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This study establishes the surface water evaporation line in theory and numerically simulates the 𝛿D and 𝛿18O value distribution
interval of the recharge source of deep groundwater in the Jiaozuo mining area. The recharge elevation is calculated based
on hydrogen and oxygen isotope tracer theory. Theoretical calculation and experimental data indicate that the surface water
evaporation line in the study area in theory is almost the same as the measured surface data-fitting line. A significant linear
relationship is identified between 𝛿18O and the elevation of spring outcrop. The topography increases per 100m, and the 𝛿18O
value reduces by 0.23‰ on average. The 𝛿18O value is converted into formula to calculate the groundwater recharge elevation,
which is approximately from 400 to 800m. The measured tritium values of karst groundwater are greater than 3 TU. The second
factor score is a fraction distribution in shallow groundwater and negative fraction distribution in spring and deep groundwater,
which indicates that the Northern Taihang Mountain is the main recharge area, where carbonate-exposed areas exist. The research
conclusion holds a certain value for the flood evaluation of local coal mines.

1. Introduction

Jiaozuo belongs to the warm semihumid, semiarid continen-
tal monsoon climate zone. The average annual precipitation
is less than 600mm, yet the evaporation is higher than
2000mm [1]. The evaporation is thrice that of the precipi-
tation. Nevertheless, karst water is very rich in the Jiaozuo
CoalMine District. Jiaozuo is one of themost famousmining
districts with karst water inrush; heavy, large water inrush
accidents are frequent. Some disputes contest the recharge
sources of karst water in the mining area. For example,
Pei and Tong [1] believed that karst water comes mainly
from local rainfall infiltration recharge. On the contrary, the
current study simulates the recharge source of karst water
by hydrogen and oxygen isotope-tracing theory. The result
shows that othermajor recharge sources of groundwater exist
in the mining area. This conclusion holds a certain value for
the hazard assessment of local coal mines.

The isotope tracer technique began in the 1950s; it is
applied to the field of hydrology, but it is limited to the study

of artificial isotope tracing. In the late 1960s, isotope was
widely used in hydrology research [2–5].Thewide application
of isotope becomes possible with the improving hydrogen
and oxygen isotope test technology and the reducing testing
cost in recent years. Isotope plays its unique advantages in the
aspects of research on groundwater formation mechanism
and supply mechanism. In foreign countries, hydrogen and
oxygen isotopes are used to study groundwater [2–10].

In China, hydrogen and oxygen isotopes also show
unique advantages in mine groundwater tracer. Gui et al.
[11] studied the composition and drift characteristics of
hydrogen and oxygen stable isotopes in groundwater and
accurately identified the recharge source of groundwater in
theWanbei mining area with the hydrogen and oxygen stable
isotope tracer technology. Chen et al. [12] studied the isotope
composition of the surface water and groundwater in Ren
Lou and the Linhuan mining area and analyzed the possible
groundwater recharge sources. The result indicated that
groundwater flowed relatively fast, and the drift phenomenon
was insignificant. Dou et al. [13] surveyed the mine water
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Figure 1: Hydrogeological map of the Jiaozuo coal-mining district in China.

supply source using the hydrogeochemical technology by
analyzing the isotope and hydrochemical characteristics of
surface water and groundwater from different aquifers. The
results showed that the groundwater isotopic and hydro-
chemical characteristics in the Cretaceous aquifer were sim-
ilar to leaking groundwater from the 73,003 work face. The
groundwater of the Cretaceous conglomerate aquifer is the
major source of water inrush, which accounted for 67% of
the proportion, and the Quaternary groundwater accounted
for 33%. Wang and Li [14] studied the hydrogen and oxy-
gen isotope composition and distribution characteristics of
groundwater in the Pingdingshan mining area to identify the
groundwater flow system, which was divided into two flow
subsystems, namely, local flow system and excessive water
system. Amethod for determining the groundwater recharge
source was provided.

2. Hydrogeological Setting

The Jiaozuo mining area is located in the northern part
of the Henan Province and the adjacent Shanxi Plateau
(Figure 1). The Taihang Mountain uplift belt in the southeast
edge of the wing front arc, the East New Cathaysian tectonic
system, and the Qinling Mountains weft composite parts
comprise the structural system of the Jin East Nanshan-type
tectonic system. Faults and folds are not well developed.

The monocline of the general tendency to southeast is
determined. The fault structure mainly consists of high-
angle normal faults, including the North East, Near East, and
North West, especially in the development of the North East.
The developing faults not only control the distribution and
occurrence features of coal seam, but also form a natural
boundary area of minefield. The limestone aquifer is the
deposition base of coal measure strata, which is also the main
source of water inrush in the coal seams with very rich karst
water storage.

