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Abstract: As the largest artesian irrigation area in northern China, the Hetao Plain is also one of the
major grain-producing areas in China. Meanwhile, there is a large amount of highly mineralized
groundwater resulting in the soil salinization and desertification in this region. In addition, this study
also uses the traditional hydro-geochemical methods to investigate the spatial evolution characteris-
tics and formation mechanisms of highly mineralized groundwater. The results indicate that there
is a large amount of highly mineralized groundwater (salinity > 3 g/L) in the shallow aquifer over
the Hetao Plain. As far as the spatial patterns are concerned, there are significant spatial differences.
In accordance with the structural, paleogeographic, landform, and hydrogeological conditions, the
highly mineralized groundwater in the Hetao Plain can be divided into five zones, namely, the front
fan depression, the north bank of the Yellow River, Xishanzui, Hasuhai in the Hubao Plain, and Dalad
banner on the south bank of the Yellow River. Among them, the highly mineralized groundwater
of Xishanzui exhibits the largest value of the salinity > 10 g/L. The main cations are Mg2+ and Na™,
while the main anions are C1~ and SO42~. Moreover, the groundwater in the highly mineralized area
contains a large amount of I". According to the analysis of Piper, Gibbs diagrams of groundwater,
the proportion coefficients of various components and the indication of isotope, it can be seen that
most of the chemical ions in groundwater in the highly mineralized zone come from evaporation-
concentration, which are mainly affected by climate, sedimentary environment, hydrogeological
conditions and hydrology. The source of high mineralization in Xishanzui are different from other
high mineralization regions, and the highly mineralized groundwater in Xishanzui is formed by
the infestation of deep underground salt brine. These results can provide scientific basis for the
rational allocation of regional water resources and the promotion of water resources development
and utilization.

Keywords: highly mineralized groundwater; hydrogeochemical methods; distribution characteristics;

enrichment mechanism; Hetao Plain

1. Introduction

Highly mineralized water, also known as mineralized water, refers to water with a
salinity greater than 3000 mg/L [1]. The unscientific mining and use of highly mineralized
water will cause certain damage to the local ecological environment, such as the increase in
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salinity of river water, the raising of shallow groundwater level, the growth of salinization
in the soil, the intolerance of saline-alkali weakened forest tree vigor, and reduction in
crop production [2,3]. Therefore, it is essential not only to obtain the spatial distribution of
highly mineralized groundwater, but also to investigate the formation mechanisms, so as
to improve the health and living standards of local residents.

The Hetao Plain of Inner Mongolia is the largest Yellow River irrigation area and also
one of the important food production areas over China [4,5]. Due to its unique natural
geography, geology, hydrology, and physical chemistry, the groundwater of the Hetao
Plain not only contains the arsenic, but also distributes a wide range of highly mineralized
water. Especially in the later period of human transformation, the salt content is further
accumulated, making the distribution law of highly mineralized groundwater in the area
more complicated [6]. Arsenic (As) is one of the most studied elements worldwide due
to its harmful impact on the environment and human health. [7] This highly mineralized
water seriously affects agricultural productivity, the aquatic environment, and human
health. [8]

The research and investigation on the hydrochemical characteristics of groundwater
in the Hetao Plain of Inner Mongolia has been carried out for more than 60 years. It can be
traced back to the 1950s when the Hetao Plain initiated the “Regional Hydrogeological Sur-
vey of 1:200,000”. With the gradual deepening of the survey work, hydrogeological surveys
of typical problems have been successively launched. However, the specific elements in
the groundwater were mainly concentrated on the characteristics of the environment and
the impact on the ecology and health of the soil and groundwater in the early stage of the
census work [9-11]. In 1982, the study on the hydrogeological conditions and improvement
methods of soil salinization in the Hetao Plain was carried out, and the formation and
distribution of groundwater in the Hetao Plain, as well as the distribution and dynamics
of underground high-mineralized water were ascertained, which opened the prelude to
the investigation of highly mineralized groundwater in the Hetao Plain [10,11]. Inner
Mongolia completed a 1:500,000 geological environmental survey in 2004, and generally
identified the geological environmental problems (e.g., water depletion, ground deforma-
tion, deterioration of water quality, and deterioration of the ecological environment) caused
by the excessive exploitation of groundwater in this region [12]. Through groundwater
resources survey in 1984 and 2000, the evolution process of shallow groundwater was
basically ascertained, such as compensation and drainage conditions, dynamic characteris-
tics, and hydro-geochemical characteristics, providing a basic guarantee for water quality
improvement and national economic planning [13,14]. With the gradual deepening of the
hydrogeological survey, relevant theoretical research is also gradually carried out [15]. In
terms of the research on the hydro-chemical evolution of groundwater, Guo, et al. [16]
explored the distribution characteristics and genesis of the high concentration arsenic and
high fluorine groundwater in the Hetao Plain.

In inland environments, increased groundwater mineralization caused by overex-
ploitation of groundwater has brought many problems for agriculture, drinking water
supplies and ecosystems dependent on groundwater [17-19]. Aquifers are layered systems
in which the hydrogeological path of waters extends from highly weathered, shallow, and
porous rocks to poorly weathered, deep and fissured rocks. This varying hydrogeological
setting influences the water chemistry in different ways [20]. Kohfahl, et al. [21] used 180,
D oxygen isotopes to study relationship between groundwater and the flow characteristics
of surface water in Fuente de Piedra. Hidalgo and Cruz-Sanjulian [22] mainly studied the
hydrochemical characteristics of groundwater in Norway and found that the increase in
pH value of groundwater in Norway is related to the chemical characteristics of ground-
water. Zhang et al. [23] studied the effects of salinity, water conductivity and dispersion
on stagnation position, and level of groundwater flow system through sensitivity analysis.
Previous studies also investigated the karst water chemistry characteristics and ascertained
the chemical composition changes in the karst aquifer groundwater in the midwestern
Kentucky of the United States [24,25]. Collins, et al. [26] conducted a study on the degree
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of mineralization of groundwater and revealed that there is no obvious correlation between
the degree of mineralization of groundwater and the depth of burial. In addition, the
application of hydrogeochemical models is also useful in the above studies [27]. Garrels,
et al. [28] proposed the normal form of the water chemistry model in the study of establish-
ing the water chemistry model, and later proposed the water-rock interaction system based
on the research. Nordstrom, et al. [29] conducted a comprehensive analysis on the main
components, water quality types and corresponding trace elements of the groundwater
in the Stripa area and probed into the water-rock interaction in the groundwater in the
Stripa area.

