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Due to high toxicity, arsenic is regarded as a major global environmental pollutant.
The present study is investigated the potential factors influencing to elevate
concentration of arsenic in groundwater, surface water, and soil of the Dongting
basin. The arsenic contamination potential prediction map and categories were
developed using various GIS techniques such as Ordinary Kriging and the Quantile
method. Then the “Raster calculator” tool was applied to verify the impact of the
factors on arsenic. Eighty-four single-factor, bi-factor, and multi-factor models were
established to investigate effective combinations among factors of each phase.
Additionally, statistical tests were computed to evaluate arsenic between classes and
factors. The arsenic value varies in groundwater from 0.0001 to 0.1582 mg/|, while in
surface water between 0.0001-0.0287 mg/l and soil sediments range from
1.8-45.69 mg/kg. JunShan and GongAn groundwater resources have been
identified as posing a high risk to human health. The single factors showed the
best match frequency of arsenic with a population density of 66.86% in water and
land use depicted match frequency of arsenic 73.19% in soil. The statistical
calculations with percentage frequency factors also depicted positive trends. The
correlation of the factors with arsenic in soil and water showed slow oxidation and
reduction in the groundwater system. Treated portable water could be the best
option to reduce the health risk of the local community.

KEYWORDS

GIS, remote sensing, geostatistical analyst, arsenic, Dongting plain

1 Introduction

Contaminated natural sources are a constant threat to the healthy survival of the living
organisms (Chormare and Kumar, 2022), but due to human activities and natural factors,
the natural composition of the soil, surface water, and groundwater has been changed
(Malik Muhammad and Zhonghua, 2014). Groundwater arsenic is known as a high-
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toxicity environmental pollutant globally due to its carcinogenic
and non-carcinogenic health effects on living organisms (human
and animal) health (Zhang et al., 2015a; Waqas et al., 2017) and
skin cancer (Lamm et al., 2007). Last few decades, heavy metal
pollutants in water and soil have seriously affected China’s
ecological environment (Wu et al, 2014). Elevated value of
arsenic in groundwater has been observed in many countries,
especially Bangladesh, Cambodia, Chile, China, India, Pakistan,
Vietnam, and the United States (Polizzotto et al., 2008; Fendorf
et al,, 2010; Muhammad et al., 2016). A high arsenic ratio was
reported in China’s continental lithosphere (CCL) and natural
water (Che et al., 2020). However, Bangladesh, Pakistan, and
China are facing serious issues related to waterborne endemic
arsenic poison (Zhang et al., 2015b; Muhammad et al., 2016).
Between 2008 and 2009, five major arsenic contamination
incidents were reported from providences: Guizhou, Hunan,
Guangxi, Yunnan, and Henan (Wu et al, 2014). In recent
decade, environmentalists have focused their research on
pollution issues in the Dongting basin (Chen et al., 2018).
Exacerbated human activities, reclaimed agriculture, and
deforestation have dominated its catchment and adjacent area
of the Dongting basin (Du et al., 2001). Different researchers
conducted studies and concluded that the Dongting area
contained a high arsenic and other heavy metals in water
resources (Yao et al., 2009; Qian et al, 2005). China is facing
high pressure on its natural resources due to urbanization and
industrialization, which has many challenges related to arsenic
pollution (Zhang et al., 2009; Li et al., 2021). During a national
survey, it was found that 2.7% of collected soil showed elevated
concentration of arsenic (http://www.mep.gov.cn/gkml/hbb/qt/
201404/W020140417558995804588.pdf).
109 regions of China and found a 9.48 mg/kg average arsenic

Song  investigated
value in soil (Song et al., 2013). During a survey of 45 counties in
nine provinces of China, nineteen contained elevated arsenic in
portable water higher than WHO permissible limit (0.01 mg/I)
and China Standard (0.05 mg/l) (He and Charlet, 2013). It was
observed that 0.01-0.05 mg/I arsenic value was exposed in the
local community (He et al., 2020). The present research is a
comprehensive study of arsenic distribution in water and soil in
the Dongting basin of China, including various factors such as
level,

groundwater population  density,

contamination, pumping rate, land use, rain, and surface

heavy  metal

elevation. The influence of these factors to high arsenic in the
GIS
applications and statistical methods are new ways to find out

area was investigated. Remote sensing techniques,

what controls the amount of arsenic in three different media.

2 Location, climate, and
hydrogeology of Dongting plain

Dongting Lake Plain is located in the northeast of Hunan
Province, in the south of the two lake plains (also known as the
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Hubei basin), and in the north, it is connected with the Jianghan
Plain in Hubei Province. It is mainly composed of the sediment
imported from the Yangtze River through the four ports of
Songzi, Taiping, Ouchi, and Tiaoxuan, and the sediment from
the Xiangjiang, Zijiang, Yuanjiang, and Lishui rivers. It covers an
area of 10,000 km* with an altitude of 34.5 m and a total capacity
of 17.8 BCM. The whole plain covers a total area of 18,780 km?,
of which 15,200 km? are part of Hunan Province, accounting for
81% of the total area; 3,580 km” are part of Hubei Province,
accounting for 19%. Most of the main lakes and depressions are
on the southern margin. Dongting Lake produces fish, water
chestnuts, lotus, reeds, etc. It is an ideal base for grain, cotton,
hemp, aquatic products, and silk. The lake area is mostly
surrounded by lakes to form polder fields. China’s commodity
grain base and important freshwater fish areas the output has
reached the forefront of the country.

3 Data collection and methodology
3.1 Sampling

Total 300 groundwater samples were collected from
Donating Plain while 125 samples and 75 samples were
collected from surface water (Rivers and Lakes) and soil,
respectively. The groundwater depth is shallow in the study
area, generally 0.5-3.5m deep. The samples were collected
after more than 10min of pumping until the physical
parameters [temperature, electrical conductivity (EC), and
pH] were stable. Four 50 ml HDPE bottles were used for each
sample point and filtered on site (using 0.45 m membrane filters).
For the total dissolved analysis, HCL was used to acidify the
bottle and wrap it with tinfoil. The second bottle was acidified
(PH2 using ultra-pure HNO;) for chemical analysis of dissolved
ions and trace elements, and the remaining two bottles were not
acidified for the analysis of anions and H/O isotopes. All samples
were immediately stored at 4°C until the analyses were
completed. Our study area is seriously affected by arsenic
contamination of groundwater, so investigating arsenic levels
in the soil is important to develop their relationship. Soil samples
were collected at 20 cm in depth. The soil samples were collected
from a boring core and capped with PTFE lids, and after that,
they were stored at 4°C in an opaque anaerobic box.

