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Abstract: Karst collapse columns, as a potential water passageway for mine water inrush,
are always considered a critical problem for the development of deep mining techniques.
This study aims to identify the mixing process of groundwater deriving two different limestone
karst-fissure aquifer systems. Based on analysis of mining groundwater hydrogeochemical properties,
hydraulic connection between the karst-fissure objective aquifer systems was revealed. In this paper,
piper diagram was used to calculate the mixing ratios at different sampling points in the aquifer
systems, and PHREEQC Interactive model (Version 2.5, USGS, Reston, VA, USA, 2001) was applied
to modify the mixing ratios and model the water–rock interactions during the mixing processes.
The analysis results show that the highest mixing ratio is 0.905 in the C12 borehole that is located
nearest to the #2 karst collapse column, and the mixing ratio decreases with the increase of the
distance from the #2 karst collapse column. It demonstrated that groundwater of the two aquifers
mixed through the passage of #2 karst collapse column. As a result, the proposed Piper-PHREEQC
based method can provide accurate identification of karst collapse columns’ water conductivity,
and can be applied to practical applications.

Keywords: mixing process; mining groundwater; hydrogeochemical properties; PHREEQC;
piper diagram

1. Introduction

With shallow coal resources having been exhausted, deep mining has become an unavoidable
trend [1]. As mining activities are conducted deeper and deeper, the hydrogeological conditions of the
mine area become increasingly complex, which eventually leads to hazardous events (such as water
inrush). Water inrush results in a large amount of groundwater bursting into a work-plane, destroying
the mining area and killing miners [2–5]. Karst collapse columns are typical geological structures in coal
fields in Northern China, which can induce water hydraulic connection between adjacent aquifers and
threaten to mining activities. Usually, karst develops on the top of Ordovician limestone and underlies
the coal bearing strata, and karst will further form into huge karst caves. When the overlying strata lose
support, they will collapse and form karst collapse columns under the pressure of gravity [6,7].

Seismic exploration is a traditional method for evaluating the risk of karst collapse columns.
Moreover, karst collapse columns can be identified by means of hydrogeological modeling. In [6],
a three-dimensional (3-D) groundwater flow system was established to reveal different vertical
hydraulic connection paths or channels. Meanwhile, the omens of water inrush caused by karst
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collapse columns arouse researchers’ attention [8]. In [9], the discontinuous deformation analysis
(DDA) method was proposed, based on the 3-D seismic technique, to calculate the deformation field
and analyze the subsidence mechanism of karst collapse columns. A damage-based hydro-mechanical
model was established in [10] to reveal the seepage property and water inrush mechanism of karst
collapse columns. This model was then evolved into a fluid-solid coupling model solved by COMSOL
Multiphysics (Version 3.5a, COMSOL AB, Stockholm, Sweden, 2008) [7]. However, there is yet to be
an effective and accurate method to locate karst collapse columns and determine water conductivity.

Hydrogeochemical methodologies have been widely used to solve hydrogeological problems in
mining [11–14], such as assessing the environmental effects of acid mine drainage (AMD) [2,15–20],
tracing the pollution sources in mining areas [21–23], and studying the leachate of mine tailings [24–27].
In order to investigate the evolution of the compositions in mining groundwater and the groundwater
quality under the influence of ADM, the PHREEQC hydrogeochemical model and the expanded Durov
diagram were performed in [28]. In [29], water–rock interaction and hydrogeochemical evolution
within a carbonate aquifer system was determined through data evaluation methods.

However, although existing techniques and models have been proposed to identify karst collapse
columns and determine their water conductivity, the accuracy is still an issue. To this end, a new
hydrogeochemical method is proposed in this work by properly integrating the piper diagram and
PHREEQC model. For the first time, this new hydrogeochemical method is applied to the Liuqiao
Second Mine of the Hengyuan Colliery in Huaibei, North China to identify the groundwater mixing
process through karst collapse columns, to determine the specific location of water conducted karst
collapse columns, and to attempt to recognize specific karst collapse columns at risk of water inrush.

