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Abstract: This study focused on the entire Hetao Basin, which can fall into four hydrogeological
units, the Houtao Plain, Sanhuhe Plain, Hubao Plain, and South Bank Plain of the Yellow River, all of
which are under different geological and environmental conditions. To systematically investigate
the hydrochemical characteristics and spatial distribution of high-As groundwater (As > 10 pug/L),
974 samples were collected from shallow groundwater. As indicated from the results, high-As
groundwater had an extensive distribution, and its spatial distribution in the four hydrogeological
units exhibited significant variability. Three concentrated distribution areas were reported with
high-As groundwater, which were all in the discharge areas of groundwater, and the arsenic contents
in the groundwater were found to exceed 50 ug/L. The hydrochemical types of high-As groundwater
in the HT Plain and the SHH Plain consisted of HCO3 SOy-Cl for anions and Na for cations, while
those in the other two plains included HCO; for anions as well as Na-Mg-Ca for cations. According
to the pH values, the groundwater was weakly alkaline in the areas with high-As groundwater, and
arsenic primarily existed as arsenite. Furthermore, high-As groundwater in the Hetao Basin was
characterized by high contents of Fe (mean value of 2.77 mg/L) and HCO3~ (mean value of 460 mg/L)
and a low relative concentration of SO42~ (average value of 310 mg/L). This study did not identify any
significant correlation between groundwater arsenic and other ions (e.g., Fe2*, Fe>*, HCO®~, SO,2 -,
NO; ™ and NOj3 ™) in the entire Hetao Basin over a wide range of hydrogeological units. The results
remained unchanged after the four hydrogeological units were analyzed. The special sedimentary
environment evolution of the Hetao Basin was found as the prerequisite for the formation of high-
arsenic groundwater. Furthermore, groundwater runoff conditions and hydrogeochemical processes
in the basin were indicated as the factors controlling the formation of high-arsenic groundwater.

Keywords: high-As groundwater; shallow groundwater; geological environment; geochemistry;
correlation; Hetao Basin

1. Introduction

High As groundwater has been reported as one of the most serious geological environ-
mental issues facing the international community [1,2]. Drinking contaminated water such
as high-As groundwater can directly jeopardize human health [3-8], which has aroused
great interest from a wide range of organizations in the international community and
numerous national government agencies [9,10]. Endemic arsenic poisoning attributed to
drinking high-As groundwater has frequently occurred worldwide in places such as India,
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Bangladesh, Vietnam and Thailand in Asia, Germany, Chile, Brazil, Argentina, Italy, and
The United Kingdom in Europe, and the United States and Canada in America [11-20].

Several natural and anthropogenic sources are responsible for the contamination of
As in groundwater. As occurs as a major constituent in more than 200 minerals, and
the desorption and dissolution of naturally occurring As-bearing minerals are generally
considered the principal source of As contamination in groundwater [21,22]. Arsenopyrite
(FeAsS) is the most abundant As-containing mineral that commonly exists in anaerobic
environments and can also be found in different concentrations in various rock-forming
minerals like sulfide, oxide, phosphate, carbonate and silicate [23]. Moreover, other sec-
ondary As minerals (e.g., scorodite, FeAsO4 2H;0) can contain the pollutant as a main or
trace component [24,25].

The Hetao Basin of Inner Mongolia in China has been found to be a highly typical
area of high-As groundwater [26,27]. Due to drinking high-As groundwater, arsenic
poisoning patients were reported in the early 1990s [28]. The As-affected area reached over
3000 km?. The affected population exceeded 1 million, 400 thousand people drank high-As
groundwater (As > 50 pug/L), and over 2000 residents of the 776 villages were confirmed as
arsenic patients [29].

On the whole, groundwater As in the Hetao Basin has been considered to occur
naturally in Later Pleistocene-Holocene alluvial-lacustrine aquifers (generally ranging
from 10 to 50 m) [30-32]. In the typical arsenic poisoning area of the HT Plain, studies on the
arsenic morphology and trace element concentration in groundwater have basically clarified
the causes of arsenic enrichment in groundwater and its effect on arsenic poisoning [33,34].
Smedley et al. investigated the migration of As and other trace elements in the aquifer
of the alluvial plain of Hohhot Basin in Inner Mongolia and highlighted that the high
concentrations of As in groundwater were dependent on the strong reduction environment,
as reflected in the high content of soluble Fe, Mn, NH;—N and DOC in groundwater [23].
When initially studying the migration, enrichment and transformation of As in arsenic-
affected areas of the Hetao Plain, Lin Nianfeng et al. highlighted that clay soil and humus
soil could help enrich As and reduction environments could covert As®* into As®* [35].
Guo Huaming et al. performed an indoor microbial leaching experiment through the
in situ collection of sediments and indigenous microorganisms from a high-As aquifer
in the Hetao Plain, Inner Mongolia. As indicated by the above studies, the release and
transformation processes of arsenic as impacted by indigenous microorganisms consisted
of the release of As(V) in sediments, the reduction of As(V) in solution, as well as the
release of As(Ill) in sediments. The reductive dissolution of Fe/Mn oxide minerals under
the action of indigenous microorganisms was highlighted as a major cause of arsenic
release in sediments [31]. Gao Cunrong et al. explored the distribution and hydrochemical
characteristics exhibited by high-As groundwater in the riverfront area of the Hetao Plain
and highlighted that the high-As groundwater was largely distributed in the depositional
center of the Hetao Plain and in small patches locally. They also found that the arsenic
content in groundwater a short distance inland varied significantly. The over-standard
rate of iron content in groundwater in the high-As areas significantly exceeded the non-
arsenic-rich area, and the formation of high-As groundwater in this area was considered to
be highly dependent on the characteristics exhibited by the sedimentary environment and
sediments [36,37].