Although these studies have systematically analyzed the hydro-geochemistry, ground-
water cycle, and groundwater conditions of the Hetao Plain, they have some limitations
in sampling, making the research on the hydrochemical distribution characteristics of the
groundwater in the basin insufficiently and systematic. In addition, the highly mineralized
groundwater is widely distributed in this study, while the geohydrochemical conditions
are relatively complicated instead of comprehensive and systematic. Furthermore, the
previous research on the formation mechanism of high mineral water mainly came from the
results of speculation, which has not been systematically analyzed and investigated. This
study collects the existing basic data of groundwater in the study area, and systematically
analyzes the geological and hydrogeological conditions of the groundwater. These results
will reveal the characteristics of the groundwater flow system and provide a scientific basis
for the design of the sample data collection plan. Based on the hydrochemical analysis
data of the collected groundwater samples, the traditional hydrogeochemical methods
are used to qualitatively describe the spatial evolution characteristics of highly mineral-
ized groundwater. Finally, a variety of methods (e.g., hydrochemical methods, isotope
methods and hydrogeological methods) were used to systematically analyze the causes of
highly mineralized water, and to reveal the formation mechanism of highly mineralized
groundwater in the study area.

2. Materials and Methods
2.1. Study Area

The Hetao Plain is located in the central and western regions of the Inner Mongolia
Autonomous Region (106°07'~112°15" N and 40°10'~41°27" E), north of the Great Wall and
south of the Yinshan Mountains, from Helan Mountain in the west and east to Hohhot in
the east (Figure 1). The Hetao Plain is formed by the alluvium of the Yellow River, and some
of its tributaries, extending from east to west along the Yellow River, with a length of about
591.6 km, a width of 20-90 km from north to south, and an area of 23,575 km?, are fanned
out in an arc. The elevation of the study area is high in the west and low in the east. The
Hetao Plain is located in an arid and semi-arid region. It is hot and humid in the summer,
rainy and hot in the same period, and cold and dry in the winter with a large temperature
difference between the day and night. Due to a large amount of evaporation and lack of
precipitation, the agricultural water consumption in the Hetao Plain mainly comes from
the Yellow River and groundwater, which is a typical irrigated agricultural region.
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Figure 1. Geographic location and digital elevation model (DEM) of the Hetao Plain.

The study area boasts a gentle terrain, consisting of piedmont terraces, piedmont
alluvial fans and alluvial plains. The study area, a large faulted basin, is located between
the Yinshan Uplift and the Ordos Uplift. The stratum is dominated by Quaternary deposits,
followed by Neogene, Paleogene, Cretaceous, and Jurassic, and locally are Triassic, Cam-
brian, Archean strata and magmatic rocks. Restricted by the sedimentary environment,
the Hetao Plain has certain differences in the spatial distribution of stratigraphic lithology
of different origins. Pleistocene-Holocene series are mainly gray-yellow, coarse-grained
alluvial sand gravel, gravel, alluvial fine sand, medium fine sand and alluvial silt fine sand,
fine sand, and interbedded silty clay; among them, alluvial-diluvial sand and gravel are
not developed, and layered sodium sulfate appears in some depression areas. The Middle
Pleistocene lithology is mainly composed of lake and marsh sedimentary silt, silty clay, silty
fine sand and silty clay. Among them, silty clay is the most developed, widely distributed,
and thick.

2.2. Principles of Sample Collection

The sampling in this study was mainly carried out when the well was in normal
operation. As shown in Figure 2, the sampling density was 3-4 samples/100 km? at the
groundwater sampling points of the regional survey and was increased in typical areas. The
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survey groundwater sampling points in key areas are collected in 10-20 samples/100 km?.
During the sampling process, the number of samples collected from abnormally polluted
areas is increased by 10-20%. The selection of sampling points, based on regional control,
gives priority to the selection of important groundwater sources, national and provincial
groundwater monitoring holes, large springs, agricultural wells, large industrial and
mining enterprise-owned wells, mine drainage, oil field water supply wells, monitoring
wells near important pollution sources and other well holes or water points. Sampling
points in typical areas are determined by considering pollution sources, aquifer distribution,
groundwater flow direction, and combining pollutant diffusion patterns. When the existing
wells (springs) cannot meet the sampling density, manual exposure methods are used to
collect groundwater samples.
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Figure 2. Spatial distribution map of groundwater sampling points in the study area.

2.3. Procedure of Sample Collection, Storage and Inspection

Before sampling, the groundwater level of the study area was measured. The sampling
depth was 0.5 m below the water table. The well was pumped for 15-20 min before
sampling so as to assure that the groundwater samples were fresh, and the sampling bottle
was rinsed with well water 3—4 times. After sampling, 1 mL of HCL was added to the
samples, and the bottle was sealed with waterproof tape. The samples were labeled and
kept in cold storage at 4 °C. The samples were sent to the laboratory for testing and analysis
within 7 days.

