
Research Article
Hydrochemical Characteristics and Formation Mechanism of
Strontium-Rich Groundwater in Shijiazhuang, North China Plain

Duo Li,1 ShuangGan,1 Junfeng Li,2 ZihanDong,1 Qi Long,1 Shuwei Qiu,1 Yahong Zhou ,1

and Changyu Lu1

1School of Water Resources and Environment, Hebei Province Key Laboratory of Sustained
Utilization and Development of Water Resources, Hebei Province Collaborative Innovation Center for Sustainable
Utilization of Water Resources and Optimization of Industrial Structure, Hebei GEO University, Shijiazhuang 050031, China
2Hebei Institute of Hydrological Engineering Geology Investigation, Shijiazhuang 050031, China

Correspondence should be addressed to Yahong Zhou; zhyh327@163.com

Received 11 January 2021; Revised 16 February 2021; Accepted 13 March 2021; Published 25 March 2021

Academic Editor: Chengcheng Li

Copyright © 2021 Duo Li et al. +is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Strontium is a kind of trace element. Groundwater containing strontium is called mineral water when its content reaches a level
that is beneficial for human physiology. Some groundwater resources in Shijiazhuang are rich in strontium. In this study,
groundwater samples collected from 103 sites were studied for the hydrochemical characteristics of strontium and its formation
mechanism in the groundwater system in Shijiazhuang City. +e methods of source provenance analysis, factor correlation
analysis, and runoff condition analysis were carried out in the study. +e results showed that the content of strontium in eastern
Shijiazhuang is higher than 0.229mg/L, with a maximum content of 1.942mg/L. +e source of strontium is the dissolution of
strontium-containing minerals in carbonate rock, sheet hemp rock, clastic rock, and granite in the Taihang Mountain area of the
Hutuo River Basin. Strontium is positively correlated with total dissolved solids, bicarbonate, calciummagnesium, and free carbon
dioxide. +e erosion ability of groundwater strengthens the dissolution of strontium, and the geochemical action is mainly due to
the dissolution. +e enrichment and distribution of strontium are related to the conditions of groundwater runoff. Areas with
good runoff conditions and strong mining are low in strontium, while areas with poor runoff conditions have high
strontium content.

1. Introduction

Strontium is an alkaline-earth element, and its average
abundance in the continental crust is 350 ppm [1]. Its ele-
mental abundance varies among different types of magmatic
rocks and sedimentary rocks. Among carbonate rocks,
gypsum and phosphorous block rocks have the highest
abundance of Sr.+ere are more than 30 kinds of strontium-
bearing minerals in nature. +e most important one is
strontianite [2]. +e strontium content of mineral water
containing strontium is more than 0.2mg/L. Strontium
mineral water, metasilicate mineral water, and carbonated
mineral water are the main types of natural mineral water

used for drinking in China. Strontium mineral water is
distributed all over the country and is mainly found in Jilin,
Shanxi, Jiangsu, Sichuan, and other regions. +e function of
strontium in the human body is mainly related to the for-
mation of bones, and it is a normal component of human
bones and teeth. It is also related to the function and
structure of blood vessels. Excessive sodium in the body can
cause hypertension and cardiovascular diseases, while
strontium can reduce the absorption of sodium in the hu-
man body. +erefore, strontium has the effect of preventing
these diseases [3]. +us, the exploitation of natural stron-
tium mineral water from available sources is of great
importance.
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Shijiazhuang is a border area between the Shanxi Block
and the sags of the Bohai Basin. On the western part of
Shijiazhuang are the Taihang Mountains, with an altitude of
about 1000m.+e eastern part of Shijiazhuang is the alluvial
proluvial plain of the Taihang Mountains, which is generally
30–100m above sea level. Natural mineral water is widely
distributed in Shijiazhuang and its surrounding areas, in
which the indexes of strontium are up to the standard. +is
means the natural mineral water in these areas has enormous
potential economic value. However, due to the lack of
reasonable and unified planning for the development, uti-
lization, and protection of mineral water resources in this
area, such as unlicensed disordered mining and mixed layer
mining, a large number of valuable resources are used for
industrial, agricultural, and urban domestic water, which
cannot be used with high quality, and the large-scale ex-
ploitation of groundwater leads to various environmental
problems such as aquifer drainage and groundwater pol-
lution, resulting in the waste of resources and environmental
pollution. +e rich and valuable mineral water resources in
the study area have not been well developed, utilized, and
protected. +erefore, the distribution characteristics, sour-
ces, migration, and enrichment trends and other hydro-
chemical characteristics of strontium in the study area
should be analyzed [4, 5]. It can provide scientific basis for
the development and protection of natural mineral water
resources and give full play to the value of mineral water
[6, 7]. +e distribution, enrichment, and migration of
strontium in groundwater are affected by many factors. At
present, scholars have studied the influence of silty clay,
groundwater, and various factors on the adsorption of Sr2+.
For example, the effects of contact time, solid-liquid ratio,
and tracer concentration on the adsorption ratio of stron-
tium on silty clay were studied by the static indicator method
[8]. +rough static experiments, the relationships among
strontium adsorption and conventional anions and cations
in groundwater were obtained [9–11]. +e adsorption ability
of strontium ions in the soil is related to lithology [12, 13],
calcium ions, and other single ions [14, 15]. At the same
time, loess [16] and different wetting media [17] also affect
the migration ability of strontium ions. With the rapid
development of the national economy, the demand for
groundwater quality has forced us to analyze the influencing
factors of groundwater quality in more detail. For example,
the analysis of effects of carbon dioxide [18], groundwater
system [19–21], groundwater chemical environment
[22–24], and geological conditions [25] on strontium ions,
the analysis of elements in mineral water [26, 27], and the
evaluation of natural mineral water [28] have been reported
in recent years. +ese previous research results have laid a
solid foundation for the development of this study.

