-2017. Such a method considered both the overall quality by
individual parameters and individual wells, and also integrated
the spatial and temporal variations, thus, we consider it is useful
in assessing the regional groundwater quality, especially when the
dataset is large.

2 MATERIALS AND METHODS
2.1 Study Area and Data

As one of the districts of Beijing, the Pinggu Basin is located on
the transitional area of the Yanshan Mountains and the North
China Plain (116°58/37"-117°18'42"N, 40°2'19"-40°11'48"E).

Groundwater Quality Assessment

The basin is a rifted-basin with a distance of 32 km across east
to west and 15 km across north to south, and it has an area of
402 km?® (Figure 1). The basin is an individual intermontane
basin hydrogeological unit with a limestone aquifer as the major
aquifer in the mountain area and a Quaternary sediment pore
aquifer in the plain area. Groundwater is mainly recharged by
meteoric precipitation, surface water leakage, and lateral flow.
The major flow direction is consistent with the river
direction-flow from north to south or from northeast to
southwest. Groundwater recharge sources in the study area are
mainly composed of atmospheric precipitation infiltration
recharge, surface water infiltration recharge such as river
channels, and a lateral replenishment of the piedmont zone.
Moreover, leakage from the Haizi Reservoir, flood infiltration,
and return infiltration of canals are also important sources of
supply. Groundwater is mainly discharged by human
exploitation.

The aquifers in the plain area can be divided into four different
aquifers. The lower boundary of the first layer has a depth of
51.9 m, the second aquifer has a depth of 100 m, 180 m for the
third aquifer, and below that is the fourth aquifer.
58 groundwater-monitoring wells are constructed in the basin
(Figure 1): 32 wells located in the first layer of the phreatic
aquifer, 14 wells located in the second aquifer, 8 wells located in
the third aquifer, and 4 wells in the fourth aquifer. Water samples
were collected and analyzed by the Beijing Institute of
Hydrogeology and Engineering Geology every 3 months from
October 2010 to June 2017. These water samples were used to
analyze the following 22 parameters: K, Na*, Ca®*, Mg**, NH,",
HCO;™, CO;*, Cl, SO,*, F', NO;~, TDS, CO,, Fe’*, Fe’*,
oxygen consumption, Al, nitrite, total hardness, pH, electrical
conductivity (EC), and total alkalinity. For these ions with
concentrations below the limit of detection, we do not involve
them in the further study. As for the other ions, we compared
them with the environmental background value and chose those
parameters for the further study. Before sampling, the in-situ
measurements of pH, TDS, CO,, oxygen consumption, and
electrical conductivity were performed by portable meters.
Sample bottles (clean polyethylene bottles) were rinsed by the
same groundwater 2-3 times, and all samples were filtered with
0.45 m filter membranes and collected in the sample bottles. And,
nitric acid was added to the sample used to test cations to pH < 2.
After that, all samples were stored in ice boxes at 4°C until the
laboratory analysis. An inductively coupled plasma spectrometer
(ICP-9100) was used to analyze the concentrations of ions (K¥,
Na", Ca®*, and Mg*"). Ton chromatography (ICS-2500) was used
to determine the concentrations of C1~, SO,*, F~, and NH,". The
concentrations of Fe**, Fe**, NH,", and NO;~ and nitrite were
measured by using a hash reagent. The concentrations of HCO5~
were determined by acid-base titration Figure 2.

2.2 Materials and Method

SOM was employed to classify the groundwater samples. The
classification results of the groundwater samples and the
concentration distribution of various ions in each water
sample were obtained, which were then used to identify
pollution sources. Then, the entropy method was used to
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FIGURE 1 | Hydrogeologcial setting of the Pinggu Basin and location of the monitoring wells.

calculate the groundwater quality scores of all the water samples,
and the water quality scores of the water samples were obtained
statistically. Combined with the results of SOM and the entropy
method, the water quality evaluation and pollution source
identification analysis were carried out.

