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Arsenic is considered a poison because of its seriously toxic effects on the
human body; elevated concentrations of arsenic in drinking water have been
reported in different parts of the world. Investigating the arsenic distributions in
soil, surface water (SW), and groundwater (GW) is an interesting topic of
research, along with probing its correlations with local factors of the
ecosystem and other hydrogeochemical parameters. This study mainly aims
to investigate the impacts of various factors on elevated arsenic concentrations
in water and soil. The following factors are assessed for their relationship to the
propagation of arsenic in Jianghan Plain, which is the study area: population
density, pumping rate, rain, land use, surface elevation, water level, and heavy
metal contamination. The arsenic contamination potential prediction map and
categories were developed using GIS-based techniques, such as ordinary
kriging and quantile methods. Then, the “raster calculator” tool was applied
to verify the impacts of the abovementioned factors on arsenic concentration.
Eighty-four single-factor, bi-factor, and multi-factor models were established
to investigate the effective combinations among the factors. Land use and
pumping rate were identified from the soil through an equal frequency tool,
whereas water population density and pumping rate were obtained with high
matching percentages. The arsenic concentrations varied in the ranges of
0.0001-0.1582mg/L in GW, 0.0003-0.05926 mg/L in SW, and
1.820-46.620 mg/kg in soil sediment. The single factors showed the best
equal frequency of arsenic concentration in water for population density
(68.62%) and in soil for land use (65.57%) and pumping (63.66%). Statistical
calculations with percentage frequency factors also depicted a positive trend.
Arsenic was reported to have high correlations with Fe in GW (r? = 0.4193), with
EC in SW (r = 0.4817), and with Cu in soil (? = 0.623). It is observed that the
alkaline behaviors of water bodies are associated with arsenic mobility. Elevated
arsenic values were observed in grids along surface flows with high
anthropogenic activities and urbanization. Additionally, low concentrations
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of Fe depicted reduced activities in aquifer systems. Filtering drinking water as
well as controlling the suspected sources and factors affecting concentrations
of arsenic in the three phases are options for reducing the health risks of the
local populations.
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Arsenic, Geographic Information System (GIS), groundwater, Jianghan Plain, soil,

surface water
1 Introduction

Natural and anthropogenic factors are potential sources of
propagation and elevation of various pollutants in water (Singh
et al,, 2020) and soil (Akhtar et al., 2021). Globally, the water
quality has declined rapidly, particularly in developing countries,
owing to natural and anthropogenic processes (Muhammad. and
Zhonghua, 2014; Akhter et al, 2021). The geochemical
characteristics of groundwater (GW) are a result of the
combined action of different factors. GW quality is linked to
the local geological environment and hydro-meteorological
conditions of an area, its GW recharge, flow and discharge,
and human activities (Zhou et al., 2013). Arsenic and other
pollutants have been reported to have high concentrations in soil
in agricultural land in the last three decades (Gong et al., 2020).

Owing to rapid urbanization and industrialization, China is
now facing great challenges with regard to heavy metal
contamination, including Arsenic pollution in water and soil
(China Environmental Monitoring Center 1990; Zhang et al.,
2009; Cao et al., 2022). High arsenic concentrations have been
reported in GW worldwide, including Bangladesh, India,
Cambodia, Vietnam, Argentina, the United States, Chile,
Pakistan, and China (Smedley and Kinniburgh 2002; Fendorf
et al, 2010; Muhammad et al, 2016), and the most serious
waterborne endemic arsenic poisonings were reported in
Bangladesh, India, and China. Two major geoenvironmental
factors favor the arsenic enrichment of GW: inland or
enclosed basins with arid or semi-arid climates and strongly
reducing alluvial aquifers. Both factors are associated with
geologically young sediments in flat and low-lying areas where
the GW flows are sluggish (Smedley and Kinniburgh, 2002;
Muhammad et al, 2015). Consequently, high concentrations
of arsenic are observed in regions near surface water (SW)
bodies, such as rivers and lakes, in China (Wei et al., 2022).

The first case of arsenic poisoning in Jianghan Plain was
reported from Shahu village in 2005. In May 2006, the Center for
Endemic Disease Control of Xiantao and Hubei Province
investigated 19 towns in Xiantao to assess the distribution of
endemic arsenic poisoning, where about 60% of the 2538 km*
farmlands have fertile alluvial-lacustrine sediments deposited by
rivers and lakes. The popular local crops are rice, rapeseed,
cotton, and vegetables, and about 24% of the land is in the
form of ponds for aquaculture (Duan et al., 2015). Investigations
showed that 863 wells in 12 towns (179 villages) had arsenic levels
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exceeding the National Drinking Water Standard of 10 ug/L
(Gan et al., 2014). Moreover, arsenic concentrations in some
wells were 50 times higher than the standard. Such elevated
arsenic levels in the GW, SW, and soil of Jianghan Plain
deteriorate the drinking water, food supplies, and wetland
ecosystems (Wang et al., 2021).

The distribution and accumulation mechanisms of high
arsenic levels in the GW, SW, and soil in Jianghan Plain are
still unknown, and the sources of arsenic are not well understood.
Differences in the climate, geological background, and
anthropogenic activities affect the investigation of high arsenic
levels in the GW in Jianghan Plain compared to that in northern
China (Yu et al, 2022). Jianghan Plain is composed of
Quaternary sediments deposited by the Yangtze River from
the Himalayan Mountains. Accordingly, the occurrence of
arsenic in the alluvial aquifer may be related to similar cases
of arsenic contamination in Bangladesh, Pakistan, India,
Cambodia, and Vietnam (Deng et al., 2009; Muhammad et al.,
2016).

The present work is a comprehensive study in the Jianghan
Plain of China, which investigates various factors (GW level,
population density, heavy metal contamination, pumping rate,
land use, rain, and elevation) related to GW, SW, and soil
contamination to assess the impacts of elevated arsenic
This identify the most

influential factors for enhanced arsenic concentrations in

concentrations. study aims to
water and soil in the Jianghan Plain of China through GIS
applications and statistical methods. The findings of this work
are expected to be useful for mitigating and controlling arsenic
distribution as well as protecting the health of the local
communities.

