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Abstract
Changes in groundwater level, hydrochemistry, and aquifer parameters were studied by following disturbances caused by 
tunnel excavation in a panel in the Ningtiaota coalfield, northwest China. Temporal changes of hydrochemical compositions 
were evaluated based on time-series hydrochemical data in three boreholes (J2, J13, and SK8). The time series of hydrau-
lic conductivity and specific storage of aquifers were obtained using the water level response to Earth tides and long-term 
(from 2014 to 2019) hourly recorded water level data. The results showed that the concentrations of Ca2+, HCO3

−, and TDS 
in groundwater in borehole J2 decreased sharply following underground tunnel excavation and recovered after six months. 
Back and forth changes also occurred in the hydrochemical types (HCO3–Ca → HCO3–Ca–Mg → HCO3–Ca). The excava-
tion caused changes in hydraulic conductivity (about 2 order of magnitudes) and groundwater level (about 3.2 m), possibly 
by unclogging fractures. This in turn caused hydrochemical changes, such as silicate dissolution and calcite precipitation, 
possibly due to inflow of dilute water from neighboring aquifers. After the disturbance, the concentrations of Ca2+, HCO3

−, 
and TDS in groundwater gradually recovered as the aquifer and groundwater levels both tended to recover, possibly due to 
the reclogging of fractures. This study on the coupled evolution of hydrological processes could enhance our understanding 
of the effects of mining on aquifer systems.
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Introduction

Underground coal mining can change the structure of an 
overburden aquifer system, resulting in complicated hydro-
geological variations (Adhikary and Guo 2015; Izadi et al. 
2011; Ju et al. 2017; Zhang et al. 2016). Mining directly 
disturbs the hydrological characteristics of groundwater sys-
tems, including long-term groundwater level declines (Qiao 
et al. 2011; Shi et al. 2017), variations in aquifer param-
eters (Sui et al. 2011; Sun et al. 2016), and hydrochemi-
cal changes (Huang and Chen 2012; Zhang et al. 2020). 
These hydrochemical change can pose a threat to ground-
water quality and environment (Arkoc et al. 2016; Qu et al. 

2018), while the changes in groundwater level could cause 
the redistribution of water resources and adversely affect 
the eco-environment (Li et al. 2018a; Liu et al. 2017; Yin 
et al. 2017; Zhu et al. 2020). The changes in groundwa-
ter dynamics (groundwater level) and intrinsic properties 
(aquifer parameters) can also affect hydrochemistry (Booth 
2007; Qu et al. 2021; Xiao et al. 2018). To support sustain-
able utilization of water resources and prediction of water 
inrush, it is important to elucidate the coupled evolution of 
groundwater level, aquifer parameters, and hydrochemistry 
associated with mining activities.

In recent years, some studies have reported the hydro-
chemical characteristics and evolution in coalfield (Arkoc 
et  al. 2016; Li et  al. 2019; Zhu et  al. 2020). Li et  al. 
(2018b) investigated the hydrogeochemical mechanisms 
and the hydraulic connection between adjacent aquifers 
in the Hondunzi coal mine. Huang et al. (2017) identified 
the main hydrochemical evolution and groundwater ori-
gins in the Ningtaiota coalfield. Using the Linhuan coal 
mine as an example, Yin et al. (2017) revealed the mech-
anism of water–rock interactions caused by 20 years of 
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mining-induced disturbance. However, previous studies have 
mainly focused on the hydrochemical evolution of ground-
water, while the association between the mining-induced 
changes in hydrochemistry, groundwater level, and aquifer 
properties has seldom been documented.

Generally, the time series of water level and hydrochem-
istry can be investigated by continuous in-situ monitoring 
and sampling. By contrast, it is difficult to obtain such a 
time series for aquifer parameters. Conventional methods for 
determining aquifer parameters include numerical simula-
tion, physical models, and aquifer test (Adhikary and Guo 
2015; Booth 2002; Meng et al. 2016; Sui et al. 2015). How-
ever, these methods are expensive, time consuming, and 
unsuitable for evaluating the long-term variations of aquifer 
parameters. Instead, the responses of well water levels to 
the Earth tide and barometric pressure can be used to obtain 
continuous time series of aquifer parameters passively and 
economically (Qu et al. 2020a, b).