Numerous scholars in and outside China have conducted considerable investigations
and research work in the HT Plain and the HB Plain. Most of the relevant studies were
local and did not comprehensively assess the regional spatial distribution and formation
mechanisms of high-As groundwater. Besides, arsenic in natural water bodies shows sig-
nificantly high spatial variability [23], and the conclusions of the local studies are generally
difficult to verify in the region. However, the formation and evolution mechanisms of
high-As groundwater should be explored from the time and space perspectives to select an
appropriate typical area or a geological section.
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This study focused on the entire Hetao Basin, which fell into four hydrogeological
units under the different geological and environmental conditions (i.e., Houtao Plain (HT
Plain), Sanhuhe Plain (SHH Plain), Hubao Plain (HB Plain), and South Bank Plain of Yellow
River (SBYR Plain)). Considerable groundwater samples have been collected, especially
samples from the SHH Plain and SBYR Plain, which have not yet been studied, and the
distribution and hydrochemical characteristics exhibited by shallow high-As groundwater
have been systematically studied.

2. Study Area
2.1. Geographical Conditions

The Hetao Basin is located in the central and western regions of the Inner Mongolia
Autonomous Region (106°07'~112°15" E, 40°10"~41°27" N, Figure 1), stretching from the
Ulanbuh Desert in the west to the west foot of the Manhan Mountain in the east, as well as
from the Yinshan Mountains in the north to the Ordos Plateau in the south, which takes up
a total area of nearly 3.2 x 104 km?. It has been recognized as a vital grain production base
in China and the most developed socio-economic area in the Inner Mongolia Autonomous
Region, involving Hohhot (the capital city of the Inner Mongolia Autonomous Region) and
Baotou (the largest industrial city in the Autonomous Region). Such an area is character-
ized by an average annual temperature of 6.5-7.8 °C, with an average monthly maximal
temperature of 22.4 °C (July) and an average monthly minimum temperature of —12.0 °C
(January). On average, the annual precipitation is 245.5 mm, and the annual precipitation of
the eastern part exceeds the western part. The evaporation in the eastern part is 2185.2 mm,
lower than that of the western part [38,39]. The Yellow River is known as the only perennial
river in the study area, flowing from the west to the east via the whole area, and the other
large seasonal rivers consist of the Dahei River and the Kundulun River [40].

107 00

s23]

s o®

/ Plat eay @fQ( Hubao
cngkoo.© [ x sag
4 Legend ;
pe Plateau [ ] Desert [— ] Speculated Fauit | Geomorphologic boundary
& [ ] Prain |Mountain  [— Fault 2

108" 00

109° 00 110° 00 11° 00 112° 00

Linhe sag

o tanglinhon League

* Bay

annur

Xishanzu wplifty
= 9 Walste

C AR
\/,\// «Baotou
Sanhuhe sag >

<

Daging Umote Right Hann

Ordog

© Tumote Left Banner

108° 00 110° 00 11° 00 112° 00

Figure 1. Geologic and geomorphologic map of the Hetao Basin.

2.2. Geological Backgrounds

The Hetao Basin can be divided into four geomorphic zones: mountains, plateaus,
plains and desert. Spatially, the Hetao Basin exhibits a geologic structure of “three sags and
two uplifts”, and its tectonic pattern basically regulates the stratigraphic framework and
sedimentary (phase) pattern of the Quaternary sedimentary sequence, as well as the spatial
distribution of the sedimentary system [40]. It can fall into the Linhe sag area, Xishanzui
uplift area, Sanhuhe sag area, Baotou uplift area, as well as the Hubao sag area (Figure 1).

The Quaternary strata can be split into four rock formations from top to bottom. The
first rock formation (Qs—4) is composed of grayish-yellow, light gray alluvial medium-
fine sand, silty-fine sand mixed with medium-coarse sand, alluvial silty-fine sand, fine
sand, silty clay, and other interbeds exhibiting different thicknesses with local muddy clay
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intercalation and thicknesses of 10-260 m. Overall, the second rock formation (Q,2) covers
black-gray and grayish-brown limnetic facies mud, muddy clay, muddy silty-fine sand
and silty clay, with local multilayers of mirabilite. Such a formation is extensively and
continuously distributed in the basin and pertains to a landmark formation significantly
correlated with the formation of high-As groundwater with thicknesses of 30-170 m [26,27].
The third rock formation (Q,') comprises brown-yellow, light gray and gray-brown alluvial
silty-fine sand, medium-fine sand, medium-coarse sand and thick layers of clay silt, as
well as silty clay interbed, with local light grey muddy clay, which is the main confined
aquifer with thicknesses of 20-319 m. The fourth rock formation (Q;) covers the lacustrine
facies-based gray, grayish-brown and grayish-green clay silt, silty clay and silty-fine sand,
and medium-fine sand interbed. The bottom is sandy gravel, which is not reached [38-40].

2.3. Hydrogeological Conditions

On the whole, 48 hydrogeological profiles were prepared with the collected data of
over 1300 boreholes, dynamic groundwater monitoring data of 20 years and the water level
data in 4 periods from 2009 to 2010, illustrating the hydrogeological conditions of the study
area and laying the conditions for analyzing high-As groundwater.

The shallow aquifer of the HT Plain in the piedmont alluvial-pluvial fan in the north
comprises Holocene and Epipleistocene proluvium with gravel and medium-coarse sand
containing gravel, 10-130 m thick [23]. The water level varies from 20—40 m at the top of
the fan group to 3-5 m at the front edge. The alluvial lacustrine plain of the Yellow River in
the south primarily covers Holocene-Epipleistocene alluvial lacustrine facies medium-fine
sand, fine sand and silty-fine sand, which is dominated by semi-confined water with local
phreatic water [31]. The thickness exhibited by the aquifer increases from 20-80 m in SE
to 100-240 m in NW. The burial depth of groundwater level is shallow, generally ranging
from 3-10 m. On the whole, the shallow groundwater is recharged by the lateral runoff,
the underground flow in the valleys, the atmospheric precipitation, and the infiltration
of irrigation with water from the Yellow River in the northern bedrock mountain area. In
the northern piedmont fan zone, the groundwater is largely supplied by the north-south
runoff, and the runoff conditions deteriorate in the foreland depression. In the alluvial
plain of the Yellow River in the south, the groundwater flows as SW-NE runoff. The
shallow groundwater forms a drainage zone by complying with the main drainage line
and eventually flows as runoff eastward to the Wuliangsuhai Lake [38—40].