2 Study area

2.1 Location, climate, geology, and
hydrogeology

Jianghan Plain is an alluvial plain formed by the Yangtze and
Han rivers located in the Middle Reaches of the Yangtze River,
which includes the central and southern regions of Hubei
Province (Figure 1). The study area has a subtropical
monsoonal climate, and the annual temperature ranges
between 15 and 17 “C. The general climate is regarded to be
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FIGURE 1

warm and humid, with a high intensity of precipitation at
Jianghan Plain. The average annual precipitation in the region
is 1269 mm, and about 30%-50% of the precipitation occurs in
summer. The value of the average annual evaporation is
estimated to be 1200 mm. The
200-290 days (Duan et al.,, 2015).
Jianghan Plain is famous for its large farming areas of fish

nonfrost season is

and rice in central China and has low and flat topographic
characteristics owing to plenty of SW resources. The major
area of the plain is between the Yangtze and Han rivers, so
alluvial sediments constitute a large part of the plain (Li et al,
2009). The thickness of the layer of alluvial sediments varies by
region; the average depth of this layer is 100-200 m at the center
and 20-100m in the outlying areas. Additionally, the local
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topography and hydrogeological characteristics are highly
favorable for GW recharge. However, the surface elevation
(SE) varies between 20 and 40 m (Gan et al., 2014).

2.2 Regional hydrogeological conditions

The lithology of Jianghan Plain is mainly Quaternary
deposits. The hilly areas primarily consist of aquitard, while
the center consists of unconsolidated water-bearing sediment
layers. The shallower unconsolidated sediments (10-35m
thick) are mainly made of clayey silt, sandy silt, sandy clay,
and interlaced clay lenses. The soil texture in the depth
direction is mainly composed of sand and gravel. These
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aquitard and unconsolidated layers constitute a complete
this The
unconsolidated sediments form porous media, while Pliocene

hydrogeological unit in plain. Quaternary
clasolite forms the porous-fissure media for GW. The
hydrogeological conditions differ owing to the varying
aquifer distributions and water-bearing formations (Zhao
et al., 2007; Muhammad et al., 2015).

The aquifer system can be subdivided into unconfined and
confined aquifers based on the burial conditions. An unconfined
aquifer is distributed in the shallower areas of the flat plain; its
main composition includes clayey silt, sandy silt, sandy clay, and
interlaced clay lenses from the Holocene and upper Pleistocene of
the Quaternary. The thickness of the aquifer is 3-10 m, with a
recharge rate of 43-302 m*/dm. The depth of the GW level is
about 0.5-2.0 m (Gan et al,, 2014; Duan et al,, 2015). Jianghan
Plain has two kinds of confined aquifers: confined aquifers in the
Quaternary sediments as well as porous-fissured media of the
Pliocene and lower Pleistocene sediments. The former is mainly
distributed in the lower plain and anterior borders of the hilly
areas, which consist of sand and sandy gravel. The thickness
varies greatly at different regions, from about 100 m at the
thickest and 30-50 m on average. The overlain clay is 5-25 m
thick, creating the aquifuge. The hydraulic head is 16-40 m at sea
level, and the recharge rate varies from 60 to 454 m*/dm.
Confined aquifers in porous-fissured media of the Pliocene
and lower Pleistocene sediments occur in the hilly areas; such
aquifers are composed of sandy gravel, sandstone, conglomerate,
and mudstone, with a recharge rate of 26-156 m’/dm. The
hydraulic head is much higher than that of the formerly
confined aquifer and may be higher than ground level during
the monsoon period. The results of sediment boring core samples
collected in the central region of Jianghan Plain (112°59'E,
30°02'N) indicate that the main heavy minerals of the upper
sediments (0-100 m) are enriched with Fe and Mn, such as
epidote, hornblende, pyroxene, garnet, hematite, limonite,
ilmenite, magnetite, and iron-stained rock debris (Kang et al.,
2009). The highest Mn concentration observed in the Jianghan
Plain sediments was 914 mg/kg (Tang et al., 2020). In addition,
many organic materials have been reported in the sediments
(Zheng et al., 2004).

3 Data collection and methodology

3.1 Groundwater, surface water, and soil
sampling

For a recent project, 300 samples of GW (from hand-
pumped and motor-pumped wells), 125 samples of SW
(from rivers and lakes), and 75 samples of soil from
Changde, Yiyang, Yueyang, Changsha, and Jingzhou were
collected. The sampling points covered the entire study area.
The samplings were conducted from 2016 to 2018. Four 50-mL
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high-density polyethylene bottles were used for each water
sample that was filtered onsite (using 0.45-um membrane
filters). The GW samples were collected after 5-10 min of
pumping until the physical parameters were stable. For the
total dissolved As analysis, hydrochloric acid was used to acidify
one bottle wrapped with tinfoil; a second bottle was acidified
using ultrapure HNO; (pH < 2) for chemical analysis of the
dissolved ions and trace elements, and the remaining two
bottles were used as is for analysis of anions and H/O
isotopes. All samples were stored at 4 °C immediately after
collection till the analyses were conducted. The soil samples
were collected from a depth of 20 cm from a boring core and
capped with polytetrafluoroethylene lids, following which they
were stored at 4 °C in an opaque anerobic box.

3.2 Analytical methods for the waters

The temperature, dissolved oxygen (DO), pH, and electrical
conductivity (EC) were measured at the sampling sites using a
portable device (HQ40D Field Case, cat. No: 58258-00, HACH,
Colorado, United States). The portable gel-filled ORP probe
(MTC10103, HACH) was used to measure the activity of
electrons. The total concentrations of dissolved ions (Mg and
Fe) were determined using an inductively coupled plasma atomic
emission spectrometer (ICP-AES) (Thermo Electron ICP-OES
spectrometer IRIS Intrepid II XSP, United States). Inductively
coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer,
ELAN 9000/DRC-e) was used to examine the trace elements.
Verifications of the major elements analyzed by ICP-AES and
ICP-MS were found to have accuracies within 4% and 5%,
respectively. Anions (NO;~ and SO,”") were measured using
an ion chromatograph (Dionex 2500, United States), with an
analytical precision within 5%. The total organic carbon analyzer
(multi N/C 3100, Germany) was used to measure dissolved
organic carbon (DOC), whose detected value was 0.004 mg/L
with a precision of £8%. The total amounts of GW and SW were
measured using a hydride generation atomic fluorescence
spectrometer (HG-AFS, 930, Titan, China).

3.3 Soil analysis method

To measure the mineralogical compositions of the soil
samples, an automated powder X-ray diffractometer (Cu-Ka
radiation with a graphite monochromator; X’Pert PRO DY2198,
PANalytical) was used with a detection limit of 2%. The chemical
components were determined by X-ray fluorescence
spectroscopy (XFS; Spectro Xepos HE XRF Spectrometer), and
the remaining chemical analyses were conducted at the State Key
Laboratory of Biogeology and Environmental Geology and State
Key Laboratory of Geological Processes and Mineral Resources,

China University of Geosciences, Wuhan, China.
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FIGURE 2

Arsenic distributions in the (A) groundwater (GW), (B) surface water (SW), and (C) soil in Jianghan Plain.