2.2.1 Entropy Method
Many different chemical parameters need to be considered in an
overall groundwater quality assessment, and different water
samples should also be considered in the spatial groundwater
quality assessment. Thus, the weight of each parameter and water
sample should be determined in the calculation. Currently,
weight is usually given by the experts (Li et al, 2011) or
calculated from the standard-exceeding rate. Those methods
are either too subjective or miss the processes of interaction
between multiple parameters. The information entropy method is
an effective way to determine the weight in a complex, large
dataset and also have been used in groundwater quality
assessments. The concept of information entropy was first
proposed by Shannon (Shannon, 1948), and it can be used as
a measure of information or uncertainty. Thus, it is an efficient
way of providing uncertainty and probability. Unlike the fuzzy
synthetic evaluation methods that focus on the spatial
characteristics of the groundwater quality, the entropy method
can deal with both spatial and temporal groundwater quality data.
The algorithm of the entropy method can be realized by
MATLAB programming. It can be realized by the following steps:

1) selecting n water samples (i = 1,2,...,n) and m chemical
parameters (j = 1,2, . .. ,m),x; represents the jy, groundwater
quality parameter of the iy, water sample,

2) Normalization of the chemical parameters. Because of the
different units of chemical parameters, before using them to
calculate the comprehensive index, we first do the
normalization. That is, transform the absolute value of the
index into the relative value, so as to solve the homogenization
problem caused by different chemical parameter
concentrations. Moreover, because of the different
meanings of the positive index and negative index values,
we use different algorithms to normalize the data for high and
low indexes, the detail steps are as follow:

For the positive index:

' Xi — Xpj
_ ] min
= L nin (1)
Xmax ~ Xmin
For the negative index:
! Xmax — X j
Xij= (2)
Xmax ~ Xmin

where x; is the index value of jy, chemical parameter, xm.y is the
maximum for indicator j, X, is the minimum for indicator j, and
xij’ is the standardized values.

3) Calculating the weight of the iy, water sample of jy, chemical
parameters:

%)

bij == ],

3)

4) Calculation of entropy for the jy, chemical parameters:
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shown in Figure 2A (AA").
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FIGURE 2| (A)Land-use map of the Pinggu District, and A-A’ is the location of the geological profile; (B)The geological profile of the Pingu area, and the position is

\ 1
ej =~k pijin(p;;) k = In (n)’

i=1

(4)

n is the number of water samples, and p;; is the specific weight of
the chemical parameters.

5) Calculation of entropy redundancy for the chemical
parameters:
d ji= 1-e j (5)

The greater the difference of the index value j, the greater the
left and right of the evaluation of the scheme, the smaller the
entropy value, and the definition of the difference coefficient;

6) Weight evaluation:

(6)

7) Computing a comprehensive score for each water sample:

S,‘ = ZW] X P‘J (l = 1,2, 1’1) (7)

=

2.2.2 Self-Organizing Map (SOM)

The SOM method is an unsupervised neutral network algorithm
proposed by Kohonen (Kohonen, 1995). It can project high-
dimensional, complex data into a low-dimensional, regularly
arranged map based on the data similarity (Jin et al, 2011).

Frontiers in Environmental Science | www.frontiersin.org

August 2022 | Volume 10 | Article 946914


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Lv et al.

Thus, it is an effective linear dimensionality reduction method
(Choi et al, 2014) that has been widely used in data mining,
classification, etc. One of the key purposes of the SOM method is
to obtain the informative and physically explainable reference
vectors (also known as weight vectors, prototype vectors, and
code-book vectors). The map size determines the accuracy of the
pattern recognition; however, topographical adjacency is further
among the clusters. Thus, one should use the optimal size both for
the pattern recognition and topographical proximity of the
clusters (Nguyen et al., 2015). Here, we follow the previous
study of the heuristic rule of m = 5+/n to determine the node
of SOM (Li et al., 2020a), where n is the number of input data, m
is the number of SOM node. And the ratio of the number of rows
and columns can be determined by the square root of the ratio
between the two biggest eigenvalues of the transformed data
(Garci’a and Gonzalez, 2004). Thus, the structure of the SOM is
determined, and the reference vector can also be obtained. The
SOM algorithm can be carried out by using the MATLAB
software, which usually consists of the following steps:1)
setting variables and parameters, including input vectors X (n),
number of iterations N and time step; 2)Setting the initial value of
the weight vector W; (n) and learning the initial value of the rate
1y> and normalizing the weight vector and the inputting vector; 3)
Constructing the structure and selecting the training water
sample X; 4) From the input layer to calculate the domain
function e 92’ (¢ = gye?) and the Euclidean distance
between W; and X ; 5) According to the Euclidean minimum
principle, finding the best matching unit of the input water
sample (BMU):

|X - W,| = min|X - W;| = min[d;] i=12,...m (8)

