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Abstract: This research examines the distribution features of 4960 caves across Guizhou
Province, while probing the relationship between the caves’ spatial patterns and geographic
elements. This study is based on hydrogeological and topographic maps of Guizhou. ArcGIS
software was used to process the adjacent index, spatial analysis, and coupling analysis of
the caves altitude and longitude, as well as the rock properties, lithology, drainage and tec-
tonic division of almost 5000 caves. Based on a point pattern analysis of Guizhou caves, the
adjacent index is 0.53, and the coefficient of variation verified by Tyson polygon reached
72.469%. This figure reflects the clustered distribution pattern of the caves. Across the entire
province, caves are divided into four concentrated areas and one weakly affected area. The
four concentrated areas are Zunyi-Tongren, Bijie, Qianxinan-Liupanshui, and Gui-
yang-Anshun-Qinan. The one weakly affected zone is Qiandongnan. The most concentrated
among them is the Guiyang-Anshun-Qiannan area, which covers 24.67% of the total province
area, and accounts for 36.63% of the total province’s caves. Cave distribution in Guizhou is
characterized as dense in the western part and sparse in the eastern part. Under this study
background, the natural elements of formation, including lithology, structure, climate, hydrol-
ogy, and altitude, and their effects on the distribution, number, and spatial pattern of cave
development is analyzed.

Keywords: karst caves; geographic information system; spatial pattern; affecting factor; Guizhou

1 Introduction

The geologic features and spatial distribution of caves is not random. Rather, they are
formed under geographically-specific, long-term natural processes (Han et al., 1995). This
study of cave spatial patterns shows how cave development is not the result of a single force,
but rather the influence of regional geological conditions, karst types, and geological history
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and the interaction between continuous and discontinuous development of karst (Bog li A,
1980; Chen, 1992).

Previous cave studies have focused on the formation and evolution of singular caves
(Zhang et al., 2013; Xiong, 1994) using qualitative or semi-quantitative methods (Wang,
2014; Ban, 2011; Chen et al., 2004). These studies apply monitoring data to reveal the im-
pact of environmental changes on ancient caves over time. With the rise of GIS, some re-
searchers have adopted spatial analysis methods to measure the distribution of caves over
time and space (Baldini, 2006). However, there has been limited research on the spatial dis-
tribution of caves as related to geologic factors at a regional scale. The only research on this
subject to date was conducted by Williams P. (2004), which uses polygon theory to analyze
karst cave distribution and geomorphic development.

China is the earliest country in the world to record and study karst landforms. The earliest
records were found in Jing Dynasty, detailed in the records of Xu Xiake Travels by Xu
Hongzhu (1586-1641). Karst landscapes cover a large region in China. The carbonate rocks
cover around 1,250,000 kmz, distributed mainly across Guangxi, Guizhou, and Yunnan
provinces. Guizhou is one of the three most dense karst areas in the world.

The study of karst distribution patterns is based in Guizhou Province. Guizhou is located
in the Yunnan-Guizhou Plateau between 103°36'-109°35'E and 24°37'-29°13'N, and has a sub-
tropical monsoon climate. The exposed carbonate rocks are distributed over 130,000 km?, occu-
pying 61.50% of the entire area of Guizhou Province. These conditions provide a suitable
basis for karst cave development, and explain why Guizhou is an important area for re-
searching karst distribution and cave development. There are a variety of cave types in
Guizhou, including hill, underground, water, and interconnected types.

The formation of karsts in Guizhou emerged from a plate group during the Proterozoic to
the Quaternary Period, mainly as shallow marine carbonate deposits. The underground karst
landscape mainly includes underground rivers, caves, and rifts. The rocks in Guizhou are
mainly composed of carbonate rock, which mainly emerged during the Cambrian, Devonian,
Carboniferous, Permian and Triassic periods. Specifically, the distribution is as follows: in
the Early Paleozoic Period, carbonate rock extended along the northwest, southeast, and
southwest parts of the province. In the Paleozoic Period, carbonate was distributed across
the whole province, its transition line running from the northwest to southeast of the prov-
ince. During the Permian and Mesozoic periods, carbonate rock was widely distributed, its
transition line running from the northeast to southwest of the province. The direction of
these transition lines provided a material base for cave development. Sedimentary belt dis-
tribution, depression of change and form, surface drape fault patterns, and characteristics of
rock clusters also played an important role in cave formation and distribution. (SPTFG, 1967,
Dong, 1997; Xie, 1987). This study of cave distribution in Guizhou seeks to examine and
explain the spatial distribution features of cave distribution and its effecting factors using
GIS tools such as the neighboring index method, spatial overlay analysis and coupling anal-
ysis.