3.4 GIS model development

The topographical map of the study area (1:50,000) was used
to create a thematic map containing comprehensive information
about the boundaries and land use, as shown in Figure 1. The
simple method with  the
ArcGIS10.3 Geostatistical Analyst toolbar to develop arsenic
distribution zones in the GW, SW, and soil. To design the
distribution map, the 2016 arsenic concentrations were

kriging was  used

categorized into five levels using the quantile method, as
shown in Figure 2. The quantile method estimates the data of
2017),
contamination parameters, and elevation. Then, six different

different factors, such as rain (Ringard et al,
factors were tested to examine their influences on the arsenic
concentration levels in the GW, SW, and soil.

The simple kriging method was used to create the GW level,
pumping rate, population density, heavy metal contamination,
and rain zones for the study area. The rainfall data of
(for the 2016)

downloaded from the Hydrology and Water Resources Survey

90 meteorological stations year were
website of Hunan Province. A heavy metal concentration
distribution map was developed based on the 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 (Fang et al., 2021). Landsat
8 images were used to create the supervised land use
classifications for the study area in the Environment for
Visualizing Images (ENVI) software environment developed
by L3Harris Geospatial, United States. Seven major categories
(woodland, dryland, paddy field, SW, construction area, bare
land, and green land) were used to understand the real local land
use. The SE often controls water flow and affects the probability
of water infiltration. The ASTER digital elevation model (DEM)
was used to create a contour map of the study area using 3D

analyst tools in ArcGIS.
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The final maps of the factors were classified into five groups
according to the quantile method using the reclassify tool
included in the spatial analysis toolset. The “raster calculator”
tool was then used to evaluate the factors affecting the intensities
of arsenic distribution in the water and soil. All digitalized maps
of the employed factors were converted to shape files and layers
in ArcGIS. Raster calculator is designed to execute single-line
algebraic expressions, while simple and complex algebraic maps
are employed using the button-like calculator tool interface.
Eighty-four different models were developed using the raster
calculator; these models were built by combining different factors
to determine the most effective combination. Single-factor and
multifactor models were carefully established by assigning
coefficients 1 to 6 as the rank because each model contains
unique values. Then, the quantile method included in the
reclassify tool was repeated for each model to categorize the
results into the five groups. The “equal to frequency” tool was
used to evaluate the models based on cell-by-cell matching with
the arsenic concentration model to select the best frequency
match models. Additionally, the “band collection statistic” tool
was applied to compute the frequency range to obtain statistical
results from a multivariate analysis of a set of raster bands.
Finally, the frequency range was counted for the matched and
unmatched cases.

4 Results and discussion

4.1 Arsenic levels in soil, surface water, and
groundwater

Chemical analyses of the GW samples showed arsenic
concentrations in the range of 0.0001-0.1582 mg/L. Figure 2A
shows the spatial arsenic distribution in GW and indicates the
mix in the entire study area; however, the east-west and
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northwest areas contained low levels while the central region in
the northeast showed the most elevated levels of As (according to
WHO and Chinese standards). Elevated arsenic in the GW has
been observed in the northwest region of China (He et al., 2020).
A study of shallow GW in Jianghan showed arsenic
concentrations in the range of 0.02-0.13 mg/L. Gan et al.
(2014) conducted a study to investigate arsenic levels in GW
and reported that 87% of the samples exceeded the WHO and
Chinese standards, with values ranging from 0.01 to 2.330 mg/L.
Additionally, statistical tools showed a standard deviation of
0.0159, while Zhou et al. (2013) calculated a standard deviation of
0.02 in another study in the Jianghan Plain.

SW samples were collected from the rivers and lakes of
Jianghan Plain, and chemical analysis showed both low
(0.0003 mg/L) and high (0.5926 mg/L) concentrations of
As.
untreated municipal, industrial, and agricultural effluents.

The major sources of SW pollution in China are

The map developed for SW arsenic concentration depicted
spatial variations; the eastern part of the study area showed
elevated concentrations over 0.02 mg/L, whereas the water
quality in the Yangtze River and lakes (Honghu and Changhu)
were observed to be satisfactory (within the range of WHO
and Chinese prescribed standards). Shao et al. (2006) observed
that domestic sewage was the main cause of polluted lakes in
China, while Gao and Mucci (2003) identified agricultural
activities as the cause of watershed pollution. Previously,
researchers have identified that the water quality of many
SW resources in the form of lakes, rivers, and open water
bodies in China are not good (Zhang, 2022). Figures 2A,B
show similar arsenic concentrations for SW and GW, except
along the southeast boundary. This significant resemblance in
the spatial arsenic distribution was used to identify the SW
impact on GW at Jianghan Plain. The higher concentrations of
various pollutants in unsealed wells may be linked to
anthropogenic pollution, oxidization in shallow aquifers,
and interactions of the SW and GW (Gan et al., 2014; Yu
et al.,, 2022).

Chemical analysis results of the soil samples showed
significant variations in concentration between 1.820 and
46.620 mg/kg. Increasing human activities are regarded as the
major causes of different air and soil pollutants, such as fossil-fuel
combustion, agriculture, and industrialization. The observed
values were much higher than the range measured in the
present study. A suggested baseline of As concentration in soil
is 5-10 mg/kg (Smedley and Kinniburgh, 2000), but Wang and
Shpeyzer (2000) measured As range between 2.5 and 33.5 mg/kg
in Chinese soil, where mountain soil (16 mg/kg) had a
comparatively higher value than siallitic soil (4 mg/kg).
Various types of soil in China were examined, where regosol
and mountain soils had higher arsenic concentrations than
(He Charlet, 2013).
Contaminated soils affect the natural resources and human
health, this

unsaturated  siallitic  soils and

SO problem had garnered attention from
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researchers (Zhang et al., 2015). Elevated atmospheric arsenic
levels slightly increased the soil content of arsenic (Gan et al.,
2014; Yu et al, 2022) as China consumed an estimated
3.92 billion tons of coal in 2020 (Mengshu et al, 2021).
Zhong et al. (2014) identified high As content in soil from
agricultural activities, industrial SW flow (Guo et al, 2012),
and urbanization (Zhao et al., 2007) in Jianghan Plain.
Relationships between arsenic distribution can be
examined under three categories: spatial variance of the
arsenic distribution has significant relationships in some
parts of the study area. Inhomogeneities between the SW,
GW, and soil may be attributed to variations in the
of the
parameters, anthropogenic activities, and other factors.

compositions sediments, hydrogeological
The interactions may have clear and complex pollutant
transport concepts among the soil, SW, and aquifer
2B)

(Figure 2C), a weak affiliation was detected in the

interfaces. Comparing SW (Figure and soil
eastern areas, whereas the western region showed the
best correlation for low arsenic values. Owing to the
of the SW

contaminant particle exchange is convenient between

direct interactions and soil particles,
these phases. Normally, solid wastes and effluents are
deposited in the soil or SW resources globally. Over 80%
of China’s rivers have different levels of contamination
(Deng et al., 2022), which directly impact the soil and
sediments as well as indirectly impact the local GW
systems. In addition, local anthropogenic factors affect
the soil compositions in different parts of China.