2. Study Area

2.1. Geological Background

The strata, from the earliest to most recent order, are Ordovician (O), Carboniferous (C),
Permian (P), Tertiary (T), and Quaternary (Q) (see the generalized stratigraphy in Figure 1).
The structure of the study area—which is monoclinal, inclining from north-northeast (NNE) to
northwest (NW)—is complex because it is located in the west limb of the Tulou anticline belonging to a
secondary fold of the south endpoint of Dawuji synclinorium. The secondary folds are well developed,
enabling partly stratum sloping towards north-east (NE) or north-west (NW).

2.2. Hydrogeological Setting

There are four kinds of aquifer systems in the study area, including Cenozoic unconsolidated
porous aquifers with the average thickness of 11–22 m, hydraulic conductivity of 0.48–4.60 m/day,
and specific capacity of 0.04–0.94 L/(s·m); Permian sandstone fractured aquifers with the average
thickness of 3–50 m, hydraulic conductivity of 0.038–22.1 m/day, and specific capacity of
0.002–0.125 L/(s·m); Carboniferous limestone fractured aquifers in Taiyuan Formations with an average
thickness of about 53.87 m, hydraulic conductivity of 0.15–36.4 m/day, and specific capacity of
0.0034–11.4 L/(s·m); and Ordovician limestone karst fractured aquifers with an average thickness of
about 120 m, hydraulic conductivity of 1.77 m/day, and specific capacity of 0.633 L/(s·m). Between the
aquifers, there are many aquifuge layers, with the lithology of mudstone or siltstone. Four collapse
columns are found in the study area. This study focuses on the groundwater hydraulic connection
between Carboniferous limestone fractured aquifers in Taiyuan Formations and lower Ordovician
limestone karst fractured aquifers through the collapse columns. Due to the needs of coal mining,
drainage, and decreasing pressure required in Carboniferous Taiyuan limestone karst-fissure aquifer,
which leads to different flow directions in Carboniferous Taiyuan limestone karst-fissure aquifer
systems in the study area, as shown in Figure 2.
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Figure 1. Generalized stratigraphy of the study area.

Figure 2. Groundwater flow field of Carboniferous Taiyuan limestone karst-fissure aquifer systems
in the study area. There are three main flow directions: northeast, southeast, and southwest, in this
groundwater flow field.
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2.3. Hydrogeochemical Setting

Twelve groundwater samples (including C1, C2, C3, C4, C5, C6, C7, C8, C9, C10, C11, C12 in
Figure 2) from Carboniferous Taiyuan limestone karst-fissure aquifer boreholes and one groundwater
sample (O1) from Ordovician limestone karst-fissure aquifer were collected and detected to analyze
the hydrogeochemical feature of groundwater in the study area. As the location of borehole C1
keeps away from the collapse columns by an impermeable reverse fault at the boundary of the study
area, the hydrogeochemical data of Sample C1 groundwater can be set as the initial groundwater
hydrogeochemical feature in Carboniferous Taiyuan limestone karst-fissure aquifer systems. As the water
level in Ordovician limestone karst-fissure aquifer is higher than that in Taiyuan limestone karst-fissure
aquifer, Sample O1 can represent original groundwater hydrogeochemical feature in Ordovician limestone
karst-fissure aquifer systems. The specific distributions of sampling points are shown in Figure 3.

Figure 3. Locations of sampling points and karst collapse columns in the study area. S #1 and S #2 are
potential karst collapse columns, while #1 and #2 are certain karst collapse columns.

3. Methodologies

3.1. Calculation of the Mixing Ratio of the Mixing Groundwater

Piper diagram is used to identify the chemical type of all the groundwater samples and
to calculate the groundwater mixing ratios in different boreholes [30]. The principle of this
graphical method is to classify groundwater chemical types by plotting the milligram equivalent
percentage (mEq%) of all the conventional groundwater chemical ions [31–33], including calcium
(Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+), bicarbonate (HCO3

−), sulphate (SO4
2−),

and chloride (Cl−), in two triangle fields (the anions and the cations), and then projecting the
two ternary plots onto a diamond [34]. The diamond is a matrix transformation of a graph of the
anions ((sulfate + chloride)/total anions) and cations ((sodium + potassium)/total cations) [35].