3.2 Analytical methods for waters

Temperature, dissolved oxygen (DO), pH, and EC were
measured on the sampling spot using a portable meter
(HQ40D Field Case, cat. No. 58258-00, HACH, Colorado,
United States). The portable gel-filled ORP probe (MTC10103,
HACH) was used to measure Eh. The total concentration value
was determined for dissolved ions (Mg and Fe) using an
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FIGURE 1
Location of the selected area at Hunan province (Dongting Plain).

inductively coupled plasma atomic emission spectrometer (ICP-
AES) (IRIS Intrepid II XSP, United States). For trace elements,
inductively coupled plasma mass spectrometry (ICP-MS) (ELAN
9000/DRC-e, PerkinElmer) was used. Verification of the
accuracy of major elements analyzed by ICPAES and ICP-MS
was found within 4% and 5%, respectively. Anions (NOs, and
SO,) were measured using an ion chromatograph (Dionex 2500,
United States). The analytical precision was better than 5%. The
total organic carbon analyzer (multi N/C 3100, Germany) was
used to measure dissolved organic carbon (DOC) and the
detected value of 0.004 mg/l with a precision of 8%. Total As
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of groundwater and surface water were measured using a hydride
generation-atomic fluorescence spectrometer (HG-AFS, 930,
Titan, China).

3.3 Soil analyst method

To measure the mineralogical compositions of the soil samples,
an automated powder X-Ray Diffractometer (Cu-K radiation and a
graphite monochromator) (X’Pert PRO DY2198, PANalytical) was
used with a detection limit of 2%. Chemical elements were
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TABLE 1 Models frequencies of factors correlation with arsenic concentration in waters and soil.

Groundwater and surface water

Model no. Factors and Equal frequency %
ranks

Model_51 GW*WI1 64.47
Model_52 GW*LU 64.33
Model_53 GW*POP 66.86
Model_54 GW*PUMP 60.32
Model_55 GW*SE 59.41
Model_56 GW*RAIN 31.26
Model_57 GW*CONT 56.26
Model_49 GW*(1WL+2pop) 63.05
Model_50 GW*(2WL+1pop) 65.49
Model_43 GW*(3WL+2lu+1pop) 61.4
Model_44 GW*(3WL+1lu+2pop) 55.91
Model_45 GW*(2WL+3lu+1pop) 63.41
Model_46 GW*(2WL+1lu+3pop) 62.02
Model_47 GW*(1WL+3lu+2pop) 63.61
Model_48 GW*(1WL+2lu+3pop) 61.06

determined by X-Ray Fluorescence Spectroscopy (Spectro Xepos
HE XRF Spectrometer). The rest of the chemical tests were done at
the China University of Geosciences in Wuhan at the State Key
Laboratory of Biogeology and Environmental Geology and the State
Key Laboratory of Geological Processes and Mineral Resources.

3.4 GIS models development

The study area’s topographic map (1:50,000) was used to
create a thematic map that contains comprehensive information
about the boundaries and land use in Figure 1. The simple
Kriging method was used in the ArcGIS Geostatistical analyst
toolbar to develop arsenic distribution zones in groundwater,
surface water, and soil for the study area. The 2014 arsenic levels
of pumping wells were used to fulfill this aim. Kriging and co-
kriging are parts of the geostatistical techniques, which are found
to be superior in several functions for data analysis. For example,
they are included in exploratory spatial data analysis tools to
handle statistical properties and to create various types of maps
such as probability, prediction, quantile, simple and ordinary.
Kriging can be divided into two other sub-methods: ordinary
kriging and indicator kriging, which provide two types of
information. Ordinary kriging is useful for the prediction and
development of contamination potential maps, whereas indicator
kriging is important for the identification of probabilities. To
design the distribution map, the 2012 arsenic value were
categorized into five levels using the Quantile method as
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Soil
Model no. Factors and Equal frequency %
ranks

Model_151 Soil*W1 50.57
Model_152 Soil*Lu 73.19
Model_153 Soil*POP 48.77
Model_154 Soil*PUMP 73.07
Model_155 Soil*SE 68.63
Model_156 Soil*RAIN 13.62
Model_157 Soil*CONT 61.14
Model_149 Soil*(1pump+2lu) 74.45
Model_150 Soil*(2pump-+1lu) 62.37
Model_143 Soil*(3pump+2lu+1SE) 60.33
Model_144 Soil*3pump+1lu+2SE) 59.37
Model_145 Soil*(2pump+3lu+1SE 68.11
Model_146 Soil*(2pump+11u+3SE) 64.71
Model_147 Soil*(1pump+3lu+2SE) 61.35
Model_148 Soil*(1pump+2lu+3SE) 61.76

shown in Table 1. Then, six different factors were tested to
examine their influence on arsenic levels in groundwater, surface
water, and soil in the study area, such as:

3.4.1 Groundwater level

Since local groundwater level is the main factor for
infiltration and transport of various pollutants, the simple
kriging method in the geostatistical analysis was used again to
create groundwater level zones for the study area. Pumping Ratio:
Total pumping quality per annum was calculated for each county
located in the Dongting Plan. ArcGIS was used for further
analysis. Finally, the result was converted from vector data
format to raster data format for the final analysis process.

3.4.2 Rain

Rain data for the year 2014 was collected from the website of
the Hydrology and Water Resources Survey in Hunan Province,
and a total of 90 meteorological stations’ data was used to show
rainfall tendency through the geostatistical analyst tool in GIS.