The main aquifers, from top to bottom, can be divided
into four categories according to the lithology, thickness,
water features, and burial conditions of the stratum. The
first category is the Quaternary aquifer that is made up
of the Quaternary sandstone, clay, calcareous nodules, and
the conglomerate bottom, which is the main aquifer for
the segment. The second category is the coal-bearing sand-
stone aquifer that consists of sandstone, siltstone, and shale
layers with permeability (𝐾) of 0.1 to 0.3m/d. The third
category is the Carboniferous limestone aquifer composed
of Taiyuan limestone. The main fractured karst aquifer in
this district features a stable distribution of limestone karst
subaquifers. Pumping tests in the drilling borehole reveal
that the aquifer permeability is approximately 1 to 3m/d.
The fourth category is the Ordovician limestone aquifer that
is the sedimentary basement of the coal measure strata; its
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lower layer is composed of thick gray limestone with a few
brecciated limestones and yellow-green marls, and its upper
layer consists of gray or dark gray thick-bedded limestone and
dolomitic limestone with a few thin-bedded limestones. The
aquifer permeability is approximately 1 to 30m/d. The karst
water level of the Ordovician limestone aquifer implies that
the karst water level gradually increases from the coal-mining
district northward to the Taihang Mountains [15].

3. Materials and Methods

3.1. Sampling and Analytical Methods. Forty-nine groups of
water samples were collected from the coal-mining district
in August 2008 andOctober 2008, including 9 groups of river
samples, 12 groups of shallow groundwater samples taken by
pumping from the wells of the Quaternary aquifer, 7 groups
of springwater samples from the northernmountainous area,
and 21 groups of deep groundwater samples taken by pump-
ing from the boreholes of the coal-bearing sandstone aquifer,
Carboniferous limestone aquifer, and Ordovician limestone
aquifer. The pH values of water samples were determined
with a WM-22EP on site. Water samples were determined
at State Key Laboratory of Hydrology-Water Resources and
Hydraulic Engineering, Hohai University. Hydrogen isotopes
were determined by using the zinc reaction method, and
oxygen isotope was determined with the oxygen-carbon bal-
ance method. The measuring results of the MAT253 isotope
mass spectrometer instrument involved the Vienna Standard
Mean Ocean Water with thousand poor representation. The
determined accuracy for hydrogen and oxygenwas 0.2‰and±0.1%, respectively. Radioactive tritium was determined by
using Tri-Carb 3170TR/SL with accuracy of 0.1‰ (Table 1).
The chemical composition of water samples was determined
in the State Key Laboratory of Hydrology using a Shimadzu
CTO-10 Avp ion chromatograph and inductively coupled
plasma mass spectrometry with a relative error of 1%, and
HCO3

− was determined using the method of dilute sulfuric
acid–methyl orange titration (Table 2).

3.2. Factor Analysis. Factor analysis method is a multivariate
statistical analysis technique, which is used to reduce the
data and the study dependencies among variables and to
explore the basic structure of the observational data that are
expressed by several factors that can reflect the mainmessage
that most of the observed variables contain and explain the
interdependent relationship among these observed variables.
The loadings describe the proportion of each individual
sample that is necessary to project the variables onto the
factor axis as opposed to describing the proportion of each
variable used to project each sample onto the factor axis, as
in R-mode analysis [16, 17]. The method plays a key role in
the assessment of surface water-groundwater interaction [18–
21]. In this study, the factor analysis method is applied by
the principal component analysis technique. The common
factors can be determined when the eigenvalue is usually
greater than 1 and the cumulative contribution rate is as
large as possible. The actual meaning of common factors
is determined according to the loading of the observations
that represent the correlation coefficient between analysis
variables and the common factors.

4. Results

4.1. Theory Evaporation Line. In studying groundwater re-
charge, the surface water evaporation line is an important
reference, which can be obtained by fitting the measured
data; however, the cost is high given the measured large
amounts of data [22, 23]. Therefore, this study combines the
theoretical andmeasured values to calculate the surface water
evaporation line. During water evaporation, the hydrogen
and oxygen stable isotopic fractionation mainly includes two
parts, namely, dynamic fractionation and balance fractiona-
tion.Humidity and temperature are themain factors affecting
isotopic fractionation. The residual water isotope ratio and
evaporated water vapor isotope ratios follow the Rayleigh
fractionation model. The following types are established:

𝛿18O + 1000
𝛿18O0 + 1000 = 𝑓

𝛼
∗
−1

or 𝛿D + 1000𝛿D0 + 1000 = 𝑓
𝛼
∗
−1,

(1)

𝑆 = 24.844 (10
6/ (𝑇 + 273)2) − 76.248 (103/ (𝑇 + 273)) + 52.612 + 12.5 (1 − ℎ)

1.137 (106/ (𝑇 + 273)2) − 0.4156 (103/ (𝑇 + 273)) − 2.0667 + 14.2 (1 − ℎ) , (2)

𝛿D = (𝛿D0 + 1000)

⋅ ( 𝛿18O + 1000𝛿18O0 + 1000)
(24.844(10

6
/(𝑇+273)

2
)−76.248(10

3
/(𝑇+273))+52.612+12.5(1−ℎ))/(1.137(10

6
/(𝑇+273)

2
)−0.4156(10

3
/(𝑇+273))−2.0667+14.2(1−ℎ))

− 1000,

(3)
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Table 1: Isotopic composition of all water samples in the study area.

Number Type 𝛿18O (‰) 𝛿D (‰) 3H (T.U.) D-excess Factor 1 score Factor 2 score Factor 3 score
1 Spring −8.85 −63.61 8.23 7.19 −0.59 −0.09 −0.58
2 Spring −8.73 −58.88 7.29 10.96 −0.61 0.13 −0.65
3 Spring −9.21 −67.61 8.65 6.07 −0.80 −0.14 −0.72
4 Spring −8.77 −66.34 7.35 3.82 −0.60 −0.12 −0.35
5 Spring −8.81 −61.6 9.35 8.88 −0.79 0.16 −0.53
6 Spring −8.81 −62.39 8.05 8.09 −0.82 0.08 −0.59
7 Spring −8.69 −70.43 8.58 −0.91 −0.41 −0.36 1.21
8 Shallow groundwater −7.67 −60.92 9.44 0.44 1.67 0.17 4.03
9 Shallow groundwater −7.26 −53.1 8.99 4.98 1.69 0.67 −0.57
10 Shallow groundwater −8.31 −67.28 10.8 −0.8 0.66 −0.40 3.22
11 Shallow groundwater −4.07 −28.76 9.59 3.8 −0.38 2.52 −0.16
12 Shallow groundwater −6.61 −48.4 11.89 4.48 −0.76 1.30 0.15
13 Shallow groundwater −8.2 −62.8 9.41 2.8 0.17 0.08 0.87
14 Shallow groundwater −7.88 −59.1 12.38 3.94 −0.98 0.71 −0.47
15 Shallow groundwater −8.52 −65.88 6.52 2.28 0.23 −0.30 0.11
16 Shallow groundwater −8.21 −61.48 10.54 4.2 −0.70 −0.35 1.41
17 Shallow groundwater −8.43 −66.75 7.65 0.69 −0.73 −0.19 0.07
18 Shallow groundwater −8.9 −67.58 6.18 3.62 0.24 −0.21 1.22
19 Shallow groundwater −8.89 −66.16 6.69 4.96 −0.19 −0.33 −0.28
20 River −8.57 −67.94 9.85 0.62 −0.70 −0.01 0.25
21 River −8.29 −61.97 8.59 4.35 −0.58 0.28 −0.92
22 River −8.08 −55.7 13.17 8.94 −1.15 0.81 0.05
23 River −7.99 −56.48 10.91 7.44 −1.02 0.74 −0.51
24 River −8.78 −57.42 7.05 12.82 −0.47 −0.03 −0.28
25 River −7.77 −56.7 13.46 5.46 −0.82 0.96 0.66
26 River −8.63 −66.59 9.35 2.45 −0.34 0.03 0.78
27 River −8.05 −61.84 12.11 2.56 −0.12 0.90 0.28
28 River −8.43 −62.54 8.53 4.9 −0.27 0.12 0.66
29 Deep groundwater −9.17 −65.61 7.68 7.75 −0.63 0.21 −0.51
30 Deep groundwater −9.37 −62.91 7.2 12.05 −0.26 −0.51 0.15
31 Deep groundwater −8.76 −66.19 6.07 3.89 −0.08 −0.26 −0.71
32 Deep groundwater −9.36 −60.89 5.65 13.99 −0.25 −0.48 −0.26
33 Deep groundwater −8.99 −66.5 7.65 5.42 −0.42 −0.10 −0.73
34 Deep groundwater −9.45 −67.23 7.43 8.37 0.65 −0.66 −0.66
35 Deep groundwater −9.23 −66.59 6.38 7.25 0.38 −0.40 −0.93
36 Deep groundwater −9.04 −69.72 7.51 2.6 −0.65 −0.20 −0.41
37 Deep groundwater −9.03 −70.15 6.01 2.09 −0.28 −0.64 −0.26
38 Deep groundwater −9.26 −70.01 6.42 4.07 −0.37 −0.76 −0.17
39 Deep groundwater −8.85 −61.73 5.38 9.07 −0.35 −0.30 −0.30
40 Deep groundwater −8.71 −63.48 7.67 6.2 0.07 0.18 0.90
41 Deep groundwater −9.47 −67.58 6.52 8.18 −0.45 −0.59 −0.14
42 Deep groundwater −9.89 −71.12 6.34 8 −0.48 −0.70 −0.58
43 Deep groundwater −8.78 −63.74 8.38 6.5 −0.44 −0.38 1.40
44 Deep groundwater −10.51 −79.23 2.5 4.85 2.64 −2.18 −0.32
45 Deep groundwater −10.37 −78.56 2.5 4.4 2.41 −1.68 −1.11
46 Deep groundwater −8.78 −70.83 3.46 −0.59 0.57 −0.56 −1.19
47 Deep groundwater −8.5 −62.01 3.85 5.99 2.27 −0.28 −1.05
48 Deep groundwater −8.55 −65.27 3.52 3.13 1.41 −0.76 −0.77
49 Deep groundwater −8.57 −66.52 3.02 2.04 0.34 −0.93 0.01
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Table 3: Rainfall weighted average of hydrogen and oxygen isotopes in the Jiaozuo area [1].

