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Abstract

The hydrogeochemistry of geothermal fluids provides insight into the occurrence, formation, and circulation of geothermal
resources. We collected 13 geothermal water (>34 °C) and 11 common groundwater samples (<20 °C) from the Qingdong
coal mine in China. The geothermal water samples had higher TDS, Ca*", and SO42_ contents, by 1.22-, 1.28-, and 1.25-fold,
respectively. The hydrochemical facies of the geothermal water samples was 92% SO,-Cl-Ca.Mg and 8% SO,-Cl-Na, whereas
the common groundwater samples was 73% SO,-Cl-Ca.Mg and 27% SO,-Cl-Na. Moreover, hydrogen and oxygen isotopic
analysis revealed that atmospheric precipitation and water—rock interaction were the sources of the geothermal water. The
chemical composition of the geothermal water is dominated by ion-exchange interactions and the dissolution of carbonates
and silicates. Overall, geothermal water in the study area is characterized by optimal hydrodynamic conditions and more
intense ion-exchange interactions than common groundwater. Moreover, the formation of geothermal water is controlled by
hydrogeological and structural conditions, and by the infiltration of atmospheric precipitation, heating by deep circulation,
and transportation by water-conducting faults (F;,) to shallow coal strata. These results will facilitate the development of
geothermal resources and the construction of green ecological mines, which will provide considerable economic and social
benefits.
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Introduction Compared with coal, oil, natural gas, and other energy
sources, geothermal resources have the advantages of high
utilization rates, low costs, and low environmental pollu-
tion. Moreover, they can be used in power generation, heat-

ing, aquaculture, medical care, and hot spring bathing, with

Geothermal resources are a type of green energy that forms
under unique geological conditions and integrates heat,
water, and minerals to form highly valuable resources.
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considerable economic and environmental benefits (Erdogdu
2009; Weil} 2020). Geothermal energy research is currently
being conducted in more than 80 countries worldwide (Nas-
ruddin et al. 2016; Darma 2016). China is a country with
abundant geothermal resources. Medium -and low-temper-
ature geothermal resources are widespread throughout the
country, especially in the North China Basin, which has sig-
nificant development and utilization potential (Chen et al.
1995; Hou et al. 2018).

The Huaibei coalfield situated to the south of the North
China Basin is characterized by abundant coal resources.
With the continuous mining over the last few decades, the
area has been mined to great depths (Gui et al. 2018). A
highly developed fault system in this coalfield facilitates
groundwater penetration into deep underground fractures
and fissures, where it is heated by high-temperature rock.
This water then circulates back to shallower regions under
favorable geological conditions, forming abundant geother-
mal water resources (Gui and Lin 2016).

The hydrochemical components and isotopic character-
istics of geothermal fluids often retain detailed geochemi-
cal information pertaining to the formation and evolution
of the geothermal system, and this can be used to analyze
the origin of geothermal fluids, the geological conditions
of geothermal formation, and the associated geochemical
processes (Chen et al. 2014; Tran et al. 2020). Therefore,
the hydrogeochemistry of geothermal fluids is an effective
tool for understanding the formation mechanism, occur-
rence environment, and circulation mechanism of geother-
mal resources. Numerous studies on the hydrogeochemical
characteristics of geothermal water have been conducted
to explore geothermal genesis, geothermal water exploita-
tion, the relationship between the chemical components of
geothermal water, volcanoes, and earthquakes, and hydro-
thermal mineralization (Chen et al. 2020; Gu et al. 2017,
Karaoglu et al. 2019; Zhang et al. 2019b). In addition,
hydrochemical parameters and isotopes have been used to
assess the recharge source and age, classify hydrochemical
type, analyze the water—rock balance, and estimate the tem-
perature of the reservoir and the circulation depth of geo-
thermal water (Alcicek et al. 2019; Chenaker et al. 2018;
Xu et al. 2019). Moreover, considerable research has been
conducted on the source, quality, and evolution of common
groundwater in coal mines; however, little is known about
the hydrogeochemical characteristics and formation mecha-
nisms of deep geothermal water in coal mines.

