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Abstract: Hypogene karst is a special manifestation of karst development in spatial scale. Intensive
study of its development mechanism has significant meaning for engineering construction, shale
gas and geothermal exploitation. To reveal the developing pattern of hypogene karst in Huanjiang
syncline, karst groundwater at different depths in wells HD1-2 and HD1-4 and karst springs was
selected as the research object. Through the analysis of geochemistry and stable isotopes of karst
groundwater, it was revealed that the circulation pattern of deep karst water came from the common
recharge of meteoric water and fossil water hosted in karst caves, runoff of deep faulting belts and
discharge of large karst springs, over Huanjiang syncline, which provides good hydrodynamic
conditions for hypogene karst development. Meanwhile, the widely developed faulting belts and
structural fissures provide primitive dissolution space. Through the above analysis, the paper
constructs a hypogene karst development pattern controlled by the deep cycle of groundwater in
Huanjiang syncline.

Keywords: hypogene karst; geochemistry; stable isotopes; Huanjiang syncline

1. Introduction

In the 20th century, there were many classical karst studies under the background
of shallow unconfined geology. The main characteristic of this karst was recharge by
meteoric water, with the water moving from top to bottom from the recharge area to form
karst caves, which Palmer (1991) [1] classified as epigenic karst [1]. Since the 1960s, it
has been gradually recognized that the hot fluid moves upward from the deep to form
dissolution caves [2–8]. From the 1970s to the 1980s, the dissolution of sulfuric acid
produced by the oxidation of deep fluid with high H2S was also recognized [9,10]. At the
end of 20th century, the concepts of hypogene karst and hypogene speleogenesis were
formally put forward [1,6], and Palmer’s research results promoted a karst classification [1].
A large number of hypogene karst caves have been discovered around the world in the
last 20 years (e.g., in Eastern Europe, western Ukraine, central Italy, the Middle East,
New Mexico, Tennessee, Australia). Phenomena that could not be explained by epigenic
karst in the past are now well explained by hypogene karst [11–20]. Therefore, it has to
be admitted that our understanding of hypogene karst morphology and theory is more
widespread and profound than before.

Chinese scholars’ understanding and application of hypogene karst are somewhat
different from Palmer (1991) [1]. They believe that the karsts located in the deep slow
flow zone below the local excretion base level, and controlled by the non-erosion base
level, are all classified as hypogene karst [21–24]. Therefore, in addition to the hypogene
karst considered by Palmer (1991) [1], Chinese karst scholars believe that the karst phe-
nomenon formed by the deep groundwater circulation below the local drainage base level
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is also a hypogene karst. As a special karst phenomenon, hypogene karst is a particular
manifestation of karst development in spatial scale, but this karst phenomenon was not
recognized in the era of weak drilling engineering. Recently, with the implementation of
large hydraulic engineering, hypogene geothermal resources development and hypogene
oil–gas resource exploitation in China, a large number of hypogene speleogenesis have
been found in drilling and engineering processes [25–31]. For example, there is a 1.6 m high
karst cave more than 2580 m below ground in the Guizhou province of China, which is
equivalent to 1070 m below sea level (the sea level is the lowest excretion datum). There are
nearly 20 karst caves, with a maximum height of 20 m, in Huanjiang, Guangxi, China (these
caves are below the minimum excretion datum level, which indicates that they belong to
hypogene karst). In addition, 6000 m below ground, karst caves have also been found in
the Shunbei area of the Xinjiang province of China. Studies have shown that these caves
are much lower than the paleo-exposed surfaces; thus, paleo-exposed surface karsts are
not likely explain their genesis, and they are more likely caused by deep karsts controlled
by faults.

Based on the analysis of basic conditions of karst development, many Chinese scholars
have put forward different genetic patterns, such as groundwater deep circulation karst
(valley-type hypogene karst and syncline basin-type hypogene karst) [32], deep hydrother-
mal karst, deep organic acid karst and deep sulfide deposit karst, etc. [28,33,34]. The above
results promote hypogene karst research to some extent. However, previous studies mainly
focused on the deep karst phenomenon at a certain point and do not provide systematic
data to prove the hypogene karst from a regional perspective.

During shale gas drilling in Huanjiang syncline, Guangxi, China, from 2016 to 2018,
deep karst caves were found in the process of drilling through carbonate rock in order to
explore shale gas in the lower part of the rock. More than 20 karst caves were found in four
wells, distributed 70–1200 m below the ground’s surface, and the maximum cave height
reached 20 m. In this paper, Huanjiang syncline is selected as the study area. Based on
the regional tectonic background and regional karst hydrogeological conditions, the paper
studies recharge and runoff characteristics of deep groundwater, through geochemical and
stable isotopic analysis of groundwater sampled in springs and wells. Furthermore, the pa-
per puts forward a hypogene karst caves development pattern, in order to provide technical
support during resource development and to avoid bore-out hypogene speleogenesis.

