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Abstract
The identification of water sources and hydraulic connectivity in different aquifers within coal mines is crucial for effective 
groundwater management and has important implications for mine safety, water resource conservation, and regional eco-
logical protection. The Dongming opencast coal mine in Hailar City, Inner Mongolia, China, is threatened by groundwater 
leakage. However, the hydrochemical mechanisms, water sources, and hydraulic connectivity of the different aquifers in this 
area are still not well understood. In this study, we collected 24 samples from various water sources, including pore water in 
the Quaternary aquifer (QGW), pore-fissure water in the coal-bearing aquifer (CGW), drainage sump water from the mine 
pit (DSW), Morigele river water (MRW), and nearby snow water (SNW). These samples were analyzed for major and trace 
elements, as well as hydrogen (H), oxygen (O), and boron (B) isotope compositions. The results showed that the QGW 
and MRW hydrochemistry were similar, while the CGW and DSW had comparable characteristics. The H and O isotope 
analyses revealed that all of the groundwater samples originated from river water, while the B isotope analyses indicated the 
heterogeneous hydraulic connectivity between the different aquifers and the river. The research findings indicate that mining 
companies should continuously strengthen the monitoring of surface water and groundwater levels, further investigate the 
velocity and direction of groundwater flow, and gradually conduct quantitative research on hydraulic connections between 
surface water and different aquifers. This will provide more scientific basis for the prevention and control of groundwater 
leakage in mining areas. In this study, a combination of hydrochemical and non-traditional stable isotope geochemical 
methods was used to investigate the origin of groundwater in open-pit coal mines and its relationship with different water 
bodies. This represents a new exploration of research ideas and methods. This work has important implications for the study 
of the origin of groundwater and the measures for leakage prevention and control in open-pit coal mines and underground 
coal mines worldwide.
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Introduction

Coal plays a crucial role in China’s energy supply. The 
coal-bearing strata in the country are typically accompa-
nied by abundant groundwater resources. In recent years, 
there has been a growing focus on the environmentally 
friendly groundwater management during coal mining. 
This includes controlling groundwater discharges, utilizing 
water resources comprehensively, and maintaining ground-
water levels (Gu et al. 2021; Huang et al. 2022; Tarasenko 
et al. 2022; Zhao et al. 2017, 2022). Effectively managing 
groundwater requires identifying the main aquifers and 
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understanding the hydraulic connection between different 
aquifers. However, traditional hydrogeological investigations 
face challenges in accurately determining hydraulic connec-
tions, recharge flux, and groundwater hydrochemical field 
connections in coal-bearing strata. These challenges arise 
from the uneven distribution and limited number of hydro-
geological boreholes, discontinuous regional stratigraphy, 
varying lithological characteristics of strata, and inadequate 
identification of hidden regional faults. To address these 
issues, various solutions have been implemented, such as 
analyzing major and trace elemental compositions, isotopes, 
groundwater temperature and level, and employing various 
data processing methods. Hydrochemical and multi-isotopic 
methods have proven to be effective tools for differentiating 
groundwater from different aquifers and tracing the sources 
of leakage waters (Duvert et al. 2015; Li et al. 2018; Qian 
et al. 2017; Wu et al. 2017; Zhang et al. 2020a, b).

The hydrochemical approach relies on the fact that differ-
ent surface waters or groundwaters have distinct composi-
tions, which are primarily influenced by their source of ions 
and the physicochemical processes they have undergone, 
such as water–rock interactions, evaporation, and mixing of 
water bodies from multiple sources (Li et al. 2018; Wu et al. 
2017; Zhang et al. 2020a, b). Isotopic fractionation of hydro-
gen and oxygen occurs during the water cycle (evaporation, 
condensation, descent, infiltration, and runoff) because the 
thermodynamic properties of water molecules are affected 
by the mass of the hydrogen and oxygen atoms (Gat 1996). 
The hydrogen and oxygen isotopes of atmospheric precipi-
tation are influenced by factors such as latitude, altitude, 
and continentality (Sun et al. 2023; Terzer-Wassmuth et al. 
2021). River water exhibits similar hydrogen–oxygen iso-
topes to atmospheric precipitation in the region, but evapo-
ration in arid areas leads to an enrichment of heavy isotopes 
in river water (Craig 1961; Han 2018; Liang et al. 2017). 
Groundwater can also alter the oxygen isotopes in water bod-
ies due to prolonged water–rock interactions, particularly 
the dissolution of silicates and carbonates (Hao et al. 2019; 
Yang et al. 2020). Additionally, water isotopes can indicate 
the mixing of different water bodies and the hydraulic con-
nection between them, such as in coal mining areas and karst 
areas (Ghosh et al. 2018; Guo et al. 2019; Qin et al. 2021; 
Yang et al. 2020; Zhang et al. 2023).