The shallow aquifer in the SHH Plain mostly comprises Holocene and Epipleistocene
medium-fine sand and silty-fine sand [41,42]. The local river channel covers sandy gravel.
From the north to the bank along the Yellow River, the thickness of the aquifer tends to
decrease from 30-40 m to 20-30 m, and the groundwater depth declines from 5-10 m
to 1-3 m. The groundwater is primarily recharged by the surface runoff, the subsurface
flow, atmospheric precipitation and irrigation infiltration while flowing from NW to SE as
runoff to the east of Xisanzui. It flows as runoff from the northeast to the southwest to the
east of Baotou, which is mostly discharged by mining and lateral discharge to the Yellow
River [41,42].

The shallow aquifers in the eastern and western regions in the HB Plain exhibit
different characteristics attributed to a wide range of sedimentary environments. The
aquifer in the eastern region is the phreatic water-micro-confined aquifer of the piedmont
plain of the Dahei River. The compositions vary from proluvium and alluvium gravels,
pebbles and sandy gravels gradually to alluvial gravels, medium-coarse sand and fine
silty sand to the lake basin. From the west to the east, the groundwater level is altered
from nearly 15 m to approximately 5 m, and the thickness of the aquifer is up-regulated
from 10 m to 27 m [43]. The aquifer in the western region, composed of Holocene and
Epipleistocene medium-fine sand and silty-fine sand, refers to the phreatic water-micro-
confined aquifer of the alluvial lacustrine plain of the Yellow River [44]. The thickness of
the aquifer varies from 80-100 m in the northwest to 2040 m in the east. The burial depth
of water level is 5-10 m close to the front of the mountain and 2-5 m generally following the
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Yellow River and in the eastern region [45]. Laterally, the groundwater is recharged by the
bedrock fissure water in some sections, subsurface flow of river valleys and surface runoff,
as well as precipitation and irrigation infiltration in the mountainous area. Furthermore,
the groundwater flows as runoff from the northeast to the southwest in the eastern region
and flows as runoff from the northwest to the southeast and is discharged through mining,
evaporation and lateral discharge to a canal for water release of Hasuhai Lake and the
Yellow River.

The shallow aquifer of the SBYR Plain covers Holocene-Epipleistocene proluvium
and alluvial lacustrine silty-fine sand, fine sand and silty sand [26,27]. The thickness of
the aquifer rises from less than 50 m in the south to 50-100 m in the north, and it exceeds
100 m in local areas. In most areas, the burial depth of the groundwater level is less
than 5 m, generally 5-15 m in the front of hills. The groundwater is largely recharged by
atmospheric precipitation, lateral infiltration in the hilly southern area, infiltration of the
valleys, and infiltration of the irrigation canals for water diversion from the Yellow River.
The groundwater is mainly recharged from precipitation, runoffs from hills in the south,
and water in irrigation channels from the Yellow River. It is discharged by evaporation,
manual mining, and lateral seepage to the Yellow River [40-42].

3. Materials and Methods
3.1. Collection of Samples

The samples were collected from the HT Plain and the SHH Plain in September and
October 2009 and from the HB Plain and the SBYR Plain from June to August 2010. A total
of 974 sets of samples were collected in total from the shallow groundwater, including 450
from the HT Plain, 56 from the SHH Plain, 278 from the HB Plain, as well as 190 from the
SBYR Plain. The sampling points were evenly distributed (Figure 2). 40 mL arsenic samples,
250 mL iron samples, 250 mL trace element samples and 1500 mL samples for full analysis
were collected from the respective sampling points. After water temperature, electrical
conductivity (EC), pH, and Eh were stable, groundwater samples were taken. All samples
were membrane filtered (0.45 pm) in the field. The samples used for As speciation analysis
were stored in new but pre-rinsed HDPE bottles (Nalgene) after adding 0.25 MEDTA. The
filtered samples were then acidified to pH 1 by the addition of ultra-pure HCI for major and
trace element analysis. Protective agents were also added to other samples, i.e., 2.5 mL of
1:1 sulfuric acid solution and 0.5 g of ammonium sulfate to iron samples, as well as 2.5 mL
of 1:1 nitric acid solution to trace element samples. Except for the samples intended for full
analyses, the other samples were stored in a freezer with the temperature regulated at 4 °C
and analyzed within 5 days.
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Figure 2. Arsenic content distribution of groundwater samples in the Hetao Basin.
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3.2. Analytical Method

The hydrochemical indexes of high-As groundwater (pH value, conductivity, dis-
solved oxygen and oxidation-reduction potential) were determined in the field by employ-
ing American Hach sensION2 and Hach LDO TM HQ 10 portable testers. The NO3; ™~ and
5i0; of groundwater were determined by adopting the UV8500 UV-vis spectrophotometer.
Cations (e.g., Ca, Mg, Na, K, Fe, Mn, Sr, B and Ba) were determined with PHS-2C ICP-AES.
Fe elements were examined in Fe?* and Fe?*. Se was determined under an XGY-1012 atomic
fluorescence spectrometer. As** and As>* were tested with XGY-1012 atomic fluorescence
spectrometer, respectively. Other elements were analyzed by using the standard methods.
To ensure the quality of the test data of groundwater samples, 5% repeated samples were
added, and the error of all repeated samples was less than 5%. The samples were tested by
the Key Laboratory of Groundwater Mineral Water and Environmental Supervising and
Testing Center, Ministry of Land and Resources of the PRC.