+e main objectives of this research are to (1) charac-
terize the depth, lithology, water abundance, and other
aspects of the aquifers in the study area; (2) assess the
distribution characteristics of strontium in groundwater; (3)
analyze the correlation between strontium and other
components; and (4) investigate the origin of Sr in
groundwater. +is study is designed to support local

decision makers in decision making related to sustainable
development and utilization of groundwater mineral water.

2. Materials and Methods

2.1. Field Studies- Study Area. +e study area is a part of the
piedmont alluvial fan area in front of the Taihang Moun-
tains. It is situated at latitude 37°58′30″N∼38°08′45″N and
longitude 114°25′30″E∼114°48′35″E in the southeastern
part of Hebei covering an area of 650 km2. +e geological
formation comprises a thick sequence of Quaternary de-
posits of mid-Pleistocene to recent age, which is composed
of unconsolidated sand, silt, clay and kankar in various
proportions. +e climate in this region belongs to the warm
temperate semihumid semiarid continental monsoon cli-
mate zone. It is characterized by dry and windy spring, hot
and rainy summer, cool autumn, and cold winter. +e av-
erage temperature ranges from 11 to 23°. +e total annual
rainfall is 493.3mm. Corn and wheat are the major crops of
the district.

2.2.Collection ofGroundwater Samples. A total of 44 shallow
groundwater samples and 29 deep groundwater samples
were collected from the study area (Figure 1). +e sample
collection, processing, and storage methods were under-
taken as per the standard procedures stipulated by the
ministry of water resources in China to ensure data quality
and consistency. In the study, the following physical and
chemical parameters were analyzed: total dissolved solids
(TDS), major cations (Mg2+, Ca2+, and Sr2+), major anions
(Cl−, SO2−

4 , and HCO−
3 ), and trace compounds such as free

carbon dioxide (CO2) and metasilicate (H2SiO3). Ca2+ and
Mg2+ concentrations were determined using titration. +e
conductivity analyzer was used to measure EC and TDS. Sr2+

concentration was measured by ICP-AES.

3. Results and Discussion

3.1. 0e Characteristics of Water-Containing Media in the
Study Area. +e study area is located in the eastern part of
Shijiazhuang, at the top and middle of the alluvial fan of the
Hutuo River, covering 650 km2. According to the type of the
water-containing medium, geological age, and other factors,
the fourth system in the study area is divided into shallow
aquifer and deep aquifer.

+e shallow aquifer is formed by Q3 and Q4, called a
submerged aquifer. +e western part of the study area is
affected by the exploitation of groundwater for many years.
+e areas of Zhengding Zhuhe-Xi Zhaotong-Century Park-
Jia village west of the first line have been dewatering. +e
water table of water-bearing layers in the eastern area is
buried at the depth of 40m to 90m. +e thickness of the
aquifer is 20m to 50m. +e main rocks are gravel, gravel
containing, medium sand, water conducting, and water
rich, with a permeability coefficient of 100 to 200m/d. +e
amount of water per unit is generally between 30 and
80m3/h·m.
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+e deep aquifer is formed by Q1 and Q2. +e western
part of the Sanlitun-Xi Zhaotong-Remain village is phreatic
water. +ere is no stable aquiclude between it and the
overlying shallow aquifer. +e west of the line is confined
water. +e water table is buried between 80m and 480m.
+e thickness of the aquifer is 45 to 180m. +e main rock is
gravel pebble, gravel-containing coarse sand, water con-
ducting, and water rich, with a permeability coefficient of 30
to 130m/d. +e amount of water per unit is generally 40 to
110m3/h·m.

