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Abstract: Strontium-rich groundwater exists in the underlying carbonate rocks of the Tianjiazhai
Shimachuan River basin, Fugu, China. In this study, the hydrochemical characteristics and formation
mechanisms of Sr-rich groundwater were assessed using mathematical statistics and traditional water
chemistry, combining geological and hydrogeological conditions, as well as hydrogeochemical theory.
The results showed that the Sr2+ content range in Sr-rich groundwater was 0.85~2.99 mg·L−1, which
is weakly alkaline fresh water. HCO3

− Ca·Mg·Na was the main facies type of Sr-rich groundwater.
Sr-rich groundwater has relatively stable contents of chemical elements. The water–rock interaction
was the main factor controlling the hydrochemical characteristics of Sr-rich groundwater, particularly
carbonate dissolution, influenced by some degree of cation exchange. The Sr element in groundwater
mainly comes from the dissolution of the sandstone of the Yanchang Formation. The higher the
degree of weathering and the longer the water–rock reaction time, the more favorable the dissolution
and enrichment of Sr in groundwater. Moreover, the large weathering thickness and fracture devel-
opment of the rocks in the Tianjiazhai area provide favorable conditions for the formation of Sr-rich
groundwater. The results of this study provide a scientific basis for developing effective policies to
protect Sr-rich groundwater resources.

Keywords: strontium-rich groundwater; hydrochemical characteristics; formation mechanisms;
hydrogeochemistry

1. Introduction

As an important source of water supply for human beings and an important com-
ponent of the hydrological cycle, groundwater is of great importance for the sustainable
development of the socio-economy and the protection of ecological stability [1,2]. Ground-
water hydrochemical characteristics are controlled by natural and anthropogenic factors
and are the result of long-term interactions between groundwater and the environment.
Therefore, hydrochemical analysis of groundwater can reveal the hydrochemical formation
mechanisms [3,4]. In natural conditions, the hydrochemical characteristics of groundwa-
ter are mainly controlled by dissolution, concentration, desulfation/carbonation, cation
exchange, and mixing processes [5,6]. However, various changes in the hydrochemical
characteristics of groundwater may occur under the influence of anthropogenic activi-
ties [7,8]. Under natural conditions, elements in rock layers are enriched into groundwater
by hydrogeochemical processes, which can lead to mineralization and contamination of
groundwater [9]. For example, under natural conditions, large amounts of dissolution of
soluble rocks (carbonate rocks) can lead to mineralization of groundwater. In addition,
trace elements (arsenic and fluorine) may be enriched to levels threatening human health
under natural hydrogeochemistry [10,11]. A series of groundwater pollution problems have
emerged under the influence of human activities, such as nitrate pollution of groundwater.
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Multivariate statistical analysis and hydrogeochemistry are often used to investigate the
hydrochemical characteristics of groundwater and their determining factors [12]. Recent
studies on groundwater hydrochemistry have used a combination of several methods
(mathematical statistics, water chemistry, hydrogeochemical simulation, etc.) to assess the
hydrochemical characteristics of groundwater [13–15].

Strontium (Sr) is one of the essential trace elements for human health, which maintains
human physiological functions [16,17]. Strontium in groundwater is derived from Sr in the
surrounding rock and enters the groundwater through a leaching process via infiltration
of atmospheric precipitation [18,19]. Suitable hydrogeological conditions are the basic
conditions for the formation of strontium-rich groundwater. In fact, the extent of Sr-
enrichment in the groundwater depends on the hydrogeochemical processes occurring in
aquifers [20]. The amount of Sr in the surrounding rock entering the groundwater system
is positively correlated with the degree of rock weathering. In addition, CO2 content,
temperature, and redox conditions are the important factors affecting the Sr enrichment in
groundwater [21]. The Sr abundance in the surrounding rocks determines the Sr content
in groundwater. Long-distance runoff and long-path circulation of groundwater increase
the water–rock reaction time, thus promoting strontium enrichment [22]. The formation of
Sr-rich groundwater is controlled by tectonic magmatic activity, Sr content in surrounding
rocks, and hydrogeochemical conditions [23]. In recent years, numerous researchers have
devoted considerable attention to the formation mechanism and enrichment factors of Sr in
groundwater [24–26].

Fugu County is located in the Loess Plateau area in Northwest China, where surface
water resources are limited. Indeed, groundwater has long been the source of local water
supply in the area. However, in recent years, with the exploitation of coal resources and
the development of the industrial economy, groundwater resource in Fugu County has
become overexploited and inefficient. In the Shimachuan River basin in the Tianjiazhai
area of Fugu County, Sr-rich groundwater exists in the underlying carbonate strata. The
population of Shimachuan River Basin is 10,647 people, and the main water source for the
production and living of local residents is groundwater. However, there are few studies on
the hydrochemical characteristics and formation mechanism of Sr-rich groundwater in this
area. Therefore, in this study, the hydrochemical characteristics of Sr-rich groundwater and
its formation mechanism were assessed using descriptive analyses, Piper trilinear diagrams,
Gibbs plots, ionic ratios, and correlation analysis. In addition, the formation conditions of Sr
in groundwater were analyzed by combining geological and hydrogeological conditions as
well as hydrogeochemical theory to reveal the formation mechanism of Sr in groundwater.