The relationship between arsenic in water and soil showed a
strong association in the central and some western parts, while
several other wide regions showed negative relationships, the
actual reasons being water level (WL) and recharge intensity,
which are major interaction mechanisms. In Figure 3, the
population classes show significant relationships with SW and
GW, and the arsenic contamination levels in soil generally tend
to increase with population density. In the fourth group, where
the population density is in the range of 1051-5000, high arsenic
values were observed in the soil (14.6717 mg/kg) and GW
(0.207 mg/L), whereas the SW had a value of 0.0203 mg/L in
the most populated area. The statistical analysis showed
increasing pumping rates with elevated arsenic concentrations
in the three media. Pumping rates over 0.7251 m’/s highly
affected the soil and GW qualities, but the highest arsenic
the

pumping rate was between 0.5251 and 0.7250 m*/s. GW

concentration of 0.0243mg/L was observed when
exploitation factors can also modify the recharge patterns, and
rapid recharge is associated with soil and GW contamination in
Jianghan Plain.

Among the five groups of WLs, high impacts of arsenic were
observed for WLs that were 81-100 m from the surface in soil
(16.2550 mg/kg), SW (0.0210 mg/L), and GW (0.0212 mg/L)
(Figures 3, 4). The arsenic level in soil was affected by the WL
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FIGURE 3

Factor classifications and average arsenic concentration of each class in water.

depth, but both water media showed values in a mixed range. The
highest correlation was observed between heavy metal
contamination and GW quality. Figures 3, 4 show the heavy
metal contamination to be in the range of 41-60 mg/kg, with the
arsenic content in soil, GW, and SW having values of
14.83 mg/kg, 0.0280 mg/L, and 0.02825 mg/L, respectively. The
arsenic concentrations in the five SE groups had mixed values;
however, an elevation of over 81 m impacts GW (value
range <0.0217 mg/L) and SW (value range <0.0210 mg/L)
significantly. The main reason for this may be the soil
structure composition may as well as GW flow.

Figure 4 shows the percentages of two land-use factors, which
indicate that more land use activities enhance arsenic levels in the
soil. The constructed and green land areas had low or high impact
on different classes, but low effects were detected in the low
percentage range for these classes. Counties with constructed
areas over 20% show gradually increasing arsenic concentrations
in the soil (<15.3700 mg/kg) and GW (<0.0163 mg/L), while arsenic
levels between 0.0245 and 0.0330 mg/L are observed in SW. Green
land with coverage over 45% and large-scale agriculture activities
were observed to have major levels of contaminants in the soil and
SW, which indirectly affected the GW quality. Thus, it can be
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concluded that arsenic is present in all three examined media in
Jianghan Plain. Naturally, these media have interaction systems that
transport pollutants from one medium to another based on various
parameters. However, other factors can also enhance arsenic
mobility, which pose risks for local communities.

4.2 Results of GIS-based factor analysis
models

4.2.1 Arsenic level in soil

Eighty-four single-factor and multifactor models were
developed and verified by their correlations with the arsenic
model based on the equal frequency tool in GIS. The highest
equal frequency multifactor model was used to develop
gradually lower factor models; the single-, two-, and three-
factor models with the highest equal frequencies are presented
in Table 1. The results of these models and their correlations
with elevated arsenic in soil are presented in this section. It is
extremely important to explore the impacts of local factors that
elevate arsenic values, their causes, and their relationships. The
soil arsenic distribution model was compared with the single-
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FIGURE 4

Factor classifications and average arsenic concentration of each class in soil.

factor and multifactor models. Table 1 presents the seven single
models for equal frequencies of land use (Model 152) and
pumping rate (Model_154), whose equal frequencies are
65.57% and 63.66%, respectively. In contrast, the lowest
similar frequency was seen for rainfall as the factor
(Model_156; 18.1%).

The results of the GW pumping and land use models show
high equal frequencies with the soil arsenic concentration in
Jianghan Plain. The highest and lowest equal frequency values
among the developed models were for Model-149 (1LU*2Pump)
and Model-156 (Rain), whose values are 68.74% and 18.1%
similar with that of arsenic, respectively (Table 1). These
model results indicate that the local anthropological activities
have negative impacts on the soil, which are transmitted to the
GW system over time. The best frequency matching maps are
displayed in Figure 3. The raster calculator tool in GIS was used
to develop the multifactor models, and ranking techniques were
applied to verify the highest and lowest impact factors. For
example, the single-factor and multifactor raster models and
arsenic concentration were reclassified and assigned similar color
schemes to indicate the same frequency. Table 1 shows the best
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model results and the most effective factors, which are the
pumping rate and land use.

4.2.2 Arsenic concentrations in the waters

This study investigated the relationships of seven major
factors with high arsenic concentration and distribution in
aquifer and soil in Jianghan Plain. The stress intensities of
each factor were evaluated for water and soil. Thus, the
permissible levels of arsenic in drinking water in China
are 0.05mg/L (50 ppb) for GW and SW as well as
40 mg/kg for soil, which are safe for human health. The
following sections present the results of the developed
models for each factor, arsenic concentration correlations
with the single-factor and multifactor models, and effects of
various factors on the arsenic concentrations to explore the
causes of high arsenic concentrations and their relationships
with the examined factors.

Here, the arsenic concentration distributions were compared
using similar frequency values for a single factor, two factors, and
multiple factors included in the raster models. The highest
similarity frequency factors were then used to develop
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TABLE 1 Model frequencies of factor correlations with arsenic concentrations in the water and soil.

Surface water and groundwater (W)

Model no. Factor and Equal frequency %
rank
Model_51 W*WL 60.12
Model_52 W*LU 63.34
Model_53 W*Pop 68.62
Model_54 W*Pump 65.77
Model_55 W*SE 58.03
Model_56 W*Rain 20.25
Model_57 W*Cont 60.41
Model_49 W*(1Pump+2Pop) 64.81
Model_50 W*(2Pump-+1Pop) 63.34
Model_43 W*(3Pump+2LU+1Pop) 67.63
Model_44 W*(3Pump+1LU+2Pop) 66.21
Model_45 W*(2Pump+3LU+1Pop) 64.55
Model_46 W*(2Pump+1LU+3Pop) 56.61
Model_47 W*(1Pump+3LU+2Pop) 66.36
Model_48 W*(1Pump+2LU+3Pop) 65.15

multiple models. The results of the estimated frequency values
according to the models are displayed in Table 1. Table 1 shows
that the best frequency percentage decreases with increasing
number of factors. Among the single-factor models, the
population density (Model 53 with 68.62%) and pumping
rate (Model 54 with 65.77%) had values higher than the
remaining single-factor and multifactor model frequencies.
The model results showed that close matching frequencies
for the population density and WL greatly affect the arsenic
concentrations in Jianghan Plain. Furthermore, among the
single models, population density showed the highest
matching frequency with arsenic, while rainfall (Model
56 with 20.25%) showed the lowest matching frequency.
Therefore, the anthropological activities in the study area
were unsafe for the local GW system and negatively
impacted its water resources. However, the single-factor
model frequencies were lower than those of the multifactor
models.