When all the groundwater samples are plotted in the diamond field of the piper diagram,
the hydraulic connection can be simply identified and the mixing ratio can also be preliminarily
calculated. The hypothesis of the graphical calculation is that the dilution, concentration,
and transformation of chemical substances will not occur after mixing. At the same time,
the preconditions are that the mixture plots should be located between two parent solution plots,
and the concentration of the mixture should be greater than the least concentration of the parent
solutions and less than the greatest concentration as shown in Figure 4.
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Figure 4. Graphical method by piper diagram, where A and B are parent solutions and C is the mixture.

The quantitative relationship between the mixture and its parent solutions is shown as [30]:

Da/Db = (Vb · Cb)/(Va · Ca) (1)

where Da is the distance between mixture plot C and parent solution plot A, while Db is the distance
between mixture plot C and parent solution plot B. Va and Vb are the volume of parent solution plot A
and parent solution plot B; Ca and Cb are the concentration of parent solution plot A and parent
solution plot B.

The linear dependence of the volumes is described as:

Vc = Va + Vb (2)

where Vc is the volume of the mixture.
The mixing ratio can be calculated by:{

Ra = (Db · Cb)/(Da · Ca + Db · Cb)

Rb = (Da · Ca)/(Da · Ca + Db · Cb)
(3)

where Ra and Rb are the mixing ratio of parent solution A and parent solution B.
The result of the mixing ratio can be used as the initial value for the simulation by PHREEQC.

3.2. Simulation of the Evolution of Mixing Groundwater

If the groundwater derived from different aquifers mixes together, a chemical reaction should
occuer between groundwater with different ion concentrations and water–rock interaction between
mixing groundwater and aquifer rocks. Therefore, geochemical program of PHREEQC Interactive
was applied to revise the mixing ratio of different groundwater sources based on the results of
piper diagram analysis, and to simulate the hydrogeochemical evolution of mixing groundwater.
The calculation procedure is described as follows.

First, establish potential reaction phases in the PHREEQC model. Through previous geological
investigation and groundwater evolution in the study area, the potential reaction phases existing in
Carboniferous Taiyuan limestone karst-fissure aquifer systems can be determined, including anhydrite,
calcite, dolomite, gypsum, halite, sulfur, and CO2 (g). The possible reactions, which result in the
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change of the conventional groundwater chemical ions concentration in groundwater, are listed in
Table 1.

Table 1. Chemical reaction considering in PHREEQC model.

Reaction Term Dissolution Reaction Equation

CO2 (g) CO2 + H2O 
 H+ + HCO3
−

Gypsum CaSO4·2H2O 
 Ca2+ + SO4
2− + 2H2O

Anhydrite CaSO4 
 Ca2+ + SO4
2−

Halite NaCl 
 Na+ + Cl−

Calcite CaCO3 
 Ca2+ + CO3
2−

Dolomite CaMg(CO3)2 
 Ca2+ + Mg2+ + 2CO3
2−

Cation Exchange 2NaX + Ca2+ 
 2Na+ + CaX2

The hydrogeochemical model used in PHREEQC follows the principle of mass balance. In the
model, Cl− was considered as a conservative ion, by adjusting the initial mixing ratio (getting from
piper diagram calculation) to keep the simulation value of Cl− concentration equaled to the practical
value. This will allow the concentration of other ions to change slightly. According hydrogeological
conditions of this study area, partial pressure of carbon dioxide (logPCO2 ) was set to −1.25 atm.
The average value of the geothermal gradient in the study area is 2.4 Celsius per 100 m. According to
the average depth of the sampling points, the groundwater temperature of the Carboniferous Taiyuan
limestone karst-fissure aquifer system is 36.29 ◦C, whereas the groundwater temperature of the
Ordovician limestone karst-fissure aquifer system is 39.03 ◦C.