2. Geologic Setting

Huanjiang syncline is located in the northwest of Guangxi province in southern China
(Figure 1) and covers 2000 km2, much of which is covered by Carboniferous strata, with
only sporadic occurrence of Permian and Triassic strata. The Devonian strata is exposed
around the syncline, and the boundaries of syncline are the North–Northeast and North–
West direction faults. Affected by multi-stage tectonic, ruptures and folds develop in the
depression, with more developed in the high angle fault zone, and most of the faults are
normal faults, while a few are reverse faults. The general strike of structure line is in
the NNE–SSW direction, with dip angles of 5~20◦ of strata only in the vicinity of large
fault zones of more than 20◦. Trapped syncline and anticline develop in the Huanjiang
depression. The anticline axis generally exposes silicalite and marlstone of middle-upper
Devonian strata. The syncline mostly exposes upper Carboniferous strata, but lower
Permian strata in the axis. The dip angle of flanks strata is generally 10–20◦, and locally it
is greater than 20◦ [35–37].
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Figure 1. Tectonic location of the HuanJiang area. (A) Regional geological map of Huanjiang syncline, Guangxi. (B) Karst
geomorphic map of Huanjiang syncline, Guangxi. Note: Figure 1A is from a geological survey of Guangxi, 1971; Figure 1B
is from Google Earth.

The soluble carbonate rocks in the area are Carboniferous-Permian platform facies
carbonate rocks with large area outcropping; however, karstification of marlstone and
silicalite in Devonian and clastic rocks in Triassic are not found. The main karst strata are the
Datang formation of Lower Carboniferous, the Dapu, Huanglong, and Maping formations
of Upper Carboniferous, and the Qixia, Maokou, and Heshan formations of Permian, with
accumulative thickness of thousands of meters. Except for the Dapu formation, which is
a set of fine-medium dolomites and lime dolostone, the formations are pure limestone,
which belongs to the continuous formation of mega-thick carbonate rocks with strong
solubility [35,36]. The argillaceous content in the lower part of Lower Carboniferous
increases and gradually transitions to the large shale of the Yanguan formation of the
Lower Carboniferous, which is the bottom boundary of karstification [35,36].

The study area has a subtropical monsoon climate, with an annual average temper-
ature of 19.9 ◦C. The rainfall is concentrated mostly in rainy season (June–September),
which accounts for more than 75% of the total annual rainfall; annual average rainfall is
1389.1–1750.3 mm. In addition, Huanjiang syncline is located mainly on the southern slope
of the Yunnan-Guizhou Plateau [35,36]. The terrain is high in the north and low in the south.
The surface drainage flows from north to south and turns to the east near Hechi, affected
by the east–west faults [38,39]. With abundant precipitation, appropriate temperature and
a large set of carbonate rocks, coupled with certain hydrodynamic conditions, the surface
karst develops strongly, forming the typical peak-karst landform in the area.

3. Methods and Test

In order to understand the genesis and geological characteristics of deep karst caves,
the methods of well core analysis, regional hydrogeological survey, groundwater geochem-
istry, isotope testing and geophysical exploration are mainly used.
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3.1. Deep Karstification of Well and Groundwater Sampling

The wells used (HD1-2, HD1-4) are located in the syncline basin of the Huanjiang
depression. Four wells are located within 100 m, with a sea level elevation of 200 m. All
four wells are found hypogene speleogenesis below sea level (Figure 2). The depth of
karst caves in HD1-2 is 861–887 m, developing a large number of reticular fractures and
corrosion pores on the upper part (Figure 3a,b). The main karst cave development sections
of HD1-4 are 40–80 m, 230–250 m, 420–450 m and 1100–1200 m. Tawny clay filling can be
seen in the caves developed above 450 m, and a large number of reticular fractures can be
seen on the drill core surface (Figure 3c,d).

According to the definition of deep karst by Chinese scholars, this article uses the
lowest excretion datum for sea level as the boundary; shallower than 200 m of well depth
is defined as the epikarst development zone, and deeper than 200 m is defined as the
hypogene karst development zone. The HD1-4 karst cave development section, 230–250 m
and 420–450 m, and HD1-2 karst cave development section, 861–887 m, are set as depth1,
depth2 and depth3, respectively. From January to November 2018, the groundwater fixed-
depth sampler produced by Shanghai Geological Instrument Factory in China was used to
collect karst water samples at five sampling points at the surface and deep parts of HD1-2
and HD1-4. No water samples were obtained in November.

Figure 2. Comparison map of middle and deep karst caves in Huanjiang syncline wells (three karst
sections are found in the 230 m, 430 m, and 860 m caves).
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Figure 3. Characteristics of karst development of a single well. (a) Cave filled with clay, 881.69–885 m, HD1-2 well. (b) The
reticular cracks, 766.8–771.25 m, HD1-2 well. (c) Caves, 447–453 m, HD1-4 well. (d) Cracks filled with clay, 240–249 m;
surface fault mark near the well: (e) slickensides and (f) fault breccia.