In this study, we aimed to: (1) investigate the differences
in chemistry and hydrogeochemical processes of geother-
mal water and common groundwater in coal mines, and (2)
determine the recharge source and formation mechanism of
geothermal water. The outcomes of this study will facilitate
better understanding of geothermal resources and will aid
the construction of green ecological mines.
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Methods
Study Area

The Qingdong coal mine is located 45 km from the city
of Suzhou in Anhui Province, China. Its geographi-
cal coordinates are 116°25'44"-116°34'44" E and
33°36'34"-33°40"29 N (Fig. la, b). The mining area
is ~#13 km long (east to west), 3.5-6.5 km wide (north
to south) and covers an area of 51.7 km?. The terrain
in the area is relatively flat, with an elevation of +27.6
to+31.4 m. The coal mine was developed in June 2007,
with a designed production capacity of 1.8 mt/a.

The study area is predominately monsoonal, which
entails a warm, temperate, and semi-humid climate with
an average annual rainfall of ~ 811.8 mm, an average
wind speed of = 3 m/s, an annual cumulative evapora-
tion of ~ 1890.6 mm, and an annual average temperature
of 14.6 °C. A medium-sized seasonal river, the Huihe
River, is situated close to the mine and is characterized by
an average annual discharge of 42.1 m*/s and an average
annual water level elevation of 22.7 m.

The coal mine is in a block formed by nearly EW and
NNE faults, which belong to a dustpan block type struc-
ture. The main structural form is mono-clinic, NW-EW
trending, and N dipping. The deposit is covered entirely
by Quaternary and Neogene loose layers from the Ceno-
zoic period. The groundwater system can be divided into a
Quaternary aquifer (group), a coal-bearing aquifer (group),
and a limestone aquifer (group) (Chen and Gui 2017), as
shown in supplemental Fig. S1.

Limestone aquifers are commonly observed in coal
mines in China and here includes the Taiyuan and Ordo-
vician formations. Characteristics of limestone aquifers
such as proximity to the coal seam, high water pressure,
and abundant water quantity pose a severe threat to the
safety of mining activity. Based on the geological data
of the Huaibei coalfield, this aquifer mainly consists of
medium-thick layers of carbonate rocks, and is prone to
developing a karst collapse column, which can cause seri-
ous geological disasters; if a water-conducting fault or
collapse column is encountered during tunnel engineer-
ing, the water in the limestone aquifer can directly fill the
mine or cause a water inrush accident through the tubular
channel (Zhang et al. 2019c¢). Therefore, to mine the no.
10 coal at the bottom of the coal strata, the water pressure
of the limestone aquifer water under this coal seam floor
must be reduced to 0 MPa. Since the Ordovician limestone
water is situated far from the coal seam floor, water in the
Taiyuan Formation is typically drained.

To avoid accidents associated with water-conducting
faults or collapse columns, boreholes in the Qingdong coal
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Fig. 1 Geographic location (a); Geological map of the study area (b) and the location of samples (c)

mine were drained from — 585 m to the Taiyuan Formation
in the Qingdong coal mine. The characteristics of samples
collected near the F,, fault (Fig. 1a) showed significant
differences. During the drainage process, a geothermal
anomaly was detected in the western area of the coal mine,
where the water temperature of the groundwater ranged
from 34.6 to 41.2 °C, significantly higher than the average
groundwater temperature in the east (18 °C). Groundwa-
ter temperatures at the same level were also significantly
lower than the anomaly. Furthermore, according to the
geothermal borehole analysis results, the value of the
geothermal gradient in the west area was 3.1 °C/100 m,

which is significantly higher than that in the eastern area
(2.5 °C/100 m).

Sample Collection and Analysis

To study the hydrogeochemical characteristics and formation
mechanisms of geothermal water in the study area, a total of
24 groundwater samples were collected from drainage bore-
holes (— 585 m) in May 2017, including 13 samples from
the geothermal anomaly area (west) and 11 samples from
the normal area (east). The locations of the sampling points
are shown in Fig. 1c. Samples were collected in pre-cleaned
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HDPE bottles. Before sampling, the bottles were rinsed
with the sample water three times, after which the collected
samples were sealed with sealing film on site. The pH and
total soluble solids (TDS) of all the samples were measured
using portable devices from OHAUS (Shanghai, China). The
samples were filtered using 0.45 pm filter paper within 24 h
after collection and stored at low temperatures until analysis.