2. Materials and Methods
2.1. Study Area

The study area is located in the Shimachuan River basin of Fugu County in the eastern
part of the Loess Plateau in North Shaanxi in China, belonging to the typical semi-arid
continental monsoon climate (Figure 1). The terrain of the study area is generally high
in the west and low in the east, with elevations ranging from 940 m to 1100 m. The
geomorphology of the study area mainly consists of Loess mountains and river valley
terraces. Loess mountains are mainly distributed on both sides of Shimachuan valley, with
an elevation of 1000~1100 m and a width of 100~250 m, and incline to both sides of the
valley at a slope angle of 10~20◦. The Loess peak is narrow, along the watershed there are
large ups and downs, and the ground is very broken, forming a unique Loess landform. The
Loess Mountain area has uniform lithology, good water permeability, small catchment area
and serious soil erosion. Valley terraces are mainly distributed along the Shimachuan river,
with an elevation of 960~1100 m. The valley terraces are long, sporadic and intermittent.
The area of the valley terraces is small. The front edge of the valley terraces is 2~3 m higher
than the river bed, 15~40 m wide, and most of the terraces tilt to the river bed at a slope
angle of 3~5◦. The overall surface water network is poorly developed in the study area. The
Shimachuan River in the study area is a first-class tributary of the west bank of the Yellow
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River. In addition, groundwater is the main water supply source in the study area, stored
at the bottom of the Quaternary formation and in bedrock fissures. Sr-rich groundwater in
the study area is mainly stored in the weathered and fractured aquifer (unconfined) of the
Yanchang Formation. Its recharge mainly occurs from atmospheric precipitation and the
unconfined water of the loose layer of the Quaternary formation and surface water, which
eventually discharges at the downstream outlet of the Shimachuan River. The stratigraphy
of the Yanchang formation is covered by loose sediments of the Quaternary formation, with
outcrops in the river valley; the thickness of strata is 200~411 m, the maximum exposed
thickness is 65 m, and the thickness of the weathering layer is 20~43.26 m. In addition,
the lithology of the Yanchang formation consists of a thickly laminated light gray-green
medium to fine-grained feldspathic sandstone with medium sorting and roundness. It
has large inclined beddings, wedge-shaped beddings and massive beddings. The study
area is located in the northeast of the secondary tectonic units of Ordos Basin, with stable
geological structures and oscillatory rise caused by the neotectonic movement. There is
no trace of magmatic activity in the area. The overall structure is monoclinal with a dip
direction of 292◦ and a dip angle of 1~4◦.
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Figure 1. Regional geological map of Tianjiazhai East Ditch, Fugu County. The geographical location
of the study area belongs to the 19th projection band of the Gaussian projection six-degree band, and
the coordinates used in the figure are the Gaussian projection six-degree band coordinate system.

2.2. Sampling

In this study, 30 groundwater samples were first collected from hydrogeological
boreholes in the study area during the March 2018 to September 2019 period, according
to the Technical Requirements for Water Sample Collection and Delivery issued by the
China Geological Survey. These were then analyzed for groundwater quality, the test
indexes including pH, total dissolved solids (TDS), total hardness, cation (K+, Na+, Ca2+

and Mg2+), anion (Cl−, HCO3
−, SO4

2− and NO3
−) and strontium elements. The rock type

of the sampling point was sandstone of Yanchang Formation. In addition, 25 and 24 rock
samples were collected at different depths from drilling G019 and G020 in the study area,
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respectively, while 22 rock samples were collected from a selected profile between drilling
G020 and the Temple River Gully. All the rock samples were analyzed for Sr content.

2.3. Methods

The pH value was determined by water quality tester (SD150), the total dissolved
solids (TDS) was determined by gravimetric method (GR), the total hardness was de-
termined by ethylene diamine tetraacetic acid disodium titration, and the contents of
cations K+, Na+, Ca2+ and Mg2+ were determined by atomic absorption spectrometer
(ICP-AES) [27–29]. The contents of anions Cl−, SO4

2− and NO3
− were determined by ion

chromatograph (IC-90), and HCO3− was determined by hydrochloric acid titration [30,31].
Sr2+ was determined by plasma mass spectrometry (ICP-MS). The content of strontium (Sr)
in rock was determined by EDTA volumetric method [32,33]. The free carbon dioxide in
groundwater was determined by the volumetric method of standard alkali solution [34].