3.2. Regional Hydrogeological Survey and Groundwater Sampling

In January 2018, in order to understand the hydrogeological conditions of the deep
groundwater in the well, hydrogeological surveys and samplings of the Huanjiang syncline
area were carried out. It was found that there were faults near the surface of the well,
and scratches and fault breccias were visible (Figure 3e,f). In order to find out the origin
of deep groundwater in the well, the outcrop of Cly clastic rock was used to delineate
the boundary of deep groundwater karstification, and 16 groundwater points, including
sinkholes, springs, puddles and skylights, were investigated in the area. Five groundwater
points, including ascending springs and skylights, were investigated near the southern
and eastern boundaries to explore the discharge of deep groundwater. Finally, geological
surveys and field tests were used to determine information such as geological conditions
of sample points, water temperature, flow and elevation.
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Twenty-two water samples in the study area were collected from springs, underground
rivers, skylights and ponors in January 2018. Ascending spring (HS010) water samples
were collected in the south of the well from January to November 2018 (sampling places
showing in Figure 4). A total of 85 water samples were collected. Water samples were
collected by filling 500 mL polyethylene bottles, and sealing the bottle (after confirming
there were no bubbles in the bottle) to prevent evaporation and external pollution of the
sample. All water samples were stored in a cold storage at 4 ◦C and sent to the Institute of
Karst Geology, Chinese Academy of Geological Sciences (IKG, CAGS), for testing.

Figure 4. Distribution map of karst groundwater sampling places in Huanjiang syncline.
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3.3. Test Methods forf Hydrochemistry

The hydrochemistry test took place in the test center of IKG, CAGS. The test instrument
for cations was an inductively coupled plasma emission spectrometer with a test precision
of 0.001; an ion chromatograph was used for anions, with a test precision of 0.01. The
ambient temperature and relative humidity were 24.2 ◦C and 42.8%, respectively.

3.4. Test Methods for Stable Isotopes

A stable isotope mass spectrometer (Item no.: MAT253, Thermo Fisher, Waltham, MA,
American) was used to test δD and δ18O. The test precision for δ2H and δ18O was 2h and
0.1h, respectively. The ambient temperature and relative humidity were 24.8 ◦C and 40%,
respectively. All deuterium and oxygen isotope test results were relative to the Vienna
mean seawater (VSMOW) per thousand deviation, expressed by δh.

δsample =
Rsample − RVSMOW

RVSMOW
× 1000(h) (1)

where R is the ratio of isotope abundance in the extracted water sample and the average
seawater in Vienna (2H/H and 18O/16O).

3.5. Geophysical Interpretation Methods

In order to accurately understand the geological conditions of hypogene karst in Huan-
jiang syncline, six two-dimensional seismic profiles were collected in this area; the deep
geological strata and faults were explained using Discovery software, and the structure
map of the top surface of the Carboniferous rock pass formation was prepared using the
interpolation method.

4. Results
4.1. Hydrogeological Characteristics of Sampling Points

With the purpose of determining the relationship between the well and these water
points, spring points and skylights near the wells were investigated. With the purpose of
finding excretion points, ascending springs near C1y in the south and east were investigated.
In addition, structures, faults and breccias near wells were investigated to determine the
impact of structures on wells’ recharge and discharge. Elevation, exposed condition, water
table, flow and water temperature are listed in Table 1.

It can be seen from Table 1 that wells HD1-2 and HD1-4 and spring HS010 are all
located in the fault structure influence zone, and other spring points are far away from
the fault. In the water temperature test results from January, the well water temperature
showed an obvious upward trend with the increase in depth. The water temperature of
HS010 was 24.1 ◦C, which was higher than that of other sampling points. With the exception
of HS010, all karst springs, puddles and ponors had significant seasonal differences in
flow, which showed that the flow in the rainy season was much larger than that in the
dry season.
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Table 1. Hydrogeological information and field test results of sampling points in Huanjiang syncline.

ID Elevation(m) Type Exposed
Condition

Temperature
(◦C)/January

Average Flow in
Dry Season (L/s)

Average Flow in
Rainy Season (L/s)

Water Table
(m)

HD1-2 200 well C2d/Near the
fault

20~33/depth:
0–850 m / / 7~20

HD1-4 200 well C2d/Near the
fault

20~42/depth:
0–1100 m / / 7~20

HS001 193 descending spring C2h 21.2 5.5 30.5 0
HS002 187 descending spring C2h 20.3 31 70 0
HS003 172 descending spring C2h 21.2 20.5 69 0
HS004 176 descending spring C2h 19.2 62.1 115 0
HS005 183 descending spring C1d 19.8 2 15 0
HS006 252 ponor C2d 16.1 10.5 80.7 1.2
HS007 334 puddle C2d 19.8 / / 1
HS008 135 descending spring C2d 20.2 93.1 174.8 0
HS009 100 skylight P1m 21.2 / / 30
HS010 113 ascending spring Fault 24.1 310.5 360.9 0
HS011 92 skylight C2m 20.8 / / 19
HS012 194 skylight C2h 21.2 / / 21
HS013 365 skylight C1d 21.6 / / 1.5

HS014 399 descending spring
C2d/C1d/On the

stratigraphic
boundary

19.6 18 47 0

HS015 382 puddle C1d 21.3 / / 1.5
HS016 417 descending spring C2h 20.6 0.1 1.9 0
HS017 191 skylight C2h 21.2 173.1 246.7 0.9
HS018 100 descending spring C1d 20.2 0.01 1.8 0
HS019 122 pumping well D3 22 / / 18

HS020 190 ascending spring
C2d/C1d/On the

stratigraphic
boundary

21.8 1.8 13.9 0

HS021 217 descending spring C2h 20.8 20.3 48.2 0
HS022 183 ponor C2h 17.3 1.1 10.5 1.3
Long
River 110 river / 17.2 / / 0

4.2. Geochemistry of Deep Karst Groundwater

The chemical test results of karst water samples for five sampling points for wells
HD1-2 and HD1-4, as well as HS010 and other spring water samples, were statistically
calculated. The results are shown in Table 2.