Compositions of main cations (Na*, K*, Ca**, and Mg**)
and anions (SO,?~, C17) in the samples were analyzed using
an ion chromatograph (ICS-600-900, USA). The contents
of CO,*~ and HCO,~ were determined by acid-base titra-
tion (analysis error was controlled within 5%). The stable
isotopes of hydrogen and oxygen (8D, §'%0) were meas-
ured using an isotope analyzer (LGR-LWIA-45EP, USA).
The measurement accuracies of 8D and 8'80 were 1.0 %o
and 0.2 %o, respectively. Before all samples were tested, the
stability of the test instrument was ensured using standard
samples, and the relative deviation of parallel samples was
less than 5%.

Results and Discussion
Hydrochemical Characterization

The descriptive statistics of hydrochemical characteristics,
including major ion concentrations, pH, TDS, and isotopic
data were summarized in Table 1. The parameters were com-
prised of maximum, minimum, mean, standard deviation,
coefficient of variation, and a confidence interval of 95%.
As shown in supplemental Fig. S2, a box plot with normal
curve was performed to compare the characteristics of the
two types of groundwater. Based on the actual groundwa-
ter temperature, the samples were divided into two groups:
geothermal water (>34 °C) and common groundwater
(<20 °C). As the properties of K* are similar to those of Na™
and the concentration of K* in the coal mine groundwater is

significantly less than that of Na*, the concentrations of K*
and Nat were merged (Zhang et al. 2020a).

Overall, the coefficient variation of all the indexes was
less than 0.5, indicating that the chemical constituents exhib-
ited a low to medium spatial fluctuation. The TDS values of
the geothermal water samples ranged from 2488-3681 mg/L,
whereas the TDS of the common groundwater samples dis-
played a narrower range of 2383-2805 mg/L. The highest
TDS content recorded for the geothermal water samples was
1.31-times that of the common groundwater. In addition,
all the geothermal water and common groundwater sam-
ples recorded TDS values > 1000 mg/L, which exceeds the
World Health Organization and China’s national drinking
water quality guidelines. All geothermal water and common
groundwater samples were weakly alkaline, with average pH
values of 7.6. This result is consistent with those of previous
water analyses in other coal mines in the Huaibei coalfield
(Hu et al. 2015; Wang et al. 2019), but greater than that of
the Huainan coalfield (Zhang et al. 2019a).

The Piper trigram is a useful for revealing the hydrogeo-
chemical characteristics and evolution processes of water
(Karmegam et al. 2011). To compare the hydrogeochemi-
cal characteristics between geothermal water and common
groundwater, a piper trigram of the samples was plotted
(supplemental Fig. S3). The geothermal water and common
groundwater samples were mostly concentrated in Zone 6
and rarely in Zone 7, indicating that the content of alkaline
earth metal ions was higher than that of alkali metal ions,
and the content of strong acid roots was higher than that of
weak acid roots. The hydrochemical facies of the common
groundwater samples were dominated by SO,-Cl-Ca.Mg
(73%) and SO,-Cl-Na (27%). With the increase in Ca’*
content and decrease in Na* + K™, the hydrochemical
facies of the geothermal water samples changed to 92%
S0O,-Cl-Ca-Mg and 8% SO,-Cl-Na, resulting in left and
downward shifting of the data points in the ternary cation
diagram. For cations, the geothermal water samples mostly