The test items for sample include total analysis, trace element analysis, §D, 5§80
and 3H. The field test indexes mainly include: water temperature, pH value, electrical
conductivity (EC) and dissolved total solids (TDS: Indicates how many milligrams of
solid impurities are dissolved in 1 liter of water, mainly includes K*, Na*, CaZ, Mg2+,
Cl~, 5042, HCO;~, CO32~, etc). Briefly, concentrations of major cations (K*, Na*, Ca?%t,
Mg?*, Fe?*, Fe®*, Mn?*) and trace elements were determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass
spectrometry (ICP-MS). The samples were analyzed for anions by ion chromatography
(IC, Dionex DX-120). Arsenic concentrations in groundwater samples were determined
using high performance liquid chromatography (HPLC)-ICP-MS. Fluoride and iodide
were determined by ion-chromatography. The isotopic composition of §'80 and §D were
examined using an Isotope Ratio Mass Spectrometer (LGR LWIA-V2 (DLT-100)). The results
of 5180, 5D were expressed in per mil unit as delta-notation relative to the Vienna Standard
Mean Ocean Water (VSMOW) standard. Moreover, *H was tested using a low-background
liquid scintillation counter.

These samples were tested by the Institute of Hydrogeology and Environmental
Geology. The test ambient temperature was 23 °C and humidity was 50%. Groundwater
samples were analyzed with 5% duplicates and the error of all replicates was less than 5%.
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Chemical analysis for major ions have been validated using the electrical balance (E.B.)
(EB% < 5%) [30], calculated applying the Equation (1):

EB% =100 x (Xcations — Xanions)/(Xcations + Xanions) D)
where Xcations is the sum of cations and Yanions is the sum of anions and are measured in
meq/L.

3. Results

3.1. Spatial Distribution Law of Highly Mineralized Groundwater in Hetao Plain

As shown in Figure 3, the highly mineralized water with salinity > 3 g/L is widely
distributed in the shallow water-bearing layer of superficial layer in Hetao Plain, which
covers an area of about 3.45 x 10° km?, accounting for 11.5% of the area of Hetao Plain.
In terms of the whole basin, the distribution of highly mineralized water in a horizontal
direction is controlled by structural, paleogeographic, geomorphological and hydrogeo-
logical conditions, and there is an obvious horizontal zoning law. Five highly mineralized
water distribution zones can be divided from west to east and from north to south: highly
mineralized water distribution zone of valley in front of fan in Houtao Plain, highly miner-
alized water distribution zone on the north bank of Yellow River in Houtao Plain, highly
mineralized water (brine) distribution zone of Xishanzui in Houtao Plain, highly miner-
alized water distribution zone of Hasuhai in Hubao Plain and highly mineralized water
distribution zone of Dalad Banner on the south bank of Yellow River.

106° E 107° E 108° E 109°E 110°E 111°E 112°E
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N 23 3-10

z e >
° [ 1050 g1 >50g/L o =
% . el o

No data ! ”

Elevation/mBa - 4
OZ - 2 s OZ
] 01020 40 60 8 | &
& Miles

106° E 107° E 108° E 109° E 110°E 111°E 112°E

Figure 3. Distribution map of salinity in Hetao Plain. (A—Highly mineralized water distribution
zone of valley in front of fan in Houtao Plain; B—Highly mineralized water distribution zone on
the north bank of Yellow River in Houtao Plain; C—Highly mineralized water (brine) distribution
zone of Xishanzui in Houtao Plain; D—Highly mineralized water distribution zone of Hasuhai in
Hubao Plain; E- Highly mineralized water distribution zone of Dalad Banner on the south bank of
Yellow River).

3.1.1. Highly Mineralized Water Distribution Zone of Valley in Front of Fan in Houtao
Plain (A)

As can be seen from Figure 3, generally speaking, the salinity gradually increases from
NE to SE, and then turns to SE from Shizaihonggedan to Wuliangsuhai front depression
zone. The salinity increases from 3.0 g/L to 9.2 g/L, and the east side of Wuliangsuhai
is the high value area of salinity in this area. The saline water belt is distributed on the
south side of valley at the front edge of the fan skirt in front of Langshan Mountain, which
runs through the north of the whole region from west to east, with a length of over 180 km
from east to west and an average width of 2~10 km from north to south. The widest belt
distributed in Taiyangmiao Township-Fenzidi Township is 3.5~13.8 km; in the west of
Gucheng Township, it is located on the north edge of Ulan Buh Desert on the south side
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of the main drainage trunk; in the east of Gucheng Township, it is distributed along both
sides of the main drainage trunk and extends eastward to the west side of Wuliangsuhai. It
is staggered with the fresh water belt on the north side in canine shape. In the direction of
the fan axis of the larger alluvial-proluvial fan, fresh water extends farther south, while
in the wing of the fan group, salt water extends northward. Due to the hydrodynamic
differentiation, the salinity of the saline water zone tends to increase from west to east. At
the same time, due to the desalination of fresh water from large alluvial-proluvial fans, the
saline water zone is unevenly distributed, which can be roughly divided into 4 sections,
and the water quality in the east section is especially salty. From west to east, the first
section from Bayinmaodao Farm to Taiyangmiao Farm is distributed in NE-SW direction,
with a narrow width of 3-5 km in general. Most of them are CI-Na and CleSO4-Na water
with salinity of 4.0~4.4 g/L, and the local salinity is high, with the highest point reaching
9.4 g/L. The second section is located in Taiyangmiao Township-Fenzidi Township, which
is the longest saline water belt in the whole region, and also distributed in NE direction.
Most of them are CleSO4-Na and CleSO4-NaeMg type water with salinity of 3.0~8.2 g/L,
and the local salinity is greater than 16 g/L. The third section is located in the northwest of
Meidai Township-Shizai Honggedan area, distributed in west-east direction, with salinity
ranging from 3.4 g/L to 7.7 g/L, and mainly composed of CleSO4-NaeMg type water and
CleHCO3-NaeMg type water. The fourth section is located from the south of Delingshan
Township to the west of Wuliangsuhai, distributed in the south-east direction, with the
salinity increasing to 6.4~9.2 g/L, and mainly composed of CleSO,-NaeMg and CleHCO3-
NaeMg type water.