In this study, the descriptive statistics of physicochemical parameters of groundwater
were performed using SPSS 22.0 software. Mineral saturation indexes (SI) were calculated
by hydrochemical simulation software Phreeqc, and the database was the phreeqc.dat
thermodynamic database [35]. Pearson correlation analysis was performed to evaluate the
relationship between physicochemical parameters of groundwater. In addition, ground-
water chemical types were classified using the Shukarev classification method and Piper
trilinear diagram, while the main controlling factors of groundwater chemistry in the
study area were determined using the Gibbs diagram. The main ion sources of Sr-rich
groundwater were studied using ionic ratio diagrams. The formation mechanism of Sr in
groundwater was investigated based on the geological and hydrogeological conditions as
well as hydrogeochemical theory.

3. Results and Discussion
3.1. Hydrochemical Characteristics
3.1.1. Descriptive Analysis of Hydrochemical Characteristics

As reported in Table 1, the Sr2+ content in Sr-rich groundwater in the study area
ranged from 0.85 to 2.99 mg·L−1, with a mean value of 1.45 mg·L−1, which is 7.25 times
higher than the national limit value of Sr2+ content in natural mineral water for drinking
(0.20 mg·L−1). Compared with Sr2+ content in Sr-rich groundwater in other areas of China,
the Sr2+ content in groundwater in the study area is close to that in Xintian County of
Hunan Province (1.57 mg·L−1), and lower than that in Guanling area of Guizhou Province
(2.43 mg·L−1). The Sr2+ content in groundwater in the study area is higher than that in
Changchun, Jilin province (0.29 mg·L−1), Xianning, Hubei Province (0.63 mg·L−1), Yutian
county, Xinjiang Province (1.1 mg·L−1) and Pingxiang city, Jiangxi Province (1.29 mg·L−1).
Sr-rich groundwater pH range was 7.50~8.30, with an average value of 7.92, indicating a
slightly alkaline Sr-rich groundwater. Part of the water samples in the study had a high PH
value of 8.3, mainly because there was a little amount of CO3

2− in the groundwater. CO3
2−

will combine with H+ in water, leading to the decrease of hydrogen ion concentration in
groundwater. The pH value of Sr-rich groundwater meets the requirements of the Chinese
Standards (6.5–8.5) and the WHO Guidelines (6.5–8.5). TDS (total dissolved solids) ranged
from 332 to 718 mg·L−1, with a mean value of 492.57 mg·L−1, showing low TDS levels
in Sr-rich groundwater. The total hardness ranged from 205.00 to 825.00 mg·L−1, with a
mean value of 324.90 mg·L−1, suggesting medium-hard and ultra-hard water. The TDS of
Sr-rich groundwater meets the requirements of the Chinese Standards (1000 mg·L−1) and
the WHO Guidelines (1000 mg·L−1). The dominant cations in Sr-rich groundwater were
Ca2+, Na+, and Mg2+, with average contents of 71.09, 60.57, and 31.77 mg·L−1, accounting
for 42.73, 36.41, and 19.10% of total cation contents, respectively, whereas K+ showed the
lowest content in Sr-rich groundwater, with an average value of 2.92 mg·L−1, accounting
for only 1.76% of total cation contents. The Na+ content of Sr-rich groundwater is lower
than the maximum Na+ content required by the Chinese Standards (200 mg·L−1) and the
WHO Guidelines (200 mg·L−1). On the other hand, HCO3− was the dominant anion in
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Sr-rich groundwater, with mean values of 348.80 mg·L−1, accounting for 73.52% of total
anion contents, whereas NO3

− showed the lowest content in Sr-rich groundwater, with
an average value of 7.76 mg·L−1, accounting for only 1.63% of total anion contents. The
Cl− content of Sr-rich groundwater is lower than the maximum Cl− content required by
the Chinese Standards (250 mg·L−1) and the WHO Guidelines (250 mg·L−1). The SO4

2−

content of Sr-rich groundwater is lower than the maximum SO4
2− content required by

the Chinese Standards (250 mg·L−1) and the WHO Guidelines (500 mg·L−1). The NO3
−

content of Sr-rich groundwater is lower than the maximum NO3
− content required by the

WHO Guidelines (50 mg·L−1) and higher than the maximum NO3
− content required by the

Chinese Standards (20 mg·L−1). This is due to the agricultural activities of local residents in
the study area, resulting in the increase of NO3

− content. The coefficients of variation of the
hydrochemical parameters of Sr-rich groundwater were all less than 1, indicating relatively
stable contents of these hydrochemical components in Sr-rich groundwater. This finding
may be due primarily to the fact that Sr-rich groundwater in the study area is strongly
controlled by geological conditions and less influenced by human activities.

Table 1. Statistics on the hydrochemical characteristics of Sr-rich groundwater.