4. Results and Discussion

Specific chemical properties of each groundwater sample are shown in Table 2. All the component
concentrations of each groundwater sample in Carboniferous Taiyuan limestone karst-fissure
aquifer are quite different (K+ + Na+ of 202.68–1030.31 mg/L, Ca2+ of 58.9–144.53 mg/L, Mg2+ of
24.62–83.50 mg/L, HCO3

− of 268.24–573.03 mg/L, SO4
2− of 206.16–1903.19 mg/L, Cl− of

97.97–268.16 mg/L, alkalinity of 4.396–9.391 mg/L, pH of 7.8–8.4, total dissolved solid (TDS) of
1206–3693 mg/L, hardness of 14.58–39.48 ◦H), which means that the groundwater in the Carboniferous
Taiyuan limestone karst-fissure aquifers have encountered external disturbance. Meanwhile,
the component concentrations of the groundwater sample in Ordovician limestone karst-fissure
aquifer (K+ + Na+ of 193.3 mg/L, Ca2+ of 10.63 mg/L, Mg2+ of 27.01 mg/L, HCO3

− of 314.81 mg/L,
SO4

2− of 83.19 mg/L, Cl− of 82.37 mg/L, alkalinity of 353.81 mg/L, pH of 9.4, TDS of 1180 mg/L,
hardness of 137.8 ◦H) are different from that in Carboniferous Taiyuan limestone karst-fissure aquifers.
The chemical properties of groundwater samples indicate the hydraulic connection occurred between
the two aquifer systems through one or more karst collapse columns in the study area.

According to the concentrations of cations and anions, the piper diagram of all groundwater
samples was plotted in Figure 5 and the hydrochemical types [36,37] of all groundwater samples were
analyzed in Table 3. In the piper diagram, most groundwater samples (except of C12 and O1) were
located in the seventh district of the diamond field, and the hydrochemical type of groundwater [38,39]
is SO4-K + Na. This kind of groundwater is typically connate water which is highly mineralized,
the primarily conventional groundwater chemical ions [40] are SO4

2− and K+ + Na+ with a content
percentage of greater than 50%, and the TDS value is usually high. Groundwater samples of C12 and
O1 were located in the ninth district of the diamond field, and the hydrochemical type of groundwater
is HCO3-K + Na. This kind of groundwater is typically geothermal water in the deep stratum, and there
were no primary cations and anions with a percentage content greater than 50%.
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Table 2. Chemical properties of each groundwater sample.

Sample
Cation (mg/L) Anion (mg/L) Alkalinity

(mg/L)
pH TDS

(mg/L)
Hardness

(◦H)K+ + Na+ Ca2+ Mg2+ HCO3
− SO4

2− Cl−

C1 1030.31 80.18 48.06 346.34 1903.19 268.16 5.676 7.8 3693 22.30
C2 284.99 108.96 75.67 384.11 585.56 197.46 6.269 7.8 1647 32.69
C3 493.17 92.56 54.06 281.79 944.62 206.11 4.618 8.4 2178 25.42
C4 872.30 80.36 41.28 302.29 1586.33 234.80 5.780 8.1 3129 15.42
C5 1003.74 63.63 24.62 313.82 1759.74 250.86 5.140 8.1 3412 14.58
C6 805.12 70.78 33.34 357.39 1368.65 215.51 6.321 8.0 2761 17.59
C7 784.16 64.85 25.51 381.00 1300.39 213.06 6.244 7.8 2761 15.24
C8 291.92 109.72 72.53 367.70 566.64 223.73 6.030 7.8 1646 32.08
C9 551.33 105.73 52.66 362.09 1022.58 227.21 5.934 7.9 2317 26.94
C10 430.88 137.05 78.97 295.33 1018.3 214.27 4.840 7.9 2242 37.39
C11 330.19 144.53 83.50 268.24 877.53 207.07 4.396 8.1 1974 39.48
C12 202.68 58.90 57.07 573.03 206.16 97.97 9.391 7.9 1206 21.40
O1 193.3 10.63 27.01 314.81 83.19 82.37 353.81 9.4 1180 137.8

Sample C1, representing original groundwater in a Carboniferous Taiyuan limestone karst-fissure
aquifer, was located in the far right of the seventh district, while Sample O1, representing groundwater
in the Ordovician limestone karst-fissure aquifer, was located in the ninth district. As shown in Figure 4,
the locations of the other groundwater samples in Carboniferous Taiyuan limestone karst-fissure
aquifers gradually transformed from the seventh district to the ninth district, especially for Sample C12,
which was only located in the ninth district next to the Sample O1. Therefore, it is confirmed that the
groundwater in the Taiyuan aquifer has been mixed with the groundwater from the Ordovician aquifer,
and the passage lies on the point of Sample C12. It also observed that the hydrochemical types of all
mixed groundwater samples transform to SO4·HCO3-K + Na·Mg, SO4-K + Na·Ca, HCO3·SO4-K + Na,
SO4·Cl·HCO3-K + Na·Mg, and HCO3·SO4-K + Na·Mg from SO4-K + Na.