Meteorological observatory Elevation (masl) Sample number 𝛿18O (‰) 𝛿2H (‰)
Jiaozuo area 80 13 −6.50 −42.05
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Figure 2: Slope of evaporation line versus temperature and humid-
ity.

where 𝑓 is the fractionation of the remaining water, the
fractionation factor coefficient 𝛼 is the liquid to the vapor
state (𝛼∗ = 1/𝛼), 𝑇 is the air temperature, and ℎ is the air
relative humidity.

Formula (2) is simulated in Figure 2.The evaporation line
slope gradually decreases with an increase in temperature,
whereas the evaporation line slope gradually increases with
an increase in humidity. The difference between temperature
and humidity is significant in different areas and times.
Therefore, the average annual temperature and humidity are
used to calculate the evaporation line, which is reasonable.
Surface water evaporation line can be calculated according
to the 𝑆 value and the weighted average of rainfall hydrogen
and oxygen isotope. The average surface air temperature is
14.3∘C, and the average relative air humidity is 0.60 in the
Jiaozuo area from 1978 to 1999. Accordingly, the evaporation
line slope 𝑆 can be calculated as 5.84.

The precipitation isotopes in the Jiaozuo area are shown
in Table 3. According to the hydrogen and oxygen isotopic
weighted average of rainfall in the Jiaozuo Station, the
evaporation line is as follows: 𝛿D = 5.84𝛿18O − 4.09, which
is basically identical with the measured values fitted in the
study of Wang [24].

4.2. Factor Analysis. R factor analysis is executed to all pa-
rameters [total dissolved solid (TDS), pH, K, Na, Mg, Ca,
HCO3, Cl, F, SO4, 𝛿18O, 𝛿D, and 3H] of the water samples (49
samples). The cumulative contribution rate of the first four
factors, which can explain themost original data information,
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Figure 3: Loadings of the first and third factors.

is 84%. The KMO index value is 0.91. The eigenvalues of the
first four factors are 4.585, 2.912, 2.318, and 1.110. The HCO3

−

andNa+ load of the first factor ismore than 0.6, which reflects
the groundwater alkalinity distribution.This factor is defined
as the “alkalinity” factor (Figure 3).

The third factor possesses a high positive load of Ca2+
and Mg2+, reflecting the groundwater hardness distribution,
which is defined as “hardness” factor.The 𝛿2H and 𝛿18O load
of the second factor is more than 0.9, which indicates the
information of groundwater-recharging source. The second
factor is a fraction distribution in shallow groundwater
and surface water, in which the surface water supply is
dominant. The second factor exhibits a negative fraction
distribution in spring and deep groundwater, which reveals
the groundwater-recharging characteristics in the northern
mountain area.