Projects
mg·L−1

pH
K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− Sr2+ TH * TDS

Min 1.63 33.6 39.2 23.1 17.7 33.6 272 1.98 0.85 205 332 7.5
Max 5.59 89.6 122 40.4 126 81.7 415 30.3 2.99 825 718 8.3

Mean 2.92 60.57 71.09 31.77 56.72 61.16 348.8 7.76 1.45 324.9 492.57 7.92
SD 1.01 15.36 22.27 4.02 36.79 13.08 40.94 5.74 0.51 115.25 112.14 0.21

CV/% 34.53 25.36 31.33 12.66 64.86 21.38 11.74 73.97 34.92 35.47 22.77 2.64
CS 1 / 200 / / 250 250 / 20 / / 1000 6.5–8.5

WG 2 / 200 / / 250 500 / 50 / / 1000 6.5–8.5

* TH is the total hardness, 1 CS is the Chinese Standards, 2 WG is the WHO Guidelines.

3.1.2. Hydrochemical Facies

Piper’s trilinear diagram can be used to characterize the total chemical properties
and major ionic composition changes of a water body [36,37]. As shown in Figure 2, the
groundwater sample points were concentrated in zone 4 of the diamond-shaped domain
of the Piper trilinear diagram, indicating that the chemistry of Sr-rich groundwater in
the study area is dominated by alkaline earth metal elements (calcium and magnesium)
rather than the alkali metal elements (sodium). On the other hand, the groundwater
sample points were concentrated in the E region of the anion triangle of the Piper trilinear
diagram, indicating the dominance of weak acidic anions (carbonic acid), whereas the
observed cations were concentrated in the B region of the Piper trilinear diagram (cationic
triangular domain), suggesting a non-dominant type. In general, the distribution of Sr-rich
groundwater sampling sites in the study area was relatively concentrated, showing six main
types, among which HCO3

− Ca·Mg·Na was the main groundwater facies type, accounting
for 70% of the total groundwater samples, followed by HCO3

− Ca·Na·Mg and HCO3
−

Ca·Mg groundwater facies types, both accounting for 20% of the total groundwater samples,
while HCO3

− Na·Mg·Ca, HCO3
− Mg·Ca·Na and HCO3

− Mg·Na·Ca groundwater facies
type were less abundant. In addition, TIS salinity diagram can further characterize the
chemical composition of water [38]. As shown in Figure 3, (Cl− + HCO3

−) content is
5.11~10.21 meq·L−1, SO4

2− content is 1.4~3.6 meq·L−1. Indeed, the total ionic salinity (TIS)
of water ranges from 14.2 to 26.4 meq·L−1. The strontium-rich groundwater has high TIS
value, which indicates that the strontium-rich groundwater is the result of a long-term
evolution of the groundwater system in the study area.
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3.1.3. Correlation Analysis of Hydrochemical Compositions

Correlation analysis can reveal the consistency and variability of the sources of ground-
water hydrochemical parameters. As shown in Figure 4, Cl− showed a high positive corre-
lation with Na+ and Ca2+ and moderate correlation with Mg2+, with correlation coefficients
of 0.92, 0.94, and 0.59, respectively. HCO3

− showed moderately positive correlations with
Na+ and Ca2+, with correlation coefficients of 0.74 and 0.69, respectively, while SO4

2− and
NO3

− revealed negative correlations with all cations in groundwater. NO3
− showed a

moderate negative correlation with K+, with a correlation coefficient of −0.56. As for Cl−,
it showed a moderate positive correlation with HCO3

−, with a correlation coefficient of
0.59. Sr2+ showed a high correlation with Na+ and Cl−, with correlation coefficients of 0.85
and 0.84, respectively, suggesting that the source of Sr in groundwater is closely related
to the effect of atmospheric precipitation. In addition, Sr2+ revealed moderate positive
correlations with Ca2+ and HCO3

−, with correlation coefficients of 0.73 and 0.59, respec-
tively, indicating that the source of Sr may be the same as these two ions. The correlation
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between TDS and ions can better reflect the genesis of groundwater. Indeed, TDS showed
positive correlation coefficients with Cl− and Na+ of 0.81 and 0.76, indicating high and
moderate correlation, respectively, and an atmospheric precipitation source of groundwater.
The correlation coefficients of TDS with Ca2+ and HCO3

− were 0.84 and 0.60, showing
high and moderate correlations, respectively, indicating that Ca2+ and HCO3

− contribute
significantly to the formation of groundwater chemistry types in the carbonate-rich rock
study area.
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3.1.4. Controlling Factors and Natural Processes

A Gibbs diagram is an important tool for analyzing the chemical genesis of water
and can be used to analyze the mechanism of ion formation in water bodies [39,40]. In
the Gibbs diagram, the ion control mechanism is classified into three main effects, namely
rock weathering, evaporation-concentration, and atmospheric precipitation. The variation
of Cl−/(Cl− + HCO3