3.1.2. Highly Mineralized Water Distribution Zone on the North Bank of Yellow River in
Houtao Plain (B)

Highly mineralized water is mainly distributed around Dongtucheng Village, along
the north and south sides of the main canal. It is narrow in the west and wide in the east,
generally about 5-15 km wide. Due to the influence of complex agricultural irrigation
and canal system leakage on the surface, it is distributed in intermittent round or oval
patches with irregular size and shape, totaling as many as six patches. Among them, the
largest area distributed around Bayantaohai Town is 180 km?, and CI-Na, CleSO,-Na and
CleSO40HCO3-Na with salinity of 1.1-7.2 g/L are the main types.

3.1.3. Highly Mineralized Water (Brine) Distribution Zone of Xishanzui in Houtao Plain (C)

Highly mineralized water is mainly distributed from Xixiaozhao Township to the early
Urad period, and is elliptical along the north side of the main canal in NW-SE direction,
with a long axis of 23.5 km and a short axis of about 12.9 km. This area is the saline water
belt with the highest salinity in the whole Hetao Plain. Its salinity is generally greater than
10 g/L, and tends to increase from the periphery to the oval center, especially in Luguanhao
Village, where the salinity is the highest and the water quality is the saltiest, reaching 70.0
g/L. The hydrochemical types are mainly Cl-Na and Cle5O4-Na type water.

3.1.4. Highly Mineralized Water Distribution Zone of Hasuhai in Hubao Plain (D)

Highly mineralized water is distributed in the alluvial plain of the Yellow River. It is
in the shape of tadpoles with wide north and narrow south. Most of them are HCO3-Na,
HCO3;050,0Na and CleSO4-Na with salinity of 2.9~7.2 g/L, and only in the northwest
of Dongba Village. In addition, from the piedmont sloping plain area, transition area to
the alluvial plain area on the south bank of the Yellow River, the change in groundwater
salinity represents a certain law: from south to north, and from west to east, the salinity
gradually increases, and the water quality gradually becomes salty.



Water 2022, 14, 3247

8 of 21

3.1.5. Highly Mineralized Water Distribution Zone of Dalad Banner on the South Bank of
Yellow River (E)

Highly mineralized water is mainly distributed on the impact plain of the Yellow
River and Dahei River in the southwest of Hubao Plain, bounded by the depression in
front of Langshan Mountain in the north, the north bank of the Yellow River in the south,
Jiangjunyao Township in the west, and extending eastward to Wushen Township. The
hydrochemical types are complex, mainly CleSO40HCO3-NaeMg and HCO3eCl-NaeMg
type water. The distribution zone of highly mineralized water on the south bank of the
intersection of Dahei River and Shilawusu River extends far to the southeast. The chemical
characteristics of groundwater show that the salinity of groundwater increases continuously
from northeast to southwest along the direction of groundwater runoff, and gradually
transits from fresh water to brackish water and saline water. As a result, the water quality
gradually deteriorates.

3.2. Spatial Distribution Law of Highly Mineralized Groundwater in Hetao Plain
3.2.1. Correlation between Salinity and Major Ions

According to Table 1, the correlation coefficients between salinity and the main cations
Mg?* and Na* in five highly mineralized water distribution zones in the basin are all above
0.83, showing a high correlation, while the correlation between salinity and cations Ca?*
is slightly worse, showing a significant correlation. There is a weak correlation between
salinity and Ca?* in the highly mineralized water distribution zones on the south bank
of the Yellow River in Dalad Banner and the north bank of the Yellow River in Houtao
Plain. The five highly mineralized water distribution zones are highly correlated with
the main anion CI~, and the correlation coefficients are all above 0.81. Except for the
highly mineralized water distribution zone in the front fan depression of Houtao Plain, the
correlation coefficients of the other four highly mineralized water distribution zones for the
anion SO42~ are between 0.60 and 0.99, showing a significant to high correlation. However,
for HCO;3~, the correlation is weak. The main reason for the above correspondence between
salinity and main ions is that the solubility of salts in water is different. Generally speaking,
the solubility of chloride salt is the highest, followed by sulfate and carbonate. Calcium
sulfate, especially calcium and magnesium carbonate, has the smallest solubility. With
the increase in salinity, the carbonate of calcium and magnesium first reaches saturation
and precipitates, and when the salinity continues to increase, the sulfate of calcium also
saturates and precipitates, so the soluble chlorine and sodium are dominant in highly
mineralized water.

Table 1. Correlation between main chemical components of groundwater and TDS in highly mineral-
ized water distribution zone.

A B C D E
Ca%* 0.670 0.393 0.746 0.093 0.834
MgZ+ 0.831 0.984 0.927 0.918 0.941
Na* + K* 0.945 0.994 0.996 0.991 0.997
Cl™ 0.946 0.997 0.997 0.815 0.986
S04~ 0.156 0.945 0.791 0.994 0.608
HCO3™ —0.324 —0.054 —0.057 0.489 —0.101
Br— 0.810 0.810 0.930 —0.019 0.953
I~ 0.638 0.898 0.678 0.904 0.819
F~ —0.024 0.413 —0.154 0.371 —0.094
Fe3+ 0.142 0.307 —0.264 0.165 —-0.119
FeZ* 0.411 0.428 —0.354 0.002 —0.043
As 0.299 —0.079 —0.596 -0.173 —0.145

The correlation coefficients between salinity and I-in five highly mineralized water
distribution zones are all above 0.63, showing significant and high correlation; the correla-
tion coefficient with Br- is high except the distribution zone of highly mineralized water in
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Dalad Banner on the south bank of the Yellow River, showing a high correlation, except
that the distribution zone of highly mineralized water in Xishanzui of Houtao Plain has
significant negative correlation with As (that is, the higher the salinity, the lower the arsenic
content). The distribution zone of highly mineralized water in front depression of Houtao
Fan has a low correlation with Fe?t, and the correlation with As, arsenic, F~, Fe3* and
Fe?* is weak. In a certain sense, this indicates that the source and genesis of I~ in shallow
groundwater in the basin are similar to those of TDS.