2 Data and methods
2.1 Data source

Information regarding cave location, strata, rock properties, and altitude was collected from



ZHOU Zhongfa et al.: The spatial distribution and factors affecting karst cave development in Guizhou Province 1013

Guizhou Province topological map data. Using GIS and RS, the data was overlapped with
1:50,000 topographic maps and 1:200,000 hydrogeological maps (Zhou, 2004) (Figure 1).
The coordinate points of 4960 caves were layered on top of these maps and new datasets
were created.

2.2 Methods

2.2.1 The adjacent analysis

The adjacent analysis is one of the point distribution analysis methods, which was first ap-
plied to population distribution analysis by ecologist Clark (1954). It has gradually been
developed as a mature method of measuring point distribution patterns. The adjacent analy-
sis model was modified by Pinder (1973) and Ebdon (1976) to assess a variety of dataset
distribution patterns, such as geologic hazards (Qiu et al., 2014), epidemics (Gan, 2009),
residential distribution (Li, 2008), settlement distribution (Wu, 2010), urban spatial distribu-
tion (Guo, 2015), scenic spots (Qin, 2012), and industrial distribution (Gao, 2013). The
modified adjacent analysis model overcomes the terrain restrictions by fitting the study area
to a square shape. The closer the study area is to a square box, the greater the accuracy of the
adjacent ratio (Wang, 2006). The coordinate points analyzed in this study were based on the
coordinate locations of the cave openings.

On the macro level, caves are dotted throughout Guizhou Province. Upon closer examina-
tion, there are 3 types of spatial distribution: even, random and clustered. The nearest
neighbor index is the most common method for determining the spatial distribution of point
features. The spatial distribution characteristics of caves across the province were analyzed
using the nearest neighbor index R.

Its equation is (Ruan, 2016; Wang, 2010):

A IS sy
R_E nlz‘rl(sl) (2\/n/A] M

where Zis the average value of the adjacent point to the distance ;. E is the average

value of the adjacent point to the distance in the random distribution theory, # is the point
number, 7, (§;) is the distance between spot S; in the area to the adjacent point, and A4 is the
area. When R=1, it means the point distribution is random; when R>1, point distribution is
even; when R<1, point distribution is clustered.

2.2.2 Thiessen polygons

There are some different definitions and standards for measuring the spatial distribution of
points using the adjacent index (Hu et al., 2015; Zhang, 2005). This study applied the Thi-
essen polygon method, which is one method for selecting regional discrete sampling points
(Zeng, 2011; Liu, 2012; Duan, 2015; Zhu, 2005). The coefficient of variation was defined as
the ratio of standard deviation and average of the Voronoi polygon area (Figure 2). It is ca-
pable of measuring the variation of relative changes in space. The equation is:

Ccr=S/M 2)
where S is the standard deviation value of Voronoi polygon area, and M is the average value
of Voronoi polygon area.
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Figure 1 Cave locations in Guizhou Province

3 Results

3.1 Analysis of cave spatial pattern
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Figure 2 Distribution of Thiessen polygons caves in
Guizhou

Analysis of the cave spatial distribution was measured by ArcGIS 10.1 software using the

adjacent analysis model in function 1. Using Guizhou as the study object, where ;1:1824 m,

and Ez3471 m, the adjacent index is R~0.53<1. The analysis indicates that the spatial dis-

tribution of caves is highly clustered (Zhang et al., 2011).
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Figure 3 Distribution of cave density in Guizhou

Thiessen polygon maps oriented
by cave distribution points across the
province indicate that M~=81,000 mz,
$~5,870,000 m? and the coefficient of
variation CV=72.469%. The study by
Duyckaerts (2000) showed that the
coefficient of wvariation equals to
33%—64% when points were distrib-
uted randomly; greater than 64%
when points were distributed in clus-
ters; and less than 33% when points
were distributed evenly (Zhu, 1988).
The results indicate that the caves in
Guizhou are distributed in clusters.