Table 1 ‘ Hydrochemical data of Types  pH Nat+K+ Ca?t Mg CI- SO~ HCO,~ TDS 8 (D) 8 (*D)
samples mg/L %0
Geothermal water >34 °C
Min 6.9 81.19 195.6 5320 2042 1397 207.7 2488 -9.2 - 737
Max 8.1 566.0 710.6  211.7 3350 2089 297.7 3681 -8.2 -69.7
Mean 7.6 331.8 466.6  133.1 249.6 1785 242.0 3082 - 8.8 - 71.0
(6% 5.5% 39.8% 354% 350% 13.5% 12.9% 9.2% 11.7% 4.2% 2.0%
Common groundwater <20 °C
Min 7.13  243.0 2430 1994 3095 1271 188.3 2383 - 8.7 —68.2
Max 850 5189 5189 4953 1929 1594 2914 2805 -8.2 —-65.1
Mean 7.62 362.8 362.8 281.8 1233 1425 266.4 2518 -84 —-67.0
SD 0.38 93.85 93.85 83.40 43.00 93.90 30.52 1348 0.23 1.08
(0\% 5.0% 25.9% 259% 29.6% 349% 6.6% 11.5% 54% -27% —1.6%
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plotted in zone A (calcium type) and in zone B (mixed type),
whereas the common groundwater samples plotted in zones
B and D. The phenomenon of high Ca®* content and low
Na*™ +K™* content in the geothermal water samples was not
consistent with the characteristics of coal mine water in the
Huaibei coalfield. For anions, all the samples plotted in zone
F, which is dominated by SO,*~, implying that sulfate min-
eral dissolution plays an important role during the hydrogeo-
chemical process. In general, the hydrochemical facies of the
geothermal water samples were more complex and diverse
than those of the common groundwater samples.

Hydrogeochemical Process
Water—Rock Interactions

Water—rock interactions significantly influence the chemi-
cal composition of groundwater. Moreover, analyzing the
ratio of anions and cations can reveal the source of the main
ions and provide insights into geochemical processes (Hao
et al. 2021).

If halite was the only dissolved mineral in water, the
molar ratio between Na* and C1~ in groundwater should be
1:1 (Guo et al. 2020). As shown in Fig. 2a, all the data points
of the geothermal water and common groundwater samples
plotted below the NaCl dissolution line, indicating that Na*
in the water samples was not exclusively sourced from halite.
Compared with the geothermal water samples, the common
groundwater samples had higher Na* concentrations, sug-
gesting a relation to the abundant albite (Eq. 1) in the coal
measure strata.

Na,Al,Si¢O(albite) + 2CO, + 3H,0

1
— 2HCO; + 2Na* + H,ALSiO, + 4Si0, M

If gypsum was the only dissolved mineral, the molar ratio
between Ca’* +Mg** and SO,*~ in groundwater should be
1:1 (Liu et al. 2020a). As shown in Fig. 2b, all the data
points of the geothermal water and common groundwater
samples plotted above the Ca,Mg,_,SO, dissolution line,
indicating the existence of other SO,*>~ sources. Moreover,
the excess SO,>~ in the samples was likely related to abun-
dant pyrite (Eq. 2) in the coal mine strata.

2FeS, (pyrite) + 70, + 2H,0 — 2FeSO, + 4H" + ZSO?1
(2)
If the molar ratio between Ca’*+ Mg?t and
HCO,;™ +S0,>” in groundwater is equal to 1:1, this indicates
that the Ca** and Mg?" in the water were derived from disso-

lution of carbonate minerals (calcite, dolomite, and gypsum)
(Chen et al. 2017; Chen and Sun 2019). As shown in Fig. 2c,

the data points of the common groundwater samples plotted
around the 1:1 dissolution line, indicating that carbonate dis-
solution was the main source of Ca’* and Mg?* in the sam-
ples. In contrast, all the geothermal samples plotted above
the 1:1 dissolution line, suggesting excess HCO;~ +S0,*~ in
the geothermal water. This suggests that the composition of
Ca**and Mg?* in the geothermal water samples is controlled
by both carbonate and silicate dissolution.

The molar ratio between Ca>* and Mg?" is referred to
as the calcium magnesium coefficient; a large coefficient
implies a longer groundwater storage time and stronger
degree of water—rock interaction (Zhang et al. 2020b). As
shown in Fig. 2d, the data points of the common ground-
water samples plotted in the lower left section of the 1:1
dissolution line and the coefficient was slightly greater than
1. Conversely, the geothermal water samples plotted in the
lower right section of the 1:1 dissolution line and the coef-
ficient was close to 3. These results suggest that water—rock
interactions had influenced the geothermal water more than
the common groundwater.