Boron (B), a highly soluble element, exhibits two sta-
ble isotopes (10B and 11B), and its isotopic compositions 
in nature range from − 70‰ to + 75‰ (Xiao et al. 2013). 
In natural samples, boron forms B–O bonds and is bound 
by oxygen. Due to its lack of valence change and limited 
involvement in redox chemistry, the fractionation of B iso-
topes in nature is primarily controlled by the structural ratio 
of the B species in the sample. This ratio is determined by 
the pH and the B concentration (Marschall and Foster 2018). 

Fractionation processes, such as evaporation, ion exchange, 
gas or liquid phase diffusion, and adsorption, can lead to 
variations in the relative enrichment of B isotopes in the 
different structural phases (Palmer et al. 1992; Vengosh et al. 
1992; Xiao and Wang 2001).

There are some differences in the range of B isotope com-
positions in different geologic carriers. Marine and terrestrial 
water bodies, for instance, exhibit distinct B isotopic composi-
tions. Seawater typically has δ11B values around + 40‰, while 
subsurface freshwater generally has δ11B values below + 10‰ 
(Xiao et al. 2013). Consequently, the intrusion of seawater into 
coastal areas significantly increases the B content and alters its 
isotopic composition in groundwater. Studies by Mahlknecht 
et al. (2017) and Mao et al. (2020) in the coastal zones of 
the southern California Peninsula, Mexico, and Jiangsu Prov-
ince, China, respectively, have demonstrated that highly saline 
groundwater exhibits δ11B values similar to those of seawater, 
indicating the influence of seawater intrusion on the saliniza-
tion process. By applying similar principles, B isotopes can be 
used to trace the sources of solutes, detect groundwater con-
tamination in urban and mining areas, determine the origins of 
metal and non-metal deposits, and reconstruct rock weathering 
processes (Fan et al. 2015; Mao et al. 2019; Zhang et al. 2021, 
2022; Zheng et al. 2023).

The Dongming opencast coal mine, located in Hulun 
Buir, northeastern Inner Mongolia suffers groundwater 
leakage (Fig. 1a), which poses a threat to slope stability, 
production safety, and the sustainable development of valu-
able water resources. Previous hydrogeological investiga-
tions have identified two main aquifers: the Quaternary 
pore aquifer and the Cretaceous pore-fissure aquifer. Addi-
tionally, comprehensive geophysical investigations using 
surface nuclear magnetic resonance and transient electro-
magnetic methods have confirmed the presence of abundant 
groundwater, primarily in sediments located at depths below 
100.0 m in the northern and northwestern parts of the min-
ing area (Shan et al. 2018). Field investigations have shown 
that groundwater flows into the mining pits from both of 
these aquifers. However, the primary sources of water and 
the possibility of a hydraulic connection between the two 
aquifers remain unclear.

To address this issue, various types of water, including 
snow water, river water, groundwater from the different aqui-
fers, and coal pit waters, were collected from the Dongming 
opencast coal mine and its surroundings. These water sam-
ples were then analyzed for their chemical compositions and 
H–O–B isotopes. By combining these results with previous 
hydrogeological investigations and published geochemical 
data, the main sources of the water leakage and the evolu-
tion of different water sources, as well as their controlling 
mechanisms, were defined. Furthermore, the hydraulic rela-
tionships between the different aquifers was established.
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Study Area

Geographical and Geological Setting of the Study Area

The Dongming opencast coal mine is located northwest 
of Hailar city. It is a flat area with an altitude ranging 
from 605.0 to 630.0 m (Fig.  1a). The mining area is 
approximately 5 km from the Morigele River, which has 
a water level of 598.6–602.9 m. About 20 km south of 
the mining area, the Hailar River has an average water 
level of 498.3 m. The climate in this area is character-
ized by a mid-temperate continental monsoon climate. 
The temperature ranges from − 48 °C to 37.7 °C, with an 
average of − 2.6 °C. The maximum annual precipitation 
is 542.9 mm, with an average of 315.0 mm. The annual 
average evaporation is 1344.8 mm.