3.2.DistributionCharacteristics of Strontium inGroundwater.
Statistical summary of various parameters of strontium
measured in groundwater is presented in Table 1. +e
abundance of Sr in the shallow groundwater ranges from
0.396mg/L∼1.942mg/L, and that in the deep groundwater
ranges from 0.229mg/L∼1.837mg/L. +e mode and stan-
dard deviation of strontium concentration in shallow and
deep groundwater are, respectively, 1.092mg/L, 0.368 and
0.460mg/L, 0.326, with the average values of 1.023mg/L and
0.771mg/L. Significantly, the average strontium concen-
tration in shallow groundwater is higher than that in deep
groundwater [29]. Histograms are drawn according to the
frequency of strontium values in shallow and deep
groundwater (Figure 2). As can be seen from the figure, the
concentration of Sr in the shallow layer and deep layer
presents a normal distribution and is mainly concentrated
around the mean values of 1.023 and 0.771.

+e contour map of Sr (Figure 3) is drawn according to
the strontium concentration values at the sampling points.
As shown in Figure 3, the surface distribution of strontium
in shallow and deep groundwater has the same character-
istics: the strontium content in groundwater varies in dif-
ferent parts of the alluvial-diluvial fan. +e content of

strontium increases gradually from the top to the middle
parts and both sides of the bottom of the alluvial fan. +e
low-value zone of strontium content is located in the fan axis
of Shijiazhuang City-High-tech zone-the oil refinery, and the
high-value zone is located in the north and south. +e Sr
content in the south is higher than that in the north.

3.3. Correlation with Other Ions

3.3.1. Correlation between Strontium and Free CO2. +e
abundance of Sr in the geological environment determines
the strontium content in groundwater. High strontium
abundance is conducive to the enrichment of strontium.
Carbonate formations are the most suitable for Sr enrich-
ment, and the clastic environments are the second most
favorable. +e content of strontium is abundant in the
carbonate aquifer. SrCO3 is a constituent mineral of car-
bonate salts and is insoluble in groundwater environment.
Contact with corrosive water increases the solubility of the
mineral. +e lithology of the Taihang Mountains in the west
of Shijiazhuang is mainly carbonate rock and gneisses which
contain a large amount of strontiumminerals, such as SrCO3
and SrSO4. +e formation of Sr mineral water occurs be-
cause the Sr-containing minerals are easily dissolved in
water. Sr in groundwater in the study zone is derived from
the dissolution of carbonate minerals. Hence, the concen-
tration of strontium has a certain correlation with the
concentration of free CO2. +e relationship between the
concentration of Sr and free CO2 in shallow and deep
groundwater is shown in Figure 4. +e results verify that
there is a positive correlation between Sr and free CO2.
Specifically, the strontium content in groundwater rises
gradually with the increase in the content of free carbon
dioxide.
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Figure 1: Study area and sampling locations: (1) water abundance of groundwater <10m3/h·m; (2) water abundance of groundwater is
between 10 and 30m3/h·m; 3) water abundance of groundwater is between 30 and 50m3/h·m; (4) water abundance of groundwater is
between 50 and 70m3/h·m; (5) water abundance of groundwater >70m3/h·m; (6) boundary of the drainage area; (7) villages; (8) sampling
points of shallow groundwater; and (9) sampling points of deep groundwater.
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3.3.2. Correlation between Strontium and Conventional
Factors. Piper diagram is drawn based on the contents of
major negative ions and cations (Figure 5) [30]. +e figure
suggests that the main hydrochemical types in the study area
are SO4·Cl—Ca·Mg and HCO3—Ca·Mg. Most of the

groundwater in the study area is low salinity bicarbonate
water, and Mg2+, Ca2+, and HCO3

- are the most common
ions. It can be seen from Figure 6 that Sr is positively
correlated with TDS and TH. Lixiviation is the chief geo-
chemistry action that controls strontium content [31, 32].

Table 1: Mathematical statistics of strontium in shallow and deep groundwater.