3.4.3 Heavy metal contamination

A heavy metal concentration distribution map was developed
based on data available in a report titled “The Ecological
Geochemical Assessment Report of Dongting Lake in Hunan
Province” published by the Geological Research Institute of
Hunan Province in the year 2007. A geostatistical analyst tool
applied to show the final
concentration in GIS.

was contamination elevated
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3.4.4 Landuse

Landuse is an important factor for generating and
infiltrating arsenic. A recent Landsat-8 image was used to
create a supervised land use classification for the study area in
the ENVI software environment. Seven major categories
(Woodland, Dryland, Paddy Field, Water,
Construction Area, Bareland, were

Surface
and Greenland)
exploited to understand real local land use.

3.4.5 Topography

Elevation is a factor that could control water flow while low
elevation produces more chances of water infiltration. An ASTER
Digital Elevation Model (DEM) was used to create a contour map
for the study area using 3D-analyst tools in the ArcGIS
environment. The results from each factor were categorized
into five groups according to the quantile method using the
reclassify tool included in the spatial analysis toolset. The
reclassifies were applied to modify the values in the raster,
and the input raster was classified into different class ranges
for the reclassification. The “Raster calculator” tool was used to
determine the most important factor influencing arsenic
distribution in the study area. It allows for creating and
executing an algebraic expression that outputs a raster. Spatial
Analyst operators were employed to transform two inputs into a
single expression. The Raster Calculator is designed to execute a
single-line algebraic expression. It is developed using multiple
tools and operators included in the simple calculator tool
interface. Forty different models were developed using a raster
calculator. The models were built by combining different factors
to find the most effective combination among them. Single and
multi-factor models were carefully established by assigning
coefficients 1 to 6 as rank because each model must contain
unique values. Then, the quantile method included in the
Reclassify tool was repeated for each model to categorize the
results into five classes. To evaluate the eighty-four models, the
“Equal to frequency” tool was applied based on a cell-by-cell
match with the Arsenic distribution model result, and then the
best frequency match combination models were selected.
Additionally, the frequency range was computed with the
“Band Collection Statistic” tool that provides statistics results
from a multivariate analysis of a set of raster bands. The
frequency range was also used to count the matched and
unmatched pixels in each of the forty models. Finally,
statistical analysis was computed to investigate the effect of
factors (groundwater, surface water, and soil arsenic) with
high equal frequency ratio factors. The collected data was first
analyzed using Microsoft Office Excel 2007 spreadsheets. Several
classes were built for each factor to evaluate their variation in
arsenic. Correlation analysis was applied to verify arsenic value in
water with other factors (population density and water level) and
arsenic distribution in soil with land use and pumping. Results
and discussion are presented in detail in the next sections based
on the described methodology.
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4 Results and discussions

4.1 Arsenic presence in surface and
subsurface water

4.1.1 Chemical analysis of water samples

Three hundred groundwater samples were collected from
different drinking water sources such as wells, hand-pump, and
motor pumps. Minimum and maximum concentration of arsenic
was computed during the analysis process as 0.0001 and
0.1582 mg/l, respectively. The statistical results showed a
variance range of 0.00026 and the standard deviation was
0.0159. However, arsenic distribution in groundwater showed
local variations within the distribution pattern. Figure 2A
displayed that high concentration of arsenic areas were on the
east side (higher than the Chinese permissible limit) and the
north area showed slightly lower but higher than the WHO limit.
However, the south and west have fewer pollution ratios. In
Figure 2A, the red color represented arsenic concentration of
over 0.05mg/l, which is believed to be higher than WHO
(0.01 mg/l) and Chinese (0.05mg/l), and water in the
corresponding area is supposed to be harmful to the
community’s health. Based on available data from different
residential areas, commercial, industrial, and agricultural
areas, the pumping wells were scattered throughout the whole
area, but the northern part of the counties contained low risk,
where the average concentration was less than 0.02 mg/l, and
water in these towns is considered safe for drinking. The highest
concentration of arsenic was observed in Junshan county in the
east and the surrounding areas of Anxiang city in the north.
During a study on groundwater quality, the results showed that
76 cities were seriously polluted, while 39 cities were slightly
polluted, and the groundwater pollution trend is from urban to
suburban areas in China (Mei and Feng, 1993). China Daily
(2006) reported that Yueyang County, located in Hunan
Province, has contained dangerous levels of concentration of
arsenic in drinking water.

Surface water samples were collected from rivers and lakes at
Dongting Plain. On the basis of the chemical analysis results of
125 samples, low and high values were determined to be
0.0001 and 0.0287 mg/l, respectively, while the calculated
variance was 9.5 x 107° and standard derivative 0.0098. The
surface water concentration of arsenic developed map was
depicted with spatial variation. The eastern and central parts
had the highest concentrations of more than 0.02 mg/l, while the
northwest had the lowest values compared to WHO and Chinese
standards. Previous researchers have identified a lot of surface
water resources in the form of lakes, rivers, and open water
bodies, but the quality of water is not good (He and Charlet,
2013). In Figure 2B, Dongting lake, located in the east, exhibits a
high arsenic value. It was observed that the contamination level
of river waters was higher than that of waters in lakes at Dongting
Plain. Economic development pressures have accelerated human
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activities to rise in production (industrial as well as agricultural)
and urbanization is a major source of surface water pollution in
the Dongting plan. BI observed that in China, domestic sewage
has polluted lakes (Akhtar et al., 2015; Bi et al., 2018), while
another researcher identified agricultural activities caused by
(Gao and Mucci, 2003).
untreated industrial effluents and wastes, various pollutants

watersheds Similarly, due to
values in river waters did not meet standards. In the year
2005, toxic arsenic events were reported in branches and
reaches of the Li River and Xiang River (Hunan Water
Administration, 2006). According to statistics, the amount of
untreated polluted water drained into rivers is 3.42 x 10'°T, with
2.565 x 10'°T (7.5 percent) from industrial sewage and 8.85 x 10°T
(25 percent) from domestic sewage (Guogang et al., 1991). It can
be concluded that polluted surface water affects groundwater
quality. Controlling fresh watershed pollution in China is
important to integrate issues related to population, economic
development, and future planning. It will help to address human
health-related issues.