In this paper, the groundwater level, aquifer parameters, 
and hydrochemical changes were studied using monitoring 
data in three boreholes from 2012 to 2019 in the Ningtiaota 
coalfield, north Shaanxi, China. During the study period, 
tunnel excavation was carried out from May 2018 in Panel 
S1222, near a borehole. Thus, the time series of hydrochem-
istry, groundwater level and aquifer parameters provided us 
with a unique opportunity to investigate and test the specific 
mechanisms of mining-related changes in the coalfield.

Hydrogeological Setting and Mining Activity

The Ningtiaota coalfield is located 70 km northeast of Yulin 
City, Shaanxi Province, China (Fig. 1a). The study area is 
situated inland in northwest China and has a typical temper-
ate semi-arid continental climate. It is cold in winter and hot 
in summer, with an average annual temperature of 6.8 °C. 
The average annual precipitation is 434.1 mm while average 
annual evaporation is 1712 mm (Yao and Xia 2007). The 
main aquifers in the study area include the Jurassic Yan’an 
Group sandstone aquifer (J2y), the Jurassic Zhiluo Group 
(J2z) sandstone aquifer, the Salawusu Group alluvial aqui-
fer (Q3s), and the Quaternary eolian aquifer (Q4

eol; Li et al. 
2008; Yang et al. 2015). The main coal seam being mined 
is the 2−2 coal, located in the J2y formation. The aquitards 
consist of the Baode Group red clay (N2b) and the Lishi 
Group loess (Q2l) (Qu et al. 2020b). Among them, the J2z 
and J2y aquifers have good hydraulic connection because of 
their direct contact without significant aquitards in between 
(Fig. 1b). However, both have a poor hydraulic connection 
with the Q4

eol aquifer as the N2b and Q2l aquitards interfere, 
except where “skylight” aquitards exist (Dai et al. 2019).

The area of the coalfield is about 71.2 km2, and under-
ground coal mines have operated here for 10 years. In this 

study, boreholes J2, J13, and SK8 were monitored (Fig. 1b). 
The J2 borehole is located above Panel S1222, which has 
two tunnels (for transport and air return) with a height and 
width of 7.2 m and 5.1 m, respectively. The tunnel excava-
tion was carried out from May 2018 to 2019, from west to 
east. Boreholes J13 and SK8 are both located in the southern 
boundary of the study area, far from Panel S1222.

Data and Analysis

A total of 25 water samples were collected from boreholes 
J2, J13, and SK8 from 2012 to 2019. The groundwater level 
data from 2014 to 2019 for this study was obtained from 
continuous monitoring by pressure transducers (“Solinst” 
levellogger, Solinst Canada Ltd.) installed in these three 
boreholes. The groundwater level data before 2014 was 
obtained from the Mining Department of the Ningtiaota 
Administration. Barometric pressure was monitored using 
a “Solinst” barologger placed in borehole SK8.

The pH was measured in situ using a portable multi-
parameter monitor (Manta 2.0). Groundwater samples were 
analyzed in a laboratory of the China University of Geo-
sciences (Beijing) and China Earthquake Administration. 
Na+, K+, Ca2+, Mg2+, SO4

2−, and Cl− were measured by ion 
chromatography with a precision of 1%. HCO3

− and 
CO3

2− were determined by potentiometric titration. In 
hydrochemistry, the total dissolved solids (TDS) is com-
monly expressed by the amount of the dried residue after the 
water sample is evaporated to dryness. During the process, 
about a half of the HCO3

− escapes as CO2 from water sam-
ples. Thus, the TDS was equal to the sum of the major ions 
concentrations subtracting a half of HCO3

− concentration 
(Li 1998). These results are summarized in Table 1. The 
measured data were checked by the charge balance error 
(CBE = ���

∑
cations−

∑
anions∑

cations+
∑

anions

��� × 100 ), with all ions are expressed 
in meq/L. Generally, the CBE should be below 10% (Mao 
et al. 2021; Xiao et al. 2021; Xu and Wang 2016); on this 
basis, the testing results of all of the samples were 
acceptable.