Further analysis of the density dis-
tribution of caves (Figure 3) shows
that the distribution of caves is patchy.
In order to analyze the underlying
geologic factors affecting the distri-
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3.1.1 Concentrated areas of Zunyi-
Tongren

The Zunyi-Tongren area, which covers
27.69% of the whole provincial territory,
has 1257 caves, making up 25.34% of
all caves in the province. This area has 19 fault zones and 5 fold zones, which are north-
east-trending with ribbon formations. The cave distribution spans from west to east, mainly
concentrated in Zunyi and its northwest part, and northwest part in Tongren with fault, fold
and water systems. The water systems in this area are primarily outflow river systems. Most
caves are located close to the river bank. Cave distribution is strongly affected by the geo-
logical layer formation, northeast-trending structure and water systems.
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Figure 4 Concentrated cave areas in Guizhou

3.1.2 Concentrated area of Bijie

The Bijie area, which covers 15.24% of the whole provincial territory, has 962 caves, mak-
ing up 19.39% of all caves in the province. This area has 15 fault zones and 5 fold zones in
the northeast, northwest, southeast direction. The caves are mainly distributed in the north-
east, east, and west directions and emerged during the Permian Period. The cave distribution
span is larger in its central, east, and southeast parts. The average altitude of this area is 1600 m,
with large variations. The heads of the Wujiang River, Beipanjiang River and Chishuihe
River begin in this area. Most of the caves are a far distance from the river bank. The cave
distribution is strongly affected by the geological layer formation in the northeast.

3.1.3 Concentrated area of Qianxinan-Liupanshui

The Qianxinan-Liupanshui area, which covers 15.16% of the whole province, has 692 caves,
making up 13.95% of all caves in the province. This area has 11 fault zones and 7 fold zones
in the northeast direction. The caves distribution span is larger in the south and north parts.
The caves are concentrated in the dolomite and limestone region in the north-central part,
but very few are found in the south-central and eastern parts, being primarily a clastic rock
zone. The water system in this area is the upstream of the Yangtze River and Zhujiang River.
Most caves are close to a river bank. The cave distribution is strongly affected by the north-
east formation and rock properties.

3.1.4 Concentrated area of Guiyang-Anshun-Qiannan

The Guiyang-Anshun-Qiannan area, which covers 24.67% of the whole province, has 1817
caves, making up 36.63% of all caves in the province. This area has 35 fault zones and 3
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fold zones mainly in the northeast, south, and north directions. It emerged during the Per-
mian and Triassic periods, and lower layer emerged during the Carboniferous Period. The
caves are concentrated in areas with carbonate rock, dolomite and limestone. The cave dis-
tribution span is larger in the south and north parts, mainly in the northwest part of Anshun
and south part of Qiannan. There is a dense network of rivers which run close to the caves.
The cave distribution is strongly affected by the northeast, north, and south geological layer
formation and rock properties.

3.1.5 Weakly affected zone of Qiandongnan

Qiandongnan, which covers 17.22% of the whole province, has 232 caves, making up 4.68%
of all caves in the province. This area has 22 fault zones and no fold zones. The few caves in
this area are distributed mainly in the north and northeast. There is a dense network of rivers.
This area has a relatively large amount of fault zones and distribution of clastic rock. The
cave distribution is strongly affected by geological layer rock properties.

4 Spatial distribution of caves and analysis of affecting factors

In order to research the spatial distribution and influence of geological layer, rock properties,
formation, climate, hydrology and altitude on the cave, GIS spatial overlay analysis and
coupling analysis are used in this paper.

4.1 Internal affecting factors analysis

4.1.1 Rock properties

Rock properties are the developing basis of the cave. Soluble rocks are the material condi-
tion for karst development and underground cave development (Zhou, 2004). Cave devel-
opment is not the result of a single force, but rather the influence of regional natural geo-
logical conditions, karst types, and geological history. Its development requires soluble rock,
which is limited by the distribution, purity and thickness of the carbonate in the rock layer.
The carbonate rock in Guizhou mainly
consists of pure, thick limestone and
dolomite with high calcium and magne-
sium contents. Its total thickness is
6200 m to 8500 m, with strong karst
development (Dai et al., 2013). Exp-
osed karst formations cover 61.50% of
the whole province. The caves and rock
properties map (Figure 5) which shows
the locations of caves of clastic rock,
limestone and dolomite, was generated
in ArcGIS using a 1:200,000 Guizhou
rock properties map. The results show
that there are 771 clastic rock caves,
making up 15.54% of the total caves in
Figure 5  Distribution of caves and rock properties in  Guizhou, and 38.39% of the exposed
Guizhou karst area in the province; there are