In conclusion, according to Figure 4, the main cations are Mg?* and Na*, and the main
anions are C1~ and SO, in the highly mineralized water distribution zone in the basin,
and the content of I~ in groundwater in the highly mineralized water distribution zone is
also high.
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Figure 4. Box plot of TDS and the main ion concentrations in the five zones according to the map in
Figure 3.

3.2.2. Analysis Based on Three-Line Diagram (Piper)

It can be seen from the three-line diagram (Figure 5) that in the cation triangle diagram,
several samples in the distribution zone of highly mineralized water show similar trends,
and cations develop in the direction of increasing the relative content of Na + K. On
the anion triangle diagram, the distribution of anions in several highly mineralized water
distribution zones is more dispersed than that of the cations. The content of Cl1™~ is relatively
increased, but except for the highly mineralized water distribution zone in Houtao Plain,
the falling points of anions in other highly mineralized water distribution zones are all
between C1~ 35% and 80% on the three-line diagram. A small part of C1~ in the sample
points of the highly mineralized water distribution zone in Xishanzui in Houtao Plain falls



Water 2022, 14, 3247

10 of 21

in this area, and most of it falls outside this range with its content close to 100%. Finally,
from the diamond chart, the distribution zones of highly mineralized water have basically
the same hydrochemical evolution trend. All of them are transformed into Cl @ SO4-Na e
Mg and Cl-Na e Mg type water, while the anomalous falling point of the highly mineralized
water in Xishanzui of Houtao Plain is the same as that of anions (i.e., the highly mineralized
water mainly composed of Cl-Na type water), which indicates that the highly mineralized
water in Xishanzui of Houtao Plain is different from other highly mineralized zone water
sources.
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Figure 5. Three-line diagram of highly mineralized water distribution zone in Hetao.

4. Discussion

The chemical composition in groundwater is formed through a long geological his-
torical process. In the process of its formation, although affected by many factors, such as
various rock (soil) properties, hydrogeological conditions, groundwater circulation con-
ditions, climate and others, various complex physical and chemical reactions will occur,
and its chemical composition still has certain inheritance to the chemical composition of
the origin water. Therefore, the study on the chemical composition of groundwater and
identification of its origin can inverse the formation and evolution process of highly miner-
alized water. The shallow groundwater in Hetao Plain originated from leaching-infiltration
water, while deep groundwater originated from sedimentary-buried water (continental
origin). The groundwater of continental sedimentary origin is buried in the depth of several
hundred meters or even several kilometers below the surface of the earth and has no or
basically no hydraulic connection with infiltration water of atmospheric origin. Therefore,
the study on hydrogeochemical characteristics of groundwater of two different origins is
helpful for understanding the origin of shallow highly mineralized water in Hetao Plain. At
the same time, the groundwater of continental sedimentary origin has the hydrogeochemi-
cal characteristics similar to that of marine sedimentary origin (i.e., high salinity, main ions
are C17, Na*, and there are more trace elements such as Br and I). Therefore, it is possible
to study continental sedimentary groundwater by studying the hydrochemistry of marine
sedimentary groundwater. In the following description, “seawater or marine sedimentary
groundwater” will be used to replace the deep groundwater of continental sedimentary
origin in Hetao basin for convenience of understanding. At present, the Gibbs diagram and
content ratio coefficient among various components are often used as important basis for
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studying groundwater hydrogeochemistry in marine sediments. The following methods
are used to analyze the main formation of chemical components of highly mineralized
water in Hetao Plain.

4.1. Indication of Geochemical Indicators
4.1.1. Analysis Based on Gibbs Diagram

In order to compare the chemical composition, formation reasons and relationship
between surface water and groundwater intuitively, Gibbs designed a semi-logarithmic
coordinate function to simply and effectively judge the relative importance of various ion
origin mechanisms (precipitation-controlled, rock weathering-controlled and “evaporation-
concentration”) in surface water or groundwater by using the relationship between C1™ /(C1™
+ HCO3~) and TDS or the relationship between Na*/(Na* + Ca?*) and TDS. Then, a Gibbs
diagram is made with the water quality data of sampling points in five highly mineralized
water distribution zones in Hetao Plain (Figure 6), and the ionic chemical characteristics of
each highly mineralized water distribution zone are analyzed.
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Figure 6. Gibbs diagram of sampling points in different highly mineralized water distribution zones
in shallow Hetao Plain.

In the Gibbs diagram (Figure 6), except for the discreteness of the samples located in
Xishanzui highly mineralized water distribution zone in Houtao Plain, the hydrochemical
characteristic values of the other five highly mineralized water distribution zones are
concentrated in the dotted line range, all of which fall within the range of Na*/(Na* + Ca®*)
greater than 0.5, indicating that their ionic components mainly come from evaporation-
concentration process. The Na*/(Na* + Ca?*) ratio of about 50% samples in Xishanzui
highly mineralized water distribution zone of Houtao Plain is >0.9, which indicates that
the groundwater in this zone is recharged by groundwater from marine sediments, namely,
deep groundwater recharge.

4.1.2. The y(Na*)/vy(Cl™) Coefficient

According to its origin, characteristics and distribution, water in nature can be divided
into continental fresh water, ocean seawater and groundwater. Groundwater is actually
water preserved in sediments by continental freshwater or oceanic seawater of different
ages. Therefore, according to the formation environment, water can be divided into two
categories: continental fresh water and marine water.