Since the 1960s, based on the relationship of a well-
aquifer system response to earth tide, many studies have 
found that the well water level of a confined aquifer could 
be used to measure the crustal tidal strain through ground-
water microdynamics (Xu et al. 2021). The well water level 
will fluctuate with the water flowing in or out of the well, 
resulting from the expansion or compression of the aqui-
fer induced by tidal strain. On this basis, the tidal response 
of the well water level could reflect the hydraulic property 
of confined aquifers (Eqs. 1 and 2; Roeloffs 1996). If the 
well water level shows abnormal changes induced by a 
disturbance, the tidal response of the well water level may 
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Fig. 1   a Geographical location and sketch map of hydrogeology of the study area and b cross-section maps of three observation wells
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change. Consequently, the aquifer parameters derived by 
tidal response of the well water level (earth tide model) may 
also change, indicating changes in the aquifer property. In 
this study, the Earth tide model was used to estimate aqui-
fer parameters, which had been proved to be effective and 
consistent with the results of pumping tests in the study area 
(Qu et al. 2020b). The same method and processes were used 
to estimate aquifer parameters of J2, J13, and SK8 based 
on the time series (groundwater level and barometric pres-
sure) from 2014 to 2019. The aquifer parameters before 2014 
cannot be estimated because the low accuracy and record-
ing frequency of the time series provided by the Mining 
Department.

Here, A is the amplitude response representing the ratio 
between the amplitude of the water level and tidal dilation 
strain; η is the phase shift representing the lag time between 
water level oscillations and tidal dilation strain; A and η can 
be obtained by tidal analysis using the Baytap-G program 
(Tamura et al. 1991); z is the depth from the water table 
(m); ω is the frequency of tidal oscillation (rad/s); D is the 
hydraulic diffusivity (m2/s), which equals to the division of 
transmissivity T (m2/s) and storativity S. Hydraulic conduc-
tivity K (m/s) and specific storage Ss (m−1) are equal to T 
and S divided by the aquifer thickness b (m), respectively.

Results

Variability in Groundwater Level

The groundwater level time series in boreholes J2, J13, and 
SK8 were analyzed (Fig. 2). J2 is located above the S1222 
panel whose tunnels were excavated from west to east start-
ing in May 2018. Boreholes J13 and SK8 are located in the 
southern boundary of the study area, far from Panel S1222. 
As shown in Fig. 2, the groundwater level in boreholes J2, 
J13, and SK8 show a gradual decrease before 2016. Gener-
ally, a gradual groundwater level decrease can be caused 
by the dewatering of formations (e.g. mine drainage; David 
et al. 2017). After 2016, the groundwater levels in J13 and 
SK8 gradually increased, but the groundwater level in J2 
showed an obvious and rapid decline (about 3.2 m) from 

(1)

A =
||||
x0

�0

|||| =
[
1 − 2exp

(
−
z

δ

)
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(
z

δ

)
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(
−
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)]1∕2
,

(2)� = arg

�
x0

�0

�
= tan−1

⎧
⎪⎨⎪⎩

exp
�
−

z

δ

�
sin(

z

δ
)

1 − exp
�
−

z

δ

�
cos(

z

δ
)

⎫
⎪⎬⎪⎭
.

September to December, 2018, equivalent to the total 
groundwater level decline from 2013 to 2018 (Fig. 2a). This 
indicates that the groundwater level in J2 was disturbed by 
the nearby tunnel excavation of Panel S1222. And then, as 
the tunnel excavation gradually moved away from J2, the 
groundwater level decline began to slow down, indicating 
that the disturbance caused by the tunnel excavation was 
gradually attenuated.