Cave distribution

- Clastic rock
- Limestone
\:’ Dolomite
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3054 dolomite caves, making up 61.57% of all caves, and 41.23% of the exposed karst area
in the province, mainly concentrated in the Guiyang-Anshun-Qiannan area; there are 1133
limestone caves, making up 28.84% of all caves, and 20.27% of the exposed karst area in the
province, mainly in the Bijie-Anshun-Qiannan area. The caves are developed mainly in the
carbonate rock areas. Clastic rock is a none-soluble rock. Clastic rock caves in the Qiannan
area are few.

4.1.2 Geological layer

The distribution of geological layers determines the presence or absence of cave develop-
ment. According to the distribution map of Guizhou caves and geological layers (Figure 6),
it is apparent that the geological layers in Guizhou are complete, existing from the Sinian
strata to Quaternary strata. There are 14 caves from the Sinian strata, making up 0.28% of all
caves, which are located mainly in the Qiandongnan and Tongren regions; there are 322
caves from the Ordovician strata, making up 6.49% of all caves, mainly located in the Zunyi
region in a ribbon distribution; there are 146 caves of Silurian strata, making up 2.94% of all
caves, mainly in the Zunyi region in a ribbon distribution; there are 158 caves of the Devo-
nian strata, making up 3.18% of all caves, mainly in the Qiannan region; there are 621 caves
of the Carboniferous strata, making up 12.52% of all caves, mainly in the Bijie and Qiannan
regions; there are 1602 caves of the Permian strata, making up 32.29% of all caves; there are
1330 caves of the Triassic strata, making up 26.81% of all caves, mainly in west-central,
southern, and northern parts of Guizhou; there are 163 caves of the Jurassic strata, making
up 3.28% of all caves, mainly in the Zunyi region in ribbon distribution; there are 18 caves
of the Cretaceous strata, making up 0.36% of all caves, mainly in the west and north parts of
Zunyi; there are no caves in the Tertiary strata, mainly in the region of Bijie; and there are
10 caves of the Quaternary strata, making up 0.20% of all caves, which are scattered
throughout the province. According to the above analysis, the quantities of caves in various
geological layers are distributed as follows, ranking from the greatest to the least: Permian,

Triassic and Carboniferous, Cam- N
+ Cave distribution

brian, Ordovician, Jurassic, Devo- - ooy boundary
nian, Silurian, Sinian, Quaternary, é%?ﬁ%ous
Tertiary and Cretaceous. = Permian

The carbonate rock layer in Guiz- Eé%’ﬁafﬁ“’“s
hou is over 600 m thick, which exists = Qrdovician

among the layers between the Sinan = Sinian

and Triassic strata. The thickness and
purity of this massive limestone layer
results in the well- developed karst
and typical karst landscape. As the
example of S-Sn dolomite, the land-
scape is dominated by karst hills and
depressions mainly in the north part
of Guizhou with non-significant
fenglin. The D-C carbonate rock is

well—developed with a large scale Figure 6 Distribution of caves and geological layers in
Guizhou

underground network of rivers. Its
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rivers. Its landscape is mainly the fenglin. The P-T pure geological layer has various karst
landscapes (Stratigraphic paleontology task force in Guizhou, 1967; Dong, 1997; Xie, 1987).
The other geological layers are not developed. That is the cause for the rare caves in Qian-
dongnan, and dense distribution in Guiyang-Anshun- Qiannan.