+e concentration of Sr Shallow aquifer Deep aquifer
Mean value 1.023 0.771
Median 1.001 0.747
Mode 1.092 0.460
Standard deviation 0.368 0.326
Variance 0.136 0.128
Range 1.546 1.608
Min 0.396 0.229
Max 1.942 1.837
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Figure 2: Frequency histogram of strontium concentration in shallow and deep groundwater.
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Figure 3: Strontium distribution in shallow and deep groundwater: (1) contour lines of strontium content in shallowwater; (2) contour lines
of strontium content in deep water; (3) boundary of the drainage area; and (4) villages.
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Figure 5: Piper diagram of groundwater samples.
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Figure 4: Relationship between strontium and free carbon dioxide in shallow and deep groundwater.
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Studies have shown that mineral waters containing stron-
tium are primarily of HCO3 type and secondarily of
HCO3·SO4 type [33]. Consequently, it can be speculated that
the concentration of bicarbonate ions and sulfate ions in
groundwater has a certain correlation with the concentra-
tion of strontium in groundwater. +e relationship between
strontium concentration and bicarbonate ion concentration
in groundwater was plotted (Figure 7). As shown in the
figure, the concentration of strontium in groundwater is
positively correlated with the concentration of bicarbonate
ions. It can be seen from Figure 8 that the concentration of
strontium in groundwater is also positively correlated with
the concentrations of Ca2+ and Mg2+, which indicates that
the main components of the rocks that undergo leaching are
carbonate minerals.

3.4. Analysis of Strontium Enrichment

3.4.1. Sources of Strontium. Strontium is a trace element in
the lithosphere, but its abundance is the highest in the upper
lithosphere. It is distributed widely with an average of
3.75×10−4. +e formation, enrichment, and distribution of
Sr have certain regularity. +ey are affected by the geological
background of the formation area, groundwater movement,
and geochemical environment.

As a widely distributed trace element in nature, stron-
tium is highly resolutive.+erefore, the content of strontium
in natural water is slightly higher than that of other trace
elements. In carbonate rock, gypsiferous clastic rock, and
salt rock, minerals such as strontium carbonate and celestite
are easily soluble in water. +e rocks containing Sr are
magmatic rocks, clastic rocks, and metamorphic rocks,
which are formed by thermal metamorphism. +ese rocks
are conducive to the dissolution of strontium.+e strontium
content in groundwater depends largely on its geochemical
environment and the properties of strontium. During the
weathering of rock, especially the decomposition of feldspar,
the interaction between strontium salt and water rich in

carbon dioxide is beneficial to the precipitation of strontium.
It dissolves in water and causes strontium enrichment.

+e strontium content in groundwater is closely related
to the geochemical environment such as the lithology of the
aquiferous medium and strontium content. +e content of
strontium is the highest in carbonate rocks, followed by
clastic strata, and also high in granite and granodiorite. +e
study area is located on the top and middle belt of Hutuo
River alluvial fans. +e stratigraphic distribution of the
Hutuo River Basin upstream region mainly consists of the
archaean group, fuping group, Wutai group, lower palae-
ozoic group, Hutuo group of gneiss and other metamorphic
rocks, carbonate rock, clastic rock, upper palaeozoic,
Cambrian Ordovician carbonate rocks, carboniferous
Permian clastic rock, and granite, granite diorite vein, etc., as
shown in Figure 9. +ere are many strontium-bearing
minerals in the rocks, such as strontianite, which easily
dissolve in water. +e dissolution of strontium-bearing

1500

1200

900

600

300

0

TD
S 

(m
g/

L)

TH
 (m

g/
L)

Sr (mg/L)
0.0 0.5 1.0 1.5 2.0

1000

800

600

400

200

0

TDS
TH

Figure 6: Relationship between groundwater strontium, TDS, and
TH.

500

400

300

200

100

H
CO

3– (m
g/

L)

0.0 0.5 1.0 1.5 2.0
Sr (mg/L)

HCO3
–

R2 = 0.2386
y = 173.3459 + 86.3412x

Figure 7: Relationship between groundwater strontium and
bicarbonate.

320

240

160

80

0

Ca
2+

 (m
g/

L)

M
g2+

 (m
g/

L)

0.0 0.5 1.0 1.5 2.0
Sr (mg/L)

56

42

28

14

0

Mg2+
Ca2+

Figure 8: Relationship between strontium, calcium, and magne-
sium contents in groundwater.

6 Journal of Chemistry



1

2

3

4

Q

P

C

⋲ + O

5

6

Pt3

Pt1

Ar2

Ar1

7

8

9

10

11

12

0 20 40 km

Figure 9: A geological sketch of the upstream region of the Hutuo River: (1) Quaternary system; (2) Permian system; (3) the carboniferous;
(4) Cambrian Ordovician; (5) upper Paleozoic erathem; (6) lower Paleozoic erathem; (7) the Wutai group of the archaic kingdom;
(8) Fuping group of the ancient kingdom; (9) basin boundary; (10) provincial boundary; (11) the rivers; and (12) stratigraphic boundary.