Choosing the winning neuron p through competitive
learning.6) Updating the BMU and its adjacent neurons to the
input water sample and calculating the weight vectors for each
time step as follows:

W@ =W(E-1D+ne ™ (XO-W(3) O
7) Iteration learning rate 1 = n,e /1% and topology fields, and
re-specify the weights after learning; check if the number of

iterations n exceeds N, if exceeded, return to step 3, otherwise,
end of the processes.

2.2.3 Evaluation Method of Water Quality Combined
With SOM and the Entropy Method
The monitoring wells are distributed in different areas of the
Pinggu Basin, thus the results obtained directly by clustering
cannot verify their rationality. Here, we evaluated the water
quality of all the water samples first, and then clustered the
hydrochemical characteristics and classification of the water
samples by the SOM method. Through the analysis of water
quality and hydrochemical characteristics, the rationality of the
method and the accuracy of the results are verified.

First, all water samples 955) were screened for outliers or
missing data, and we compared them with the background values
of each chemical component. If five or more chemical

Groundwater Quality Assessment

components in each water sample were below the background
value, the water sample data were excluded. Because the Cr®",
manganese, arsenic, mercury, volatile phenol, cyanide and nitrite,
volatile phenol, cyanide, and nitrite in many water samples are all
below the background value, we ignored these water samples in
the study in order to ensure the weight value of the important
chemical components. As a result, 533 samples were selected
from 955 water samples.

Among the 533 water samples, many of them were sampled
quarterly from the same monitoring well in the same year, while
some monitoring wells only had one water sample in that year. In
order to prevent the duplication and superposition of the
samples, the average value of a single monitoring well data for
each year (the average of quarterly data for that year) was taken,
and totally, 270 sample data were processed.

The entropy method is used to evaluate the groundwater
quality of a single well. The weight of each chemical
parameter in the calculation process is determined by the
magnitude of change. The water quality score of each water
sample is calculated by this method. The score is weighted by the
numerical contribution of each pollution component. The higher
the score, the greater the fraction of each pollution group or the
contribution of the components, and the worse the water quality.
The entropy method is calculated at the individual level, thus the
whole situation of the water samples can be obtained by
classifying 270 water samples by using the SOM method. The
270 water samples can be divided into multiple groups and
distributed in the grid. The similar locations in the grids may
indicate the same or similar hydrochemical types and the similar
source of pollutants. After that, we compared the cluster result
with the water quality score. Finally, the 270 water samples were
classified into multiple clusters based on the SOM results, and the
average score of the water samples in each large cluster was also
calculated. The calculation process is shown in Figure 3.

3 RESULT

3.1 Assessment of the Water Quality in

Individual Monitoring Wells

The entropy method determines the index weight according to
the variation degree of each index value, and the deviation caused
by human factors can be avoided. The result of the entropy
method for the 58 wells is shown in Table 1. In Table 1, the score
of each well stands for the water quality S; of each well, with a
higher score meaning worse water quality.

The scores of the monitoring well can be divided equally by
using the entropy method. According to the distribution of
monitoring wells in Figure 1, monitoring wells are roughly
distributed in the northwest, west, south, east, and central
areas of the study area. The scores could be divided into five
clusters at equal intervals (Table 2).It can be found that the
scores of PG-43 and PG-45 in the water quality of monitoring
wells were much higher than those of other wells, and other values
were all within the normal range.

According to Table 1, the group of groundwater wells (PG-45,
43,27, 48, 56, 42, 26, 41, 40, and 58) shows the highest score. The
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smallest group of scores includes PG-47, 50, 16, 17, 10, 20, and
9 wells. The first group’s wells PG-45, 43, 27, 48, 42, 26, 41, and
40 are located near the landfill (Figures 1, 2), and PG-56 and
58 monitoring wells are mainly located near Yukou town. PG-10,
47, and 50 monitoring wells are located in the middle of the study
area. PG-16, 17, 20, and 9 monitoring wells are located in the
southern part of the study area. From the ranking of the water
quality scores, the spatial distribution of the monitoring wells
with similar water qualities is relatively concentrated.