4.1.3 Formation

The formation of folds and faults are the expression of the earth’s crust movements, which is
a major cause for cave formation and development (Xiong, 1996; Chen, 1994). This research
is based on the 1:200000 hydrogeological map of Guizhou Province. The overlay analysis
by ArcGIS was carried out on fold and fault layers and buffer zones of 0-500 m, 5002000
m, and 2-3 km. The overlay analysis map of cave distribution and folds and faults (Figure 7)
shows that in the 0—500 m fold area, there are 66 caves, accounting for 1.33% of the total
number of caves; in the 5002000 m fold region, there are 56 caves, accounting for 1.13%
of the total number of caves; and in the 2—3 km fold area, there are 44 caves, which account
for 0.89% of the total number of caves. In the 0-500 m fault zone, there are 187 caves,
which account for 3.77% of the total number of caves. In the 500-2000 m fault zone, there
are 485 caves, accounting for 9.78% of the total number of caves; and in the 2-3 km fault
zone, there are 358 caves, which account for 7.22% of the total number of caves. The caves
at the intersection of Bijie-Qianxinan-Anshun are obviously affected by fold and fault layers.
The affected factors for cave development are divided into various types: same as the axel of
fold formation, anticline zone, synclinal area, tectonic fault zone, tectonic fracture zone,
crushed fracture zone, open shear fracture zone, joint (fracture) zone, tectonic superposition
compound area, fracture of composite zone, fracture zone, and fold compound area (Dai,
2013; Zhang et al., 2000; Zhang, 1986). This indicates that the formation of faults and folds
are an important affecting factor for cave development.

The comprehensive analysis of geological layers, rock properties and formations shows

Cave distribution ‘ that caves in Guizhou are evenly
mevmdﬂhoundmy 7 ‘ distributed among the carbonate
0-500 m fold buffer 7 o ]

[ 1500-2000 m fold buffe] /. rock layers from Sinian to Trias-

[lo3kmfoldbutfer — 1 4,5 % e ,, sic strata, particularly in the com-
Egozoz;:of:l;:f:szer by 22, 14 plex geological locations. The
E”mfmﬂtbuﬁcﬁ (m distribution of caves is related to

rock properties and controlled by
the rock formation. The thick li-
mestone has the strongest karst
development, while dolomite karst
development is mild and clastic
rock is very weak. The thick car-
bonate is highly soluble. Lime-
stone is characterized by a calcite
or aragonite content of over 50%.
The dolomite content is over 50%.

Figure 7 Overlay analysis map of cave distribution and buffer The clastic rock facilitates the
zones of fold and fault layers in Guizhou

flow of water, and determines the
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karst development. That explains the weak cave development in Qiandongnan. Cave devel-
opment is strictly controlled by the various mineral and mechanical properties of the forma-
tion layers. 96.14% among the total caves in the province are between Sinian and Triassic
stratas. The layers in Sinian and Triassic strata provide a vast space and potential develop-
ment for the carbonate rocks. The carbonate rocks are mainly concentrated in the
south-central part of Guizhou. The clastic rocks or un-soluble rocks are mainly in the south-
east part of Guizhou. This results in the relatively lower concentration of caves in the south-
east part of the province.

4.2 Analysis of external factors

4.2.1 Climate

Precipitation is one of the key climate conditions that affect cave development. Karst caves
are formed by the corrosion and erosion of carbonate by water, and are affected by the
amount, physical properties, movement and strength of water (Zhang, 1986; He, 1997).
Guizhou is located in the mainland subtropical East Asian monsoon zone. It has a Chinese
subtropical plateau monsoon humid climate with plateau and warm climate, and abundant
rainfall throughout the year. Annual precipitation is around 1100-1300 mm. The annual
temperature is around 14-16°C. The temperature in July is 22-25°C. Most of the rainfall
goes underground, which, combined with abundant heat and rain, creates good conditions
for cave formation. However, it also leads to little surface runoff. Underground runoff and
water drainage are good, which sustains processes of corrosion and erosion. This is a major
factor affecting cave spatial distribution.

4.2.2 Hydrology

Hydrology is one of the major affecting factors for cave formation. Surface and underground
rivers overlay on each other. There is a high density of caves along river banks. The river
valley is the lowest area of each small watershed, which means the drainage datum of the
underground and surface rivers drain in this area. Most of the surface and underground rivers
are overlaying on each other, or so called “hidden streams”. This explains why caves are
commonly exposed above the drainage datum area. The map of cave distribution and river
buffer zones is concluded by the overlaying analysis of cave distribution points and river
buffer zones across the province, particularly the 0-500 m, 500-2000 m, 2-3 km of rivers
buffer zones by ArcGIS based on the 1:200,000 water system distribution map of Guizhou.
The results show (Figure 8a) that 723 caves (14.58% of all caves) are located 0-500 m from
river banks; 1468 caves (29.60% of all caves are located) are located 500-2000 m from river
banks; and 889 (17.92%) of caves are located 2—3 km from river banks. It also shows that
62.10% of all caves are within a 3 km distance from a river bank. This reveals that most
caves are near water-based areas. The caves greater than 3 km from a river are mainly af-
fected by the tectonic movement and distribution of underground rivers.