4. Results
4.1. Content and Regional Distribution of Arsenic in Groundwater

The high-As samples of shallow groundwater took up 47.33% of the total samples,
and the average concentration of arsenic in the groundwater reached 45.58 pg/L. Only
18 samples had lower contents than the detection limit (<0.1 pg/L), and the detection
rate reached 98.15% (Table 1). According to the above table, the high-As groundwater
in the Hetao Basin was widely distributed. The high-As groundwater was extensively
distributed in the four hydrogeological units, and it achieved the widest distribution in the
HT Plain. The high-As groundwater samples accounted for 53.78% of the 450 sample sets.
The maximal arsenic content was 916.70 pug/L, and the arsenic content in groundwater was
64.13 pug/L on average, which was the highest in the whole region. Only three groundwater
samples contained arsenic contents lower than the detection limit (<0.1 pg/L), and the
detection rate took up 99.33%. The SHH Plain was the minimum. Though there were
only 56 sets of samples, the detection rate was 100%. The average arsenic content reached
40.64 ug/L, only smaller than the HT Plain. The average arsenic content in the groundwater
of the SBYR Plain was the minimum (22.51 pg/L) among the four hydrogeological units.
Furthermore, the number of high-As groundwater samples in the HB Plain accounted for
38.49% of the total number of samples, which was the minimum in the whole region.

Table 1. Statistical table of arsenic content in shallow groundwater of the Hetao Basin.

Area (km?) Number 0.1 ug/L (%)  >10 ug/L (%)  Mean (ug/L) Medium (ug/L) Max (ug/L)
HT Plain 13,880 450 99.33 53.78 64.13 14.44 916.7
SHH Plain 1623 56 100 51.79 40.64 12.48 6154
HB Plain 11,382 278 95.32 38.49 32.31 3.76 398.9
SBYR Plain 4995 190 99.47 43.68 22.51 6.31 238.3
Hetao Baisn 31,880 974 98.15 47.33 45.58 7.95 916.7

As revealed by the distribution of high-As groundwater points (Figure 1), high-As
groundwater in the Hetao Basin was distributed throughout the region with an extremely
uneven spatial distribution. The variability of arsenic contents in groundwater was ana-
lyzed by using SPSS (IBM, Armonk, NY, USA). The spatial variation coefficient of arsenic
content was 2.07, and the variation coefficient of arsenic content in groundwater of the four
hydrogeological units ranged from 1.57 to 2.18, which demonstrated that the spatial vari-
ability of arsenic content in groundwater was significantly large in the whole basin and the
four hydrogeological units. There were three relatively concentrated distribution areas of
high-As groundwater in the whole basin (Figure 3), with arsenic contents of underground
water usually larger than 50 pg/L. The mentioned areas consisted of (1) an intersection
zone of the front edge of the piedmont alluvial-pluvial fan of the HT Plain and the alluvial
lacustrine plain of the Yellow River, (2) both sides of the modern river channel of the Yellow
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River from the HT Plain to the SHH Plain and the HB Plain, as well as (3) the central region
of the HB Plain, located in the middle east of Tumd Left Banner.
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Figure 3. Contour map of high-arsenic shallow groundwater points and groundwater level elevation
in Hetao Basin.

4.2. Hydrochemical Characteristics of Shallow High As Groundwater

In this part, 462 sets of shallow high-As groundwater samples are discussed, including
242 from the HT Plain, 29 from the SHH plain, 107 from the HB Plain, and 87 from the
SBYR Plain. The groundwater was weakly alkaline, achieving a pH value of 7.15-9.26. The
pH value of the HT plain approached that of the SBYR Plain, with levels of 7.15-9.26 and
7.37-9.25, respectively. The pH value of the SHH Plain approached that of the HB Plain,
with levels of 7.44-8.65 and 7.26-8.76, respectively.

4.2.1. Hydrochemical Types

According to the Piper classification method [40], there were 13 hydrochemical types in
the SHH Plain and 19 types in each of the other three hydrogeological units (Figure 4). How-
ever, they showed different hydrochemical characteristics. The major hydrochemical type
of high-As groundwater in the HT Plain and the SHH Plain referred to the HCOj3-SO4-Cl
type, followed by the HCOj3-Cl type for anions, and mainly Na-Mg-Ca and Na-Mg for
cations. The hydrochemical type of high-As groundwater in the HB Plain was largely
the HCOs type, followed by the HCO3-504-Cl type and HCO;3-Cl for anions, and mainly
Na and Na-Mg-Ca for cations. The hydrochemical type of high-As groundwater in the
SBYR Plain is mainly the HCOj3 type, the HCO3-504-Cl type, the HCO3-504 type, and the
HCOj3-Cl type, all of which are approximately equally for anions, as well as Na, Na-Mg,
and Na-Mg-Ca for cations.



Water 2022, 14, 669

8of 17

60

= TDS<1 (mg/L) 1<TDS<3(mg/L)  a3<TDS<5(mg/L) © TDS>5 (mg/L)

Figure 4. Piper diagram of high-arsenic shallow groundwater quality in four hydrogeological units.
(A) HT Plain, (B) HB Plain, (C) SBYR Plain, and (D) SHH Plain.

4.2.2. Main Ionic Components

Given the statistical table of characteristic values of As, As(III), As(V), Fe, FeZ*, Fe3*,
HCO;~ and SO42~ in shallow high-As groundwater in the Hetao Basin (Table 2), the
average content of As in the shallow groundwater with high-As in the Hetao Basin reached
93.46 ug/L, and the maximal content in the HT Plain was reported to be 116.93 ug/L,
nearly 2.5 times of that in the SBYR Plain; these values for the SHH Plain and the HB Plain
were similar, reaching 76.20 pg/L and 80.65 ug/L, respectively. In addition, As(III) was
reported to be the major form of As, and the average concentration of As took up 85.2% of
the total As. The minimal value was 76.1% in the SHH Plain, and the values in the other
three hydrogeological units were nearly unchanged, ranging from 84.0% to 86.1%, with
the maximal value in the HT Plain. The ratios of As(IIl) to As(V) in the 4 plains are all
very large, reaching 19.27 in the highest As area in the SHH Plain (Table 3), indicating
that the groundwater in the entire Hetao Basin is basically in a reducing environment.
Impacted by the toxicity of As(Ill) and such a high content of As(III) in the shallow high-As
groundwater in the Hetao Basin, it is not difficult to understand that there are large-scale
arsenic poisoning areas in the Hetao Basin and the safety of the drinking water of over one
million people is affected [28,29].
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Table 2. Statistical table of characteristic values of the main ions in high-As shallow groundwater in