Figure 5. Piper diagram of all groundwater samples.



Appl. Sci. 2017, 7, 42 8 of 13

Table 3. Groundwater chemical ions milligram equivalent (mEq/kg) values and the hydrochemical
types of all groundwater samples based on water quality analysis data.

Sample
Cation (mEq/kg) Anion (mEq/kg)

Hydrochemical Types
K+ + Na+ Ca2+ Mg2+ HCO3

− SO4
2− Cl−

C1 44.80 4.00 3.95 5.68 39.60 7.56 SO4-K + Na
C2 12.40 5.44 6.23 6.30 12.20 5.57 SO4·HCO3-K + Na·Mg
C3 21.50 4.62 4.45 4.62 19.70 5.81 SO4-K + Na
C4 37.90 4.01 3.40 4.95 33.00 6.62 SO4-K + Na
C5 43.70 3.18 2.03 5.14 36.60 7.08 SO4-K + Na
C6 35.00 3.53 2.74 5.86 28.50 6.08 HCO3·SO4-K + Na
C7 34.10 3.24 2.10 6.24 27.10 6.01 SO4-K + Na
C8 12.70 5.48 5.97 6.03 11.80 6.31 SO4·Cl·HCO3-K + Na·Mg
C9 24.00 5.28 4.33 5.93 21.30 6.41 SO4-K + Na

C10 18.70 6.84 6.50 4.84 21.20 6.04 SO4-K + Na
C11 14.40 7.21 6.87 4.40 18.30 5.84 SO4-K + Na·Ca
C12 8.82 2.94 4.70 9.39 4.29 2.76 HCO3·SO4-K + Na·Mg
O1 8.41 0.53 2.22 5.16 1.73 2.32 HCO3-K + Na

The mixing ratios of all mixed groundwater samples are calculated according to the distances of
each mixed groundwater sample to Sample O1 and Sample C1 in the diamond field in Figure 4 using
Equations (1)–(3). The groundwater mixing ratios calculated from piper diagram were treated as initial
values in the PHREEQC model to modify the value of simulation concentration of Cl−. The mixing
ratios calculated by the piper diagram and modified by the PHREEQC model were shown in Table 4.

Table 4. Mixing ratios calculated by piper diagram and modified by PHREEQC model.

Sample
Piper Diagram PHREEQC Model

Ra(O) Rb(C) R′a(O) R′b(C)

C1 0.000 1.000 0.000 1.000
C2 0.750 0.250 0.361 0.639
C3 0.582 0.418 0.313 0.687
C4 0.065 0.935 0.156 0.844
C5 0.331 0.669 0.069 0.931
C6 0.266 0.734 0.262 0.738
C7 0.433 0.567 0.276 0.724
C8 0.741 0.259 0.217 0.783
C9 0.586 0.414 0.198 0.802

C10 0.702 0.298 0.269 0.731
C11 0.731 0.269 0.308 0.692
C12 0.900 0.100 0.905 0.095
O1 1.000 0.000 1.000 0.000

The difference between the mixing rations calculated by these two methods can be explained in
that the piper diagram only calculated the different groundwater mixing from concentrations, but did
not consider the chemical reaction between different groundwaters; while PHREEQC model calculated
the mixing ration based on the result of piper diagram, and moreover, considered the chemical reactions
between different groundwaters and water–rock interactions. Therefore, mixing ratio values calculated
by PHREEQC are more accurate. The results demonstrate that the mixing ratio of groundwater sample
C12 is the highest, up to 0.905, which means the groundwater sample C12 mixed the most with
groundwater in the Ordovician limestone karst-fissure aquifer system.

The initial hydrochemical types of these groundwater samples changed after the evolution using
the PHREEQC model. Hydrochemical type evolution at all the sampling points are plotted again in the
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piper diagram, as shown in Figure 6, and the changes of ions, pH, and TDS before and after evolution
were compared in Figure 7.

Figure 6. Piper diagram of hydrochemical types evolution in Carboniferous Taiyuan limestone
karst-fissure aquifer systems.