Underground rivers refer to underground water channels. They are formed by interactions
between rock layers, geological formation, topography, and surface water systems. The
presence of an underground river system means that the underground water channel system
is combined with underground main streams and sub-streams. Underground rivers are the
main form of karst underground water runoff and drainage. This analysis shows that there
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are no cave points within 0—-500 m of an underground river (Figure 8b). It is also shown that
there are 219 caves (4.41% of total caves) in the 500-2000 m distance; and 206 caves
(4.15% of total caves) in the 2-3 km distance of banks. This indicates that there is a com-
paratively weak connection between underground cave water and the exposed caves at the
surface. However, underground rivers are the main source for cave formation and develop-
ment. Surface and underground water resources are abundant in the study area, which is a
driving cause of cave development.

(a) +  Cave distribution

Underground rivers

[ | Provincial boundary rey o
I 0-500 m buffer
I 500-2000 m buffer
[]2-3 km buffer

4+ Cave distribution

Surface river
[ ] Provincial boundary
I 0-500 m buffer
I 500-2000 m buffer
2-3 km buffer

B

100 km

Figure 8 The overlay analysis map of cave distribution and surface (a) and underground (b) river buffer zones
in Guizhou

4.2.3 Altitude

Altitude is one of the factors affecting the longitudinal layout of caves. It is hard to process

visualization overlay analysis of DEM data for the numerous data of the whole province.

The elevation height results are summarized by the SPSS19 in Figure 9. It shows approxi-

mately three elevation height ranges for most caves: (1) 36.96% caves are at an altitude be-

tween 1100 m and 1500 m; (2) 20.56% between 900 m and 1100 m; (3) 12.56% caves be-
tween 700 m and 900 m.

2000 — Elevation Generally, caves are vertically distrib-
2500 uted. Distribution varies depending on te-
rrain formation, rock properties, geologi-

g 20007 cal structure, particularly the karst cone
é 1500 landscape (Xiong, 1992, 1996). The ext-
5 ensive development of karsts led to the
= 1000p distribution of caves at different eleva-
500k tions. Some 70.08% of the caves are con-
centrated at an altitude of 700-1500 m,

or . which are affected by rock properties and

0 1000 2000 3000 4000 4000 cone karst landscapes with wide middle
Numb . . .
Hmber mountains and thick limestone rock layers

Figure 9 Altitude distribution cave map in Guizhou suitable for cave development. Caves



ZHOU Zhongfa et al.: The spatial distribution and factors affecting karst cave development in Guizhou Province 1021

above 1500 m are affected by rock properties and cone karst landscapes, which result in
fewer cave formations. Caves under 700 m, of which there are few, are mostly in the depres-
sion and river valley area. They are affected by the vertical distribution of caves.

The abundant heat and rainfall of Guizhou provides sufficient water conditions for karst
formation according to the comprehensive external factors like climate, hydrology, and alti-
tude, etc. Most of the rainfall penetrates into the underground, which creates favorable con-
ditions for cave formation. Based on this, caves in Guizhou should be distributed across the
whole territory. However, Qiandongnan only has 232 caves, or 4.68% of the total number of
caves, even though it covers 17.22% of the whole province. This reveals that cave develop-
ment is mainly affected by internal factors, rather than external factors like climate, hydrol-
ogy, and altitude. Generally, the rock property is the primary affecting factor, and climate,
hydrology and altitude are secondary. Qiandongnan, which is characterized by a wide dis-
tribution of clastic rock, has a lower cave density relative to other areas. Caves are mainly
distributed in the carbonate rock area and close to rivers. The cave distribution is affected by
cave altitude and hydrological factors. Most of the caves are distributed between 700 m and
1500 m, with the cave opening facing the river area. This indicates that these points were the
lowest drainage datum during some geologic period.