Tectonically, the opencast coal mine is situated in the 
Dongming depression, which is one of the sags in the 
Hailar Basin (Fig. 1b). The Hailar Basin is located in 
the eastern part of the Central Asian orogenic belt and is 
developed in the Paleozoic Erguna and Xing’an Blocks 
(Ji et al. 2019). It covers an area of 79,610 km2 and is 
bounded by the Mongol-Okhotsk suture zone in the north-
west and the Great Xing’an Range in the southeast. The 
part of the basin that extends into Mongolia is known 
as the Tamtsag Basin (Li et al. 2014; Wan 2006). Dur-
ing the middle and late Mesozoic, a series of extensional 
basins, including the Hailar Basin, began to develop in 
northeast China. These basins were rich in oil and coal 
resources (Jia et al. 2019). The Hailar Basin is mainly 
confined by NE-SW trending faults, and 16 sags were 
formed in this extensional environment during the late 
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Fig. 1   a The location of Dongming opencast coal mine. b Tectonic 
units of the Hailar Basin. The Hailar Basin extends into Mongolia 
is called the Tamtsag Basin. c Geologial sketch map of the Hailar 

Basin. d Sampling sites of different waters, drill columnar section, 
and stratigraphic section of the Dongming opencast coal mine (modi-
fied after IMBGMR 1991; Ji et al. 2019)
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Mesozoic to Cenozoic. Nearly 5000 m of non-marine 
sediments were deposited in these sags (A et al. 2013; 
Meng et al. 2013). According to the stratigraphic divi-
sion, the area mainly includes the pre-Jurassic Budate 
Group, the Upper Jurassic–Lower Cretaceous Xing’anling 
and Zhalainuoer groups, and the Upper Cretaceous–Pale-
ocene Beierhu Group (Wan 2006). The Budate Group is 
usually the basement of the late Mesozoic basins, and 
the Xing’anling Group includes the Tamulangou, Tong-
bomiao, and Nantun formations, in ascending order. The 
Tamulangou Formation has a small distributional range 
and is mainly composed of late Jurassic bimodal vol-
canic rocks. The Tongbomiao and Nantun formations 
are mainly composed of fluvial lacustrine conglomerate, 
sandstone, silty sand, and mudstone interbedded with a 
small amount of volcanic rocks. The overlying Zhalai-
nuoer Group can be divided into the Damoguaihe and 
Yimin formations, in ascending order. These two forma-
tions consist mainly of fluvial lacustrine facies detritus 
and coal seams. The uppermost Beierhu Group includes 
the late Cretaceous Qingyuangang, Paleocene Huchashan 
formations, and Quaternary unconsolidated sediments (Ji 
et al. 2019; Jia et al. 2019; Wan 2006).

This study focuses on the Dongming depression, 
specifically the strata revealed by drilling results in the 
opencast coal mine. The strata mainly consist of the Qua-
ternary (Q) strata and the coal-bearing section (K1d) of 
the Lower Cretaceous Damoguaihe Formation. However, 
the Paleocene strata are missing (Fig. 1c). The Quater-
nary strata overlie the coal-bearing strata with a thickness 
ranging from 4.9 m to 78.0 m. The lithology of the strata 
includes brownish yellow clay, sandy clay, gravel, a small 
amount of medium sand, fine sand, silt, a small amount of 
brick red gravel, and humus. The underlying Damoguaihe 
Formation (K1d) is characterized by extra thick or medium 
thick coal-bearing strata. The entire coal-bearing stratum 
is approximately 595.0–1540.0 m thick and is in con-
formable contact with the underlying Nantun Formation. 
Based on lithology, the Damoguaihe Formation is divided 
into five rock sections in descending order: coal-bearing 
(K1d

5), sandy mudstone (K1d
4), middle glutenite (K1d

3), 
mudstone (K1d

2), and glutenite (K1d
1) sections (Fig. 1d).

In the opencast mine, only the coal-bearing and sandy 
mudstone sections are observed. The coal-bearing sec-
tion (K1d) primarily consists of black brown coal, carbo-
naceous mudstone, gray dark gray mudstone, gray light 
gray siltstone, fine sandstone, medium sandstone, coarse 
sandstone, and sandy conglomerate. The strata in this 
section is relatively stable throughout the area, with a 
thickness ranging from 73.6 m to 178.1 m and an average 
thickness of 139.4 m. It is thicker in the middle of the 

opencast mine and gradually thins towards the margin. 
The coal-bearing section is composed of 14 coal strata 
and is characterized by two extremely thick coal seams 
(12–1 and 31) (Fig. 1d). The main mining target is the 12–1 
coal seam, which has a minable thickness ranging from 
8.9 m to 25.5 m and an average thickness of 17.5 m. The 
31 coal seam has a thickness ranging from 1.0 m to 19.1 m 
with an average thickness of 11.7 m. The buried depth of 
the 12–1 coal seam ranges from 40.0 m to 120.0 m with an 
average depth of 74.0 m, while the 31 coal seam is buried 
at depths ranging from 120.0 to 230.0 m, with an average 
depth of 150.0 m.