the Hetao Basin.
As (ug/L) As(III) (ug/L) As(V) (ng/L) HCO3™ (mg/L)
It
em Mean Median Max Mean Median Max Mean Median Max Mean Median Max
HT Plain 11693 5821 916.70 100.69 5099 71940 16.24 6.95 22460 521.34  480.70 1327.00
SHH Plain 7620  30.17 61540 58.01 2681 376.80  18.19 6.66 238.60  548.77 52470  1347.00
HB Plain 80.65 48.16 39890 68.74  41.02 383.70 11.92 7.03 120.10 70432 62040 2123.00
SBYR Plain 4760 3541 23830 40.02 3229 227.10 7.57 498 39.10 54750  504.10 2220.00
Hetao Baisn  93.46  49.64 91670 79.67 41.02 71940 13.80 6.52 238.60 570.25  505.00 2220.00
Fe (mg/L) Fe?* (mg/L) Fe3* (mg/L) S042~ (mg/L)
It
e Mean Median Max Mean Median Max Mean Median Max Mean Median Max
HT Plain 2.63 1.60 17.00 1.26 0.75 11.80 1.37 0.53 16.00 306.27 23535  2494.00
SHH Plain 5.84 240 40.00 2.59 1.20 30.00 3.25 0.80 24.00 29190 22790 2004.00
HB Plain 2.60 1.32 25.00 1.17 0.48 17.00 1.43 0.52 22.00 360.65  263.20 2419.00
SBYR Plain 2.33 0.88 34.00 1.02 0.28 17.00 1.32 0.52 17.00 264.77 17220  2544.00
Hetao Baisn 2.77 1.50 40.00 1.28 0.60 30.00 1.49 0.54 24.00 31051  225.60  2544.00
Table 3. As(III)/ As(IV) ratios in shallow groundwater from Hetao Basin.
As <10 ug/L As > 10 pg/L
Item
As(ITD) (ug/L) As(V) (ug/L) As(III)/As(V) As(III) (ug/L) As(V) (ug/L) As(IIT1)/As(V)
HT Plain 1.74 0.94 1.85 100.69 16.24 6.20
SHH Plain 1.61 0.84 1.91 60.93 19.27 3.16
HB Plain 1.2 0.56 2.14 71.89 12.71 5.66
SBYR plain 2.12 0.97 2.19 39.35 7.38 533
The content of total Fe in the Hetao Basin was higher, with an average concentration
of 2.77 mg/L, and the maximum value of 5.84 mg/L was identified in the SHH Plain. The
average values of the other 3 hydrogeological units between were basically the same, at
2.33-2.63 mg/L (Figure 5). The average concentration of Fe>* was 1.28 mg/L, accounting
for 46% of the total Fe. The average concentration of Fe** was 1.49 mg/L, and the ratio of
the average concentration of Fe?* approached 1:1. The ratio of the average concentrations
of Fe?* /Fe®* in the 4 hydrogeological units approached 1:1 across the entire Hetao Basin.
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Figure 5. Contour map of total Fe content in Hetao Basin.

The average concentration of SO42~ in the Hetao Basin reached 310 mg/L, and the rela-
tive concentration was relatively low. The maximal value was 2455 mg/L in the SBYR Plain.
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The average concentration of SO4>~ in the 4 hydrogeological units was 264~360 mg/L.
Given the SO4%~ ion concentration partition of shallow high-As groundwater (Figure 6),
the distribution area with concentrations of less than 100 mg/L was 4953 km?, and the
distribution area with concentrations of 100~200 mg/L was 4493 km?. There was almost
no SO42~ in the groundwater in the north of the HT Plain and in the eastern part of the HB
Plain, which demonstrated the effect of desulfurization.
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Figure 6. Zoning map of SO4?~ concentration in Hetao Basin.

The average concentration of HCO;3;~ of the Hetao Basin was 570 mg/L, and the
relative concentration was relatively high. In four hydrogeological units, the average
concentration of HCO3;™ of the HB Plain reached 704 mg/L, and the values of the other
3 hydrogeological units were relatively close, at 521~547 mg/L. The HCO3™ concentration
in the HB Plain tended to rise from the pre-piedmont recharge area to the central part of
the plain (Figure 7). The highest concentration reached 2123 mg/L, which demonstrated
the effect of organic carbon oxidation.
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Figure 7. Contour map of HB Plain HCO3; ™~ concentration.

5. Discussion
5.1. The Hydrogeochemical Process of As Mobilization in Aquifers

Most of the potential sources of arsenic in the shallow groundwater of the Hetao
Plain are believed to be from arsenic-bearing Quaternary strata derived from local aquifer
sediments [31,32,46]. Under natural conditions, where the water-rock interaction is strong
and the geochemical environment of certain aquifers is suitable for arsenic migration and
accumulation, the aquifers often have higher arsenic concentrations. The migration of
arsenic in the groundwater of the Hetao Basin occurs in a strong reducing environment
with rich organic matter. The anaerobic environment where the surface lacustrine clay
deposits is located is particularly conducive to the formation of As(Ill), causing As(III)



Water 2022, 14, 669

11 of 17

to be the dominant valence state in the high-As groundwater in the study area. pH is
an important factor affecting arsenic migration in aqueous systems. In the area of high-
As groundwater in the Hetao Plain, the pH is also relatively high. Arsenic exists in the
groundwater mainly in the form of two valence states as As(V) or As(III) anions, so it is
more likely to be absorbed by positively charged substances in an aqueous medium, such
as iron and manganese oxides, goethite, gibbsite and ferrihydrite. The increase of pH will
reduce the adsorption of colloid and clay minerals to arsenate or arsenite in the form of
anions and enhance their migration performance [47].