Since we only evaluate the water quality of each single well, the
overall water quality in the study area needs to be further studied.
We analyzed the overall water quality by using a self-organizing
mapping neural network (SOM) in the next section.

3.2 SOM Results

22 chemical parameters from 270 samples were used in the SOM
analysis. Based on the aforementioned method, the number of

SOM nodes is set as 100, the number of rows and columns are
10 and 10, respectively. This SOM method is used for the
standard cluster analysis of groundwater chemical monitoring
data. Figure 3 shows the SOM mapping of 22 components and
finally gets the training process. Each map represents a reference
vector of 100 SOM nodes, where the reference vectors are
standardized using color visualization graphs. The node
representing a high value is crimson and a low value is dark
blue, comparing each component of the SOM by color gradient,
the correlation among each component could be identified.

The classification results of the water samples (Figure 4) and
the topology results of each index (Figure 5) were obtained
through the SOM analysis of the 270 water samples.

SOM combines the k-means clustering algorithm. The DB
index (DBI for short) is the maximum value of the ratio between
the inner distance and the distance between the classes, which is
used to judge the clustering results. The smaller DBI value
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TABLE 1 | Evaluation of the monitoring wells’ quality.

Well number S; Well number S;
PG-1 0.237 PG-29 0.343
PG-2 0.168 PG-30 0.382
PG-3 0.182 PG-31 0.246
PG-4 0.206 PG-32 0.271
PG-5 0.35 PG-33 0.51
PG-6 0.252 PG-34 0.439
PG-7 0.154 PG-35 0.419
PG-8 0.268 PG-36 0.459
PG-9 0.19 PG-37 0.491
PG-10 0.161 PG-38 0.459
PG-11 0.21 PG-39 0.364
PG-12 0.245 PG-40 0.642
PG-13 0.23 PG-41 0.709
PG-14 0.291 PG-42 0.725
PG-15 0.28 PG-43 1.673
PG-16 0.155 PG-45 3.2
PG-17 0.161 PG-47 0.128
PG-18 0.254 PG-48 0.803
PG-19 0.214 PG-49 0.433
PG-20 0.178 PG-50 0.142
PG-21 0.248 PG-51 0.328
PG-22 0.294 PG-52 0.506
PG-23 0.59 PG-53 0.404
PG-24 0.628 PG-54 0.254
PG-25 0.5 PG-55 0.271
PG-26 0.71 PG-56 0.769
PG-27 0.837 PG-57 0.369
PG-28 0.246 PG-58 0.637

indicates the smaller distance within the class, while the larger
DBI value indicates the larger distance between the classes. This
also shows that the clustering results are better.

In order to select the best number of clusters, the DBI value
based on the k-means clustering algorithm is employed, and the
clusters of 5 show the minimum DBIL

Figure 4 shows a pattern classification of five clusters. According
to the SOM classification results, 270 water samples can be divided
into five clusters: cluster 1: PG-2, 7, 9, 10, 16, 17, 20, 21, 22, 36, 37,
and 38. This cluster of monitoring wells is basically distributed in the
second and third aquifers; cluster 2: PG-1, 4, 8, 12, 15, 28, 31, 32, 37,
38, 39, 47, 49, 50, and 54; cluster 3: PG-22, 23, 24, 29, 30, 31, 32, 40,
41, 42, 43, and 48; cluster 4: PG-4, 5, 6, 11, 13, 18, 19, 20, 33, and 34;
cluster 5: PG-1, 4, 5, 13, 14, 26, 27, 33, 34, 35, 51, 52, 53, 56, 57, and
58. The monitoring wells of clusters 1, 2, 3, and 4 are mostly
distributed in the first and second aquifers, while the PG-1, 2, 17,
36 monitoring wells are in the fourth aquifer.