Hydrogeology of the Study Area

Based on the characteristics of the water-bearing medium, 
groundwater flow system, water yield properties, and hydro-
chemical characteristics of the aquifer, the aquifers in the 
area can be classified into two types: the Quaternary porous 
aquifer and the fractured porous aquifer of the Upper Damo-
guaihe Formation in the Lower Cretaceous. The Quaternary 
aquifer is widely distributed in the mining area, following 
the pattern of ancient river channels. It has an average thick-
ness of 26.2 m, ranging from 0 to 56.2 m, and mainly con-
sists of loose gravel layers with well-developed pores. The 
water level is typically buried at a depth of about 10.0 m, 
and the groundwater type is phreatic water. The overall 
flow direction is from northeast to southwest, influenced by 
hydrogeological conditions and lithologic structural charac-
teristics. The aquifer is primarily recharged by atmospheric 
precipitation and lateral runoff, while discharge occurs 
through evaporation, water usage in industrial and domes-
tic settings, or recharge into the lower coal-bearing strata 
through tectonic windows.

The fractured porous aquifer of the Upper Damoguaihe 
Formation is present throughout the mining area. It is pri-
marily composed of lignite, with some coal seams contain-
ing middle sandstone, coarse sandstone, and conglomerate 
in the roof. The aquifer has a thickness ranging from 10.0 to 
60.0 m, and the water yield of individual wells is less than 
500 m3 per day. The top and bottom of the aquifer are typi-
cally composed of mudstone, siltstone, or fine sandstone, 
providing good water insulation. The bottom plate has a 
thickness ranging from 2.0 to 21.0 m, while the top plate 
has a thickness ranging from 2.0 to 16.0 m. However, due 
to structural influences, local uplift, and roof denudation, 
permeable “skylights” exist, allowing runoff recharge to the 
Quaternary aquifer. The main recharge sources for the frac-
tured porous aquifer are lateral runoff recharge and recharge 
from the Quaternary aquifer at the “skylight” locations.
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Materials and Methods

In this study, a total of 24 water samples were collected: 
three snow water (SNW) samples, four Morigele River water 
samples (MRW), seven groundwater samples from Quater-
nary strata (QGW), six groundwater samples from coal strata 
(CGW), and four water samples from the drainage sump 
(DSW) of the mining area (Fig. 1c). The SNW samples 
were collected from the northern region of the mine, near 
the Morigele River. The QGW samples were obtained from 
leakage through the mine edge and shallow wells. The CGW 
samples were primarily collected from coal seam leakage 
in the mine pit. The DSW samples were collected from the 
drain pit in the mining area, which contained a mixture of 
water from the Quaternary strata and coal seam seepage. All 
samples were collected in mid-August 2020, except for the 
SNW samples, which were collected in April 2020 because 
the study area experiences cold temperatures and frequent 
snowfall in April, while August is a period of increased 
rainfall. Each sample was collected in acid-washed 500 mL 
low-density polyethylene (LDPE) bottles, which were rinsed 
three times with the sampled water. Within 48 h of collec-
tion, each sample was filtered using a 0.45 μm Luerloch 
syringe filter with a polypropylene membrane, and trans-
ferred into acid-washed 125 mL LDPE bottles.

The K+, Na+, Ca2+, Mg2+, SO4
2−, and B3+ cations were 

measured by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, ICAP6500 DUO, Thermo 
Fisher Scientific, US) with an analytical precision exceed-
ing ± 5%. HCO3

− and Cl− were measured by volumetrically 
and ion chromatography (ICS-5000A), with a test accuracy 
of < 0.3%. All testing work was conducted at the Qinghai 
Institute of Salt Lakes, Chinese Academy of Sciences.

Hydrogen and oxygen isotope determination was com-
pleted by online analysis of element analyzer flashEA 1112 
HT and mass spectrometry MAT 253 (Zhang et al. 2011) 
at the Wuhan Institute of Geology and Mineral Resources. 
International standards V-SMOW, GISP, GBW04459, and 
duplicate samples (the number of standard and duplicate 
samples is 30% of the total number of samples) were used to 
monitor quality in the analysis process; Measured δDv-smow 
and δ18Ov-smow values of V-SMOW were 0.60 ± 0.22 ‰ and 
0.07 ± 0.12 ‰, δDv-smow and δ18Ov-smow values of GISP were 
− 189.30 ± 1.20 ‰ and − 24.75 ± 0.12 ‰, and δDv-smow 
and δ 18Ov-smow values of GBW04459 were − 63.20 ± 0.90 
‰ and − 8.59 ± 0.05 ‰ respectively. These data and the 
repeated determination results are consistent with their rec-
ommended values within the error range, indicating that the 
determination results are reliable.