Numerous studies show that the finer the soil particles are, the greater amounts the
arsenic adsorption are, and the higher the arsenic content is [48,49]. The silty-fine sand
layer or the silty-fine sand interbeds with clay and silty clay are widely spread in the
research area as identified by drilling data, and the organic matter content of the sediment
is relatively high. Moreover, as the depth increases, the sediment particles become finer,
and the arsenic content tends to increase [31]. The lacustrine silty clay and sandy clay in
the sediment have a strong adsorption capacity for arsenic. When the arsenic element
enters a depression with an alluvial or groundwater flow system, part of the arsenic is
adsorbed by the clay and deposited directly, and part of the arsenic interacts with the ferric
hydroxide colloid in the river or lake water to form insoluble precipitates. At the same time,
the study area is rich in Fe?* and Fe3*, and iron ions have a strong ability to fix arsenic.
Once groundwater rich in iron and arsenic ions flow to the central area of the plain, the
slow flow of groundwater, caused by the low hydraulic gradient, poor aquifer permeability
and small recharge, will limit aquifer flushing, solute (As) transport and its removal from
the system. In areas with slow groundwater movement, aqueous As concentrations are
very sensitive to releases of small amounts of arsenic from the various hydrogeochemical
processes described above. These reasons also explain the high-As distribution in the three
main regions.

5.2. Correlation Analysis between Arsenic and Main Oxidation-Reducing Ions

Pearson correlation analysis was applied to reveal the relationship between arsenic
and the main oxidation-reducing ions in this study [50-54]. As revealed by the results of
the Pearson correlation analysis of arsenic with major ions (e.g., As, Fe, Fe?*, Fe3*, HCO;
SO42~, NO,~ and NO; ™) for all shallow groundwater samples (n = 974) (significance
level at p < 0.01, Table 4), no significant correlation was reported between arsenic and
the ions, and the correlation coefficient was primarily less than 0.4. As indicated by the
results of the separate correlation analysis regarding the groundwater samples of the
four hydrogeological units (Tables 5-8), an insignificant correlation was reported between
arsenic and other ions; only in the SHH Plain was a correlation coefficient of 0.6 found
between arsenic and Fe, and the correlation coefficient between arsenic and NO, ™~ was 0.5,
which was more significant. No significant correlation was identified between the arsenic
and the iron contents in the groundwater, probably due to the formation of insoluble iron
sulfides by Fe?* from the reduction of iron oxides and by S>~ from the reduction of SO42~.
Iron sulfides have been extensively distributed in many high-As aquifers worldwide [55].
No significant correlation was identified between arsenic and HCO3;™ concentration in
the groundwater, whereas high-As groundwater samples generally contained HCO3™ in
high concentrations. In this study area, the average concentration of HCO3;~ was relatively
high, up to 570 mg/L, which might also be related to the process of microbial activity.
Microorganisms can reduce iron’s release of arsenic and oxidize the organic matter in the
aquifer to produce a large amount of HCO3;~. In addition, it might be related to high
concentrations of HCO3 ™ and the competitive adsorption of arsenate and arsenite on the
surface of iron oxide.
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Table 4. Pearson correlation analysis between As and the main redox ions in the Hetao Plain (n = 974).

As Fe As(IID) As(V) Fe?* Fe¥* HCO;~  NO,;~ NO; - SO4%~
As 1 0.242 ** 0.992 ** 0.797 ** 0.170 ** 0.231 ** 0.177 ** —0.007  —0.093*  —0.044
Fe 0.242 ** 1 0.213 ** 0.315 ** 0.812 ** 0.843 ** 0.139 ** —0.013 —0.080*  0.171 **
As(III) 0.992 ** 0.213 ** 1 0.712 ** 0.167 ** 0.188 ** 0.171 ** —0.010 —0.095**  —0.050
As(V) 0.797 ** 0.315 ** 0.712 ** 1 0.140 ** 0.375 ** 0.159 ** 0.007 —0.062 —0.004
Fe ** 0.170 ** 0.812 ** 0.167 ** 0.140 ** 1 0.378 ** 0.054 —0.011 —0.093 **  0.105 **
Fe ** 0.231 ** 0.843 ** 0.188 ** 0.375 ** 0.378 ** 1 0.175 ** —0.010 —0.042 0.178 **
HCO;3; * 0.177 ** 0.139 ** 0.171 ** 0.159 ** 0.054 0.175 ** 1 0.068 * 0.081 * 0.382 **
NO, * —0.007 —0.013 —0.010 0.007 —0.011 —0.010 0.068 * 1 0.270 ** 0.011
NO3 * —0.093** —0.080* —0.095**  —0.062 —0.093**  —0.042 0.081 * 0.270 ** 1 0.155 **
SOy ** —0.044 0.171 ** —0.050 —0.004 0.105 ** 0.178 ** 0.382 ** 0.011 0.155 ** 1
** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).
Table 5. Pearson correlation analysis between As and the main redox ions in the Houtao Plain
(n =190).
As Fe As(IIT) As(V) Fe ** Fe ** HCO3 * NO, * NO; * SOy **
As 1 0.182 ** 0.993 ** 0.797 ** 0.115* 0.181 ** 0.212 ** 0.137 ** 0.056 —0.124 **
Fe 0.182 ** 1 0.161 ** 0.243 ** 0.821 ** 0.796 ** 0.166 ** 0.025 —0.020 0.240 **
As(III) 0.993 ** 0.161 ** 1 0.720 ** 0.121* 0.141 ** 0.210 ** 0.144 ** 0.057 —0.137 **
As(V) 0.797 ** 0.243 ** 0.720 ** 1 0.057 0.345 ** 0.174 ** 0.066 0.040 —0.027
Fe ** 0.115* 0.821 ** 0.121* 0.057 1 0.308 ** 0.030 0.045 —0.024 0.191 **
Fe ** 0.181 ** 0.796 ** 0.141 ** 0.345 ** 0.308 ** 1 0.246 ** —0.007 —0.008 0.198 **
HCO3 * 0.212 ** 0.166 ** 0.210 ** 0.174 ** 0.030 0.246 ** 1 0.125 ** —0.041 0.283 **
NO, * 0.137 ** 0.025 0.144 ** 0.066 0.045 —0.007 0.125 ** 1 0.042 0.092
NOj * 0.056 —0.020 0.057 0.040 —0.024 —0.008 —0.041 0.042 1 0.189 **
SOy ** —0.124* 0.240**  —-0.137**  —0.027 0.191 ** 0.198 ** 0.283 ** 0.092 0.189 ** 1
** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).
Table 6. Pearson correlation analysis between As and the main redox ions in the Sanhuhe Plain
(n =190).
As Fe As(III) As(V) Fe ** Fe ** HCO3; * NO, * NO; * SO, **
As 1 0.574 ** 0.988 ** 0.958 ** 0.348 ** 0.629 ** 0.368 ** 0.476 ** —0.167 —0.043
Fe 0.574 ** 1 0.560 ** 0.563 ** 0.826 ** 0.849 ** 0.117 0.174 —0.218 —0.073
As(III) 0.988 ** 0.560 ** 1 0.901 ** 0.359 ** 0.597 ** 0.378 ** 0.495 ** —0.203 —0.040
As(V) 0.958 ** 0.563 ** 0.901 ** 1 0.305 * 0.648 ** 0.327 * 0.411 ** —0.091 —0.044
Fe ** 0.348 ** 0.826 ** 0.359 ** 0.305 * 1 0.433 ** 0.096 0.131 —0.182 —0.062
Fe ** 0.629 ** 0.849 ** 0.597 ** 0.648 ** 0.433 ** 1 0.131 0.180 —0.170 —0.040
HCO3 * 0.368 ** 0.117 0.378 ** 0.327 * 0.096 0.131 1 0.489 ** 0.020 0.687 **
NO, * 0.476 ** 0.174 0.495 ** 0.411 ** 0.131 0.180 0.489 ** 1 —0.141 0.210
NOj * —0.167 —0.218 —0.203 —0.091 —0.182 —0.170 0.020 —0.141 1 0.406 **
SOy ** —0.043 —0.073 —0.040 —0.044 —0.062 —0.040 0.687 ** 0.210 0.406 ** 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).
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Table 7. Pearson correlation analysis between As and the main redox ions in the Hubao Plain