SOM classification results show that the five clusters are
distributed roughly in five regions: southern, central, eastern,
southwest, and northwest of the study area (Figure 5). In the
southern region, the number of monitoring wells in layers 1 to 4 is
9, 7, 5, and 3, respectively. The monitoring wells are located in
cluster 1 and cluster 3. In the east, the number of monitoring wells
in layers 1 to 4 is 6, 6, 2, and 1, respectively. The monitoring wells
are mainly located in cluster 2. In the northern region, the
number of monitoring wells in layers 1 to 4 is 6, 3, 1, and 0,
and the monitoring wells are mainly located in cluster 4. In the
west, the number of monitoring wells in layers 1 to 4 is 9, 4, 2, and

Groundwater Quality Assessment

TABLE 2 | Grade division of the water quality scores.

cluster Score interval Grade
| 0.128-0.2698 Better
I 0.2699-0.4116 Good
1 0.4117-0.5534 General
\ 0.56535-0.6952 Bad

\Y| 0.6953-3.2 Worse

1, respectively. The monitoring wells are located in cluster 5. It
can be seen that the block distribution of the monitoring wells in
Figure 5 is consistent with the SOM classification results.

Figure 6 shows the SOM mapping of the 22 chemical
components, each map representing a reference vector with
100 SOM nodes, where the reference vectors are normalized
using a color visualization map. Dark red indicates the high
values and dark blue indicates the low values. Each grid in
Figure 6 corresponds to Figure 4 one by one, and the depth
of the color represents the corresponding ion concentration of the
monitoring well at that position.

On this aforementioned principle, SOM calculated the
concentration distribution of each ion in the water sample
group in Figure 6. Combining the results of Figure 4 and
Figure 6, we can see that in cluster 1, the higher contents are
K" and CO;”, and Na*, CI” dominated in cluster 2; The higher
contents in cluster 3 are Na®, Ca®*, NH,*, HCO3", F, TDS, free
CO,, Fe**, oxygen consumption, total hardness, EC, and total
alkalinity; cluster 4 contains: CO5>’, NO;; The higher contents in
cluster 5 are: Ca**, CI°, SO,*, NO;~, TDS, free CO,, Fe* nitrite,
oxygen consumption, total hardness, EC, and total alkalinity.
Figure 6 shows the corresponding distribution of each ion on
the SOM classification results. On the other hand, groundwater
samples in nodes with relatively low ion concentrations are located
in the upper left and upper right corners of each SOM diagram.

The groundwater data were analyzed by using the SOM method.
100 (10 x 10) output neurons were selected (Figure 5), and the
sampling points were divided into 5 clusters (Figure 4). Neurons use
color coding to display the weight vector value of each neuron. Blue
and red correspond to the parameters with low and high
concentrations, respectively. Therefore, the interdependence of the
variables can be identified by comparing the color of the neurons. As
can be seen from Figure 5, HCO;~, Na*, and Mg*" have similar color
gradients, CI” and NO; have similar gradients, and Al and nitrite
have similar gradients, indicating that they may be controlled by the
same hydrochemical process. Cl~, SO,”, and NO;~ are negatively
correlated with HCO;~, Na*, and Mg2+ by an inverse color gradient,
indicating that CI”, SO4*, NO5~, and HCO;", Na, and Mg*" are
controlled by different sources. Fe’*, Fe**, and NH," have obvious
similarities in color gradient, indicating that they undergo common
hydrochemical processes such as REDOX reactions.

3.3 Assessment of Water Quality of the Five

Clusters of the Monitoring Wells

If the water quality scores of a single monitoring well are compared,
some errors may occur. Therefore, the score of a single monitoring
well is calculated and the outliers in each cluster and each cluster of
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water quality are eliminated, so the score obtained is more persuasive
and credible. The removal of the outliers is very important for water
quality evaluation, and the entropy method can be very convenient
in carrying out this step, but the comprehensive evaluation method is
very difficult to carry out this step.

The average score and ranking of the five types of water quality
data after pretreatment are obtained in Table 3:

The score obtained by the entropy method is obtained by the
information contribution of various pollution components to
water quality. The higher the score, the worse the water quality,
and vice versa. After removing the outliers, the average score of
each monitoring well was calculated, and the modified score was
used as the final score of the monitoring well. The best water
quality is located cluster 4, followed by cluster 1 and cluster 2 with
close scores; the fourth and fifth are clusters 5 and 3, respectively.

4 DISCUSSION

4.1 Evaluation of Water Quality in the Five

Clusters

The minimum DBI corresponding to the most appropriate
number of clusters is 5. And the box diagram of the water
quality score for the five clusters is shown in Figure 7. From

Figure 7, we could find that the water quality in cluster 3 is the
worst, followed by cluster 5.