The multifactor raster models were developed using the
raster calculator tool and ranking technique. The results in
Table 1 also exhibit the relationships between the combined
factors and arsenic concentrations. The best matching
frequencies among the multifactor models were observed for
W*(3Pump+2LU+1Pop) (Model 43 with an equal frequency of
67.63%) and W*(1Pump+2LU+3Pop) (Model 48 with an equal
frequency of 65.15%). Close matching frequency percentages
were observed among the two-factor models (65.49%) and
three-factor models (63.61%), while the four- and five-factor
model values ranged from 10.9% to 55.66%. The most effective
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Soil
Model no. Factor and Equal frequency %
rank
Model_151 Soil*WL 27.33
Model_152 Soil*LU 65.57
Model_153 Soil*Pop 5422
Model_154 Soil*Pump 63.66
Model_155 Soil*SE 61.94
Model_156 Soil*Rain 18.1
Model_157 Soil*Cont 62.47
Model_149 Soil*(1LU+2Cont) 68.74
Model_150 Soil*(2LU+1Cont) 65.12
Model_143 Soil*(3Pump+2LU+1Cont) 60.51
Model_144 Soil*(3Pump+1LU+2Cont) 63.21
Model_145 Soil*(2Pump+3LU+1Cont) 61.65
Model_146 Soil*(2Pump+1LU+3Cont) 61.59
Model_147 Soil*(1Pump+3LU+2Cont) 65.24
Model_148 Soil*(1Pump+2LU+3Cont) 64.34

factors were population density and pumping rate, which had
the two highest matching frequencies among all models. These
results were also confirmed by the frequency maps of the four
best models shown in Figure 6. Analysis with the equal
frequency tool explored the various factors contributing to
decreasing water quality in Jianghan Plain. These results can
help identify the impacts of single factors as well as different
combinations of factors. Human activities based on water
demand that impact WL through pumping were diagnosed
as the major factors that enriched arsenic levels in the water

resources.

4.3 High equal frequency factor
relationships and their impacts on the
three media

4.3.1 High equal frequency factors in soil

First Factor F1: This section describes the land use and
arsenic concentration impact on soil; the general factors with
regard to anthropogenic activities include different waste
materials and pollutants directly in soil. The seven major
land use classes are presented in Figure 7A. The land use
map (Figure 5A) exhibits high values for green land, dryland,
SW, and urbanization (domestic and commercial areas),
followed by agricultural land use and industrial activities.
Almost  13.7% of the
settlements other

study area comprises urban

constructions, shown in

and as

Figure 7A. Human activities are regarded as important,

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1001862

Xiao et al.

10.3389/fenvs.2022.1001862

z aibel 1 E U3 2 12 E 13 E 114° E
&I Y 2 v N ot T T y N
Model 147 A Model 149 A
z < - Z
sf " F &
5
z
z Z
5 & =z | "
] 5 &
Legend Legend
Not match with arsenic : .
j ; 01020 40 60 80 Not match with arsenic 01020 40 60 80
I Vatch with Arsenic Kllometers L I Vatch with Arsenic  — —Kilom eters
z o Zz
ok & 2| 4
& & &
L i . I min '
n2"E RiE EE T T E 4 E
= 1M2°E MFE 114° E = 12°E M3 E 114° E
& T T u N & T 4 y N
Model 154 A Model 152 A
z
b 8 b 8 B
s &
z < ;
8 8
Legend [ Legend
Not match with arsenic Not match with arsenic
01020 40 60 80 01020 40 60 0
- Match with Arsenic O — w—— Kilometers - Match with Arsenic Kilometers
z z
z z Eln
&l R alr R
L e n L e b
M2°E M E M&E M2°E MPE ML E
FIGURE 5

The best matching frequencies maps models for soil arsenic concentration among the multifactor models were observed for
Soil*(1Pump+3LU+2Cont) in panel (A), soil*(1LU+2Cont) in panel (B), soil*Pump in panel (C) and soil*LU in panel (D) with an equal frequency of

65.24%, 68.74%, 63.66% and 65.57% (Table 1), respectively.

which result in elevating the levels of different pollutants in
the topsoil of Jianghan Plain. Industrialization, rapid
population growth, and agricultural activities affect the soil
quality in Jianghan Plain, China (Gan et al., 2014). Increasing
amounts of agrochemical use and rapid industrialization have
subjected the soil to stresses owing to increasing pollution
(Zhong et al., 2014).
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The calculated correlation value (r* = 0.543) between human
activities and arsenic levels shows a close relationship in Jianghan
Plain. The two major land use factors are construction and green
land area, as shown in Table 2 which generally show high land
use intensity affecting arsenic concentrations in soil. Counties
with construction areas below 19% show average arsenic
concentrations between 12.7467 and 14.1217 mg/kg, while the
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TABLE 2 Statistical data representations of the hydro and
geochemical data and correlations with arsenic concentrations in
the GW, SW, and soil.

Elements

Groundwater
As (mg/L)
pH
EC
Ba (mg/L)
Ca (mg/L)
Cu (mg/L)
Fe (mg/L)
K(mg/L)
Mg (mg/L)
Mn (mg/L)
Na(mg/L)
Ni (mg/L)
Pb (mg/L)
Zn (mg/L)
F (mg/L)
Cl (mg/L)
NO; (mg/L)
SO4* (mg/L)

Surface water
As (mg/L)
pH
EC
Ba (mg/L)
Ca (mg/L)
Cu (mg/L)
Fe (mg/L)
K (mg/L)
Mg (mg/L)
Mn (mg/L)
Na (mg/L)
Ni (mg/L)
Pb (mg/L)
Zn (mg/L)
F (mg/L)
Cl (mg/L)
NO; (mg/L)
SO4* (mg/L)

Soil
As (mg/kg)
Ca (mg/kg)
Mg (mg/kg)
K (mg/kg)
Na (mg/kg)
Fe (mg/kg)
Cd (mg/kg)

Min

0.0001
6.3000
223.0000
0.0010
3.0460
0.0001
0.0001
0.0011
0.0017
0.0019
0.0012
0.0004
0.0029
0.0002
0.0166
4.0175
0.0903
0.1137

0.0003
5.3000
0.8170
0.0020
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0001
0.0001
0.0001
0.0008
0.1131
7.4735
0.4550
0.1131

1.820
7.898
3.080
7.340
10.070
3.320
4.000

Max

0.1582
9.6000
2440.0000
3.5030
246.4000
0.0164
32,9032
19.4600
90.7919
73.4126
204.8000
0.0374
26.1900
0.5028
12.2100
225.1000
378.9743
642.1270

0.5926
9.9000
2340.0000
0.2448
109.4000
0.0194
0.5431
28.7330
35.2300
14.5657
70.5900
4.4660
7.5240
1.3369
9.6375
3318.4000
338.5557
231.5000

46.620

815.700
141.679
153.800
148.953
230.600
35.000
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Avg.