Changes in Aquifer Parameters

The two-monthly mean of hydraulic conductivity K and 
specific storage Ss were determined with the Earth tide 
model (Roeloffs 1996) and calculation processes of Qu et al. 
(2020b). Comparing J2 with J13 and SK8 allowed us to ana-
lyze the effect of the S1222 panel mechanical disturbance on 
the time series of the aquifer parameters in J2. As shown in 
Fig. 3a, the values of K in J2, J13, and SK8 were relatively 
stable from 2014 to 2018, with an average value of ≈ 0.01 
m/d, 0.1 m/d, and 0.01 m/d, respectively. After May 2018, 
the value of K in J2 increased up to 1 m/d, ≈ two order of 
magnitudes larger than before. The value of K recovered in 
about 120 days. However, the values of K in J13 and SK8 
remained stable for the entire period. For the Ss time series, 

Fig. 2   The time series data of a groundwater level and b barometric 
pressure and precipitation
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the values of Ss in the three boreholes remained about 1×10-5 
m-1, 1×10-4 m-1, and 1×10-5 m-1 for the entire study period. 
This proved that the tunnel excavation disturbance affected 
the value of K but not obviously that of Ss.

Hydrochemical Variation

Evolution of Hydrochemical Type

A Piper diagram based on the major ion (K+, Na+, Ca2+, 
Mg2+, Cl−, SO4

2−, and HCO3
−) time series changes from 

Fig. 3   Time series of a hydraulic conductivity K and b specific storage Ss. The grey area represents the period under disturbance

Fig. 4   Piper diagram of water 
samples in three boreholes. 
Path (black arrow) indicates the 
changes under disturbance, path 
(orange arrow) indicates the 
recovery after disturbance
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2012 to 2019 in the three boreholes was plotted (Fig. 4). 
As shown in the Piper diagram, the hydrochemical types in 
J13 and SK8 remained HCO3–Ca and HCO3–Na + K–Mg, 
and no significant changes were found for the whole study 
period.

Prior to June 2018, the hydrochemical type in J2 was 
HCO3–Ca, consistent with J13 and different from SK8. 
After May 2018, borehole J2 was disturbed by tunnel exca-
vation, its hydrochemical type changed from HCO3–Ca to 
HCO3–Ca–Mg, like SK8. And then, its hydrochemical type 
recovered to HCO3–Ca as the driving face moved away 
(Fig. 4).

Evolution of major ions

To further explore the hydrochemical evolution, the times 
series for major ions and TDS in J2 were plotted to observe 
the changes of each component (Fig. 5). Before 2018, ion 
concentrations in J2 were relatively stable. After May 2018 
(when tunnel excavation commenced), the concentrations of 
Ca2+ and HCO3

− obviously decreased (Fig. 5a, b). Conse-
quently, TDS also obviously decreased (Fig. 5c). The Ca2+, 
HCO3

−, and TDS concentrations recovered after 6 months as 
the driving face gradually moved away from J2. The Mg2+, 
Na+, K+, SO4

2−, and Cl− concentrations showed little fluc-
tuation during the study period.

To illustrate the effect of tunnel excavation on hydro-
chemical ions in J2, radar charts were drawn with the 
data from Table 1. A radar chart is a useful method for 

comprehensive analysis of multiple indicators, which can 
clearly and intuitively show the integrity and trend of indica-
tor changes (Nguyen et al. 2015). In this study, assuming a 
constant rate of change for ion concentrations during some 
years, and using a regression analysis, the “estimated con-
centrations” for each ion in each well on a specific sampling 
day after the disturbance were obtained (Hosono and Masaki 
2020). Then, the ± 2 times of standard deviation plus the 
estimated concentration as the upper and lower limits were 
used to analyze the effects of the disturbance (Nakagawa 
et al. 2020). If the ion concentration was above the upper 
limit or below the lower limit, the variation may be abnor-
mal. The radar charts for the time series of Ca2+, HCO3

−, 
and TDS are shown in Fig. 6; the reference of each indicator 
is characterized by a red unit circle.

As shown in Fig. 6, the concentration ratios of Ca2+, 
HCO3

−, and TDS in J2 were close to 1 and within the range 
from lower limit to upper limit before 2018, indicating neg-
ligible effects from mining activity. After May 2018, a sharp 
decrease of Ca2+, HCO3

− and TDS occurred; the concentra-
tion ratios decreased by ≈ 72%, 43%, and 46%, respectively. 
Afterwards, the concentration ratios recovered, and gradu-
ally exceeded the upper limit after 2019.