According to the classification of SOM, the wells of clusters 1, 2,
and 4 are highly similar, and those of clusters 3 and 5 are highly
similar. Combined with Figure 3, it can be seen that cluster 2 is
located in the central and eastern areas of the study area and belongs
to the living area, while cluster 3 is distributed in the southeast area of
the study area and near the QianRuiying landfill site. The scores of
the two are 0.2634 and 0.5737, respectively. Although clusters 2 and
3 are very close, there is a large difference in the water quality,
indicating the large effect of different pollution sources on the water
quality of the aquifer. Cluster 1 is distributed in the south of the study
area, located in the area of
Zhanggezhuang-Machangying-Tianjingcun, which is away from
the urban, and thus made the relative goodness of the water
quality. Cluster 4 is mainly distributed in the northeastern side of
the Pinggu Basin, and also the upstream of the region, thus with low
score and good water quality. The water quality scores of cluster
1 and 2 are very similar. Cluster 5 is distributed in the southwest
region of the study area, including Yukou Town Industrial Park and
a large area of farmlands (Figure 2A), with industrial pollution and
agricultural pollution, with a score of 0.5718 and thus indicating bad
water quality. The scores of cluster 5 and cluster 3 are very similar,
both of which have persistent pollution.
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4.2 Spatial Distribution of Each Clusters
By using the entropy method, we obtained the weight value and

average concentration of the corresponding chemical

components of each groundwater sample (Table 4). The
weight value of each chemical component is important for the
water quality assessment, and it explains the importance of
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TABLE 3 | Average score of the 5 water quality clusters.

Groundwater Quality Assessment

cluster 1 2 3 4 5
Average score 0.2658 0.2634 0.5737 0.2608 0.5718
Ranking 2 3 5 1 4
Grade Better Better Bad Better Bad
Box diagram of five categories of water samples
ol
é_ -
(=1
(=1
g -
=1
2
S = N T
2 g |
2 '
= © |
8 = '
& g :
—
(5]
=
<
= g
<
=1
I i
8 _ '
S S
(=]
T T T T T
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Five clusters
FIGURE 7 | Water quality score of the five clusters.
TABLE 4 | Average concentrations of cluster 1 to cluster 5 calculated by the entropy method.
lonizing ions Weight 1 2 3 4 5
K* 0.0098 1.817 1.376 1.237 1.622 1.735
Na* 0.0282 10.524 22.234 28.087 9.153 15.746
Ca®* 0.0058 44.467 58.715 73.850 58.188 81.145
Mg?* 0.0082 22.599 25.729 33.443 30.750 31.840
NH,* 0.1776 0.011 0.005 0.126 0.001 0.104
HCO3~ 0.0128 226.323 302.782 426.052 229.078 307.494
COs* 0.0676 11.818 3.655 2.165 13.163 0.383
CI- 0.0363 5.938 6.702 10.678 21.741 33.381
S0, 0.0290 8.176 9.783 13.226 20.428 36.506
F~ 0.0226 0.519 1.621 0.722 0.230 0.186
NOz~ 0.0539 8.093 6.539 2.359 32.216 41.134
TDS 0.0111 340.266 428.121 591.848 413.531 549.681
free CO» 0.0686 0.271 1.779 2.467 0.288 3.851
Fe?* 0.0960 0.294 0.183 1.001 0.164 0.334
Fe®* 0.1022 0.349 0.137 0.427 0.224 0.499
Al 0.0924 0.096 0.156 0.143 0.048 0.107
Nitrite 0.1364 0.003 0.006 0.007 0.002 0.009
Oxygen consumption 0.0145 0.387 0.496 0.590 0.405 0.545
Total hardness 0.0053 204.228 252.652 322.130 272.031 333.702
pH 0.0072 8.145 7.922 7.845 8.159 7.791
Conductivity 0.0032 408.696 493.621 659.717 526.353 678.085
Alkalinity 0.0114 205.139 254.212 352.717 209.594 252.638
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various chemical components that should be chosen for
monitoring. And the components with the largest weight
could be selected for monitoring if multiple components exist.
The columns 3 to 7 showed the average concentration of the five
levels of the groundwater. If such a classification could be
corresponding to the result of SOM, then we could conclude
that our model is reasonable and could be further used in the
water quality classification and assessment.