0 2 4km1
2

3
4

Figure 10: Contours and strontium distribution of the shallow groundwater level: (1) contour lines of strontium content in shallow water;
(2) contour lines of water table in shallow water; (3) boundary of the drainage area; and (4) villages.

Journal of Chemistry 7



minerals in these rocks is conducive to the enrichment of
strontium in groundwater.

3.4.2. Influence of the Ability of Groundwater Dissolution and
Erosion. +e leaching, migration, and enrichment of
strontium in groundwater are not only related to the content
of strontium in the parent rock but also affected by water
erosion. +e erosive ability of water in nature mainly de-
pends on the content of free carbon dioxide, and water rich
in carbon dioxide is conducive to the dissolution of
strontium. In shallow groundwater in the study area, the
content of free carbon dioxide is mostly in the range of
0∼14.4mg/L, while the content of strontium is in the range
of 0.4∼2.0mg/L. +e content of free carbon dioxide in deep
groundwater is typically in the range of 0∼8.8mg/L, while
the content of strontium is in the range of 0.5∼1.2mg/L. +e
strontium content in shallow groundwater is generally
higher than that in deep groundwater, which is related to the
higher content of free carbon dioxide in shallow ground-
water. +is shows that the greater the content of free carbon
dioxide in groundwater, the stronger the dissolution ability
of strontium rock and the higher the content of strontium in
mineral water. +e carbon dioxide in the groundwater
mainly comes from the fermentation of organic matter
residues in soil and the respiration of plants. +e carbon
dioxide produced in the soil enters the groundwater. +us,
the content of free carbon dioxide in shallow groundwater is
higher than that in deep groundwater.

3.4.3. Influence of Groundwater Circulation. +e strontium
enrichment of groundwater in the study area is closely re-
lated to groundwater circulation and runoff conditions. Due
to the different permeabilities of diverse parts of the alluvial-
diluvial fan and centralized exploitation of groundwater,
there are obvious differences in groundwater runoff con-
ditions and the content of strontium changes regularly. +e
strontium content is low in the axial part of the alluvial fan
and the descending funnel. +e strontium content is high in

the areas with poor runoff conditions, while it is low in the
areas with good runoff conditions.

+e aquifer at the top and middle zone of the Hutuo
River alluvial fan is thick, with good groundwater flow
conditions and a strong water cycle. +e strontium content
gradually increases, from northwest to southeast along the
groundwater flow, from the fan axis to the two sides of the
Hutuo River alluvial fan. +e strontium content presents a
relatively low distribution zone in the region along the fan
axis. +e strontium content also shows a relatively low value
in the influence range of the depression cone. +is indicates
that good groundwater runoff conditions and strong water
circulation can inhibit the excessive enrichment of stron-
tium, which is of great importance for the formation of
strontium mineral water. +e long-term concentrated
groundwater exploitation has a certain influence on the
strontium content (Figures 10 and 11).

4. Conclusions

By studying the distribution characteristics and causes of
strontium enrichment in groundwater in the eastern area of
Shijiazhuang, the following conclusions are obtained:

(1) +e lithology of the Taihang Mountain area of the
Hutuo River Valley is mainly carbonate rock and
gneisses, followed by clastic rock, granite, grano-
diorite, etc. +ese rocks contain relatively high
amounts of strontium. +e strontium in ground-
water is formed by the dissolution of strontium-
bearing rocks, under the influence of specific
conditions and environmental factors such as
temperature and runoff.

(2) Strontium content is positively correlated with the
contents of dissolved total solids, bicarbonate, cal-
cium, magnesium, free carbon dioxide, and meta-
silicic acid in the study area. It is closely related to the
erosion and dissolution ability of groundwater. +e
main chemical action is leaching.
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Figure 11: Contours and strontium distribution of the deep groundwater level: (1) contour lines of strontium content in deep water;
(2) contour lines of water table in deep water; (3) boundary of the drainage area; and (4) villages.
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(3) +e strontium content in the groundwater in most of
the study area is more than 0.4mg/L. +e enrich-
ment and distribution of strontium in the ground-
water are related to groundwater runoff conditions.
Moreover, the strontium content is lower at the axial
part of the alluvial-diluvial fan and the descending
funnel. +e area with poor runoff conditions is high
in strontium content.

In summary, the results of this work help to identify the
conditions and factors responsible for Sr enrichment in
groundwater, which can be useful for the exploitation of Sr-
containing mineral water. +is study can provide a scientific
basis for the development and protection of natural mineral
water resources for drinking and the management planning
of the relevant departments, to ensure that the abundant
mineral water resources can be used rationally and con-
tinuously and to improve the drinking water quality in
Shijiazhuang.
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