The pH value of karst groundwater in the study area was between 7.12 and 8.02,
indicating neutral to weakly alkaline water. The minimum pH value of HS010 was close to
HD1-4-depth1 and HD1-4-depth2; the minimum pH values of the three types of ground-
water were measured from dry season water samples. The maximum pH value was close
to HD1-4-depth2, and the maximum pH of the two types of water samples were measured
from rainy season water samples.

The annual variation of TDS ranged from 346.15–868.21 mg/L, and all karst ground-
water is freshwater. With month as the minimum time unit, HS010 had the smallest TDS
coefficient of variation, which was close to HD1-2-shallow and HD1-2-depth3. HD1-4-
depth2 had the largest TDS variation coefficient, which was 0.17, indicating that the deep
karst water TDS of HD1-4-depth2 had the largest variation with time and was most affected
by seasons.

Ca2+ was the most abundant cation in groundwater, followed by Mg2+. Except for
the HD1-4-depth1 and HD1-4-depth2 deep karst water in March and September, the sum
of Ca2+ and Mg2+ accounted for 76.8–99.9% of the total cations. HCO3

− was the most
concentrated anion in groundwater. CO3

2− was only detected in the water samples of
HS010 and HD1-2 and HD1-4 in August. The CO3

2− content detected in HD1-4-shallow
and HS010 was the closest, at 325.12 mg/L and 235.02 mg/L, respectively.
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Table 2. Parameter statistics for major ions.

Parameters Sampling ID pH
TDS K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3−

ppm

MIN

HD1-2-shallow 7.12 522.45 0.03 0.10 0.52 32.09 0.41 1.96 11.99 0.00
HD1-2-depth3 7.52 508.23 0.01 0.04 1.18 30.44 0.34 2.12 11.52 0.00
HD1-4-shallow 7.38 418.94 0.04 0.23 4.10 23.92 1.99 1.54 8.72 0.00
HD1-4-depth1 7.45 459.55 0.01 0.14 6.37 25.01 2.52 3.70 7.28 0.00
HD1-4-depth2 7.43 448.41 0.04 0.14 7.44 24.28 2.63 4.69 8.02 0.00

HS010 7.44 346.15 0.15 0.24 0.72 0.72 0.00 3.14 11.13 0.00
Other springs 7.12 485.58 0.15 0.05 62.65 5.20 1.38 5.92 227.23 0.04

MAX

HD1-2-shallow 7.82 750.88 1.04 1.19 78.84 73.19 4.17 12.17 413.51 6.94
HD1-2-depth3 7.99 732.08 1.05 1.11 77.29 69.56 4.12 11.78 402.91 6.12
HD1-4-shallow 7.81 650.88 1.22 9.01 67.25 54.86 8.53 10.69 355.18 16.12
HD1-4-depth1 7.84 667.46 0.96 10.38 68.00 57.35 9.16 10.88 363.42 15.49
HD1-4-depth2 8.02 868.21 2.96 66.72 63.58 54.84 49.08 97.36 371.09 18.47

HS010 7.88 459.38 1.47 1.64 81.87 77.93 4.92 13.92 236.02 10.71
Other springs 7.65 644.74 2.39 19.63 88.28 29.50 16.91 97.83 336.41 18.46

MEAN

HD1-2-shallow 7.57 672.33 0.28 0.53 65.78 38.22 2.24 9.09 339.60 3.86
HD1-2-depth3 7.68 671.16 0.21 0.54 65.99 37.71 2.08 9.21 339.82 3.80
HD1-4-shallow 7.59 561.53 0.50 2.82 50.41 33.60 4.13 7.83 282.21 6.14
HD1-4-depth1 7.65 584.47 0.20 3.31 53.92 33.90 4.49 7.97 294.41 4.59
HD1-4-depth2 7.66 632.73 0.79 14.51 52.37 32.39 11.85 22.33 303.11 5.63

HS010 7.58 437.76 0.46 0.65 70.71 9.32 3.09 10.40 209.56 8.05
Other springs 7.38 552.39 0.86 1.55 75.53 17.47 4.74 15.69 288.46 3.63

STD

HD1-2-shallow 0.19 62.29 0.34 0.30 23.14 12.43 1.00 2.75 116.88 1.81
HD1-2-depth3 0.15 62.39 0.34 0.34 22.93 11.35 0.96 2.68 116.36 1.64
HD1-4-shallow 0.15 80.39 0.40 2.72 20.28 7.61 1.83 2.92 98.24 4.92
HD1-4-depth1 0.11 68.53 0.28 3.27 18.20 8.14 1.90 2.57 100.88 4.35
HD1-4-depth2 0.17 108.20 0.88 18.52 15.81 7.98 12.91 25.40 103.17 5.72