Through the calculation of water quality, the weight value of
each ion and the average concentration of each ion in the 5 types
of monitoring wells were obtained. The ions with higher weights
are respectively: NH,", Nitrite, Fe**, Fe®", Al, free CO,, CO;*,
NO;", and CI', and other ions have a relatively low proportion. In
addition, the average concentration and source of each ion in
cluster 1 to cluster 5 are discussed below.

For the monitoring wells of cluster 1, they are distributed in the
south side of the study area, mainly in the
Zhanggezhuang-Machangying-Tianjingcun  areas (The blue
dotted box is shown in Figure 1). The distribution of the
monitoring wells is relatively concentrated. PG-20 is located in
the first layer aquifer, PG-9, 10, 15, and 37 are located in the
second aquifer, PG-7 and 22 are located in the third aquifer, and
PG-2 and 14 are located in the forth layer of the aquifer. As can be
seen from the SOM topology, the CO5>" is most similar with pH, and
it is contrary to the trend of free CO,. Combined with Table 4, it can
be seen that the average concentration of each component is
relatively low in the five types of waters. The reasons may be as
follow: It is possible that these groundwater samples are all outside
the town, with a certain distance from downtown. The second reason
maybe that there are only very few monitoring wells that are
distributed in the first layer. Thus the groundwater is difficult to
be contaminated. As can be seen from the SOM topology in
Figure 4, the upper-left corner (cluster 1) is dark, indicating the
low concentration of each chemical component. The average score of
the water quality in cluster 1 was 0.2658, showing good quality
comparing with cluster 3 and cluster 5.

For cluster 2, the distribution of the monitoring wells is slightly
scattered, but they are mainly distributed in the eastern and
central areas of the study area. PG-28, 29, and 30 are located in the
same place which monitors layer 3, layer 2, and layer 1 aquifer.
And the PG-36 to PG-39 monitoring wells are located in layer 4,
layer 3, layer 2, and layer 1. PG-28, 29, and 30 are classified in
cluster 3 with the worst water quality. The PG-28, 36, 37, 38, 39,
46, 48, and 50 wells are located in the middle of the study area.
Among them, the PG-39, 46, 48, and 50 wells are located in the
first layer. The distribution of the latter three wells is relatively
scattered, and the distribution of the PG-28, 36, 37, 38, and
39 wells is relatively concentrated. The area is located in the main
urban area, which has suffered from the effect of human activities.
The PG-8, 21, 31, 32 wells are near the Yingcheng and Ma Fang
towns (The blue dotted box is shown in Figure 1), which are
distributed at the edge of the study area and the east with a sparse
population. Therefore, the groundwater is less polluted by human
activities and the concentration of chemical components is low.
Among the calculated average concentration, the contents of Na*
and F~ (Xiao et al,, 2022) are very high, with 22.234 mg/l and
1.621 mg/l, respectively, which is consistent with the results of

Groundwater Quality Assessment

SOM topology in Figure 4. The average score of cluster 2’s water
quality is 0.2634, which is very close to cluster 1. Thus, the water
quality in cluster 2 is also good.

For cluster 3, these monitoring wells are located in the
southeast of the central part of the study area. It can be seen
from the SOM gray topology that the concentrations of Na®,
Mg**, HCO;~, NH,", F~, TDS, Fe®", total hardness, electrical
conductivity, and total alkalinity are relatively high. This result
can also be matched with the average concentration in Table 3.
This cluster is mainly located near the Pinggu landfill, and it is
found that there are reductive garbage leachates in the area
without oxidation that enter into the groundwater in a
relatively closed accumulation environment, resulting in strong
reducibility. Here, the concentrations of SO, and NO;™ are
13.226 mg/L and 2.359 mg/L, respectively. The sources of
pollution from the monitoring wells near the dump site
include ammonia nitrogen, nitrate (Xiao et al., 2021; Yong et
al., 2022), and nitrite. Therefore, the measured concentrations of
NH," and nitrite are 0.126 mg/L and 0.007 mg/L, respectively.
The PG-22, 23, and 24 wells are located in the same place, and
monitoring layer 3, layer 2, and layer 1, respectively. The PG-40,
41, 42, and 43 wells are located in the first layer and are very
concentrated. Therefore, the horizon distribution of cluster I's
monitoring wells, the concentration of the same pollution
component in cluster 3’s water quality must be higher. In
addition, due to the impact of a landfill plant, the relatively
high concentration of the pollution component is reasonable.
Among the ion weights calculated by the entropy method, the
weights of NH," and nitrite are the largest, which are 0.1776 and
0.1364, respectively, which shows that the aforementioned
inference is reasonable. The calculated score of this kind of
water quality is 0.5737, which is the highest among the five
kinds of water qualities, indicating that this kind of water quality
is the worst.