−) and Na+/(Na+ + Ca2+) ratios in Sr-rich groundwater samples in
the study area varied slightly from 0.04 to 0.25 and from 0.42 to 0.56, with mean values
of 0.13 and 0.56, respectively. In addition, TDS values were at a moderate level, varying
from 332 to 718 mg·L−1, with a mean value of 493 mg·L−1. As shown in Figure 5, the
Sr-rich groundwater samples were mainly located in the rock weathering area of the Gibbs
diagram, indicating that rock weathering was the most influential mechanism in the genesis
of Sr-rich groundwater in the study area. In addition, some Sr-rich groundwater samples
were close to the evaporation-concentration zone, indicating the slight influential effect
of the evaporation-concentration process on the hydrochemical characteristics of Sr-rich
groundwater in the study area. However, the groundwater samples were all far away
from the atmospheric precipitation zone, suggesting the lack of any significant effect of
atmospheric precipitation on the water chemistry of Sr-rich groundwater.
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In this study, the direction and strength of the cation exchange interaction were
assessed using the chloro-alkaline indices [41], namely CAI-I and CAI-II. These indices
were calculated using the following formulas:

CAI − I =
Cl− −

(
Na++K+

)
Cl−

(1)

CAI − II =
Cl− −

(
Na++K+

)
HCO3−+SO4

2−+CO32−+NO3−
(2)

When both CAI-I and CAI-II values are less than 0, it indicates that Ca2+ or Mg2+ in
groundwater exchanged ions with Na+ in aquifer minerals. When CAI-I and CAI-II values
are greater than 0, it indicates that Na+ in the groundwater exchanged ions with Ca2+ or
Mg2+ in the aquifer minerals. In addition, the higher the absolute values of CAI-I and
CAI-II the chloride index, the higher the degree of ion exchange.

The results showed that CAI-I and CAI-II varied from −0.23 to 0.01 and from −3.71
to 0.004, with a mean value of −0.128 and −1.155, respectively (Figure 6a). In addition,
almost groundwater samples revealed negative values of chloro-alkaline indices, except
for a few points. This result suggests that the cation exchange process generally occurs
in groundwater in the study area, more specifically replacement of Na+ with Ca2+ and
Mg2+ from aquifer minerals to the groundwater. Except for a few samples, relatively
high absolute values of the chloro-alkaline indices were observed in Sr-rich groundwater
samples, suggesting a strong degree of cation exchange. A very small number of water
samples do not undergo alternate cation adsorption, which may be due to the influence
of some other sources. In addition, the relationship between Na+ + K+ and Cl− can also
be investigated to assess cation exchange. As shown in Figure 6b, the water samples were
distributed above the [(Na+ + K+) − Cl−] ratio 1:1 line, indicating a significant enrichment
of groundwater by (Na+ + K+) compared to Cl−. Indeed, except for rock salt and potassium
salt dissolution, there are also other sources of Na+ and K+, mainly due to the presence of a
certain degree of cation exchange to increase the Na+ content.
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The mineral saturation index (SI) can be used to indicate the dissolved equilibrium
state of groundwater components. The results showed positive values of saturation indices
of dolomite, gypsum, and calcite (Table 2), indicating that all three minerals were in
supersaturated states and were in sedimentation states during groundwater evolution.
However, the saturation index range of rock salt in the study area was negative, indicating
that the rock salt was in a dissolved state during groundwater evolution.

Table 2. Mineral saturation index in Sr-rich groundwater.

SI Min Max Mean SD

Dolomite 5.24 5.98 5.55 0.29
Gypsum 1.97 2.95 2.36 0.37
rock salt −5.73 −3.92 −5.13 0.75
Calcite 4.53 4.92 4.71 0.14

3.1.5. Qualitative Analysis of Ion Sources

Water bodies are constantly interacting with the natural environment through various
hydrogeochemical processes. In the process of groundwater circulation, hydrochemical
ratios have a certain regularity, which can be used to assess the water chemistry and its
main sources [42].

The Na+/Cl− ratio can characterize the degree of Na+ enrichment in groundwater [43].
According to the correlation analysis (Figure 4), a high correlation was observed between
Na+ and Cl− (r = 0.92). However, most of the water samples fall above the rock salt
dissolution line (Figure 7a), with a Na+/Cl− ratio range of 0.96–4.58, with an average value
of 2.09. The result showed a higher Na+ enrichment compared to Cl−, suggesting that Na+

does not originate from the dissolution of rock salt only. Indeed, besides cation exchange
that may increase the Na+ content in Sr-rich groundwater in Tianjiazhai, the dissolution of
silicate minerals (e.g., sodium feldspar) can contribute to the increase in Na+ concentrations
in groundwater.