HS010 0.11 30.43 0.33 0.38 22.17 21.62 1.15 2.56 62.72 2.62
Other springs 0.15 42.89 0.70 4.30 7.96 7.31 4.12 19.93 29.87 5.03

C.V

HD1-2-shallow 0.02 0.09 1.23 0.57 0.35 0.33 0.45 0.30 0.34 0.47
HD1-2-depth3 0.02 0.09 1.63 0.62 0.35 0.30 0.46 0.29 0.34 0.43
HD1-4-shallow 0.02 0.14 0.80 0.96 0.40 0.23 0.44 0.37 0.35 0.80
HD1-4-depth1 0.01 0.12 1.38 0.99 0.34 0.24 0.42 0.32 0.34 0.95
HD1-4-depth2 0.02 0.17 1.11 1.28 0.30 0.25 1.09 1.14 0.34 1.02

HS010 0.01 0.07 1.38 1.71 3.19 0.43 2.68 4.07 3.34 3.08
Other springs 0.02 10.76 0.61 1.61 2.88 3.32 2.15 3.44 2.92 2.31

According to the classification of the Piper diagram (Figure 5), the hydrochemical type
in the study area was dominated by the HCO3-Ca•Mg type, accounting for 69.4% of all
samples, reflecting the control effect of dolomite in the study area on the hydrochemistry
characteristics of the water body. The water samples of HD1-4-shallow, HD1-4-depth1,
HD1-4-depth2 and HS010 in August were HCO3•SO4-Mg, indicating that there may have
been water exchange between HD1-4 and HS010 during this period.
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Figure 5. Water chemistry type division map.

4.3. δ2H and δ18O Characteristics of Deep Groundwater

Statistical analysis was performed on the δ2H and δ18O test results of the karst spring
HS010 and other spring and well water samples, and the maximum, minimum, average,
standard deviation and coefficient of variation were determined. The results are listed in
Table 3.

Table 3. Statistics for δ2H and δ18O values.

Index Parameters HS010
(h)

HD1-2
-shallow

(h)

HD1-2
-depth3

(h)

HD1-4
-shallow

(h)

HD1-4
-depth1

(h)

HD1-4
-depth2

(h)

Other
Springs

(h)

δ2H

min −48.20 −53.80 −52.70 −48.40 −48.10 −47.80 −59.10
max −44.50 −44.70 −45.70 −46.20 −44.40 −45.40 −35.40

mean −46.21 −48.81 −48.77 −47.21 −46.72 −46.70 −46.28
STD 1.28 3.20 2.50 0.69 1.25 0.84 5.29
C.V 0.03 0.07 0.05 0.01 0.03 −0.02 0.11

δ18O

min −7.34 −8.05 −7.96 −7.44 −7.37 −7.35 −8.80
max −6.95 −6.95 −7.09 −7.07 −7.20 −7.03 −6.36

mean −7.21 −7.45 −7.44 −7.26 −7.30 −7.24 −7.35
STD 0.13 0.37 0.29 0.12 0.07 0.11 0.70
C.V 0.02 0.05 0.04 0.02 0.009 –0.01 0.09

The local meteoric water line (LMWL) in Huanjiang was δ2H = 8.29δ18O + 13.60 (n = 111,
R2 = 0.9596), deviating from the global meteoric water line (GMWL, δ2H = 8δ18O + 10), showing
that water vapor migration or rainfall in the area is affected by evaporation in different
degrees [40,41].

The karst groundwater stable isotopic composition demonstrated significant variation
from January to November. The δ2H values varied from −35.40 to −59.1h, with a mean of
−47.03h, while δ18O values varied from −6.36 to −8.8h, with a mean of −7.33h. The
mean isotopic values for the groundwater plotted on the LMWL are shown in Figure 6.
Most samples were on or near the LMWL and GMWL, while most of other springs were
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plotted in the upper left of Figure 6, with significant differences among them, suggesting a
local evaporation signature before infiltration to a greater or lesser degree.

Figure 6. Plot of δD versus δ18O for groundwater samples—-the relationship between the distribution
area of various types of water samples and GMWL and LMWL.

The results showed that the δ2H and δ18O values for the HS010 sample were closest
to HD1-4-depth2, and the δ2H and δ18O values for the HS010 and HD1-4-depth2 samples
showed seasonal variation, being more negative in the dry season and more positive
in the rainy season; this was opposite to the samples of HD1-2-shallow, HD1-2-depth3,
HD1-4-shallow and HD1-4-depth1.