5. Discussion

5.1. Karst Water Recharge Source. This study simulates the𝛿D and 𝛿18O distribution characteristics of groundwater in
different residual water ratios (𝑓) and air relative humidity
conditions according to Formula (2) in the Jiaozuo area.
Figure 4 depicts that the slope of the evaporation line
becomes gradually close to the atmospheric precipitation
line as the humidity increases. When the humidity (ℎ) is
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Figure 4: Atmospheric relative humidity versus 𝛿D and 𝛿18O values (GMWL is the global meteoric water line).

0.9, the evaporation line almost overlaps the atmospheric
precipitation line. Evaporation for different humidity values
embodies the same rule that 𝛿D and 𝛿18O always change at
the right top along the trend line. With an increment in the
residual water ratio, the 𝛿D and 𝛿18O values of water become
gradually close to the supply source. When 𝑓 is 100%, the
water that does not experience evaporation directly accepts
the rain supply. Figure 4 also shows that only aminority of the
surface water samples become close to the local atmospheric
rainfall recharge scope, which mainly falls in the interval of
relative humidity from 0 to 0.9 and the remaining water ratio
(𝑓) from 79% to 99%. However, most of the groundwater
samples clear off the evaporation interval that falls in the
lower right interval.

It shows that there are good correlations about HCO3,
Na, Ca, Mg, and 𝛿18O and no correlations between Ca
and Na in the deep groundwater, indicating that the Ca2+
and Na+ exchanging interaction plays a key role, leading
the balance equation of carbonate dissolving to increasing
HCO3

− direction. From Mount Taihang to coal-mining
district, the first factor scores and the third factor scores
increase gradually, indicating salt accumulating gradually
and groundwater lateral recharging process. Groundwater
lies the starting end of runoff evolution, which is often
considered as recharging source [25].The contour map of the
second factor scores shows that karst water and spring are
at the same area, indicating karst water recharging process
(Figure 3).

Figure 5 presents that the evaporation line is approx-
imately a parallel global rain line after the water body is
evaporated by 11% or 21%, which indicates that the global
rain line can analyze the groundwater recharge source.

The calculation result according to the measured values of𝛿18O of the deep groundwater in the Jiaozuo mining area
shows that the 𝛿18O value of the rainfall of the recharging
area is obviously lower than the 𝛿18O weighted average
(−6.50‰) of rainfall in the Jiaozuo area. The measured
tritium values of the deep groundwater samples are greater
than 3 TU. This finding indicates that another recharge
source of the deep groundwater exists in the Jiaozuo mining
area.

A significant linear relationship is determined between𝛿18O and the elevation of spring outcrop. The topography
increases per 100m, and the 𝛿18O value reduces by 0.23‰
on average. The relationship (Figure 4) implies an obvious
oxygen isotope elevation effect.

𝛿18O (‰) = −0.0023ℎ − 7.6916, (4)

where ℎ is the spring water level. The 𝛿18O value is converted
into Formula (4) to calculate the rainfall recharge elevation,
which is approximately from 400 to 800m (Figure 6). This
result indicates that the karst water in the mining area is
rechargedmainly from the altitude of 400mabove the region,
where carbonate-exposed areas exist in theNorthern Taihang
Mountain. The 𝛿18O versus D-excess (D-excess = 𝛿D −
8𝛿18O) also reveals that the deep groundwater in the coal-
mining area mainly accepts the recharge of groundwater in
the northern mountain area (Figure 7).

5.2. Conceptual Model. In the coal-mining exploring district,
the runoff recharging path of groundwater can be described
by a conceptual model (Figure 8). The leakage section of the
Dan River features the power and geological conditions of
infiltration recharge. The Cl ion concentration and the TDS
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content in the groundwater present a trend gradually from
the Dan River to the western mining area, which reflects
the water-rock interaction during runoff. The groundwa-
ter in the western mining area is mainly affected by the
supply of the Dan River. The groundwater in the eastern
mining area is mainly recharged from the groundwater of
the northern mountain area. The bare limestone stratum in
the southern foothills of the Mount Taihang receives the
precipitation recharge. One part of the karst water recharges
the limestone aquifer in the piedmont plain through a
strong leakage zone in the runoff area, while another part
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Figure 7: 𝛿18O versus D-excess plot showing the stable isotope
composition of water in the study area.

supplies the rivers of the mountainous areas in the form of
springs.

6. Conclusion

The local evaporation line is established based on hydrogen
and oxygen isotope tracer theory and measured rainfall data.
This line inversely simulates the groundwater recharge area.
The result indicates that the main recharge area of karst water
is likely to come from the Shanxi Plateau area. Nevertheless,
the groundwater migration mechanism needs further study.
The study results can provide new ideas for the prevention
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and control of water disasters andmanagement of local water
resources.
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