Ca2+/Mg2+, (Ca2+ + Mg2+)/HCO3
−, and (Ca2++Mg2+)/(HCO3

− + SO4
2−) ratios can

be used to determine the sources of Ca2+ and Mg2+ in groundwater [44,45]. From Figure 7b,
the results showed a Ca2+/Mg2+ ratio range of 0.33–1.05, with a mean value of 0.67. Ex-
cept for a few samples located on the 1:1 line, most groundwater samples fell below the
1:1 line, indicating that the sources of Ca2+ and Mg2+ in the study area are calcite and
dolomite dissolution; this is mainly due to the fact that calcite reached saturation faster
than dolomite. As shown in Figure 7c, all groundwater samples fall above the 1:1 line
of the Ca2++Mg2+/HCO3

− ratio. In addition, the results showed a Ca2++Mg2+/HCO3
−

ratio range of 1.18–1.99, with an average value of 1.55, indicating that Ca2+ and Mg2+

were more enriched than HCO3
−. This finding suggests that Ca2+ and Mg2+ were de-

rived from the dissolution of carbonate rocks as well as from other sources, such as the
dissolution of gypsum. In addition, most groundwater samples fall at the 1:1 line of the
[(Ca2++Mg2+)/(HCO3

−+SO4
2−)] ratio (Figure 7d), which indicates equilibrium states of

these ions, while chloro-alkaline indices indicated the prevalence of cation exchange. More-
over, this result demonstrates that Ca2+ and Mg2+ were not only from the dissolution
of calcite, dolomite, and gypsum but also from silicate dissolution. (Ca2++Mg2+) and
(HCO3

−+SO4
2−) were in equilibrium under the combined influence of carbonate rock,

silicate rock, and cation exchange.
Most of the groundwater samples fell near the 1:1 line of the Ca2+/SO4

2− ratio
(Figure 7e), while only a few samples fell below the 1:1 line, showing that most of the
groundwater samples have relatively balanced Ca2+ and SO4

2−, while a few samples are
depleted in Ca2+ or enriched in SO4

2−. This result may be due to the presence of a certain
degree of cation exchange and sedimentation of carbonate rocks during the evolution
of groundwater.

The relationship between the HCO3
− and (SO4

2−+Cl−) can further reflect the dis-
solved carbonate rock in groundwater. As shown in Figure 7f, the water samples fall above
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the 1:1 line of the HCO3
−/(SO4

2−+Cl−) ratio. Moreover, the HCO3
−/(SO4

2−+Cl−) ratios
range from 1.02 to 3.53, with an average value of 1.45. The HCO3

− enrichment compared
to (SO4

2−+Cl−) indicated the dominance of HCO3
− in Sr-rich groundwater in Tianjiazhai,

suggesting that the water chemistry is mainly influenced by carbonate rock dissolution,
which is consistent with the groundwater facies type.

The Cl−/Na+ and NO3
−/Na+ ratios in groundwater are generally higher when the

groundwater is affected by anthropogenic activities [46]. The variation in the Cl−/Na+ and
NO3

−/Na+ ratios in the Sr-rich groundwater samples in Tianjiazhai ranged from 0.22 to
1.04 and from 0 to 0.22, with mean values of 0.56 and 0.05, respectively. The low Cl−/Na+

and NO3
−/Na+ ratios obtained suggested that Sr-rich groundwater in Tianjiazhai is less

affected by anthropogenic activities.
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3.2. Formation Mechanism of Sr in Groundwater
3.2.1. Source Conditions

The upper part of the lithosphere is rich in trace elements, such as Sr, which is abun-
dantly contained in most rocks [47]. Indeed, Sr is mostly distributed in rock-forming min-
erals and is relatively concentrated in amphibolites, granites, and carbonates [48]. The Sr
content in the clastic rocks of the Yanchang Formation in the study area is high. In addition,
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the lithology of this formation is a thick-bedded feldspathic sandstone of light gray-green
medium to fine-grained feldspathic sandstone containing a large amount of potassium
feldspar, which is rich in Sr. Strontium in groundwater is mainly derived from the disso-
lution of strontium in the sandstones of the Yanchang Formation. The Sr abundance in
the surrounding rocks can reflect the Sr content in groundwater. Indeed, the presence of
Sr-bearing minerals is the material basis for the formation of Sr-rich groundwater.