(n =278).
As Fe As(III) As(V) Fe ** Fe ** HCOj3 * NO, * NOj * SOy **
As 1 0.288 ** 0.993 ** 0.810 ** 0.237 ** 0.229 ** 0.217 ** —0.045 —0.175 ** 0.020
Fe 0.288 ** 1 0.285 ** 0.238 ** 0.704 ** 0.876 ** 0.182 ** —0.044 —0.087 0.277 **
As(IIT) 0.993 ** 0.285 ** 1 0.733 ** 0.242 ** 0.221 ** 0.208 ** —0.049 —0.181 ** 0.018
As(V) 0.810 ** 0.238 ** 0.733 ** 1 0.157 ** 0.216 ** 0.214 ** —0.018 —0.107 0.027
Fe ** 0.237 ** 0.704 ** 0.242 ** 0.157 ** 1 0.275 ** 0.119* —0.043 —0.145* 0.156 **
Fe ** 0.229 ** 0.876 ** 0.221 ** 0.216 ** 0.275 ** 1 0.167 ** —0.030 —0.019 0.269 **
HCO;3 * 0.217 ** 0.182 ** 0.208 ** 0.214 ** 0.119* 0.167 ** 1 0.056 0.101 0.417 **
NO, * —0.045 —0.044 —0.049 —0.018 —0.043 —0.030 0.056 1 0.298 ** 0.013
NOz * —0.175**  —0.087 —0.181**  —0.107 —0.145* —0.019 0.101 0.298 ** 1 0.278 **
SOy ** 0.020 0.277 ** 0.018 0.027 0.156 ** 0.269 ** 0.417 ** 0.013 0.278 ** 1
** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).
Table 8. Pearson correlation analysis between As and the main redox ions in the Southern Plain of
the Yellow River (n = 190).
As Fe As(III) As(V) Fe ** Fe ** HCO; * NO, * NOj3 * SO, **
As 1 0.320 ** 0.993 ** 0.823 ** 0.315 ** 0.283 ** 0.231 ** —0.074 —0.175* 0.006
Fe 0.320 ** 1 0.303 ** 0.334 ** 0.903 ** 0.945 ** 0.186 * —0.046 —0.096 0.195 **
As(1IT) 0.993 ** 0.303 ** 1 0.750 ** 0.321 ** 0.251 ** 0.227 ** —0.073 —0.176 * —0.004
As(V) 0.823 ** 0.334 ** 0.750 ** 1 0.223 ** 0.376 ** 0.201 ** —0.063 —0.133 0.050
Fe ** 0.315 ** 0.903 ** 0.321 ** 0.223 ** 1 0.713 ** 0.118 —0.034 —0.118 0.099
Fe ** 0.283 ** 0.945 ** 0.251 ** 0.376 ** 0.713 ** 1 0.214 ** —0.049 —0.067 0.243 **
HCO;5 * 0.231 ** 0.186 * 0.227 ** 0.201 ** 0.118 0.214 ** 1 0.043 —0.011 0.491 **
NO, * —0.074 —0.046 —0.073 —0.063 —0.034 —0.049 0.043 1 0.075 0.036
NOjz * —0.175* —0.096 —-0.176 * —0.133 —0.118 —0.067 —0.011 0.075 1 0.072
SOy ** 0.006 0.195 ** —0.004 0.050 0.099 0.243 ** 0.491 ** 0.036 0.072 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).

5.3. Correlation between Formation of High As Groundwater and Geological Environment

Large-scale high-As groundwater deposits tend to be found in two types of envi-
ronments, i.e., inland or closed basins in arid or semi-arid regions and aquifers derived
from alluvium under strong reducing conditions [23]. Both environments tend to contain
geologically young sediments and to be in flat, low-lying areas where groundwater flow
is sluggish. The Hetao Basin, which is located in the west of Inner Mongolia, pertains to
the typical temperate continental arid and semi-arid climate. The annual precipitation is
245.5 mm, and the average water evaporation is 2100 mm [38,39], which is 9 times the
average rainfall.