0.0139
7.2270
886.4767
0.3497
93.3220
0.0018
0.7827
5.1287
16.2626
5.7844
22.8379
0.0098
1.0828
0.0513
0.4302
25.8907
32.6929
34.4588

0.0231
8.0397
388.2374
0.0876
40.0576
0.0037
0.0202
3.8669
9.1149
2.4915
11.2844
0.5965
0.6267
0.1586
0.9451
105.3815
23.0079
33.6499

12.811
137.809
43.064
21.387
73.905
41.488
0.162

(Continued in next column)

Correlation
with As (%)

0.3850
0.2807
0.1309
0.1250
—-0.0167
0.4193
0.0918
0.0815
0.2820
—-0.1295
0.4186
0.1854
—-0.0480
—-0.0337
0.1713
0.0581
0.0617

0.1091
0.4817
—-0.1049
0.1512
—-0.1378
0.0922
—-0.0886
0.3467
0.1457
0.1622
0.4545
0.0338
0.1945
—-0.0218
0.0393
—0.1661
0.4667

0.048
0.577
—-0.084
0.421
0.096
0.350

1
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TABLE 2 (Continued) Statistical data representations of the hydro and
geochemical data and correlations with arsenic concentrations in the
GW, SW, and soil.

Elements Min Max Avg. Correlation
with As (%)
Cr (mg/kg) 9.050 120.400 15.046 -0.212
Cu (mg/kg) 11.190 30.210 19.868 0.623
Mn (mg/kg) 320.000 1081.110 588.856 0522
Sr (mg/kg) 78.700 240.000 107.450 -0.160
Zn (mg/kg) 16.000 331.800 73.131 0.379
S04 (mg/kg) 2760 101.340 32,650 0213

highest arsenic level was observed in the fourth class (27-33%),
with a value of 15.9400 mg/kg. Green land areas that are linked to
agricultural activities, as shown in Figure 4, showed that areas
with over 57% agricultural land had the highest arsenic
concentration of 16.0240%. Over time, land use generally
affects soil composition, which can also affect the arsenic
concentration in the aquifer; this result indicates that each
category of land use contributes differently to the increasing
arsenic contamination in the study area (Figure 4). Thus, soil
characteristics are affected by various land use activities in the
Jianghan Plain. The hydrogeological characteristics of Jianghan
Plain are hence strongly associated with high-arsenic GW
systems (Yu et al., 2022).

First Factor F2: In Jianghan Plain, GW is the principal source
of drinking water, and the demands vary with season and number
of activities. Among the seven factors, pumping rate was
identified through GIS modeling as the major source of
increased arsenic contamination in the soil. The excessive
pumping of GW to satisfy the increasing public demands can
rapidly decline the water table levels, thereby affecting soil and
GW quality adversely. The chemistry of soil, SW, and GW is
affected by the changing recharge patterns. Many researchers
have agreed that indiscriminate pumping may have facilitated the
spread of arsenic within the GW layer (Harvey et al., 2005;
Rosencranz et al., 2021). The estimated total GW exploitation for
the purposes of different counties were noted to be between
0.1251 and 1.1250 m’/s. Ravenscroft et al. showed that the
operational age of a well and the period of pumping are
linked to GW quality and can elevate its arsenic concentration
(Cuthbert et al, 2002). At the same time, the Honghu and
Dangyang counties having high pumping rates of over 1.1 m?/
s showed low GW exploitation compared to other areas
(Figure 7D). The soil arsenic distribution map shows a close
relationship to GW exploitation, and the central and southern
parts show elevated arsenic levels (Figure 2C), with similar areas
having high pumping intensities (Figure 7D). The vulnerability
of water supply wells to natural and anthropogenic contaminants
depends on the pumping stress levels of the GW system (Van
Geen et al., 2002).
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Regarding the relationship between arsenic concentration
and pumping quantity, the total GW exploitation can be divided
into five classes to verify soil arsenic concentration variation with
increasing pumping quantity. The statistical results show a
general trend of positive correlations between the two factors
(* = +0.4532). Elevated arsenic values of 15.5200 mg/kg in soil
were observed within the 0.7251-0.9250 m®/s class, while the
lowest arsenic concentration of 13.4886 mg/kg was noted in the
second class where the pumping rate limit was between
0.3251 and 0.5250 m*/s. A previous study of Jianghan Plain
reported that the average arsenic measured in sediments was
14.5 mg/kg (Gan et al,, 2014). Therefore, infiltration of high-
arsenic-induced water and increasing discharge rate into aquifers
indicate the possible risks of arsenic contamination in GW.

4.3.2 High equal frequency factors in water
bodies

First Factor F1: Population density was estimated based on
each county’s collected data available in the China Statistical
Yearbook (2014). The population strength was between 294 km?/
persons to 9422 km? as displayed in the population distribution
results in Table 2. According to the National Bureau of Statistics,
the annual national population growth rate was 0.49% between
2012 and 2013 and 0.35% for Hubei Province over the past
3 years. The population distribution map (Figure 7C) also
showed wide spatial dispersion in the study area. The central
area had medium density compared to the other parts of
Jianghan Plain. Additionally, high spatial distribution was
noted for the eastern areas in CaiDian, Wuhan, and AnLu
counties, while counties in the western areas such as YiLing
and XiLing showed the highest population intensities. Less than
500 km®/persons population density was observed in the
southwest region along the Yangtze River. However, medium-
population densities were located in the central parts of the study
area (Figure 7C). The population pressures could result in
increased solid waste production, urban nonpoint runoff, and
declining water quality. In the case study of Dongting basin, the
population distribution showed a low relationship with arsenic
concentration.