The 11B/10B ratios of samples were determined by posi-
tive thermal ionization mass spectrometry (Triton, Thermo 
Fisher Finnigan, Germany) at the Qinghai Institute of Salt 

Lakes, Chinese Academy of Sciences. The detailed sam-
ple preparation and analysis steps are described by He et al. 
(2013). The boron isotopic compositions of samples were 
expressed as δ11B = [(11B/10B)sample/(11B/10B)standard] − 1, 
where the standard is NIST SRM 951 (supplemental Table 
S-1). The 11B/10B ratio of NIST SRM 951 was determined 
repeatedly to be 4.05537 ± 0.00004 (2σ, n = 4).

Results

Hydrochemistry of the Different Waters

The analytical results are shown in supplemental Table S-1. 
The pH values of the different waters are distinct. The pH 
values of CGW, DSW, QGW, and MRW in the mining area 
were alkaline, with a range from 7.3 to 8.9, while the pH 
values of the SNW were circumneutral (7.4–7.7). The aver-
age TDS was 1021.49 mg/L for CGW, 1120.53 mg/L for 
DSW, 685.95 mg/L for QGW, 407.09 mg/L for MRW, and 
9.07 mg/L for SNW.

The major ion compositions of the different waters are 
plotted in the Piper diagram (Fig. 2). Na and HCO3 are the 
dominant cation and anion in all of the waters, which is in 
accordance with the chemical weathering background of the 
region (Zheng and Lv 1994). The hydrochemistry of the 
QGW and MRW are comparable, and in the cationic dia-
gram, Na + K proportions of those samples generally exceed 
40%, Mg and Ca proportions are less than 40%, while in the 
anionic graph, HCO3 are dominant, accounting for about 
80% of the total anions, and SO4 and Cl are generally lower 
than 20% and 10%, respectively. In the diamond diagram, 
most of the QGW and MRW samples are located in the 
Ca–HCO3 region, indicating that the QGW and MRW have 
a similar origin or close hydraulic connection.

The hydrochemistry of the CGW samples was relatively 
dispersed, belonging to the Ca–Na–HCO3 or Na–HCO3 
types, with Na + K and HCO3 proportions ranging from 
60%–80%, respectively; the Mg, Ca, Cl, SO4 proportions 
were generally < 20%, suggesting that the waters from the 
coal-bearing strata have different origins or evolution pro-
cesses. All of the DSW samples had similar major ion com-
positions, and are Ca-Na-HCO3 type, with Na + K, HCO3 
proportions higher than 60%, and Mg, Ca, Cl, SO4 gener-
ally < 20%. Hydrochemistry of the DSW samples is different 
from other waters in the study area, and presents a mixing 
origin of the QGW and CGW.

In addition, the hydrochemistry of the SNW samples is 
similar to the CGW and DSW, with high Na and K, and low 
Mg and Ca concentrations, indicating that local meteoric 
waters are probably influenced by open pit coal mines near 
the study area. The DSW had the highest trace element B3+ 
content, with an average value of 0.23 mg/L, followed by 
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CGW with average value of 0.18 mg/L, and the QGW with 
average value of 0.10 mg/L.

H–O‑B Isotopes

The SNW samples had the most negative hydrogen and oxy-
gen isotopic compositions; the average δD and δ18O were 
− 146.96‰ and − 18.17‰, respectively. The H–O isotopic 
compositions of the other waters were similar. The average 
δD and δ18O of CGW were − 105.67‰ and − 13.21‰, 
and those of DSW were − 104.79‰ and − 12.87‰. The 

QGW has the highest δD and δ18O values of − 103.82‰ 
and − 12.28‰.

The B isotopic compositions of the CGW samples ranged 
from 10.74‰ to 31.58‰ with a mean of 21.71‰, while those 
of the DSW ranged from 20.18‰ to 29.02‰, with a mean 
of 25.16‰. The river waters and Quaternary groundwaters 
generally had low B isotopes, ranging from 1.68‰ to 18.30‰ 
with an average value of 7.77‰ for QGW, and from 4.05‰ 
to 8.48‰, averaging 6.27‰ for MRW.
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Discussion