The Hetao Basin is a Mesozoic-Cenozoic rifted basin formed in the late Jurassic,
located between the Yinshan uplift and the Ordos platform. The tectonic movement of
the Hetao Basin is very active, and tectonic faults have developed since the Cenozoic.
The tectonic systems are dominated by high-angle normal faults and fault-bending belts.
The deep east-west fault formed in the piedmont of Yinshan Mountain made the Ordos
block continue to squeeze to the northwest, and the Hetao Basin between these two
began to sink into depression. Since the Cenozoic, the Ordos block has been pushed
from the northwest direction, and the squeeze turned into a southeastward pulling, which
caused the Hetao Basin to sink significantly, forming a tectonic pattern termed as “three
sags and two uplifts”, in which the basin and mountains intersect each other and the
depression and uplift are adjacent to each other (Figure 1). The fault depressions are
favorable places for arsenic enrichment. Strong evaporation and weathering accelerate
the decomposition rate and biogeochemical cycle of minerals in the bedrock weathering
zone and promote the migration and enrichment of arsenic in water. Moreover, in the
depression, the underground flow is stagnant, forming a structural water storage area and
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a gathering place for various elements. The enclosed tectonic conditions and long-term
inheritance and subsidence of the Hetao Basin has resulted in the formation of fine-grained
clastic sediments dominated by inland lacustrine facies. The thickness of the Quaternary
sedimentary reached 200-1500 m. Center areas of the low-lying lake basins located in
piedmonts contain fine-grained sediments and high amounts of organic matter, and these
reducing environments create favorable conditions for the release of arsenic from the
sediments and the accumulation of arsenic in the water. The coverage of fine-grained
sediments isolates the air exchange of oxygen between the aquifer and the surface, forming
a closed reducing environment, prompting the release and migration of arsenic.
Mineral-water interactions can make arsenic enter groundwater from the sediment
adsorption phase. However, arsenic in groundwater must accumulate to a certain concen-
tration before it can form high-As groundwater [23]. Obviously, in the middle of a low-lying
basin, especially in areas with a large thickness of lacustrine sediments, slow groundwater
runoff and evaporation as the main form of discharge, it is particularly easy to develop
high-As groundwater [56]. There are three relatively concentrated areas of high-As ground-
water points in the Hetao Basin, located in the discharge area of groundwater according
to the contours of the groundwater table (Figure 8), where there is a small groundwater
depth and a hydraulic gradient of less than 0.8 %0, and the groundwater flow is slow [55].
As the mentioned three areas are situated in the pluvial and alluvial-lacustrine interlace
lowland and interfluvial lowland, characterized by poor water flow, strong evaporation and
widespread saline-alkali land, the sediments are saturated in long periods. These factors
enhance the release of arsenic from sediments into the water, causing its high concentration.
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Figure 8. Contour map of groundwater table in Hetao Basin.

Due to the low rainfall and large evaporation, agricultural production in the Hetao
Basin is primarily supported by the water from the Yellow River, and the introduction of
considerable Yellow River water up-regulates the groundwater water level and forms a
large area of soil salinization. Furthermore, the rising water level makes air unable to enter
the reduction environment formed by the stratum. Besides, the pH value of the surface
water in the arid and semi-arid climate environment is basically high, thereby creating
favorable conditions for the dissolution of arsenic from the stratum.

6. Conclusions

Arsenic has been extensively distributed in the shallow groundwater of the Hetao
Basin, and high-As groundwater was identified in the four hydrogeological units. In partic-
ular, the average concentration of arsenic in the shallow groundwater in the Hetao Basin
reached 45.58 ug/L. The spatial distribution of arsenic content in the shallow groundwater
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was significantly uneven in the whole basin, and the variation coefficient ranged from 2.07
to 1.57-2.18, with high variability.

All high-As groundwater in the HT Basin was weakly alkaline, achieving a pH value
of 7.15-9.26. As(Ill) was found to be the major form of As, and the average concentration of
As took up 85% of the total As. The content of total Fe was higher, with a concentration
of 2.77 mg/L on average, and the average concentration of Fe?* took up 46% of the total
Fe. The average concentration of SO42~ was 310 mg, and the relative concentration was
lower. It is noteworthy that there was nearly no SO42~ in the groundwater in the north
of the HT Plain and in the eastern part of the HB Plain, which demonstrated the effect of
desulfurization. The concentration of HCO3™~ was 460 mg/L on average, and the relative
concentration was higher. The HCO3;™ concentration in the HB Plain tended to rise from the
pre-piedmont recharge area to the central part of the plain, and the maximal concentration
was 2123 mg/L, which demonstrated the effect of organic carbon oxidation.

There were three concentrated areas with high-As groundwater in the Hetao Basin
where the arsenic contents of groundwater were more than 50 pg/L. According to the
analysis of hydrogeological conditions, three concentrated distribution areas with high-As
groundwater were all in the discharge areas of groundwater with a shallow groundwater
level, a water gradient of less than 0.8%. and slow groundwater flow.

The distribution of high-As groundwater was found to be dependent on specific geo-
logical and geographical backgrounds. The special sedimentary environment evolution of
the Hetao Basin lays the prerequisite for creating high-As groundwater, and the groundwa-
ter runoff condition and hydrogeochemical process of the basin can control the formation
of high-As groundwater. The high pH and organic-rich reducing environment in the Hetao
Basin, the dissolution, reduction, and precipitation of various minerals and the mutual
transformation of different forms of arsenic contribute to the origin of the high-arsenic
groundwater. The long-term lacustrine-dominated paleogeographic environment and
closed tectonic conditions, slow refreshment and stagnant groundwater, arid-semi-arid
climatic conditions, as well as sediments with high arsenic content and regional arsenic-rich
environments constitute the feasible conditions for high-arsenic groundwater.
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