4.1.2 GIS base spatial distribution model of water

The permissible level of arsenic in drinking water in China is
0.05mg/1 (50 ppb) in groundwater and surface water, and
40 mg/kg in soil (Ministry of Health of ChinaStandardization
Administration of China, 2006), which is safe enough for human
health. The distribution of concentration of arsenic in waters was
compared using similar frequency values of a single factor
(7 models), two factors (4 models), three factors (9 models),
and multi-factors (42 models), which are included in raster
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models. The results of the estimated frequency values,
according to the models, are displayed in Table 1. The single
model’s frequencies of population density (Model 53 with
66.86%) and water level (Model 51 with 64.47%) were greater
than the other single and combined factor model frequencies.
The model results showed that high matching related to
population density and water level individually greatly affects
the concentration of arsenic in the Dongting basin. Furthermore,
for the single models, the population density model gave the
highest matching frequency with arsenic, while rainfall (Model
56, with 31.26%) provided the lowest frequency. The observed
moderate frequency values were 64.33% and 60.32% for land use
and pumping, respectively. However, this model frequency in a
single factor was lower than that of its combination in the multi-
factor models (Table 1). The best matching frequency for the
multi-factor models was observed for the 2WL*1Pop (model
50 with an equal frequency of 65.49%) and the IWL+2Pop+3LU
(model 47 with an equal frequency of 63.61%). The highest
matching frequency percentages were 65.49% among two factor
combination models, 63.61% between three factor models, and
the lowest, 55.91%, while the four and five factor values ranged
from 10.9% to 55.66%.
population density and water level, which have the two
highest matching frequencies between the models. This result
was confirmed by the frequency maps of the best four models
shown in Figure 3. The analysis with an equal frequency tool

The most effective factors were

explored the various factors contributing to the decreasing water
quality in the Dongting basin. This result helped to identify the
affectivity of single factors as well as the different groups of multi-
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TABLE 2 Seven factors classifications and average arsenic concentration of each class in waters and soil.

10.3389/fenvs.2022.1024220

Population (10°)

Classes 1-10 10-30 30-60 60-90 90-120
As in Soil (mg/kg) 14.5626 13.1940 13.3100 14.0350 15.3900
As in SW (mg/L) 0.0176 0.0201 0.0166 0.0051 0.0200
As in GW (mg/L) 0.0164 0.0193 0.0182 0.0152 0.026
Pumping (10° m’/a)
Classes 4-9 10-15 16-21 22-27 28-33
As in Soil (mg/kg) 13.6500 13.4886 13.6813 15.2960 15.2350
As in SW (mg/L) 0.0065 0.0197 0.0216 0.0194 0.0180
As in GW (mg/L) 0.0130 0.0174 0.0181 0.0180 0.0246
Water Level (m)
Classes 21-50 51-80 81-110 111-180 181-260
As in Soil (mg/kg) 15.8053 13.0560 15.5400 15.3400 14.6500
As in SW (mg/L) 0.0198 0.0116 0.0210 0.0041 0.0112
As in GW (mg/L) 0.0176 0.0166 0.085 0.0180 0.0165
Rain (mm)
Classes 850-970 970-1,090 1,090-1,210 1,210-1,330 1,330-1,450
As in Soil (mg/kg) 14.8600 13.9160 14.8633 13.2650 13.1000
As in SW (mg/L) 0.0380 0.0135 0.0203 0.0129 0.0260
As in GW (mg/L) 0.0066 0.0181 0.0466 0.0160 0.0102
Contamination (heavy metals) (mg/kg)
Classes 22-27 28-32 33-37 38-42 43-47
As in Soil (mg/kg) 13.1700 12.6750 15.2775 14.0100 15.5240
As in SW (mg/L) 0.0021 0.0144 0.0204 0.0211 0.0216
As in GW (mg/L) 0.0112 0.0176 0.0158 0.0170 0.0241
Surface elevation (m)
Classes 21-60 61-100 101-140 141-180 181-220
As in Soil (mg/kg) 14.6900 14.6400 15.3100 14.3400 15.4500
As in SW (mg/L) 0.0197 0.0101 0.007 0.011 0.021
As in GW (mg/L) 0.0169 0.0188 0.0208 0.0187 0.0213
Land use (constructed area %)
Classes 6-12 13-19 20-26 27-33 34-40
As in Soil (mg/kg) 13.7029 12.9973 15.4220 16.7367 14.3800
As in SW (mg/L) 0.0042 0.0073 0.0076 0.0103 0.0245
As in GW (mg/L) 0.0196 0.0168 0.0679 0.0263 0.0266
Land use (greenland area %)
Classes 9-20 21-32 33-43 44-55 56-67
As in Soil (mg/kg) 13.6133 13.6475 17.9667 13.9225 15.0757
As in SW (mg/L) 0.0147 0.0193 0.0144 0.0171 0.0221
As in GW (mg/L) 0.0153 0.0413 0.0267 0.0190 0.0184
Land use (dryland area %)
Classes 1-7 8-14 15-21 22-28 29-35
As in Soil (mg/kg) 13.7331 12.9957 15.3775 26.0250 16.9800
As in SW (mg/L) 0.0178 0.0088 0.0720 0.0210 0.0062
As in GW (mg/L) 0.0181 0.0546 0.0179 0.0523 0.0105
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FIGURE 4
Population density (A) and water level (B) presented in Dongting basin.

factors. Human activities based on water demand impacting the
water level through pumping were diagnosed as major factors
enriching the water resources with arsenic.