4.3 Sub-spatial pattern affected by the internal and external factors

Guizhou is located in a subtropical monsoon zone with abundant rainfall and heat. Most of
the rainfall penetrates into the underground, which creates good conditions for underground
cave formation. There is a close relationship between cave formation, geological structure,
rock properties, lithofacies, water system evolution, neotectonic movement and landscape
development. Rock properties (specifically, soluble rock) is the material foundation for karst
development and underground river development. The formation, development and distribu-
tion of the underground rivers are restricted by the distribution, purity, and thickness of so-
luble rocks. The carbonate rock layer in Guizhou is from Sinian to Triassic strata with a
thickness of 600 m. A typical karst landscape is characterized by thick and pure limestone
and strongly developed karsts. Geological formation is the leading factor for karst develop-
ment. Karst development is restricted by various formation parts and mechanical properties
in various formation layers. The dense folds make carbonate rock into a ribbon extension.
That is the reason that the karst development is in a ribbon distribution, with its axial run-
ning the same direction as the karst channel and rock layer.

The large-scale intermittent uplift happened from east to west during the Neocene and
early Quaternary Period. The strong uplift happened during the end of Pliocene and early
Pleistocene periods. Neotectonic movement has occurred frequently since the Quaternary
Period, and particularly since the middle Pleistocene Period, which produced different
amounts of fault and uplift movements, thereby changing the original terrain. This has a
huge effect on the caves vertical distribution at various altitudes. When the earth’s crust is
stable, channel development is horizontal. When the earth’s crust is in uplifted, the channel
development is sideways or vertical with underground shafts. When the earth’s crust is back
to the stable status, the channel development is back in the horizontal direction. This causes
the transverse and longitudinal distribution of caves.

As detailed above, the divided affected zones of cave spatial distribution are mainly by
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point density function, rock properties, geological layers, hydrology, formation, climate, and
altitude, as well as consideration of the provincial administrative division of Guizhou. Ac-
cording to the concentrated area of Zunyi-Tongren, the geological layers are mainly the lay-
ers of Cambrian and Triassic strata. The caves in this area are mainly formed from dolomite
and limestone rocks. According to the concentrated area of Bijie, the geological layers are
mainly the layers of Permian, Triassic and Carboniferous strata. The carbonate rock layers in
Guizhou exist in Sinian to Triassic strata. Its caves mainly developed from limestone and
dolomite rocks. Its caves are distributed across Permian limestone. The layer in the concen-
trated area of Qianxinan-Liupanshui is mainly in the Cambrian and Permian strata. Its caves
mainly developed from limestone and dolomite rocks. Its formation is in the southwest and
northeast direction. The layer in the concentrated area of Guiyang-Anshun-Qiannan is
mainly in Permian, Triassic and Carboniferous strata. Its caves mainly developed from
dolomite and limestone rocks. The cave distribution follows the geological layer and forma-
tion concentration. The layer in the weak affected area of Qiandongnan is mainly of the
Permian strata. Its caves mainly developed in the Carboniferous and Silurian strata. The rock
properties in this area are mainly clastic rock. The rock properties in the Carboniferous and
Silurian layers are mainly carbonate. The cave distribution follows the formation lithology
concentration.

5 Conclusions

(1) This study reveals that the cave distribution in Guizhou is formed in an obvious ribbon
pattern, which is distributed more densely in the west part and more sparsely in the east part
of Guizhou. The cave distribution is not random but a result from geologic factors. The 4960
caves across the province are divided into four concentrated areas (Zunyi-Tongren, Bijie,
Qianxinan-Liupanshui, and Guiyang-Anshun-Qiannan), and one weakly affected area
(Qiandongnan). This study has conducted a spatial analysis of factors affecting cave forma-
tion, including location, rock properties, geological layer, and hydrology.

(2) The caves in Guizhou are mostly distributed in carbonate rock layer, fault and fold,
and water system zones. Cave distribution is affected by geological layers, rock properties,
formation and hydrology, etc. For example, the concentrated area of Guiyang-Anshun-
Qiannan is mainly in Permian, Triassic and Carboniferous strata, which has 35 fault and 3
fold zones. Carbonate, dolomite and limestone rocks are concentrated in this area. The den-
sity of rivers in this area is high. The caves in this area are 36.63% of all caves, and 24.67%
of the provincial territory.

(3) Distribution analysis was conducted for 4960 caves in Guizhou using the adjacent
analysis and Thiessen polygons methods. The results of this analysis indicate that the adja-
cent index is 0.53, which means the caves in Guizhou tend to be concentrated in cluster
formations. The coefficient of variation verified by Thiessen polygons is 72.469%, which
verifies this conclusion. This research provides geologic criteria for seeking new caves and
offers an improved scientific mechanism for analyzing the spatial distribution of caves.
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