The y(Na*)/v(Cl™) coefficient is a hydrogeochemical parameter that characterizes the
enrichment degree of sodium ions in groundwater. The average y(Na*)/y(Cl™) coefficient
of standard seawater is 0.85. Continental freshwater has a higher y(Na*)/vy(Cl™) coeffi-
cient y(Na*)/y(Cl™) > 0.85, while oceanic seawater has a lower y(Na*)/y(Cl™) coefficient
y(Na*)/v(Cl7) < 0.85 [31].
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The relationship between y(Na*)/v(Cl™) coefficient of sampling points of five highly
mineralized water distribution zones in shallow groundwater of Hetao Plain and y(Na*)/
v(C17) coefficient of standard seawater is shown in Figure 7. It can be seen from the figure
that the y(Na*)/y(Cl™) values of groundwater in Hasuhai of Hubao Plain and Dalad
Banner on the south bank of Yellow River are higher than 0.85. It shows that Na* and other
basic ions in shallow groundwater mainly come from the dissolution of silicate minerals,
and groundwater does not originate from modern seawater or marine sedimentary water,
that is, it is not formed by deep brine infection and jacking recharge along faults and
uplift structures. Therefore, the salinity of groundwater in these highly mineralized water
distribution zones is relatively high, which may be mainly affected by climate, sedimentary
environment, hydrogeological conditions, hydrology and other factors.
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Figure 7. The y(Na")/y(Cl™) scale coefficient (a) and relationship between y(Na*)/y(Cl™) and
(y(Cl7)-y(Na*))/ y(Mg2+) diagram (b) of shallow groundwater in Hetao Plain.

However, the y(Na*)/vy(Cl™) values of some samples in the pre-fan depression, the
north bank of the Yellow River and Xishanzui highly mineralized water distribution zone of
Houtao Plain are lower than 0.85, and 22% of the samples in the highly mineralized water
distribution zone in the pre-fan depression of Houtao Plain are lower than 0.85, mainly
distributed in the second highly mineralized water distribution zone of this zone (namely
Taiyangmiao Township-Fenzidi Township); 8% of the samples in the highly mineralized
water distribution zone on the north bank of the Yellow River in Houtao Plain have
vY(Na*)/y(Cl7) value lower than 0.85, which is mainly distributed in the highly mineralized
water area of Bayantaohai Town in the east of the zone; 90% of samples in Xishanzui highly
mineralized water distribution zone in Houtao Plain have y(Na*)/y(Cl~) value lower than
0.85. From the above analysis, we can draw a preliminary conclusion that the groundwater
in these three highly mineralized water areas be recharged by groundwater of deep marine
sedimentary origin.

The above conclusions are only obtained by a simple analysis of the y(Na™)/y(C1™)
coefficient. The Sulin’s classification method is introduced to further analyze the causes of
highly mineralized water in Taiyangmiao Township-Fenzidi Township, Bayantaohai Town
on the north bank of the Yellow River and Xishanzui bittern water zone in Houtao Plain so
that the correctness of this conclusion can be further verified

According to Sulin’s classification that y(Na*)/y(Cl~) < 1, (y(Cl~)-y(Na*)) /y(Mg?*)
> 1 belongs to calcium chloride water, and that this type of groundwater is in deep envi-
ronment [32]. The analysis results of highly mineralized water samples in Taiyangmiao
Township-Fenzidi Township, Houtao Plain Fan Front Depression, Xishanzui Brine Belt



Water 2022, 14, 3247

13 of 21

and Bayantaohai Town of Houtao Plain according to Sulin’s Classification are shown in
Figure 7.

It can be seen from the Figure 7 that the y(Na*)/vy(Cl™) mass of the three highly
mineralized water distribution zones are all less than 1, meeting the first condition of
Sulin’s classification, while the values of (y(Cl~)-y(Na*))/y(Mg?*) in Taiyangmiao-Fenzidi
Township and Bayantaohai Town are all less than 1, which does not completely meet the
second limit condition of Sulin’s classification. The value of 55% samples in Xishanzui brine
area of Houtao Plain is greater than 1, basically meeting the second condition of Sulin’s
classification. Therefore, it can be further concluded that the brine in Xishanzui highly
mineralized water distribution zone of Houtao Plain may come from deep brine.

4.1.3. The Saturation Indexes of the Main Minerals

The equilibrium state of water with respect to a particular mineral phase can be
determined by calculating the saturation index (SI), using chemical data to distinguish the
hydrogeochemical evolution as well as by identifying the geochemical reactions that control
the water chemistry. Using the geochemical software PHREEQC, SI was computed the
ion activity product (IAP), which was compared to the solubility product (Ksp; Equation
(2)). [33,34]. If SI is greater than zero, it indicates an oversaturation (precipitation) of
a particular mineral. If it is less than zero, it reveals an unsaturation (dissolution) of a
concerned mineral. If it is equal to zero, it indicates the saturation (equilibrium) of a
particular mineral.

Kiap

SI Kep )
We calculated the SI of groundwater in area C, where the groundwater salinity is
highest. According to the calculation, the obtained SI vs. TDS dependences is shown in
Figure 8. The SI variation range of dolomite, calcite, gypsum and halite is, respectively:
—1.2~3.4, —9.7~1.45, —1.54~0.12, —4.72~—1.55. Gypsum and halite SI < 0, and the aquifer
sediments in this area are rich in rock salt and gypsum, so the contribution of these two
minerals in groundwater ions is absolutely dominant. The SI of calcite and dolomite is
mostly positive and close to 0, indicating that these two minerals are most likely present in

the aquifer environment and control the chemical composition of the groundwater.

4.1.4. Relationship between y (CaZ* + Mg2+) and vy (SO42~+HCO; ™)

Fisher and Mullican think that if Ca?*, Mg?*, SO4%>~ and HCO;~ in groundwater only
come from the dissolution of calcite, dolomite and gypsum, there will be a good balance
between anions and cations in water [35]. However, when seawater invades freshwater
water-bearing layer, this balance will be destroyed by the reverse exchange reaction between
Na* and Ca?* ions.