4.1.3 High equal frequency factors in water
4.1.3.1 Population density vs. arsenic distribution
According to the National Bureau of Statistics, the annual
national population growth rate was 0.49% between 2010 and
2013, and in Hunan Province, it was 0.62% in the last 3 years.
The population strength was between 1 x 10° and 120 x 107 as
displayed in the results of the population distribution in Table 2.
The population distribution map (Figure 4A) also showed a
wide spatial dispersion of the population in the available area.
The central area had medium density compared to other parts
of the Dongting Basin. Additionally, high spatial distribution
was found in the northern part, and four districts such as
GongAn, Ning Xiang, and Changsha showed the highest
population capacity, while in the south (HaoShan and
WangCheng), east (JunShan), and west (LinLi and Anxiang)
contained the lowest population. However, the medium
population densities were located in the east and central
parts of the study area. China’s population growth will
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undoubtedly affect and increase these distractions over time.
Therefore, population pressures could involve an increase in
solid waste production, urban non-point runoff, and a decline
in water quality. In a case study of the Dongting basin,
population distribution showed a low relationship with
concentration of arsenic distribution. Figure 3D depicts the
effect of population on the average concentration of arsenic of
distractions in the Dongting basin. The statistical results are
based on the average arsenic of each district, and the population
density in the study area has a significant impact on the
concentration of arsenic and its distribution with the value
of the calculated correlation coefficient of +0.442. The average
concentration of arsenic in distracts were divided into five
classes, where the lowest population class (1-10 x 10°)
showed a 0.0164 mg/l concentration of arsenic under China’s
permissible standards. A high arsenic (0.026 mg/l) value in the
densely populated class (90-120 x 10°) indicates that human
activities are affecting contaminated groundwater resources. It
is reported worldwide that groundwater resources in highly
populated areas have elevated concentration of arsenic (Van
Geen et al., 2002), with similar results in Dongting plain. Gaus
founded a strong correlation between concentration of arsenic
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and population density in many areas of Dhaka (Gaus et al.,
2003). China occupies only 7% of the total world’s land but
feeds about 25% of its population. Therefore, water scarcity and
quality are significant issues for a huge population (Impending
Water Crisis in China, Nina Brooks). Concentration of arsenic
in surface water resources was found to be significantly high,
with concentrations of 0.02 while lowest value mg/1 0.005 mg/1.
A mixed-correlation between arsenic range and population
strength was observed with regard to classes. Therefore, it
can be concluded that human activities have an influence on
the control of pollution concentration in surface water
resources. A comprehensive study was conducted to explore
the population under arsenic risk, which showed that in highly
of China, a of
inhabitants are affected by toxic arsenic (Rodriguez-Lado
et al,, 2013).

populated areas greater percentage

4.1.3.2 Water table vs. arsenic distribution

The unconfined nature of the Dongting plain contributes
to its high vulnerability to pollution. Figure 4B depicts the
water levels in Dongting Plain. From Figure 4B, it was found
that the west-south and west-north boundary areas showed
the highest water table levels due to the presence of the
mountains, and the whole central and east parts showed
low water levels linked to plenty of natural lakes and other
surface water resources. The groundwater level in the study
area is gradually rising from east to west (Figure 4B). Joseph
reported that concentration of arsenic has no significant
relation to changing water levels in California, while New
England shows a strong impact (Ayotte et al, 2015).
Anthropogenic factors may affect concentration of arsenic
by including land development and solutes in the aquifer
(Harte et al, 2012), or by artificially changing the flow
system, well development, and over-exploitation, which
affect aquifer storage and recovery capacity (Ayotte et al.,
2015; Katz et al., 2009; Price and Pichler, 2006). Excessive
groundwater exploitation can activate the Fe-reducing process
and mobilize arsenic in the aquifer system (Berg et al., 2008).
The results on the impact of water level on arsenic distribution
are displayed in Table 2. The results are in the Table 2
the
groundwater, where a high value was observed at the
middle class of water level (81-110 m) with 0.085 mg/l and
low in deep water (Class 181-260). Surface water also

presented average concentration of arsenic in

contained high and low arsenic values in the same classes.
Water levels less than 50 m and between 81-110 m in both
surface and groundwater was affected, and arsenic in the soil
was also significantly high. Therefore, the general trend
showed that concentration of arsenic decreased with
increasing groundwater depth in the Dongting basin.
Yanhua’s study in central China’s Jianghan plain confirmed
that concentration of arsenic variation has a highly positive
correlation with groundwater level changes (Gan et al., 2014).
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The lowest water quality observed in the shallow aquifer is
found to be due to surface water, urban water, and sanitation
system, high urban density, poor solid waste, and agriculture
activities, while high arsenic in the deep aquifer is related to
the high pumping for different sectors such as urban,
industrial, etc., (Farooqi et al., 2003). Additionally, Mogbul
Hossain concluded in his study that the deep aquifer can be
protected against arsenic percolation by shallow pumping
(Hossain and Piantanakulchai, 2013). Our findings show
that a high water table has more concentration of arsenic
due to contaminated recharge, while the high concentration of
arsenic in deep groundwater has a valid reason for high
pumping for years.

4.1.3.3 Groundwater extration vs. arsenic distribution

Groundwater is a major source for drinking and domestic
purposes in the Dongting plan. Groundwater exploitation is
associated with seasonal water demand and may vary with
seasons. Here, we evaluated the effect of the pumping rate on
the concentration of arsenic of groundwater in the Dongting
plain. The estimated total groundwater for various purposes of
each district of the study area lies between 1.4 m*/a x 10° m*/a
and 4.48m’/a x 10°m’/a. Ravenscroft showed that the
operational age of a well and the period of pumping have a
serious link with groundwater quality and can elevate its
concentration of arsenics (Erickson et al,, 2019). The north
and south parts show low groundwater exploitation as
compared to other areas, while the results show that Linyi has
low pumping and TaoYuan flows large amounts of groundwater.
The distribution map of soil arsenic showed a significant close
relationship with total groundwater exploitation; the central
parts had elevated arsenic (Figure 2C) and similar areas had
high pumping intensity (Figure 5B). The vulnerability of water
supply wells to natural and anthropogenic contaminants depends
on the pumping stress level of the groundwater system. Cuthbert
etal. (2002) report that arsenic breakthroughs may occur within
to 20 years of pumping, which depends on various hydraulic
parameters. Regarding the concentration of arsenic and pumping
quantity relationship, total groundwater exploitation has been
divided into five classes to verify soil concentration of arsenic
variation with increasing pumping quantity. The statistical
findings investigated the general trend of positive correlation
between two factors (* = +0.5782). The elevated arsenic value in
soil is 22-27 m?/a x 10° m®/a, while the lowest concentration of
arsenic in the second class is 16.63 mg/kg (10-15 m*/a x 10° m*/
a). The soil arsenic value is slightly higher in the first class, but it
gradually increases with pumping in subsequent classes.
Researchers observed that redox conditions rapidly change
due to exploitation, and concentration of arsenic varies with
changes in pumping rate. Therefore, infiltration of high-arsenic
induced water and increasing discharge rates into aquifers
indicate the possible risks of arsenic contamination in
groundwater.
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4.2 Arsenic presence in soil