The Mechanism of Salinization and Ion Sources 
of the Different Waters

The determination of ion sources and their evolution is cru-
cial for understanding the formation of different types of 
water. The Gibbs diagram provides a visual representation 
of the natural factors (such as evaporation concentration, 
rock weathering, and precipitation control) that influence the 
major ion compositions of surface water in a specific area 
(Gibbs 1970). The distribution pattern of major ion com-
positions of MRW and DSW suggests different salinization 
mechanisms for these waters (Fig. 3a). The TDS of DSW 
exceeded those of MRW, and the Na/(Na + Ca) weight ratios 
ranged from 0.7 to 0.9, which is close to the transitional line 
between rock weathering and evaporation. This indicates that 
the enrichment of ions in DSW is primarily controlled by 
weak rock weathering and evaporation (Fig. 3a). However, 
the Cl/(Cl + HCO3) weight ratios of DSW ranged from 0 to 
0.2, which is outside the range expected for evaporation and 
rock weathering. This abnormal enrichment of HCO3 com-
pared to Cl is consistent with the high HCO3 hydrochemi-
cal background of surface water in the study area, which 
includes freshwater lakes and carbonate-type salt lakes 
(Zheng and Lv 1995). The water from Hulun Lake, which is 
influenced by evaporation, also exhibits low Cl/(Cl + HCO3) 
weight ratios (Fig. 3b). The enrichment of HCO3 may be 
attributed to the dissolution of carbonates and weathering of 
silicates (Appelo and Postma 2005), which are widely dis-
tributed in the study area (IMARBGMR 1996; Zheng and Lv 
1994, 1995). On the other hand, the MRW had relatively low 

TDS and Na/(Na + Ca) weight ratios compared to DSW, as 
well as extremely low Cl/(Cl + HCO3) weight ratios, indicat-
ing that rock weathering is the dominant source of solutes. 
This is consistent with the ion sources of most rivers world-
wide (Gaillardet et al. 1999; Hu et al. 2023). The SNW are 
typical precipitation waters and are located in the lower right 
corner of the Na/(Na + Ca) vs. TDS diagram. However, the 
SNW also exhibit low Cl/(Cl + HCO3) weight ratios, indicat-
ing the strong influence of the local geochemical background 
on precipitation.

The Ca/Na ratios in detrital strata, particularly in arid 
regions, can be altered by the leaching of Na salts. This can 
complicate the interpretation of the Gibbs diagram and mask 
the influence of evaporation (Marandi and Shand 2018). 
However, the conservative element of Mg, primarily derived 
from rock weathering, increases in conjunction with evapo-
ration (Bąbel and Schreiber 2014). Consequently, the Mg/Na 
and Mg/Ca ratios can serve as indicators of the leaching of 
salt-bearing strata and evaporation, respectively. In Fig. 3c, 
most of the CGW, DSW, and SNW samples are located in 
the bottom left quadrant, indicating relatively weak evapora-
tion and weathering of Mg-rich rock. However, the solute 
sources are mostly influenced by the leaching of Na and 
Ca salts. A few samples of CGW and QGW in the upper 
left quadrant exhibit high ratios of Mg/Ca and low ratios of 
Mg/Na, suggesting a potential weak evaporation process for 
these waters (Liang et al. 2017). During the evaporation pro-
cess, Na and Cl concentrations will increase, while Mg and 
Ca concentrations will decrease due to carbonate precipita-
tion. Some of the MRW and QGW samples are primarily 
influenced by weathering of Na-rich rocks.
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In general, the production of Na and K is primarily attrib-
uted to the weathering of silicates and evaporites. When the 
chemical compositions of waters are influenced by the disso-
lution of chloride salts, the molar ratio of (Na + K)/Cl tends 
to be close to 1. However, in this study, Fig. 4a shows that 
most of the water samples deviate from the Na + K = Cl line 
and are located towards the higher Na + K end member. This 
suggests that in addition to the dissolution of minor chlo-
ride salts, silicate weathering may contribute significantly 
to the abundance of Na and K in the CGW, QGW, DSW, 
and MRW. The higher Na + K values, along with higher Cl 
concentrations in CGW and DSW compared to QGW and 
MRW, indicate that CGW and DSW have undergone slight 
concentration through evaporation.

To investigate the influence of carbonate dissolution on 
the waters’ chemical compositions, the molar equivalents 

of Mg and Ca are plotted against HCO3 (Fig. 4b). Most 
of the waters in this study are located to the right of the 
carbonate dissolution line. This suggests that excess HCO3 
ions were provided through the dissolution of Na2CO3 salts 
or the weathering of Na-silicates (Yang et al. 2020; Zhao 
et al. 2022; Zheng and Lv 1994, 1995). Considering that 
Mg, Ca, and Na in natural waters primarily originate from 
the weathering of silicates and carbonates (Fu et al. 2018; 
Silva and Lima 2023), the presence of excess Na and HCO3 
ions in CGW, DSW, and QGW (Fig. 4a) indicates the dis-
solution of Na2CO3 salts or the weathering of Na-silicates 
in the coal-bearing and Quaternary strata. During this pro-
cess, the reaction between silicates and CO2 + H2O releases 
alkali cations (Mg, Ca, K, and Na) and forms HCO3 and 
H2SiO3 (Guo et al. 2023; Liu et al. 2020). The existence of 
clay minerals resulting from the weathering of plagioclase 
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(albite and K-feldspar) further supports this phenomenon 
(Gaillardet et al. 1999).