Fig. 5   Time series of major ions and TDS in the J2 borehole from 2012 to 2019. The grey area represents the period under disturbance
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Discussions

Changes in Groundwater Level and Aquifer 
Parameters

Prior to 2016, small changes in groundwater level and rela-
tively constant values of aquifer parameters (K and Ss) were 
observed within the overburden strata. Generally, the gradual 
decline in groundwater level was attributed to slow depres-
surization and dewatering elsewhere in the coalfield (Booth 
2007; David et al. 2017). After 2016, the groundwater level 
decline in the three boreholes slowed down, and the ground-
water levels in SK8 and J13 even increased. There was no 
obvious correlation between the groundwater level varia-
tions in the Quaternary aquifer (Q1) and precipitation in the 
study area (Fig. 2), indicating that precipitation was not the 
main reason for the groundwater level changes. However, the 
Quaternary aquifer groundwater level also had an increasing 
trend after 2016, indicating that this trend may be a com-
mon regional characteristic in the study area rather than a 
phenomenon induced by mining activity. After June 2018, 
a rapid groundwater level decline (3.2 m) was observed in 
J2. This change in groundwater level was likely due to rela-
tively rapid changes in the stress–strain state of the forma-
tion caused by the mechanical disturbance (Kim et al. 1997). 

In addition, the K values in J2 obviously increased after June 
2018, confirming that the greater permeability was caused 
by the tunnel excavation. Thus, increasing the value of K can 
lead to a groundwater level decline.

Generally, there are two possible ways that mechani-
cal disturbances can contribute to an increase in K: (1) the 
development of new fractures (Yao et al. 2011) and (2) the 
unclogging of clogged fractures (Liu and Manga 2009). If 
the disturbance leads to the development of new fractures, 
both K and Ss will change (Booth 2007; Ditton and Frith 
2003; Mills 2012). In contrast, the unclogging of fractures 
would lead to an increase in K and a constant Ss (Liao et al. 
2015); Ss is controlled by porosity and compressibility 
(Jacob 1940), which is not affected significantly by fracture 
unclogging. As shown in Fig. 3, a rapid increase of K was 
observed in J2 following the mechanical disturbance, but 
the Ss remained stable. Thus, the increasing K in J2 after 
June 2018 was likely caused by the unclogging of fractures 
(Fig. 7b). Although the width of the driving face (5.1 m) of 
tunnel excavation is much smaller than that of coal excava-
tion (250–300 m), the width of the driving face can also 
damage overburden strata (Wang et al. 2009, 2016). The 
obviously increased K value proved that permeability of 
overburden strata was affected by the mechanical distur-
bance. After November 2018, the recovering values of K in 

Fig. 6   Radar charts of a Ca2+, 
b HCO3

− and c TDS for J2 
borehole from 2013 to 2019



648	 Mine Water and the Environment (2022) 41:640–653

1 3

J2 indicated reduced mechanical disturbances and the recov-
ery of the stress field (David et al. 2017). Consequently, 
some previously unclogged fractures may have clogged 
again once the disturbance lessened (Fig. 7c). According 
to the hydrogeological conditions, although the main lithol-
ogy in the J2z aquifer is s medium-coarse grained sandstone, 
some lithology with a small grain size (e.g. sandy mudstone 
and siltstone) is present (Ma 2016), which provided the 
potential for the clogging of fractures. This is consistent with 
how the groundwater level decline in J2 began to slow down 
as the mechanical disturbance diminished.

Mechanism of Hydrochemical Changes

Natural Sources of Ions

To effectively distinguish between hydrochemical changes 
caused by natural and anthropogenic factors, the natural 
sources of hydrochemical composition should firstly be 
investigated (Andres and Paul 2018). The Gibbs Diagram 
is widely used to indicate the natural processes affecting 
groundwater chemistry, including precipitation, evapora-
tion, and rock weathering, though it was initially proposed 

Fig. 7   Clogging and unclogging of a fracture by particles (a before disturbance; b during disturbance; c after disturbance)