4.2.1 Chemical analysis of soil samples

Arsenic in soil and its impact on other natural resources and
human health are gaining researchers’ attention worldwide
(Zhang et al., 2015a; Biswas et al., 2020). Chemical analysis
of 75 soil samples revealed a wide variation in a concentration
range between 1.8 and 45.69 mg/kg. Weng explored arsenic
levels of 2.5-33.5 mg/kg in the soil of China, where mountain
soil (16 mg/kg) had comparatively higher levels than siallitic
soil (4 mg/kg) (Wang and Shpeyzer, 2000). According to the
researchers, a general baseline of arsenic value in soil should be
5-10 mg/kg (Firdaus et al, 2018). According to chemical
analysis, 18% of soil samples have higher concentrations
than the Chinese upland contamination standard (20 mg/kg)
and 3% have higher concentrations than the WHO (50 mg/kg)
limit. Li found that 58% of soil sediment samples exceeded PEL
(probable effect level, dry weight (Smith et al., 1998) arsenic
value (Fei et al,, 2013). Additionally, the variance and standard
derivative values were computed at 200.376 and 14.155,
respectively. Fei et al. (2013) did an analysis of sediment
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samples at Dongting Lake and got an average arsenic value
of 23.03 mg/kg (Fei et al., 2013). Figure 2C was developed by
using an arsenic level in soil and showing the presence of the
pollutant in the whole area. The north and west parts exhibited
low concentrations, while the central area (with low surface
elevation) showed a high-risk value. NanXian, YuanJiang, and
Ziyang are the most affected counties in the central part, where
Guo has identified the same location with high As content in
soil due to agricultural activities, surface water flow (Guo et al.,
2012), industrialization, and urbanization (Mu et al., 2019).
Surface elevation may be a factor that enhances pollutants’
Additionally,
surface water quality impacts on sediments cannot be

mobility towards low-elevation counties.
ignored, as previous research showed that rivers, lakes,
and other bodies of water contain high arsenic quantities
(He and Charlet, 2013), which infiltrate the aquifer through

upland.
4.2.2 GIS base spatial distribution model of soil

The sections that follow will show the results of developed
single and multi-factor models, as well as their correlation with
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elevated soil concentration of arsenic. It is extremely important to
explore the impacts of local factors which increase arsenic value,
their causes, and their relationship. The soil arsenic distribution
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model was compared with a total of 64 models (single and multi-
factor). The highest equal frequency multi-factor models were
used to develop gradually low factor models, but single, two, and
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three-factor models with high equal frequency are presented in
Table 1. Among seven single model frequencies, land use
(model_152) and pumping quantity (model_154) were
depicted as equal frequency percentages of 73.19 and 73.07,
respectively, while the lowest similar frequency could be seen
with rainfall factor (model_156) with 13.62% in Table 1.
Individual models of groundwater pumping and land use in
the Dongting basin revealed a high equal frequency with soil
concentration of arsenic. The highest and lowest equal frequency
values among developed models were model-149
(IPumping*2LU) and model-156 (rain) with 74.45% and
13.6% arsenic, respectively. The results of these models
indicated that local anthropological activities had a negative
impact on soil, which was eventually transmitted to the
groundwater system. In the GIS “Raster Calculator” tool used
to develop multi-factor models, a ranking technique is also
applied to verify the highest and lowest impact of a factor.
Table 1 represents the best model results and shows the most
effective factor for pumping and land among all selected factors.
However, the four highest equal frequency model diagrams are
displayed in Figure 6.

4.2.3 High equal frequency factors in soil

Land use is regarded as a major factor that directly
generates various wastes and pollutants. The variation of
groundwater concentration of arsenic within seven groups
of land use classes is represented in Figure 5A. The land use
map (Figure 5A) showed that greenland, dryland, surface
water, and urbanization (domestic and commercial areas)
were the most intense, followed by agricultural land use
and industrial activities (others). As shown in Figure 5A,
urban settlements and other construction cover nearly 15%
of the study area. A large quantity of agrochemical use and the
industrial revolution have subjected the soil to stress due to the
rise in pollution levels (Zhong et al., 2012; Patle et al., 2019)
worldwide. Human activities are regarded as an important
factor, involved in elevating different pollutants’ ratios in the
topsoil of the Dongting basin. Heavy metal distribution causes
industrialization and farmland in the Dongting region.
Additionally, Xiangjiang river water used for irrigation is
suspected as a source of pollutants in the soil around
Dongting Lake, which is a constant risk for local food
production and the general community (Zhong et al., 2012;
Yao et al., 2009). The aquifers beneath urban, industrial, and
agricultural areas may become polluted by toxic metals,
organic compounds, and major anions and cations that
have the potential to deteriorate the water quality and the
environment (Vidal et al., 2000; Akhtar et al., 2014). However,
the correlation value (* = 0.338) calculated the effect of
human activities on the concentration of arsenic in the
Dongting Basin. Table 2 shows that concentration of
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arsenic in soil increased with increased landuse frequency.
Less than 19% of landuse (construction base) areas were
indicated as having an average concentration of arsenic of
between 12.9973 and 13.7029 mg/kg, the lowest among five
classes, while the 4th class (27%-33%) covered areas had the
highest concentration of 16.7367 mg/kg. However, the high
percentage of construction distracts from the high arsenic in
soil caused by solid waste and effluents. Table 2 revealed that
with more agricultural and dry land percentages could affect
pollutants’ concentrations, while low arsenic quantity
(13.61 mg/kg) was noted in areas with less than 20%
vegetated land. By comparing Table 2 and Figure 2C, high
population density areas showed a good correlation with
elevated arsenic in the soil. The atmospheric arsenic impact
on raising the arsenic level in aqueous systems and soils is
significant (He and Charlet, 2013).