The relationship between C17/Ca>* and C1™ can reveal the
hydrodynamic conditions of groundwater (Hao et al. 2020).
An inverse relationship between C17/Ca®* and CI~ indicates
that the groundwater has fine hydrodynamic conditions and
experiences sufficient leaching. The slopes of the linear fit-
ting lines of the common groundwater and geothermal water
samples were 0.077 and — 0.039, respectively (Fig. 2e).
This indicates that the runoff of the common groundwater
samples is relatively slow, whereas geothermal water pos-
sesses fine hydrodynamic conditions and strong water—rock
interactions.

Dissolution/ Weathering Process

Plots of Mg**/Na* and HCO,/Na™ vs. Ca**/Na* are com-
monly used to assess if evaporation, silicate weathering, and
carbonate dissolution are involved in water—rock interactions
(Guan et al. 2020). The data points of the samples plotted
between the carbonate and the silicate dominance zones but
far from the evaporation dominance zone, indicating that
silicate weathering and carbonate dissolution were the main
water—rock interaction processes in the study area. The data
points of the geothermal water samples plotted closer to the
carbonate dominance zone than the common groundwater
samples (Fig. 3), suggesting that these geothermal samples
contained more dissolved carbonate minerals.

The Gibbs ratios, Na*/(Na*™ + K*) vs. TDS, and
CI/(CI” + HCO;™) vs. TDS can be used to determine the
dominant factors influencing the chemical composition of
water, including precipitation, rock dissolution, and evapo-
ration (Oosawa and Kasai 1988). The data points of all of
the samples plotted between the rock dominance and evap-
oration dominance zones, but far from the precipitation

@ Springer
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dominance zone, indicating that the chemical composi-  concentration of Na* +K* and a higher concentration of

tion of the samples was controlled by rock weathering and  TDS.

evaporation. Compared with the common groundwater

samples, the data points of the geothermal water samples  lon-Exchange Interaction

plotted in the left section of the diagram (Fig. 4a) indicat-

ing that the geothermal water was characterized by a lower  Ion exchange is an important process for controlling the
chemical composition of groundwater. A bivariate plot
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Fig.4 Gibb’s diagram of geothermal water and common groundwater. a cationic; b anionic

(Ca’* +Mg**-S0,*"—HCO;~ vs. Na™ +K™-Cl") was
analyzed to determine if points on the diagram plot near
a straight line with a slope of — 1, which would indicate
the presence of cation exchange in the groundwater (Kim
et al. 2004; Wang et al. 2015). As shown in Fig. 5a, the
data points of the geothermal water samples plotted on a
straight line with a slope of — 1.04 and an R? value of 0.93,
whereas the data points of the common groundwater sam-
ples plotted along a line with a slope of — 1.27 and an R?
value of 0.76. These results suggest that, apart from dis-
solution, ion-exchange interactions influence the chemical

compositions of groundwater in the study area. Moreover,
the high R? value (0.93) of geothermal water in the bivari-
ate plot suggests that ion-exchange interactions are the
primary factors influencing chemical composition. Con-
versely, the low R? value (0.76) of the common ground-
water samples indicates that ion-exchange interactions do
not significantly affect that water’s chemical composition.
The ion exchange interactions can also be analyzed by
choro-alkaline indices. Two indices, CA-1 and CA-2, were
calculated for the water samples using Eqs. (3) and (4):
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“
Positive values of CA-1 and CA-2 suggest that Nat and
K™ in the groundwater have been exchanged by Ca** and
Mg?* in the surrounding rock, whereas negative values
indicate the reverse. In addition, larger absolute values
indicate stronger ion-exchange interactions. Moreover, a
value of 0 indicates no ion exchange interaction during
the hydrochemical process (Keesari et al. 2021; Tay et al.
2014). Figure 5b shows the plot of CA-1 vs. CA-2 for the
geothermal water and common groundwater samples. The
data points of all of the samples plotted in the negative
section of the diagram, indicating that Ca®* and Mg”" in
the water had been replaced by Na* and K* from the host
rock.