Furthermore, the molar ratios of Mg/Na, Ca/Na, HCO3/
Na of the dominant controlling factors (silicates weathering, 
carbonates dissolution, and evaporites dissolution) of natural 
waters are constrained, based on the chemical composition 
analysis of 60 large rivers around the world (Gaillardet et al. 
1999). Based on these ratios, the composition of CGW and 
DSW falls between the end members of silicates weathering 
and evaporite dissolution, with a closer proximity to silicates 
weathering (Fig. 4c and d). Additionally, most of the sam-
ples from the QGW and MRW are within the range of sili-
cates weathering. The presence of excess Na from silicates 
weathering leads to lower ratios of HCO3/Na and Mg/Na in 
CGW and DSW than in QGW and MRW. These observa-
tions suggest that carbonate dissolution weakly influence the 
composition of these waters, as they deviate significantly 
from the end member associated with this factor.

Origin of the Different Waters: H–O Isotopes

H–O isotopes serve as valuable tracers for identifying the 
sources, connections, and circulation processes of water 
bodies. The global meteoric water line (GMWL, δD = 8 
δ18O + 10) is generally used to analyze the characteristics 
of the H–O isotopic compositions in different regions (Craig 
1961; Guerra et al. 2023; Hughes and Crawford 2012). The 
local meteoric water line (LMWL, δD = 6.68 δ18O-5.98, 
R2 = 0.9) was derived from the weighted average of hydrogen 
and oxygen isotopes in rainwater and snowmelt near Xinbae-
rhu Right Banner, south of Hulun Lake, in June 2016 (Han 
2018). Additionally, the local evaporation trend line (ETL, 
δD = 4.99 δ18O-32.89, R2 = 0.89) was established based on 
Han (2018).

The snow waters collected in this study, referred to as 
SNW, exhibit the lowest δD-δ18O values of the water sam-
ples, but still excced those of the snow waters from Hulun 
Lake, suggesting the occurrence of evaporation processes 
in the SNW (Han 2018). The deviation of the SNW from 
the LMWL can be attributed to weak evaporation. The H–O 
isotopic compositions of CGW, QGW, DSW, and MRW are 
similar and cluster in the bottom right of the LMWL, which 
aligns with the arid climate in the study area. This implies 
a close relationship between these different water bodies. It 
is likely that the CGW and QGW originate from MRW. The 
H–O isotopes of these waters slightly exceed those of the 
intersection point of the LMWL and ETL, and some of the 
MRW and QGW fall on the ETL, indicating that the river 
and underground waters in this study have undergone evapo-
ration. However, the relatively lower H–O isotopes of these 
waters, compared to the Hulun Lake water, suggest a weak 
evaporation process. Most of the underground waters exhibit 

a slight positive shift in O isotopes, indicating water–rock 
interactions during burial and flow processes (Fig. 5).

Thus, the MRW, QGW, CGW, and DSW exhibit similar 
H–O isotopes, indicating a close hydraulic connection between 
the river and underground waters. Despite being from different 
aquifers, the CGW and QGW share the same water origin and 
are related to the river waters in the study area.

Hydraulic Connection Between the Different 
Aquifers: Insights from the B Isotopes

The preceding discussion demonstrates that regional waters, 
including CGW and QGW from various aquifers, can exhibit 
similar origins and similar hydrochemical evolution processes. 
Assessing the hydraulic connectivity between different aquifers 
proves challenging. Additionally, distinguishing the primary 
water sources in coal mine pits through hydrochemical and 
H–O isotope analysis poses difficulties (Yang et al. 2020; Zhao 
et al. 2022). Similar challenges have been encountered in other 
coal mines, particularly underground mines. In this study, the 
B isotopes of different waters exhibited major variations and 
were distributed among the different end members in the δ11B 
vs. 1/B diagram. This suggests the potential for effectively 
evaluating the hydraulic connectivity of different aquifers and 
rapidly identifying the main sources of water in coal mines.