5. Discussion
5.1. Comparative Analysis of Physical Characteristics of Sampling Points

Wells HD1-2 and HD1-4 are located in the influence range of the fault zone in the
syncline. The temperature of groundwater in the well gradually increases with the increase
of well depth, and the highest temperatures for wells HD1-2 and HD1-4 are 33 ◦C and 42 ◦C,
respectively. HS010 is an ascending spring exposed to the fault, and its water temperature
is significantly higher than that of other springs, indicating that HS010 may accept the
recharge from deep underground hot water; however, other springs do not accept recharge
from deep underground hot water, which is the reason why HS010 still maintains a high
temperature in January (winter) [42]. HS010 has a slight fluctuation of 310.5 L/s in dry
season and 360.9 L/s in rainy season. The flow of other springs in dry season and rainy
season is significantly different. The flow in rainy season is 2–20 times of that in dry season,
indicating that other springs are seasonal springs controlled by precipitation, and the
recharge is precipitation. In addition to receiving rainfall recharge, HS010 also has other
recharge sources, and it is speculated that the other recharge sources of HS010 are from the
hypogene circulation of karst groundwater [43–45].

5.2. Hydrochemistry Evolution of Deep Karst Water

A comparative analysis of the water chemical composition of 22 springs in January
showed that HS010 had the lowest TDS, 434.465 ppm, among all the springs, which
was quite different from most springs. For the samples of HS010, except for the water
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sample from October, which had a small TDS value (346.147 ppm), the TDS test results
were between 430.465–459.375 ppm. The TDS values for other springs were between
485.581–644.742 ppm. Regardless of the dry or rainy season, the water samples of HS010
were different from the other springs, indicating that HS010 may have different sources
of recharge than the other springs [46]. Huanjiang has the highest rainfall in August,
and the HS010 spring had the smallest TDS value in October, indicating that HS010
may receive groundwater from distant groundwater formed by atmospheric precipitation
infiltration [47].

In addition, among the test results for all water samples in January, the lowest value
of Mg2+ is for other springs, and its the highest value is for wells. The Ca2+ value is the
highest for other springs and the lowest value for wells. The K+ value is the highest for
other springs and the lowest value for wells and HS010. Finally, the Na+ value is the lowest
for other springs and the highest value for wells and HS010. It is speculated that the other
springs are not related to the wells.

The water chemical compositions at five sampling points for spring HS010 and wells
HD1-2 and HD1-4 were compared and analyzed vertically (Figure 7). It was found that
the variation trend for the main ion concentration of all water samples was consistent
with seasonal rhythm. It was manifested mainly as the concentration of each ion in a
stable state from January to July; the concentration of Ca2+ decreased sharply, while the
concentration of Mg2+ increased heavily in August and then returned to the initial level
in September. This indicated that a close hydraulic connection and frequent conversion
relationship existed between well HD1-2 and HS010 during the dry and rainy seasons.
The chemical composition of groundwater is affected by meteoric water and presents
seasonal fluctuations. The water chemical composition measured at the three vertical
sampling points of HD1-4 was different from HD1-2 and HS010. The main manifestation
was the consistent variation trend in the rainy season and the opposite in the dry season.
This is especially the case for the HD1-4-depth2 water samples in March, where the
SO4

2−, Cl−, Na+, TDS and pH values were the highest values of all the water samples
detected. The lithology at sampling point HD1-4-depth2 is dolomitic limestone, with
reticular fractures and karst caves. In dry season, the groundwater receives recharge from
paleo-water reserved in adjacent caves through reticular fractures, resulting in abnormal
chemical composition.

Figure 7. Cont.
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Figure 7. Trend chart of main anion and cation concentration changes over time.

In order to determine the control factors of the chemical composition of karst ground-
water, all water sample TDS, cation ratio (Na+/(Na+ + Ca2+)) and anion ratio (Cl−/(Cl−

+ HCO3
−)) were calculated, and a Gibbs diagram was drawn (see Figure 8) [48,49]. The

ratio of Na+/(Na+ + Ca2+) was between 0.006 and 0.4, and the ratio of Cl−/(Cl− + HCO3
−)

was between 0.001 and 0.35. The main controlling factor that determines the chemical
composition of groundwater is rock weathering. The HD1-4-depth2 water sample collected
in March was affected more by evaporation and concentration than rock weathering, in-
dicating that the groundwater at the sampling point HD1-4-depth2 in the dry season is
recharged by the highly concentrated paleo-water from adjacent aquifers or caves [47,50].

Figure 8. Gibbs graph of karst groundwater in Huanjiang syncline, Guangxi (I: evaporation and concentration; II: rock
weathering; III: meteoric weather).
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Principal component analysis of the water chemistry test results showed that HCO3
−

and Ca2+ were the anions and cations that contributed significantly to the water chem-
istry in the study area. Correlation analysis could reflect the similarity of the chemical
components of karst water [51]. Table 4 shows the Pearson correlation coefficient matrix
between the chemical components of different water samples in the study area. TDS had
the greatest correlation with HCO3

−, with a correlation coefficient of 0.78, indicating that
the dissolution of carbonate rocks in the study area played a decisive role in the TDS of
karst water [51]. Ca2+ was highly correlated with Mg2+, Ca2+ with HCO3

−, and Mg2+ with
CO3

2−, indicating that the chemical composition of deep karst water in the study area is
controlled by the dissolution of limestone and dolomite [52–54]. The correlation coefficient
between Mg2+ and Ca2+ was −0.75; the decrease of Ca2+ concentration corresponds to
the increase of Mg2+ concentration (see Figure 7), with the most significant in August.
August is the month with the highest rainfall in the study area; thus, during the maximum
rainfall period, rainfall has a significant control effect on the chemical composition of karst
groundwater, indicating that karst groundwater was recharged by precipitation during the
rainy season [52].