Figure 7. Durov diagram of the hydrochemical type evolution in Carboniferous Taiyuan limestone
karst-fissure aquifer systems. The red point shows the background value. The green points show the
initial values of all samples. The blue points show the simulated values of all samples.
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Before evolution, some groundwater samples of Carboniferous Taiyuan limestone karst-fissure
groundwater (e.g., C2, C8, C11, C12) contain considerable Ca2+ or Mg2+. The hydrochemical types
varied from point to point, resulting from the hydraulic connection between the two aquifer systems.
After evolution, most chemical types of groundwater samples (except C12) in the Carboniferous
Taiyuan limestone karst-fissure aquifer system transformed to SO4-K + Na type, the initial chemical
type of groundwater in this aquifer. Simultaneously, the value of TDS increased and the pH decreased.
However, the chemical type of the groundwater C12 has evolved to HCO3·SO4-K + Na type from
HCO3·SO4-K + Na·Mg type, the same as the chemical type of groundwater in the Ordovician limestone
karst-fissure aquifer system. This phenomenon illustrates that if one or more disturbances occur on
the hydrogeological environment of a certain aquifer, the groundwater will recover to the initial
chemical characteristics after water–rock reaction equilibrium. The reason why the chemical type of the
groundwater in the C12 borehole could not recover to the original groundwater in the Carboniferous
Taiyuan limestone karst-fissure aquifer may be that the borehole C12 is located nearest to the karst
collapse column of #2 in the study area. This provides reasonable evidence that water conductivity
exists in the #2 karst collapse column.

A mixing ratio contour map is produced in Figure 8. The groundwater mixing ratio in Figure 8
generally showed that near the #2 karst collapse column, the mixing ratio of groundwater deriving
from Ordovician aquifer to groundwater deriving from Carboniferous Taiyuan aquifer was large,
and far away from the collapse column the mixing ratio was small. A singular point of smallest ratio
may exist because the mixing ratio was also affected by the groundwater direction. As shown in
Figure 2, the groundwater in the Carboniferous Taiyuan limestone karst-fissure aquifer flows in three
directions, dividing the field groundwater flows into opposite directions. Hence, the mixing ratio in
the stagnating flow area is the smallest. In general, the mixing ratio is mainly affected by the distance
of the sampling location to the #2 karst collapse column.

Figure 8. Contour map of groundwater mixing ratio in the study area.

5. Conclusions

According to groundwater hydrochemistry characteristics and the sampling locations in the
study, sample C1 was selected as the original groundwater in the Carboniferous Taiyuan limestone
karst-fissure aquifer system. The different hydrochemistry characteristics of sampling groundwater
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in the Carboniferous Taiyuan limestone karst-fissure aquifer system indicates the existence of
an external disturbance.

The piper diagram showed the groundwater in the Carboniferous Taiyuan limestone karst-fissure
aquifer system changed to SO4-K + Na·Ca type, SO4·HCO3-K + Na·Mg type, HCO3·SO4-K + Na type,
SO4·Cl·HCO3-K + Na·Mg type, and HCO3·SO4-K + Na·Mg type at different sampling points, and the
groundwater sample C12 was similar to the groundwater sample O1 in Ordovician limestone aquifer.
It further reveals the hydraulic connection between the Carboniferous Taiyuan limestone karst-fissure
aquifers and the Ordovician limestone aquifer.

The mixing ratios of sampling groundwater from the two aquifers were calculated by piper
diagram and modified by PHREEQC model. The results showed the highest mixing ratio is 0.905 in
the C12 borehole that is located nearest to the #2 karst collapse column. In addition, the mixing
ratio gradually decreases as the distance increases far away from the #2 karst collapse column.
After evolution of mixing groundwater with aquifer rock, the groundwater chemical types at most
sampling points can recover to the chemical type of the groundwater in the Carboniferous Taiyuan
limestone karst-fissure aquifer except the C12 borehole. These observations firmly demonstrate
that the groundwater in the Ordovician limestone aquifer flowed into the Taiyuan limestone
karst-fissure aquifer through the passage of #2 karst collapse column. As a result, the proposed
piper diagram- PHREEQC model based method can provide accurate identification of karst collapse
columns, and can be applied to practical applications.
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