For cluster 4, the SOM gray topology shows that CO;>, K*
concentrations in this kind of water are relatively high, with a
high mean concentration, high CO;*, K%, and NO;~
concentrations. The concentrations of other chemical
components are lower than those of cluster 3 and cluster 5.
These monitoring wells are distributed in the Donggao
Village-Hanzhuang Town-Ruoshanji area (The blue dotted
box is shown in Figure 1). Some of the areas are rural areas,
without large factories and a large amount of domestic
wastewater pollution, so the ion concentration is relatively
low. The PG-6, 11, 13, 18, and 19 wells are located in the first
aquifer, and the PG-5, 33, and 34 wells are located in the second
and third aquifers. And the score of the water quality is 0.2608,
which is lowest among the five clusters of groundwater, indicating
the best water quality in the study area.

For the wells in cluster 5, Ca**, CI”, SO,*, NO5~, TDS, Fe**,
nitrite, total hardness, and electrical conductivity, and the average
concentration showed in high value which is consistent with the
results shown in the SOM topology diagram (Figure 3). As shown
in Figure 1, the study area is in the southwest, with Yu Kou Town
Industrial Park (The blue dotted box is shown in Figure 1) and a
large area of farmlands. The PG-27, 51, 52, 53, 57, and 58 wells are
located in the first aquifer, where the PG-26 and 1 wells are
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located in the second and third aquifers. The possible pollution
source from industrial wastewater discharge and pesticide use in
this area may lead to the poor quality of water. And the water
quality score of cluster 5 is 0.5718, which is close to cluster 3.

In summary, the cluster grouped by the combination of self-
organizing map (SOM) and entropy-based weight determining
method is quite in agreement with the distribution of the
contamination sources in the study area. This also indicates that
the methods proposed in this study are useful in groundwater quality
assessment and possible contamination identification.

5 CONCLUSION

In this study, we used entropy-based weight determining method,
in combination with the SOM method to evaluate the water
quality and to identify the possible sources of these different
clusters. Five clusters were grouped by based on the water quality
score and the SOM result.

The cluster 1 is dominant with K™ and CO;*, and these
monitoring wells are distributed in the south of the study area.
Cluster 2 is dominant with Na" and CI”, and these monitoring
wells are mainly distributed in the eastern and central areas of the
study area. Cluster 3 is dominant with Na*, Ca®>*, NH,*, HCO;,
F~, TDS, free CO,, Fe**, oxygen consumption, total hardness, EC,
and total alkalinity, and these monitoring wells are located in the
southeast region of the central part of the study area. The cluster
4 is dominant with CO3>, NO;~, and these monitoring wells are
distributed in the Donggao Village-Hanzhuang Town-Ruoshanji
area as well as some of the rural areas. The cluster 5 is dominant
with Ca**, ClI, SO,*, NO; ™, TDS, free CO,, Fe’”, nitrite, oxygen
consumption, total hardness, EC, and total alkalinity, and these
monitoring wells are distributed in the southwest region of the
study area.

Our results show that large-scale farming and intensive
industrial activities in the southwest region of the study area
increased the concentrations of Ca®*, CI", SO,*, NO;~, TDS,
Fe’*, and nitrite in the groundwater. In the southeast region of the
study area, the concentrations of Mg>*, HCO;~, NH,", F, TDS,
and Fe*" were mainly caused by landfill activities. The areas
affected by domestic sewage discharge are the southern, central,
eastern, and northwest regions of the study area. The Na*, F~
concentrations in the central and eastern regions are higher, and
the K*, NO;~ concentrations in the northwest region are higher.

Based on the SOM classification results, the entropy method
was used to calculate the ranking of the five types of water
quality: cluster 4 > cluster 1 > cluster 2 > cluster 5 > cluster 3.
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