4.3 Compare concentration of arsenic in
three water cycle media

Comparing three areas (SW, Soil, and GW) that are
involved in the water cycle can give a deep understanding
of toxic arsenic’s presence and mobility. The interaction
process may clarify complex pollutant transport concepts at
the soil-surface-water-aquifer interface (Shao et al., 2006).
Figure 2 shows the significant relationship among
concentration of arsenic levels in soil, surface water, and
where SW and GW
concentrations in the east part and low in the west. Other

groundwater, contained high
parts of both diagrams (Figures 2A,B) depicted deep closeness
regarding concentration of arsenic. This significant
resemblance of spatial arsenic distribution identified SW’s
impact on GW at Dongting. Fei investigated heavy metal
pollutants in the Dongting Plan and observed that cities
located near Dongting Lake and the Xiangjiang River
contained high concentrations of them because of the close
relationship between surface and groundwater (Fei et al,
2013). Concentration of arsenic in GW and soil showed a
strong association in some parts in the west, south, and west,
while  the east part represented a  negative
relationship. Groundwater systems and topsoil chemistry
depend on different hydrogeological parameters and factors
which can affect their movement and pollutants’ flow
direction. Previous studies observed that anthropogenic
factors such as sewage discharge, industrial wastewater
discharge, agricultural fertilizer leaching, etc., are major
sediment contamination sources (Fei et al., 2013). Heavy
metals naturally sink to the bottom of lakes and river
sediments and eventually become part of the groundwater

system (Yu et al., 2008). When surface water (Figure 2B) and
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soil (Figure 2C) were compared, a weaker relationship was
found between concentration of arsenic s in both interfaces
than in others. However, the west and some extended north
parts of the study area depicted a high correlation, while the
central and eastern regions had contrary arsenic content. Due
to the direct interaction of surface water and soil particles,
contamination particle exchange is very convenient between
both faces. It is normal practice worldwide to deposit solid
waste and effluent into soil or surface water resources. Various
pollutants from anthropogenic factors have changed soil
composition in China (Sodango et al., 2018). Over 80%
rivers of China have different level of contamination in
surface water (Wong et al, 2002) and elevated levels of
arsenic (Sun et al., 2019), which have a direct impact on
soil, sediments, and, indirectly, local groundwater systems.
From Table 2, population classes showed a significant
relationship with arsenic in surface water and groundwater,
and the arsenic contamination level in the soil had a trend to
increase with population density. Arsenic in three media [soil
(15.39 mg/kg), SW (0.2 mg/1), and GW (0.26 mg/1)] contained
the highest arsenic values in class 90-120 x 105, whereas the
first class (1-10 x 105) contained slightly higher values in soil
as compared to other classes. The statistical analysis revealed a
high pumping class (28-33) with a good correlation with soil
and GW with concentrations of, respectively, 15.2350 mg/kg
and 0.0246 mg/l. SW in the middle class (16-22) with an
of 0.0216 mg/l
concentration of 0.0065 mg/l in the first class. Groundwater

elevated arsenic value and a low
exploitation appears to be an effective factor in the Dongting
Plain for increasing and mobile arsenic in soil and aquifer
systems. WL (81-110 m from surface) in soil had a high
arsenic impact at 15.54 mg/kg, SW 0.21 mg/l, and GW
0.085 mg/l among the five water level classes. The arsenic
trend in soil was mixed with the trend in both water media,
the middle the

concentration of arsenic in the middle class as compared to

and class contained most elevated
low and high water levels. The deep aquifer had good quality
water in Dongting Plain. Rain is regarded as a major source of
groundwater recharge and also affects arsenic transportation
from the surface to the aquifer through the water cycle process.
Areas were observed where rain intensity between 1,090 and
1,210 mm/year had a high concentration of arsenic in soil
(14.8633 mg/kg), SW (0.0203 mg/l), and GW (0.0466 mg/1).
Statistical comparison and analyst results revealed that rain’s
impact on surface water resources are much higher than on
soil and groundwater. Areas with heavy metal contamination
with a range of 43-47 mg/kg perceived high arsenic in soil,
groundwater, and surface water with values of 15.5240 mg/kg,
0.0216 mg/l, and 0.0241 mg/l, respectively (Table 2). The first
and last classes (21-60 m) showed significant variation in
concentration of arsenic in three different media. From
statistical results, it can be concluded that mountain areas

contained high arsenic values while plain surfaces had low
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arsenic levels. There may be geogenic effects on soil and water.
The highest arsenic range of 0.0168-0.0679 mg/l was observed,
but the surface water contamination level was slightly lower
when compared with other factors. The land use factor was
observed in the results of GIS models (Table 1) that had a high
equal frequency percentage with soil concentration of arsenic.
Table 2 displayed three parameters that identified additional
land use activity sources to increase arsenic levels in the soil.
Land use had a low or high impact in different classes, but it
had a low impact in low percentage range classes. Counties
with a construction density of more than 20% gradually
increased concentration of arsenic in soil (14.3800 mg/kg)
and groundwater (0.0263 mg/l), while surface water had an
arsenic pollution level of 0.0245 mg/l. Similarly, the area with
green land where agricultural activities and forests are on a
large scale is also regarded as a major contamination source of
surface water (0.0221 mg/l). A region with a low percentage of
dry land had lower concentration of arsenics in three
media, but where there was more than 15% of dry land, the
arsenic impact was greater. From the above discussion, it
can be concluded that arsenic is present in three phases in
the these
have their own interaction systems based on various

Dongting plain, and naturally, interfaces
parameters which can transport pollutants from one to

another interface. As a result, surface water and soil
pollutants have an impact on groundwater quality in the

Dongting plain.