The MRW exhibited the lowest concentrations and iso-
topic compositions of B, while the QGW samples showed 
increasing B concentrations and isotopes (Fig. 6). Inter-
estingly, one of the QGW samples had similar B concen-
trations and isotopes to those of the MRW, indicating a 
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close recharge connection between the QGW and river 
waters. The higher B concentrations and isotopes in the 
other QGW waters may be attributed to the relatively poor 
hydraulic connectivity between the Quaternary strata and 
the rivers at the sampling sites. Various factors can lead 
to changes in B isotopes in natural waters, such as intense 
evaporation accompanied by mineral precipitation, rock 
weathering, and clay adsorption (Lemarchand et al. 2007; 
Mao et al. 2019; Marschall and Foster 2018; Ruhl et al. 
2014). In this study, the extremely low TDS of the waters 
exclude the possibility of evaporation and mineral pre-
cipitation, suggesting that rock weathering is the domi-
nant solute source. However, negative or lower B isotopic 
compositions can be produced by the weathering of sili-
cates and coal, as these materials generally have lower B 
isotopes. For instance, tourmaline in magmatic rock has 
isotopic compositions ranging from − 2‰ to − 30‰, bio-
tite has an isotopic composition of − 20.1‰, plagioclase 
ranges from − 13.5‰ to − 10.4‰, quartz has an isotopic 
composition of − 9.9‰, and coals have isotopic compo-
sitions ranging from − 70‰ to − 1.1‰ (Williams and 
Hervig 2004; Xiao et al. 2013; Zhao et al. 2015). There-
fore, the elevated B isotopes in the waters are likely related 
to clay adsorption, which can result in B isotopic fraction-
ation of up to 15‰ to 20‰, and an increase in dissolved B 
isotopes (Ercolani et al. 2019; Mao et al. 2019). The poor 
hydraulic connectivity between the aquifers and the river 
waters, which indicates a long duration of underground 
water flow, coupled with a strong clay adsorption process, 
contributes to the elevated B isotopes in the waters. The 
CGW samples had the highest B concentrations and iso-
topes, and there was significant variation in B isotopes 
among the different CGW waters, suggesting poor hydrau-
lic connectivity between the coal-bearing strata and the 

river waters. Furthermore, even within the same aquifer, 
there was a large discrepancy in B isotopes, indicating 
differences in hydraulic connectivity between the different 
sampling sites and the river water. Therefore, B isotopes 
serve as sensitive tracers for evaluating hydraulic connec-
tivity in the study area.

The B isotopes of the DSW are situated between those 
of the CGW and QGW and are close to the CGW. This is 
consistent with the DSW being a mixture of the CGW and 
QGW. The hydrochemistry and B isotopes of the DSW and 
CGW are similar, indicating that the DSW primarily origi-
nates from the CGW. Although the QGW is closely con-
nected to the river water, the coal mine has implemented 
measures to prevent the shallow QGW from leaking into 
the mine pit. Currently, the water leakage in the mine pit 
mainly comes from the coal-bearing aquifer. In the future, B 
isotopes should be analyzed in additional samples to identify 
the leakage sites that have the strongest hydraulic connec-
tivity with the river water. This will enable more effective 
prevention of water leakage into the mine pit.

Conclusions

In order to study the origin of groundwater in the Dongming 
opencast coal mine, different waters including river water, 
groundwater in Quaternary strata and coal-bearing strata, 
snow water, drainage sump water were sampled. Hydro-
chemical and H–O–B isotopic compositions of the waters 
were analyzed, and the following conclusions were reached.

(1)	 The hydrochemical type of groundwater in the coal-
bearing strata and drainage sump water is Ca–Na–
HCO3, the Morigele River water and the groundwater 
in the Quaternary strata are Ca-HCO3, and the snow 
water is Na–HCO3. Na and HCO3 are dominant ions 
in all of the water samples, which is in accord with the 
geochemical setting of the study area.

(2)	 The ratios of various ions (Mg/Ca, Mg/Na, Ca/Na, 
Na + K/Cl, Mg + Ca/HCO3, and HCO3/Na), and the 
Gibbs diagram of the sampled waters indicate that the 
weathering of rock, particularly Na-rich silicates, is the 
primary factor influencing the hydrochemical composi-
tions of the groundwater.

(3)	 H–O isotopes suggest that all of the groundwaters are 
derived from river water. Additionally, the similar B 
isotopic compositions of the QGW and MRW demon-
strate close hydraulic connection between the Morigele 
River and groundwater in Quaternary strata. On the 
other hand, the elevated B concentrations and isotopes 
of CGW imply a weak hydraulic connectivity between 
the coal-bearing aquifer and the river water.

Fig. 6   Plots of δ11B vs. 1/B of different waters in the study area
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