The statistical results based on each county’s average
arsenic concentration and population density in the study
area had significant impacts on the average arsenic levels. The
population density in the study area significantly impacted the
average arsenic level of each county, with a calculated
correlation coefficient of +0.532. This implies that the
pollution risk due to inhabitant ratio is high in the study
area. However, the average arsenic concentrations in the
counties were divided into five classes, where the lowest
population class (151-450 km?*/persons) showed an arsenic
concentration of 0.0144 mg/L in the GW, which is 0.0140 mg/
L under the limit permissible by Chinese standards but higher
than that prescribed by the WHO. The average arsenic
concentrations observed in Jianghan Plain were within the
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limits imposed by the Chinese standard (0.05 mg/L) but over
that prescribed by the WHO (0.01 mg/L) (Table 2). The
highest average arsenic concentration (0.0207 mg/L) was
measured in the region where the population density was
between 1051 and 5000 km?/persons, and the results indicated
that human activities impacted GW resources. It has been
reported that the GW resources in highly populated areas have
elevated arsenic concentrations (Van Geen et al., 2002), and
similar results were observed in Jianghan Plain. In recent
decades, rapid population growth in the Jianghan Plain has
degraded the local water resources (Yu et al., 2022). A high
correlation was observed between arsenic concentration and
dense population in large areas of Dhaka (Sarker, 2022). China
accounts for only 7% of total landmass of the Earth but feeds
about 25% of the global population. Therefore, water scarcity
and quality are significant issues for the large population
(Impending Water Crisis in China, Nina Brooks).

Table 2 depicts that the arsenic concentration in SW
resources are significantly high, where the 0.5251-0.7250 m?/s
class shows an average concentration of 0.0243 mg/L. However, a
low average value was observed in the first class (0.0065 mg/L).
Mixed correlations between arsenic range and population
strength were observed with regard to the classes. Therefore,
it can be concluded that the broad range of human activities
influence the pollution concentrations in SW resources. A
comprehensive study was conducted to explore the population
under arsenic risk, which showed that highly populated areas in
China with a greater percentage of inhabitants are affected by
arsenic toxicity (Xu et al,, 2022).

First Factor F2: The pumping rate distribution in Jianghan
Plain is shown in Figure 6A. It is observed that mixed pumping
rate distribution can be seen over the entire area; however,
Honghu and Dangyang counties show high GW exploitation of
over 1.1 m*/s and Jingshan, Yiling, and Shishou counties have
exploitation rates below 0.2 m*/s. The results in Table 2 present
the average arsenic concentrations; high values are observed for
the middle pumping rate class of 0.5251-0.7250 m’/s
(0.0243mg/L in SW and GW) and fifth of
0.9251-1.1250 m*/s  (0.214 mg/L). The trends
in the SW and GW are that the arsenic
concentrations increased with increasing pumping quantity

class
general
observed

in the Jianghan Plain. Comparing Figure 7B, Figure 2A, it is
seen that many parts of the study area have close relationships
between the pumping rates and arsenic concentration levels in
the GW.

Similarly, the pumping rate and SW show strong
correlations in almost all parts of the study area except for
the eastern region. Owing to the major farming activities in
southern China, large amounts of unpolluted water need to be
pumped for irrigation purposes each year in Jianghan Plain,
which affects the GW quality. Gan et al. (2014) observed that
the SW quality was degraded by various anthropogenic
factors, such as industry, agriculture, and high population
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Final equal frequency maps of the best models for GW and SW arsenic concentrations: (A) W*Pop, (B) W*Pump, (C) W*(1Pump+2Pop), and (D)

W*(3Pump+2LU+1Pop).

growth rate. The lowest water quality observed in shallow
aquifers was attributed to SW, urban water and sanitation
systems, high urban density, poor solid waste disposal, and
agricultural activities, while the high arsenic levels in deep
aquifers was related to the high pumping rates for different
sectors, such as the urban and industrial sectors (Farooqietal.,
2003). Various studies on different water supply sources have
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concluded that deep aquifers can be protected against arsenic

percolation

by

shallow

pumping

(Hossain

and

Piantanakulchai, 2013; Akhtar et al, 2015). Our findings
show that GW overexploitation results in higher arsenic

concentrations owing to contaminated recharge, while the
high arsenic concentrations in deep GW may be from high
pumping rates over the years.
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(A) Land use, (B) GW table, (C) population density, and (D) pumping rate for Jianghan Plain.
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4.4 Arsenic spatial variation along surface
water resources

This section explains the changes in arsenic concentration in
SW resources and spatial variations in arsenic levels in urban and
semi-urban areas. Figure 8 shows the gridded map of the study
area, and each grid covers an area of 400 km®. The SW flows
north from the east-west part, so we were interested in
investigating the spatial changes in arsenic levels to determine
the relationships among SW, GW, and soil. Grids having SW
were numbered, and graphs were developed based on the average
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arsenic value in each grid area. The average As values vary in
different grids, and their concentration may be affected by
different factors. Figure 9 shows that the average As values in
SW, GW, and soil are less than those of other parts (from grids
1 to 6). In the first six grids, the arsenic ranges in GW
(0.0027-0.008 mg/L) and SW (0.012-0.034 mg/L) depict good
water quality, while the other grids show higher values. The As
values indicate that grids with high anthropogenic activities show
elevated values and that the upstream regions contain low arsenic
concentrations compared to the downstream. Honghu and
Dongting lakes are located in the southern part, and the water
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Spatial variations in arsenic concentrations in the GW, SW, and soil in Jianghan Plain.
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Arsenic correlations with elements in the GW and soil.
quality of Honghu lake is much better than that of Dongting lake major cities in the study area. Comparisons of the arsenic
because the latter is located near Wuhan, Zhengxiang, Shayang, situations in major cities and rural areas showed significant
Qianjiang, Xiantao, Hanchuan, Honghu, and Jingzhou, which are differences. The most elevated average arsenic value in soil
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was observed near Xiantao (18.71 mg/kg) in grid 12, and the
second highest value (18.41 mg/kg) was noted in grid 8 at
Qianjiang city. A similar trend was observed for arsenic in
soil near highly populated regions, such as Wuhan, Shayang,
and Jingzhou, whose average values were 13.68, 14.34, and
18.16 mg/kg, respectively. However, semi-urban and rural
areas showed comparatively lower arsenic risk. Elevated
arsenic concentration in the SW was found near Wuhan city
(0.52mg/L), while poor quality GW was detected between
Shayang and Xiantao (grids 6-12) with values in the range of
0.43-0.21 mg/L. These results clearly show that anthropogenic
activities are major sources of pollution in the study area, which
may be from the high population, pumping rate, waste
management, or other factors.

The GIS model results are closely matched in Table 1 and
Figure 9. Previous studies did not indicate clear arsenic sources in
the Jianghan Plain, so it was expected that geogenic and
anthropogenic causes were responsible for the elevated arsenic
levels. Variations in the climate, geological characteristics, and
anthropogenic activities were investigated for the elevated arsenic
levels in GW in the Jianghan Plain (Gan et al,, 2014). The GW
different
hydrogeological parameters and factors that affect their

system and topsoil chemistry depend on
movement and pollutant flow direction. Previous studies have
observed that anthropogenic factors, such as sewage discharge,
industrial wastewater discharge, and agricultural fertilizer
leaching, are major sources of sediment contamination
(Akhtar et al, 2014; Wang et al, 2022). Heavy metals
naturally sink to the bottom of the lake and river sediments
and eventually become a part of the GW system (Segura et al,

2006; Yu et al., 2008).