Table 4. Correlation coefficient matrix of ionic concentration.

Ionic Name K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− CO32− NO3− TDS

K+ 1 0.58 0.16 -0.25 0.66 0.66 0.09 −0.22 0.11 0.12
Na+ 0.58 1 −0.13 0.00 0.95 0.78 0.12 −0.10 0.06 0.34
Ca2+ 0.16 −0.13 1 −0.75 −0.02 0.20 0.68 −0.82 0.29 0.29
Mg2+ −0.25 0.00 −0.75 1 −0.12 −0.21 −0.21 0.66 −0.42 0.28
Cl− 0.66 0.95 −0.02 −0.12 1 0.82 0.11 −0.15 0.20 0.28

SO4
2− 0.66 0.78 0.20 −0.21 0.82 1 0.11 −0.18 0.30 0.29

HCO− 0.09 0.12 0.68 −0.21 0.11 0.11 1 −0.82 0.03 0.78
CO3

2− −0.22 −0.10 −0.82 0.66 −0.15 −0.18 −0.82 1 −0.32 0.33
NO− 0.11 0.06 0.29 −0.42 0.20 0.30 0.03 −0.32 1 0.17
TDS 0.12 0.34 0.29 0.28 0.28 0.29 0.78 0.33 0.17 1

In general, taking the well sampling depth as the scale, shallow (0–20 m), depth1
(230 m), depth2 (430 m) and depth3 (860 m) water chemical components had significant
differences. In dry season, the shallow water chemistry characteristics of the well were
basically the same as HS010, depth3 and other springs, but were quite different from
depth1 and depth2. The main manifestations were the difference of Na+, SO4

2−, and Cl−

ion concentration; the concentration of depth1 and depth2 was higher than other sampling
points. This shows that the groundwater at the shallow well, HS010 and depth3 sampling
points had a consistent source of recharge and may have had a good hydraulic connection.
Based on the characteristics of karst development in well cores, it was inferred that surface
water or shallow groundwater continuously replenished deep groundwater at depth3
through densely developed fault structures and reticular cracks, resulting in the same
chemical characteristics of deep groundwater and shallow groundwater. Because the faults
zone between the well and HS010 was very developed, the faults connected the well with
HS010, and the deep karst water at depth3 was discharged to HS010 through the fault zone.
This was the direct reason why HS010 still maintained a large flow of 310.5 L/s in the dry
season.

5.3. Isotopic Characteristics and Indications of Karst Groundwater

It can be seen from the relationship between δ2H and δ18O that, except for a few other
springs, all water samples fell near the GMWL and the LMWL, indicating that the karst
groundwater originated from meteoric water [47,55,56].

The water samples of well HD1-2 were distributed along the LMWL, which was
obviously the result of the combined effect of mixing and evaporation [57]. Water points
were distributed at the lower left of the LMWL and upper left of the GMWL during the dry
season, and at the upper right of the LMWL and GMWL during the rainy season. From the
shallow to deep samples of HD1-2, the values of δ2H and δ18O gradually became negative,
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indicating that during the dry season, well HD1-2 may have been supplied by deep cave
water or paleo-water through reticular cracks and fracture zones.

The water samples of well HD1-4 were densely distributed near the LMWL and
GMWL, with most of the water points distributed between the two, and a few distributed
in the lower right of the GMWL. This shows that well HD1-4 was supplied by a mixture of
modern atmospheric precipitation and ancient atmospheric precipitation [58]. From the
shallow to deep samples of HD1-4, the values of δ2H and δ18O gradually became negative.
Compared with well HD1-2, the hydrogen and oxygen isotope values of depth3 were the
most negative, depth2 was second, and depth1 was positive. The shallow hydrogen and
oxygen isotope values were the most positive, and the hydrogen and oxygen isotope values
showed the characteristics of decreasing vertically with depth.

The water samples of spring HS010 and other springs were distributed on both sides
of the LMWL, but the distribution range was quite different. The distribution area of other
springs was far from the LMWL and GMWL, and the distribution areas were scattered and
far from wells. This shows that the δD and δ18O of other springs were quite different from
the wells and that there may be no hydraulic connection. The spring HS010 was densely
distributed near the LMWL, which coincided with the distribution area of HD1-4-depth2.
The dry season was the most representative. The δ2H and δ18O of HD1-4-depth2 were
similar to HS010, but quite different from HD1-2 and other springs. This shows that HS010
had different recharge from other springs and demonstrates the homology effect with
HD1-4-depth2. It further shows that there was hydraulic connection between HS010 and
well HD1-4, and HS010 was recharged by the deep karst water of well HD1-4 during the
dry season [58]. In the rainy season, the δ2H and δ18O of HS010 and HD1-4-depth2 were
positive, while the δ2H and δ18O of other springs and HD1-2 were negative. According
to Liu C. (2015) [41], the δ2H and δ18O of meteoric water were positive in dry season and
negative in rainy season in the Huanjiang area. The opposite variation trend for HS010
and HD1-4-depth2 showed that HS010 and HD1-4-depth2 had other recharge besides the
recharge of meteoric water. The isotope relationship showed that there was a significant
hydraulic connection between HS010 and well HD1-4.