Fig. 8   Diagrams of processes 
controlling the chemistry of 
water samples in the area: a 
TDS vs. Na/(Na + Ca), b TDS 
vs. Cl/(Cl + HCO3)
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to analyze the mechanisms of river water evolution (Gibbs 
1970). As shown in Fig. 8, rock weathering is the main pro-
cess controlling the hydrochemical compositions of ground-
water in boreholes J2, J13, and SK8. This weakens the effect 
of precipitation and evaporation on hydrochemical changes. 
It is obvious that the Na/(Na + Ca) values of SK8 are larger 
than that of J2 and J13 (Fig. 8a), which suggests that silicate 
weathering was stronger near SK8. (Banks and Frengstad 
2006). By contrast, the Cl/(Cl + HCO3) values of the three 
boreholes are less than the Na/(Na + Ca) values (Fig. 8), 
indicating that dissolution of halite is weaker than that of 
silicate or carbonate (Andres and Paul 2018). The scattered 
Na/(Na + Ca) and Cl/(Cl + HCO3) values of J2 shifted to be 
like SK8, with a lower TDS in June 2018, showing the pos-
sible effect of dilution (Chen and Wang 2021). Although 
the TDS of J2 decreased, the Na/(Na + Ca) value obviously 
increased while the Cl/(Cl + HCO3) value remained rela-
tively stable in June 2018, which was possibly caused by 
silicate weathering accompanied by carbonate precipitation 
(Huang et al. 2017).

Hydrochemical Evolution

The possible water–rock interactions to reproduce and/
or reduce Ca2+ and HCO3

− in the study area are shown 
in Fig. 9. Generally, a positive cation exchange tends to 
be accompanied by a decrease of Ca2+ and an increase of 
Na+/K+ (Qu et al. 2021). While the Ca2+ concentration of 
groundwater in J2 significantly decreased under disturbance, 
no obvious increase of Na+/K+ was observed. The presence 
of cation exchange should show a linear relationship of 
(Ca2+ + Mg2+ − HCO3

− − SO4
2−) and (Na+ + K+ − Cl−), with 

a slope close to − 1 (Barzegar et al. 2017; Wu et al. 2017). 
However, the water sample points deviated from the 1:1 line 
(especially J2), with poor linearity (R2 = 0.35) (Fig. 10a), 
indicating that cation exchange was not the dominant mecha-
nism causing the ion concentration changes in this study.

Dissolution of silicate and carbonate can also affect Ca2+ 
and HCO3

− concentrations in aquatic systems, which can be 
inferred by a 1:1 ratio of HCO3

− and Ʃ Cations (meq/L; Kim 
et al. 2005; Xu and Wang 2016). The correction was made 
by subtracting (Cl−) from the sum of the major cations (Ʃ 
Cation (meq/L) = Ca2+ + Mg2+ + Na+ + K+ − Cl−), eliminat-
ing the possible influence of NaCl or CaCl2 because dis-
solution of these salts doesn’t affect alkalinity (Garrels and 
Mackenzie 1967). In the study area, feldspar sandstone is 
the main silicate-containing mineral (Ma and Yang 2019; 
Qu et al. 2021). Furthermore, the groundwater is saturated/
supersaturated with calcite and dolomite (Fig. 10b). There-
fore, the main hydrochemical process controlling Ca2+ and 
HCO3

− mainly include dissolution of silicate, (especially 
plagioclase; Eqs. 3–4; Kim 2003) and precipitation of car-
bonate (especially calcite; Eq. 5). This is consistent with 
the Gibbs diagram (Fig. 8). Although the groundwater was 
unsaturated with gypsum and halite, SO4

2− and Cl− changed 
little during the study period (Fig. 5), indicating that dissolu-
tion of gypsum and halite were not the main hydrochemical 
process controlling TDS.