4.5 Arsenic correlation with
hydrogeochemical parameters

Table 2 presents the statistical analysis results of
hydrogeochemical data and their correlations with the
arsenic concentrations in soil, SW, and GW from Jianghan
Plain. The highest values of arsenic were measured in soil
(46.62 mg/kg) and GW (0.1582 mg/L), which were over the
WHO and Chinese standards, while a value of 0.0231 mg/L
was detected in the SW, which is the below Chinese standard
(>0.05mg/L). The overall average arsenic concentrations
detected in the three media were within the range of both
standards. The chemical analysis results of trace elements
(Cr, Fe, Cu, Co, Mg, F, Cu, Mn, and Pb) and their correlations
with arsenic are presented (Table 2). High relationship
between arsenic in soil and Cu (* = 0.6228), SW and
pH (¥ = 0.48173), and GW and Fe (r* = 0.4114) were
observed. At the same time, the other hydrogeochemical
showed variations in  the

parameters significant

concentration and correlation values.
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The pH values varied from acidic to alkaline in the GW, with
values in the range of 6.3-9.6 and an average value of 7.227. A
similar trend was observed for the SW, where the average value
(7.974) indicated a general alkaline behavior. Often, high
pH values indicate the presence of anions, which encourage
reduction processes to control arsenic mobility (Source:
USGS). High arsenic levels were detected in waters where the
pH values were over 8. Lower pH (<8) values may be attributed to
arsenic desorption due to surface oxidation (Smedley and
Kinniburgh, 2006). Elevated Pb concentrations were detected
in the GW (average value: 1.0828 mg/L) and SW (average value:
0.6267), which show relationships with pH. Owing to the redox-
sensitive element, pH conditions can enhance Pb mobility
(Mapoma and Xie, 2014). Arsenic correlation with Fe (r* =
0.3237) in soil indicates that arsenic has low association with
minerals (Xie et al., 2008). The correlations of Fe with arsenic
were computed to be 0.4114 and 0.0922108 for GW and SW,
respectively. Significant correlations were observed between
arsenic and Ca, Na, Cd, Cu, Mn, and Zn based on the
geochemical analyses of collected soil samples and from
statistical calculations. The correlations of other geochemical
parameters were higher than those of iron, indicating that As had
with The
relationship between arsenic and SO, is consistent with the

no strong associations iron-based minerals.
reduction dissolution of iron oxides/oxyhydroxides, as has
been shown in other case studies (Welch et al, 2000;
McArthur et al, 2004). Under oxidizing conditions, the
correlation between Fe and As is common. Interestingly, high
concentrations of SO, (GW: max = 194.063 mg/L; SW: max =
81.85 mg/L) indicated the slow occurrence of reduction processes
in the system for the production of sulfide mineral precipitates
(Xie et al., 2008). The arsenic correlations with SO, in the three
media showed significant trends.

The low concentration of average Fe value is linked to the
reduction of the primary source of GW arsenic rather than the
Fe/SO, cycle in Jianghan Plain. Fe and alkalinity correlations
with GW and SW show the strong impact of redox processes on
the elevated arsenic concentrations. Many studies have shown
that the elevated Fe concentrations could be due to the reduction
process in water (Cummings et al., 1999). Suboxic to anoxic
conditions of the chemical reactions and correlations of NO3 and
SO, with arsenic do not support the reduction mechanism of
dissolution of Fe in soil. Therefore, Fe concentration levels in the
sediments and GW are used to predict arsenic mobility and
sources.

Nominal arsenic concentration correlations with iron (* =
0.4114) and Mn (7* = 0.2755) were detected in GW, while low
correlations were observed with Fe (r* = 0.0922108) and Mn (r* =
0.14568) in SW. The positive correlation between Fe and As
indicates reductive dissolution of arsenic links with Fe oxides
under reductive conditions. Reductive dissolution of As
correlated with Fe oxides/hydroxides is regarded as a major
process controlling arsenic mobility in the GW (Nickson
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etal., 2000; Smedley and Kinniburgh, 2006). It was observed that
Fe and Mn oxides/hydroxides under reducing conditions are
supported mechanisms for arsenic release in Jianghan Plain (Gan
etal., 2014). The values of 1* for arsenic in SW and GW also show
the low mobility of arsenic. Thus, a combination of mechanisms
such as reductive dissolution and pH-dependent desorption
influence the mineralization of As in the aquifer systems of
Jianghan Plain.

Gan et al. (2014) investigated the arsenic concentrations in GW
at Jianghan Plain and concluded that the hydrochemical and
hydrogeological characteristics have significant similarities with
other high-arsenic GW areas, such as Bangladesh; Bihar and
West Bengal in India; and Pakistan (Muhammad et al, 2016;
2022). The statistical results of the
hydrogeochemical data and their relationships helped identify

Lanjwani et al,
that geogenic, hydrogeological, and anthropogenic factors were
involved in the elevated levels and mobility of arsenic in
Jianghan Plain. However, oxidation/reduction mechanisms were
also observed; therefore, other factors are important for investigating
the real causes of increased arsenic levels in the study area.

5 Conclusion

The present study is concerned with arsenic concentrations in
the soil, SW, and GW as well as their relationships with seven factors
in Jianghan Plain. The arsenic levels were identified in three media of
the water cycle; however, the concentrations changed with the
locations. Thus, direct GW use is not recommended for drinking
because the shallow water is highly contaminated. Among the
single-, two-, and three-factor models, the major factors related
to elevated arsenic levels in GW and SW were population density
and pumping rate, while land use and GW pumping rate induced
higher arsenic levels in soil. In addition, arsenic concentrations along
the SW flow were investigated. Arsenic values in GW, SW, and soil
were elevated near main cities and areas with high anthropogenic
activities.

The average pH value (below 8 in SW and GW) indicates a
slow reduction process, and an As-Fe correlation of 7 =
0.419343 in GW depicts
mineralization. The relationship between arsenic and SO, is

the association of soil with

consistent with the reduction dissolution of iron oxides/
oxyhydroxides; arsenic relationship with other hydrochemical
parameters shows that geogenic sources are slightly linked to
increased arsenic concentrations in GW; however, the
hydrogeochemical data depict a positive relationship.

For drinking and domestic use, treated water or alternative
water sources are considered to be good options. Therefore, the

local water resource managers and planners should develop
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strategies for Jianghan Plain to control the high arsenic
concentrations in potable water. The concerned departments,
such as environmental, urban planning, industrial, and water
management, can solve the GW, SW, and soil contamination
problems by sharing information, improving future planning, as
well as introducing and implementing suitable pollution
control laws.
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