2Na* (rock) 4+ Ca**(groundwater)
— 2Na*(groundwater) + Ca>*(rock) )
The results showed that the CA-1 and CA-2 values of
the common groundwater samples ranged from — 0.38 to
1.32 and — 0.08 to — 0.22, respectively. In the geothermal
water samples, the CA-1 values ranged from — 0.52 to
— 2.48, and the CA-2 values ranged from — 0.14 to — 0.42.
Therefore, the geothermal water in the study area is char-
acterized by higher absolute values of CA-1 and CA-2 than
the common groundwater, suggesting that ion-exchange
interactions are more prevalent in the geothermal water.
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Recharging Analysis

Analyzing the isotopic composition of groundwater pro-
vides insights into the recharge sources. 8D and 8'%0 are
ideal tracers of water recharge within different flow systems
(Prada et al. 2016). During the water circulation process,
due to the equilibrium and thermal fractionation of isotopic
composition, a linear relationship exists between the stable
isotopes of 8D and 8'80 in global precipitation, which is
expressed as 8D =8 6'80 + 10 and was defined as the global
meteoric water line (GMWL) by Craig (1961). If water sam-
ples plot near the GMWL, this indicates an atmospheric pre-
cipitation recharge source.

The values of 8D and 8'%0 described in the 8D-8'%0
coordinate system composed of the GMWL and the regional
local evaporation line (LEL) (Chen et al. 2010; Liu et al.
2009), as shown in Fig. 6. Hydrogen and oxygen isotope data
were obtained from various aquifers in the Huaibei coal-
field, including deep and shallow aquifers, surface water, and
the Quaternary and limestone aquifers (Taiyuan and Ordo-
vician formations) (Gui et al. 2005; Gui and Chen 2016).
Meanwhile, the 8D and 8'30 compositions of the geother-
mal (n=6) and common (n=>5) groundwater samples were
plotted on a 8D-8'30 relationship diagram.

All of the water sample data points plotted in the lower
part of the GMWL and LEL (Fig. 6), suggesting that
they originated from precipitation and experienced vary-
ing degrees of evaporation during the recharging process.
Overall, the 8D and 8'%0 compositions of the aquifers
in the Huaibei coalfield decreased from shallow to deep,
showing a trend toward the lower left corner. The §'%0 for
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Fig.6 The plot of 8'%0 versus 8D

the geothermal water samples ranged between — 9.25%o
to — 8.17%o0, with an average of — 8.84%o, and the 8D
ranged from — 73.72%o to — 69.74%o, with an average of
— 71.01%o. Compared with §'%0, the 8D of the samples
showed significant variation, which caused horizontal drift.
For the other groundwater samples, 5'%0 ranged between
— 8.72%0 to — 8.16%o, with an average of — 8.44%o, and 8D
ranged between — 68.24%o0 to — 65.15%o, with an average
of — 66.99%0. Moreover, sample distribution was relatively
concentrated, and no drift phenomenon was observed.

Compared with the common groundwater samples, the
geothermal water samples had lower values of 8D and 8'%0,
indicating that the geothermal water is possibly recharged
from different aquifers than the common groundwater sam-
ples. In this study, the scattering of the data points showed
that the geothermal water samples were closer to the nearby
Ordovician limestone aquifer samples, while the common
groundwater samples were closer to the Taiyuan Formation
limestone aquifer samples. This agreed with the results from
previous studies in the Huaibei coalfield, which reported
that the Ordovician limestone aquifer possessed lower val-
ues of 8D and 880 than the Taiyuan Formation limestone
aquifer, with typical drift features (Gui et al. 2005; Gui and
Chen. 2016). Thus, the Ordovician limestone aquifer is most
likely to be the recharge source of the geothermal water and
the Taiyuan Formation limestone aquifer is quite likely the
recharge source of the common groundwater in the study
area.