5.4. Hypogene Groundwater Circulation and Hypogene Karst Development Pattern
5.4.1. Bottom of Deep Karst Groundwater Circulation

It can be seen from the development stratum of karst caves in the wells that the large
set of dolomite and limestone of a Carboniferous system was the main karst strata, the
lower voluminous shale of carbonate rock was the bottom surface that could be reached by
hypogene karst, and the shale of lower Carboniferous rock pass formation was the bottom
surface of karst in this area. The top surface structure map of the Yanguan formation,
compiled based on seismic data (Figure 9), shows that the karstification bottom surface is
a syncline structure with a steep east and gentle west, high in the north, and low in the
middle and south. As there is no seismic data for HS010 further south, the changes in the
bottom surface cannot be clearly understood. However, according to regional geological
surveys, the core of the southern syncline was cut by the fault (Figure 10).
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Figure 9. Top figure: structural map of shale top surface of Carboniferous Yanguan formation in
Huanjiang syncline (according to the interpretation data of 2D seismic GX205-CG strata; isoline
represents depth.) Bottom figure is an E–W 2D seismic, fault and strata interpretation profile near
HD1 wells (HD1 wells are located in the fault).
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Figure 10. Sectional view of actual geological map of deep karst in Huanjiang syncline. (The deep karst groundwater of
HD1 well in the northern part of the syncline recharge the karst spring HS010 in the southern part of the syncline through
the fracture zone).

5.4.2. Hydrodynamic Analysis of Hypogene Karst

Huanjiang syncline is high in the north and low in the south. Surface and groundwater
flow from the north to the south. An analysis of karst groundwater chemistry and hydrogen
and oxygen isotopes indicated that the deep cavern water in the core of the syncline was
recharged by modern atmospheric precipitation and could form a deep circulation of
groundwater with the karst spring HS010 in the southern part of the syncline. Therefore,
the topography difference from north to south provided good hydrodynamic conditions
for the development of hypogene karst.

5.4.3. Runoff Channels of Hypogene Karst Groundwater

According to well core analysis, the development of the hypogene karst cave was
closely related to fractures. A large number of network cracks and dissolved pores and
holes along the cracks developed in the well core. Through seismic interpretation and
surface investigation, we identified a NW-trending Tongtian fault zone, and fault scratches
could be observed on the surface (Figures 5 and 6; Figure 9). This fault zone had obvious
water conductivity. The chemical characteristics of water at different depths in the well
showed that, on the one hand, the surface atmospheric fresh water could flow from the
top down to the deep, and on the other hand, the deep groundwater along the fault zone
could flow sideways (Figure 11). After the internal syncline fault zone and the NE-trending
regional fault zone converged, groundwater flowed along the regional fault and discharged
to HS010 in the south. Therefore, the faults were runoff channels for hypogene karst
groundwater.

With sufficient dissolution space and good hydrodynamic conditions, the degree
of karstification will increase exponentially [59]. The unique syncline structure, vertical
and horizontal fault zones and deep circulating groundwater in the study area affect
the development of deep karsts in the Huanjiang area. According to comprehensive
analysis, this study establishes a hypogene karst development pattern controlled by the
deep circulation of groundwater in the syncline structure (Figure 12).
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Figure 11. Spatial interpretation of deep karst controlled by faults in Huanjiang syncline HD1 well.

Figure 12. Fault control deep groundwater karst pattern diagram for Huanjiang syncline.

6. Conclusions

Core and field investigations show that hypogene karst caves in Huanjiang are de-
veloped in the large set of Carboniferous carbonate rocks and are related to faults. Well
water geochemical analysis shows the karst water in the shallow well, depth3 and HS010
has a good hydraulic connection. The shallow groundwater recharges the deep ground-
water of depth3 through the fault structure, and then it discharges to HS010 in the south
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through fractures. Hydrogen and oxygen isotope analysis reveals the recharge–discharge
relationship between HS010 and the wells. According to the characteristics of the top
surface features of the shale structure in the Yanguan formation on the karst bottom sur-
face explained by geophysical exploration, it is considered that the syncline structure
overturning southward is the hydrodynamic condition, and after the surface water from
the north, east and west of the syncline falls into the syncline, it flows southward and is
discharged at HS010 through the faults. Therefore, this article suggests that the hypogene
karst development pattern in the Huanjiang area is a karst development pattern of deep
circulation of groundwater controlled by faults in the syncline structure. Therefore, under
certain tectonic and hydrogeological conditions, hypogene karst is more common than our
previous understanding, and its development depth is not controlled by the local discharge
datum, but by the bottom of non-carbonate rock. The proposal of this pattern can provide
guidance for the development of shale gas resources in the lower part of carbonate rocks
in southern China to avoid the fault zone in the syncline core during well formation, and
effectively reduce the risk of well hypogene karst caves. At the same time, the proposed
pattern can guide the exploration of karst cavern type oil and gas reservoirs near the deep
fault zone.
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