The sample points of the other four highly mineralized water zones in Hetao Plain
(except Xishanzui of Houtao Plain) are all distributed on or near diagonal lines in the
maps drawn by y (Ca?* + Mg?*) and vy (SO4%>~ + HCO; ™) (Figure 9), that is, there is a
good balance relationship among Ca?*, Mg?*, SO42~ and HCO;~ in groundwater. It is
further inferred that the groundwater formation of these highly mineralized water zones
is leaching-infiltration water. Most of the sample points in Xishanzui highly mineralized
water belt of Houtao Plain deviating from 1:1 diagonal, y (Ca®* + Mg?") was significantly
higher than y (SO42~ + HCO3 ™). According to Fisher and Mullican [35]: The emergence
of this phenomenon, given that the water-bearing layer is infected by seawater, the Na*
in seawater is much higher than that in fresh water, and the exchangeable cations on the
surface of fresh water water-bearing layer particles are mainly Ca?. The reverse exchange
reaction between Na* in seawater and Ca?* on the surface of particles will occur, resulting
in the increase in Ca?* concentration in groundwater, which will lead to the destruction of
the equilibrium system of Ca*, Mg?*, SO42~ and HCO3" in groundwater. Therefore, it can
be concluded that the brine in Xishanzui highly mineralized water zone of Houtao Plain
was infected by deep underground brine.
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4.2. Isotopic Indication of the Origin of Xishanzui Brine
4.2.1. Oxygen Isotope Indication

The 5'80-TDS relationship is usually used to identify evaporation, salt dissolution, and
salt water mixing. Generally, the 5!80 value of groundwater salinity caused by evaporation
varies greatly, while the salinity degree varies little. The sample points are distributed along
the §!80 axis, with a slight shift [36]. The solid points in the figure represent groundwater
samples with salinity are greater than 20 g/L, and the hollow points represent brassy water
and fresh water samples with salinity are less than 2 g/L. The variation of 5'80 in salinity
caused by groundwater dissolved salts is small, and the sample points are distributed
along the TDS axis. The §'80 value of salt water diluted by fresh water will increase
with the increase in salinity. Figure 10 shows the 5§!80-TDS relationship of samples with
different salinity in the distribution area of high salinity water in Xishanzui. It can be
seen that the highly mineralized samples are roughly distributed along a straight line
between fresh water and brine 27 sample with the highest salinity (90 g/L), indicating that
the shallow highly mineralized groundwater has experienced the influence of freshwater
mixing dilution.

Possible brin
- end member

o/ Freshwater
- end member

-11 '

I ' I ' I ' I '
0 20,000 40,000 60,000 80,000 100,000
TDS(mg/1)

Figure 10. 5'80-TDS value relationship of subsurface brine in Xishanzui.

4.2.2. Chlorine Isotope Indication

The chlorine isotope standard was standard sea water, and the 5%Cl value was 0,
compared with 0.0 4= 0.01%. in modern sea water. The range of 5’Cl in atmospheric
solutions is known to be +0.42%0~2.53%.. The §%Cl of river water is higher with the range
from +0.74%o to +2.85%o0, while the % Cl of salt lake brine is lower and with the range from
—2.06%o to +1.01%0. Thed* Cl of groundwater varies from —0.50%o to +0.69%0, and the
837Cl1 of rock salt varies from —0.6%o to +1.2%o [37].

The 6% Cl values of underground brine in Xishanzui vary widely, with the range from
—0.02%o to 3.43%o0, and most of them range from 0%o to 2%. (Figure 11). Except for one
sample, the 5%’ Cl values are almost greater than 0%o. Such a wide range of chlorine isotope
composition indicate that is not a single underground brine of salt source, but there are
multiple sources and severe isotope shunt effect, reflecting that this is an active system. As



Water 2022, 14, 3247

16 of 21

for the existing various mixing, leached, and especially this kind of shallow underground
brine, make-up water mixture is often unavoidable.

10 —

frequency
|
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Figure 11. Sample distribution frequency of chlorine isotopic composition in Xishanzui brine.

Among the samples, the highest frequency of occurrence ranges from 0.5%o to 1.0%o,
which overlaps with the variation range of §3”Cl in salt sediments, indicating that chlorine
in samples with 6% Cl values less than 1.0% mainly comes from the dissolution of salts.
Delta §%”Cl-8'80 value relationship shows that the delta delta §*’Cl samples of Cl value is
less than 1.0 %o of the delta values of 5180 (namely, 7.1%o, 9.5%0, and the average to 8.1 £
0.7%o), that the delta 37 samples of Cl value is greater than 1.0 %0 (was 5.5%o, 9.2%o, the
average to 7.4 & 0.9%o), and that the former is lower than modern atmospheric precipitation,
and may represent older groundwater (Figure 12a).
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Figure 12. 8%7C1-6'80 (a) and 5%7CI-°H (b) value relationship of subsurface brine in Xishanzui.

Generally, in the process of rock salt crystallization and precipitation, ¥ CI preferen-
tially enters the salt sediment, resulting in the relative dilution of §*Cl in the co-existing
water. With the continuous enrichment of 8% Cl in salt minerals, 53’Cl continues to be
depleted in the brine, while the %’Cl value of the brine gradually decreases. The 5%Cl
value of a carnallite in Qaidam Basin, Qinghai Province is 24.7 &= 2.9%., while the 5%Cl1
value of brine is —0.6 = 1.4%o, indicating that 5*Cl is highly enriched during carnallite
crystallization [38]. Therefore, due to the high §%”Cl in precipitation and river water, the
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terrestrial evaporites in the groundwater filtration formation fed by modern precipitation
and surface river water will lead to the enrichment of §*/Cl in brine water.

According to Figure 12b, the relationship between *H content and §%Cl value of
subsurface brine samples in Xishanzui, it can be seen that the highest 3’ Cl value appears
in the samples with obvious presence of modern water (*H > 5TU), and the §%’Cl value in
these modern water samples tends to decrease with the increase in *H content. Figure 12b
shows that the sample of Xishanzui underground brine contains modern water (*H > 5TU);
it can be seen that the tritium content increases with the increase in the sampling depth.
Based on the simple piston flow model, the age of groundwater may be from recent years,
somewhere between 20-30 years. Therefore, the brine samples with high §*Cl value are
obviously affected by modern water.