3.2.2. Hydrodynamic Conditions

The Sr-rich groundwater in Tianjiazhai is mainly stored in the fractured unconfined
aquifer of the Yanchang Formation. The natural geographical, geological, and hydro-
geological conditions in the area determine the alternating characteristics of the overall
circulation of Sr-rich groundwater. During the rainy season, the main sources of recharge
for weathered fractured unconfined water in the Yanchang Formation are atmospheric
precipitation, Quaternary loose layer unconfined water, and surface water, while during
the dry period, the weathered fractured unconfined water of the Yanchang Formation is
mainly recharged from atmospheric precipitation and through transient runoff. Indeed,
discharge occurs from high to low and from West to East, recharging surface water and
pore unconfined water in the loose layer of the Quaternary, thus locally recharging the
Shimachuan area through runoff, from upstream to downstream. The weathered fissure
groundwater in the Yanchang Formation is located in different geomorphological units,
resulting in different recharge modes, runoff directions, and discharge conditions. The
Yanchang Formation of weathered fissure unconfined water, which is distributed in the
Loess Mountains, mainly receives infiltration recharge from the overlying Quaternary
aquifer and then flows from the Loess to the surrounding lowlands and discharges to the
surface in the lowlands of the topographically cut gullies to recharge the weathered fissure
groundwater of the Yanchang Formation in the river valley area. The weathered fractured
groundwater of the Yanchang Formation, distributed in the valley area, mainly receives the
recharge from the pore water of the overlying loose layer and the lateral recharge of the
same aquifer. Besides the low recharge rates from the lower confined water, the exposed
section of the aquifer is recharged directly from the atmospheric precipitation when the
local section of the valley area is in the favorable part of the geomorphology before flowing
along the river valley downstream from high to low elevations and from upstream to
downstream areas. The discharge of the aquifer occurs in the form of submerged flow
discharge in the riverbed, followed by downstream discharge. In addition, discharge by
evaporation and artificial mining is also the main discharge process. There is no aquifuge
between aquifers of the Quaternary loose layer pore unconfined water and the weathered
fissure unconfined water of the Yanchang Formation, indicating a relatively close hydraulic
connection. Surface water bodies and the Quaternary-Holocene alluvial unconfined water
have a complementary relationship, resulting in the close relationship between weathered
fissure unconfined water in the Yanchang Formation and surface water. According to the
results of the dynamic surface water observation and groundwater level data observed
from observation wells in Shimachuan, the dynamic changes of groundwater are closely
related to atmospheric precipitation with the characteristics of synchronous changes. All
this provides hydrodynamic conditions for the Sr enrichment in groundwater.

3.2.3. Hydrochemical Conditions

The Sr-rich groundwater in Tianjiazhai is mainly stored in the weathered fractured
unconfined aquifer of the Yanchang Formation. Indeed, the rocks in the study area have a
large weathering thickness and fracture development, mostly in the form of lines and veins
and locally in the form of a network. Atmospheric precipitation recharges groundwater
through fissure infiltration, resulting in CO2 seepage into the ground with precipitation
during the infiltration process (the free carbon dioxide in groundwater is determined by
the volumetric method of standard base solution). Under certain temperature and pressure
conditions, Sr-bearing minerals (rocks) undergo hydrolysis and dissolution filtration to form
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Sr-rich groundwater. The thick layer of weathered rocks developed in the Tianjiazhai area,
endowed with rich groundwater resources, provides good water conductivity channels
and reaction space for groundwater circulation and water–rock interaction.

The Sr content in the upper and lower parts of Borehole G019 (Figure 8a) ranged from
0.14 to 0.20‰ and from 0.33 to 0.39‰, respectively. The Sr content in the upper and lower
parts of borehole G020 (Figure 8b) ranged from 0.11 to 0.40‰ and from 0.51 to 0.62‰,
respectively. The Sr contents of rock samples at different depths in the hydrogeological
borehole were generally lower in the upper strata than in the lower strata. This result
may be due to the higher weathering degree of the rocks in the upper strata than in the
lower strata, resulting in high Sr element concentration, with high content, entering the
groundwater. As can be seen from Table 3, Sr was prevalently present in the strata of the
study area, ranging from 0.0741 to 0.147‰. By comparing the Sr content in the borehole
and profile, lower Sr contents were observed in the profile than those in the borehole, which
may be due to the longer leaching time in the area where the profile is located, allowing
Sr to easily dissociate from rocks and enter groundwater. Therefore, the Sr enrichment
in groundwater in Tianjiazhai is influenced by the degree of weathering and water–rock
reaction time. The higher the degree of weathering and the longer the water–rock reaction
time, the more easily Sr is leached from the rock into the groundwater system.
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Table 3. Sr content in rock sample profiles.

Rock Lithology Strontium (‰) Rock Lithology Strontium (‰)

pm-1 Medium-grained sandstone 0.126 pm-12 Fine-grained sandstone 0.080
pm-2 Conglomerate 0.103 pm-13 Mudstone 0.143
pm-3 Fine-grained sandstone 0.101 pm-14 Fine-grained sandstone 0.111
pm-4 Fine-grained sandstone 0.076 pm-15 Mudstone 0.110
pm-5 Coarse-grained sandstone 0.098 pm-16 Mudstone 0.074
pm-6 Coarse-grained sandstone 0.147 pm-17 Mudstone 0.128
pm-7 Coarse-grained sandstone 0.120 pm-18 Mudstone 0.119
pm-8 Fine-grained sandstone 0.116 pm-19 Fine-grained sandstone 0.126
pm-9 Fine-grained sandstone 0.145 pm-20 Fine-grained sandstone 0.121
pm-10 Fine-grained sandstone 0.111 pm-21 Loess 0.255
pm-11 Fine-grained sandstone 0.116 pm-22 Loess 0.266