Hydrochemical Changes Associated with Mining

As discussed above, the changes of Ca2+, HCO3
−, and TDS 

in J2 was not caused by precipitation or evaporation-crystal-
lization. The mechanism of hydrochemical changes in J2 was 
clarified according to the above analysis of hydrochemical 
evolution controlling Ca2+ and HCO3

−. The Ca2+, HCO3
−, 

and TDS concentrations showed a large decrease after the 
tunnel extraction in Panel S1222 and recovered afterwards. 
Thus, the processes had two stages:

(1) During the decline stage, from September 2017 to 
June 2018, the concentrations of Ca2+, HCO3

−, and TDS 
in J2 decreased (Fig. 5), indicating dilution. The dilution 
effect was inferred by the relationship between HCO3

− and 
Ʃ cations in J2, which was close to those of SK8. After 
May 2018, the K of J2 significantly increased because as 
the unclogging of fractures caused the groundwater flow 
velocity and permeability to increase. This facilitated the 
groundwater level decline in J2 and the inflow of dilute water 
from other part of the J2z aquifer or neighboring J2y aquifer. 
Since the J2z aquifer is characterized by feldspar sandstone 
and calcite was saturated/supersaturated (Fig. 10b), silicate 
weathering, which would be strengthened by the increased 
groundwater flow, could be the dominant source of Ca2+ 
(Eqs. 3–4), inducing the precipitation of the calcite (Eq. 5). 
The reason is that the large decline of groundwater level 
could have changed the hydrochemical environment from 
reduction to oxidation (Liu et al. 2017; Qu et al. 2018). 
Comparing groundwater level contours in 2012 and 2019 
(Fig. 2), the groundwater level obviously declined in 2019, 
indicating that the hydrochemical environment may change 

Fig. 9   Hydrochemical processes control on the Ca2+ and HCO3
− of 

groundwater in J2z sandstone aquifer in the Ningtiaota Coalfield
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in the study area. On this basis, CO2 could have entered the 
hydrochemical environment, strengthening the dissolution 
of anorthite because of the dissolution of CO2 (Eqs. 3–4). 
And the increase of HCO3

− from anorthite promotes the 
precipitation of calcite (Eq. 5). Consequently, the concentra-
tion of Ca2+, HCO3

−, and consequently TDS significantly 
decreased. In conclusion, the decline stage of hydrochemical 
changes in J2 was controlled by the inflows of dilute water 
and water–rock interaction.

(3)
CaAl2Si2O8 + 3H2O + 2CO2 = Ca2+ + Al2Si2O5(OH)4 + 2HCO−

3
,

(4)

CaAl2Si2O8 ⋅ 2NaAlSi3O8 + 5H2O + 3CO2

= CaCO3 + 2Al2Si2O5(OH)4

+ 2Na
+ + 4SiO2 + 2HCO

−
3
,

(5)Ca2+ + HCO−
3
= CaCO3 + H+.

(2) During the recovery stage, after September 2018, 
the concentrations of Ca2+, HCO3

−, and TDS gradually 
returned to previous levels (Fig. 5), reflecting decayed 
dilution. After disturbance, these concentrations recov-
ered and increased to a relative higher value than before 
mining. This may be because some previously unclogged 
fractures may have clogged again. This was also indicated 
by the recovery of K (Fig. 3). Meanwhile, groundwater 
was stored, which could have caused the increased hydro-
chemical compositions (Li 1998).

Conclusions

Based on continuous in-situ monitoring and sampling, and 
the well water level response to the Earth tide, changes of 
groundwater level, hydrochemistry, and aquifer parameters 
around borehole J2 were identified in response to tunnel 
excavation after May 2018. The main conclusions were that:

Fig. 10   Relationship between hydrochemical compositions of a (Ca2+ + Mg2+ − HCO3 − SO4
2−) and (Na+ + K+ − Cl−); b equilibrium of ground-

water with calcite, dolomite, gypsum and halite; and c relationship between corrected Ʃ cation and HCO3
−
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1.	 Before the tunnel excavation, the groundwater level of J2 
gradually decreased without any abnormal change; the 
water’s hydrochemical compositions and aquifer param-
eters also remained relatively stable.

2.	 After the S1222 panel tunnel excavation (after May 
2018), the concentrations of groundwater Ca2+, HCO3

−, 
and TDS significantly decreased due to silicate dissolu-
tion and calcite precipitation associated with the inflow 
of dilute water; meanwhile, the groundwater level 
sharply decreased (about 3.2 m) and the K showed a 
large increase (about two order of magnitudes), which 
was caused by the unclogging of fractures.

3.	 Later, the concentrations of Ca2+, HCO3
−, and TDS 

gradually recovered as the K and groundwater level both 
recovered, as the fractures reclogged.
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