Fig.7 Schematic diagram of geothermal genesis

Mechanism of Geothermal Water System Formation

The magma chambers melting in the crust and structural
faults are the primary heat sources of the geothermal sys-
tem in the study area (Liu et al. 2020a, b; Zhou et al. 2020;
Zucchi 2020). According to the drilling exploration data,
no magmatic rocks are exposed in the Qingdong coal mine,
and the Huaibei coalfield is situated far from the active plate
zone, suggesting that there is no local melting magma cham-
ber in the study area. Fault F, |, situated between the geo-
thermal anomaly area and geothermal normal area, serves
as a boundary fault and is characterized by a NNE strike, a
45° to 70° dip in a westerly direction, and a drop of >300 m.
The geothermal anomalous area is in the hanging wall of
the fault. F;; connects the coal mine strata with the Ordovi-
cian limestone aquifer, allowing the hot and deep Ordovician
limestone aquifer supply to enter the cold and shallow coal
mine strata via the water-conducting fault (Gong et al. 2019;
Luo et al. 2017), as shown in supplemental Fig. S4.

Since the late Miocene period, the subsidence of the
Huaibei Coalfield has been stable, and the Tertiary and
Quaternary strata are widely deposited, forming a fine cap
rock in the geothermal area, which provides good thermal
insulation. The abundant precipitation and surface runoff
continuously infiltrate the exposed bedrock and structural
fissures, migrating into the thermal reservoir along the
rock inter-layer fissures. After a long geological period, the
groundwater was heated by deep circulation to form deep
geothermal water, and the conducting fault transported the
geothermal water into other areas. Figure 7 shows a sche-
matic diagram of the geothermal genesis in the study area.
During the convective movement of the geothermal water,
the surrounding rock around the fault gradually heats up,
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forming an abnormal geothermal area in the Qingdong coal
mine. The geothermal water is centrally discharged in the
underground mine roadway, resulting in a confined geother-
mal water system characterized by optimal recharge-runoff-
discharge conditions.

We conclude that in the Qingdong coal mine area, con-
vective heat storage is the thermal reservoir mode of the
geothermal water; the Ordovician limestone aquifer is the
recharge source, and the Ordovician carbonate rock is the
thermal reservoir. Moreover, the enrichment and migration
of geothermal water is controlled by a water-conducting fault
(F, ) situated beneath an insulating, thick cap rock.

Conclusions

In this study, the geochemical characteristics and hydrogeo-
chemical processes of geothermal and common groundwater
samples obtained from the Qingdong coal mine in China
were investigated and compared to determine the chemi-
cal composition and formation mechanism of geothermal
water in the area. The main conclusions obtained from this
study are:

(1) Ca’" and Na* +K* were the most abundant cations
in the geothermal water samples, followed by Mg>*.
The concentrations of anions in the geothermal water
followed the order SO,>~> Cl~>HCO3". The hydro-
chemical facies of the geothermal water was 92%
SO,-Cl-Ca.Mg, and 8% SO,-Cl-Na. Moreover, the
high content of TDS, Ca?*, and SO42_, and the low
concentrations of Na* +K* and HCO;™ are due to the
dissolution of minerals and water—rock interactions.

(2) The chemical composition of the geothermal water is
controlled by both ion-exchange interactions and disso-
lution of carbonates and silicates. Moreover, the runoff
of common groundwater in the study area is relatively
slow, whereas geothermal water possesses optimal
hydrodynamic conditions and strong water—rock inter-
actions.

(3) The data points of the geothermal and common ground-
water samples plotted in the lower portion of the
GMWL, suggesting that precipitation is the primary
source of these waters. Moreover, the geothermal water
samples had lower 8D and §'%0 values, and 8D drift
in the horizontal direction was observed. Overall, the
Ordovician and Taiyuan limestone aquifers were identi-
fied as the recharge sources of the geothermal water and
common groundwater, respectively.

(4) Inthe study area, the heat source of the geothermal sys-
tem is predominately structural faults and not magma
chambers melting in the crust. The confined geothermal
water in the study area is a convective-type system with

@ Springer

tertiary and Quaternary strata forming cap rocks and
Ordovician carbonate serving as the reservoir. Moreo-
ver, the migration of geothermal water is controlled
by a water-conducting fault (F,;) located beneath an
insulating cap rock.
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