Strontium enrichment in groundwater is related to groundwater circulation and trans-
port characteristics. In groundwater flow systems, the farther the runoff distance, the longer
the circulation path, the longer the retention time of groundwater in the aquifer, and the
more favorable the dissolution and enrichment of strontium in groundwater [49–51]. The
Sr-rich groundwater in Tianjiazhai is mainly stored in the weathered fractured aquifer of
the Yanchang Formation, with a single water-bearing lithology and good groundwater
circulation conditions. The Sr contents in the altered bedrock fracture water are relatively
stable. In addition, the clastic rock layer is less permeable and provides a semi-closed/semi-
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open groundwater environment, with slow groundwater runoff, long retention time, and
sufficient water–rock interaction, resulting in dissolution and enrichment of Sr in the
groundwater. Long-term contact between groundwater and surrounding Sr-bearing min-
erals (rocks) is the fundamental condition for the formation of Sr-rich groundwater. The
longer the contact time between groundwater and Sr minerals (rocks), the higher the Sr
content in the groundwater.

4. Conclusions

In this study, the hydrochemical characteristics and sources of Sr-rich groundwater in
the Tianjiazhai area were analyzed using descriptive analysis, correlation analysis, Piper
trilinear diagrams, Gibbs plots and ion ratios. In addition, the formation mechanisms
of Sr in groundwater were discussed, taking into account the specific geological and
hydrogeological conditions of the study area, as well as the hydrogeochemical theory. The
results showed that:

(1) Sr2+ content in Sr-rich groundwater ranged from 0.85 to 2.99 mg·L−1, with an average
value of 1.45 mg·L−1, which was 7.25 times higher than the national limit value of Sr2+

content in natural mineral water for drinking (0.20 mg·L−1). In addition, the pH and
TDS values ranged from 7.50 to 8.30 and from 332.00 to 718.00 mg·L−1, respectively,
indicating that Sr-rich groundwater is generally slightly alkaline. The dominant
cation and anion were Ca2+ and HCO3

−, respectively. On the other hand, HCO3-
Ca·Mg·Na was the main facies type of Sr-rich groundwater in the Tianjiazhai area. The
coefficients of variation of the hydrochemical parameters of Sr-rich groundwater were
less than 1, indicating that the contents of all hydrochemical parameters indicators
were relatively stable.

(2) The correlation coefficients of Sr2+ with Ca2+ and HCO3
− were 0.73 and 0.59, respec-

tively, indicating that the source of Sr may be the same as that of these two ions.
The correlation coefficients of TDS with Cl− and Na+ were 0.81 and 0.76, respec-
tively, mainly because that the groundwater in the Tianjiazhai area originated from
atmospheric precipitation, whereas the correlation coefficients of TDS with Ca2+ and
HCO3

− were 0.84 and 0.60, respectively, indicating the important role of Ca2+ and
HCO3

− in the groundwater chemistry in the study area. The hydrochemical charac-
teristics of Sr-rich groundwater in the Tianjiazhai area are controlled by water–rock
interactions and influenced by cation exchange. In addition, water–rock interactions
in Sr-rich groundwater are dominated by the dissolution of carbonate rocks.

(3) Weathering, dissolution, and leaching in the sandstone of the Yanchang Formation
are the main processes controlling Sr content in groundwater. Indeed, the Sr-rich
groundwater is mainly stored in the weathering fracture unconfined aquifer of the
Yanchang Formation. In addition, the higher the degree of weathering of Sr-bearing
minerals (rocks) and the longer the reaction time of water–rock interaction, the more
favorable the dissolution and enrichment of Sr in groundwater. The hydrogeological
conditions and geological and tectonic environment of the Tianjiazhai area provide
favorable conditions for the formation of Sr-rich groundwater.

The sandstone of Yanchang Formation is widely distributed in the Shimachuan River
basin, and the hydrodynamic and hydrochemical conditions of Shimachuan River basin
are conducive to the enrichment of strontium in groundwater, and the strontium in ground-
water flowing into Yellow River will be more enriched. Therefore, the development of this
study is of typical significance and can provide a scientific basis for the study of strontium-
rich groundwater in the whole Shimachuan River basin. However, due to the special
geological environment of the study area, soil erosion is more serious, the groundwater
quality is poor in the downstream region, and the sediment content in the groundwater
injected into the Yellow River is especially large. Therefore, the above changes should be
further explored in future research.

This study provides a deeper understanding of the hydrochemical characteristics
and sources of Sr-rich groundwater in the Tianjiazhai area. The results obtained can also
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provide a scientific basis and theoretical guidance for the development, utilization, and
protection of Sr-rich groundwater.
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