4.3. The Origin of Underground Brine

The characteristic values of hydrogen and oxygen stable isotopes of water isotopes
in the Yellow River and the relationship lines of water isotopes in the Yellow River were
quoted from the test data of Gao et al. [39] on 10 points above Toudaoguai in Tuoketo
County, Inner Mongolia (average: —10.5%o, —78.4%0). The atmospheric precipitation and
its average value were obtained from the precipitation monitoring data of IAEA Baotou
monitoring station.

As can be seen from Figure 13a, the variation range of stable isotopes in underground
fresh water is small. Most of the samples fall to the lower left of the precipitation line
(except some points), which is much smaller than the average value of local precipitation,
and close to the average value of Yellow River water, indicating that Yellow River water
is recharge but boasts absolute advantage in underground fresh water. The d-value of
underground brine is obviously higher than that of underground fresh water, reflecting the
different recharge conditions between them. The samples of underground brine water fall
in the upper right of underground fresh water. Most of them are lower than the average
value of atmospheric precipitation, but much higher than the average value of Yellow River
water, indicating that the recharge source of underground brine water is not closely related
to the Yellow River and the local atmospheric precipitation. The variation range of é-value
of isotope of underground brine water is large, indicating that the source of recharge water
is not single, nor is it affected by different types of water during the migration process.
The groundwater containing tritium falls near the isotope line of Yellow River, indicating
that it is affected by the underground fresh water replenished by Yellow River. The slope
of the fitted line is almost the same as that of the modern local meteoric water line, but
the deuterium excess is relatively small, with an average value of —6. The mean value of
Baotou meteoric water to excess is 8.3.

Deuterium excess (Dxs) is defined as: d = §D-85'80, Dxs representing the offset
from the meteoric water line, provides information about the source conditions of water
vapour. It is controlled by kinetic effects during evaporation, where a larger Dxs value
is an indicator of enhanced moisture recycling and a lower value indicates an enhanced
evaporative loss [40,41]. Figure 13b shows the relationship between Dxs and salinity of
highly mineralized groundwater samples in Xishanzui. The 8D value does not show a
decreasing trend with the increase in TDS, indicating that evaporation has little influence,
which is the same as the previous understanding based on the §80-TDS relationship.
Therefore, Dxs in highly mineralized groundwater indicates the origin of paleo-meteoric
water rather than residual seawater. In addition, the D-value of the highly mineralized
groundwater is lower than the modern average atmospheric precipitation, indicating that
the recharge climate at that time was colder than that of nowadays, which is likely to be the
recharge of groundwater at the end of the Late Pleistocene.
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Figure 13. (a) Hydrogen and oxygen stable isotope composition of subsurface brine in Xishanzui;

(b) Relationship between deuterium excess and TDS of highly mineralized groundwater samples in

Xishanzui.

5. Conclusions

@
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®)

Highly mineralized water with a salinity greater than 3 g/L is widely distributed
in the shallow water-bearing layer of Hetao Plain.Its area is about 3.45 x 103 km?,
accounting for 11.5% of the area of Hetao Plain. Hetao Plain can be divided into
five highly mineralized water distribution zones from west to east and from north to
south, namely, highly mineralized water distribution zone in front of fan depression
in Houtao Plain, highly mineralized water distribution zone on the north bank of
Yellow River in Houtao Plain, highly mineralized water (brine) distribution zone in
Xishanzui in Houtao Plain, highly mineralized water distribution zone in Hasuhai in
Hubao Plain and highly mineralized water distribution zone in Dalad Banner on the
south bank of Yellow River;

In the Hetao Plain, there are five highly mineralized water distribution zones from east
to west and from north to south. Saline water with salinity less than 0.3 g/L is the main
one, and brine with salinity greater than 10 g/L and up to 70 g/L is only distributed
in Xishanzui of Houtao Plain. From the analysis of influencing factors and genesis
of highly mineralized water, it can be seen that due to the formation of structural
depression in front of fan, the long-term accumulation of water and salt in deep
depression zone formed the distribution zone of highly mineralized water in northern
plain; the existence of fault structure aggravates salt migration and brine infection,
and makes shallow water and soil in the lower reaches of the south of Houtao Plain
saline, which is the main reason for the formation of highly mineralized water in
Xishanzui of Houtao Plain. Evaporation-concentration in groundwater drainage area
and modern continental salinization are the main factors for the formation of other
highly mineralized water distribution zones in the basin;

According to the analysis of Piper, Gibbs diagrams of groundwater, the proportion
coefficients of various components and the isotopic indications, it can be seen that
most of the chemical ions in groundwater in the highly mineralized zone come from
evaporation-concentration mainly affected by climate, sedimentary environment,
hydrogeological conditions and hydrology. Groundwater in front of fan depression
in Houtao plain, north bank of Yellow River and highly mineralized water area in
Xishanzui highly mineralized water distribution zone may be recharged by deep
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marine sedimentary groundwater. The sources of the highly mineralized water in
Xishanzui of Houtao Plain are different from those of the highly mineralized water in
other zones. Deuterium excess in highly mineralized groundwater indicates that it is
of paleo-meteoric origin rather than residual seawater. The 5-D value of the highly
mineralized groundwater is lower than the modern average atmospheric precipitation,
which indicates that the recharge climate was colder than that of the present, and
it is likely that the groundwater was replenished at the end of the Late Pleistocene.
The water quality of highly mineralized shallow water in this area is formed by the
mixture of deep confined water and shallow water, showing that the deep confined
water in this zone can support and replenish the shallow water, and that the brine
in Xishanzui highly mineralized water zone in Houtao Plain is influenced by deep
underground brine.
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