4.4 Correlation of arsenic with hydro-
geochemical parameters

eA summary of laboratory analysis results for hydro-
chemical data and their correlation with concentration of
arsenic in soil, surface water, and groundwater from the
Dongting plain is presented in Table 2. Maximum arsenic
levels in soil (45.69 mg/kg) and groundwater (0.1582 mg/l)
were above WHO and Chinese standards, respectively, while a
0.0287 mg/l level in surface water was below the Chinese
standard (>0.05 mg/l). However, average concentration of
arsenic values in three phases were found within the range
of both standards. Variable concentrations of trace amounts
(Cr, Fe, Cu, Co, Mg, F, Cu, Mn, and Pb) in soil, surface water,
and groundwater were detected (Table 2). The statistical
results showed a high correlation in soil (As-Mn = 0.7), SW
(As-pH = 0.341), and GW (As-Fe = 0.0792). Arsenic’s
correlation with other hydro-geochemical parameters in
three had based
concentration range. pH values in groundwater are near
acidic to alkaline (pH 5.34-8.7 with an average of 7.239)
and in surface water are neutral to alkaline
(pH 7.23-8.7 with an average of 7.974). Overall, pH values
were within the standard limit suitable for human use. Often,

phases significant  variation on
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high pH indicates anions’ presence and causes the reduction
process to control arsenic mobility (Source: USGS). Arsenic
levels were found to be high in waters with pH values greater
than 8. pH (8) may be indicative of arsenic desorption due to
oxidation of the surface (Smedley and Kinniburgh, 2002). The
0.0385mg/l in
groundwater and 0.0144 mg/l in surface water, which were
higher than the WHO value of 0.01 mg/l. Furthermore, Pb
concentrations in soil were found to be significantly high, at

maximum concentration of Pb was

21.932 mg/kg. The correlation between As-Pb in groundwater
was computed at 0.311, while in surface water and soil it was
0.135 and 0.2, respectively. (Put-As-Pb influence) Due to
redox-sensitive elements, lower pH conditions can enhance
Pb mobility (Mapoma et al., 2014). Arsenic’s correlation with
Fe (r* = 0.16) in soil indicates that arsenic has no significant
association with minerals (Xie et al., 2008). The correlation
values of Fe with arsenic were computed at 0.792 and 0.01 in
GW and SW. Based on the results of geochemical analysis of
collected soil samples and statistical calculations, a significant
correlation was presented between arsenic with Fe (r* = 0.16),
and SO, (r* =
parameters was higher than iron, indicating that As had no

—0.25). The correlation of other geochemical

strong association with iron minerals. The relationship
between arsenic and SO, is consistent with the process of
reduction dissolution of iron oxides/oxyhydroxides, as has
been shown in other case studies (Pathak et al., 2022), similar
findings in Datong Basin, China (Xie et al., 2008). A study in
Jianghan Plain show that the spatial heterogeneity of arsenic
and iran has good correlation with the local features of
the
anthropogenic influence and redox conditions (Duan et al.,

geological, hydrological and lithology under
2015; Ying et al, 2017). Under oxidizing conditions,
correlation between Fe-As is common. The reduction of
As-bearing Fe oxides can cause the release of arsenic in the
long term in a good borehole (Jiang et al., 2022). Interestingly,
high concentrations of SO, (GW: max = 194.063 mg/l; SW:
max = 81.85mg/l) indicated that the slow occurrence of
reduction processes in the system for the production of
sulfide minerals precipitates (Xie et al,, 2008). The arsenic
correlation with SOy in three phases did not have a significant
trend. The low concentration of Fe in the phases may be linked
to the reduction processes that identify the primary source of
groundwater arsenic rather than the Fe/SO, cycle in Dongting
plain. The correlation of Fe and alkalinity with groundwater
and surface water demonstrates a strong influence of redox
processes on elevated concentration of arsenic. Many studies
have proved that elevated Fe concentrations could be due to
the reduction process in water (Nur et al., 2019). The suboxic
to anoxic conditions of chemical reactions and the correlation
of NO; and SO, with arsenic could not support a reduction
mechanism for the dissolution of Fe in soil. Fe concentration
levels in sediments and groundwater are used to predict

arsenic mobility and sources. Groundwater statistical results
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depicted significant correlations between As and Fe (r* =
0.792), and As with Mn (* = 0.382), the
concentration of arsenic in surface water showed a low
relationship with Fe (¥* = 0.01), but with Mn (r* = —0.318).
It was observed that a positive correlation between Fe and As

while

indicated reductive dissolution of arsenic linked with Fe
oxides under reductive conditions. However, the statistical
analysis also indicated a weak correlation between Fe and As,
with a significant correlation with Mn as in the Table 2.
Reductive dissolution of As-correlated Fe oxides/hydroxides
is regarded as the major arsenic mobility controlling process in
groundwater (Kumar et al., 2020). The value of r* with arsenic
in surface water and groundwater also provided a low
relationship with arsenic mobility. Thus, a consortium of
mechanisms such as reductive dissolution and pH-
dependent desorption can influence the mineralization of
As in the aquifer system of the Dongting plain. The
abovementioned arsenic correlation with other hydro-
geochemical data proved that there may be some other
of the
system of Dongting basin because the

oxidation/reduction mechanism was observed to have a

factors affecting concentration arsenic  in

groundwater

weak relationship. Therefore, other factors were considered
to investigate arsenic’s elevated concentration in the
groundwater system.

5 Conclusion

In this paper, a study was carried out concerning
concentration of arsenic in groundwater, surface water, and
soil and investigated their relationships with seven factors in
the Dongting basin. Arsenic was diagnosed in three media of
the water cycle with a variation in concentration (some higher
than the WHO and Chinese prescribed limit). Thus, direct use
of groundwater is not recommended for drinking purposes
because the shallow water is highly contaminated. The major
factors to elevate arsenic in groundwater and surface water in
the single, bi-, and triple combined factor models were
population and groundwater level, while land use and
groundwater pumping in soil. Low value indicates a slow
reduction process and the correlation of As-Fe (r* = 0.16)
depicted a weak association of soil with mineralization. The
relationship between arsenic and SO, is consistent with the
process of reduction dissolution of iron oxides/oxyhydroxides.
So, the arsenic relationship with other hydrochemical
parameters revealed that geogenic sources have a minor
influence on concentration of arsenic in groundwater, but
groundwater and soil have a positive relationship. Modeling
of
hydrogeochemical parameters, it was indicated that both

techniques on factors and statistical analyses

anthropogenic and geogenic factors are active in

contaminating groundwater. To control high concentration
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of arsenic in potable water, local water resource managers and
planners in the Dongting basin should develop water
treatment and alternative water resources. Thus, the urban
planning, industrial, environmental and water departments
must solve groundwater, surface water, and soil
contamination problems by sharing information and future

planning.
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