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Karst distribution characteristics in a watershed under topographic differen-
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Abstract: Karst landforms are  renowned for  their  unique  characteristics,  and  investigating  karst  develop-
ment  characteristics  is  of  great  significance  for  groundwater  regulation  and  ecological  management.  This
study aims to interpret karst distribution under different topographic conditions in a watershed using Elec-
trical Resistivity Tomography (ERT). Taking the Chenqi small watershed in Southwest China as the study
area, 10 ERT survey lines were deployed across three topographic settings (dip slopes, anti-dip slopes, and
high-lying depressions). By combining 2D/3D ERT inversion, geological drilling, and outcrop verification,
the subsurface karst distribution was revealed. The results show that ERT effectively detects karst features
with high heterogeneity and discontinuity. Conduit-type karst appears in the middle section of both slopes,
indicating  groundwater  migration  pathways.  Karst  water  is  dominated  by  runoff  on  dip  slopes,  whereas
infiltration  dominates  on  anti-dip  slopes;  continuous  low-resistivity  aquicludes  in  high-lying  depressions
control local groundwater levels. The average karst zone thickness is 2.0–4.0 m, with a maximum of 12 m.
These  findings  demonstrate  a  coupled  relationship  between  karst  structure  and  groundwater  runoff  under
topographic  differentiation,  providing  a  quantitative  reference  for  watershed-scale  groundwater  processes
and practical value for karst water exploration, resource regulation, and slope stability assessment.
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 Introduction

The groundwater ecological environment in South-
west China is relatively fragile, primarily attributed
to  karstification  (An  et  al.,  2026; Li  et  al.,  2022).
Karstification refers  to  the  dissolution  or  deposi-
tion  processes  of  carbonate  rocks  within  the

groundwater  circulation  system,  while  karst
features are  the  imprints  of  this  complex  circula-
tion  system  on  carbonate  rocks  (Cao  et  al.,  2018;
Guo  et  al.,  2024).  Karst  regions  are  widely
distributed  across  China,  where  geological  and
environmental  problems  such  as  karst  ground
collapse, groundwater contamination, and ecologi-
cal degradation frequently occur (Guo et al., 2013;
Wang,  2024a; Yue  et  al.,  2026; Zhao  and  Hou,
2019). Therefore, karst research is of great impor-
tance for understanding the formation mechanisms
of  karst  landscapes,  predicting  karst  hazards,  and
guiding  the  rational  exploitation  and  utilization  of
groundwater  resources  (Lan  et  al.,  2024; Wang  et
al.,  2024b; Xiao  et  al.,  2023).  Traditional  karst
investigation  methods  primarily  rely  on  field
geological  reconnaissance,  outcrop  lithological
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analysis,  and  geological  mapping,  which  infer
subsurface  conditions  from  surface  observations
alone.  However,  due  to  concealed  and  complex
nature  of  karst  strata,  it  is  difficult  to  accurately
characterize karst distribution characteristics (Li et
al.,  2023; Liu  et  al.,  2024). In  contrast,  geophysi-
cal methods  and  geological  drilling  offer  signifi-
cant  advantages.  They  provide  higher  resolution,
greater subsurface detection capabilities, and more
reliable identification  of  karst  features.  Geophysi-
cal  techniques  can  accurately  capture  small-scale
karst  features  and  enable  subsurface  visualization,
while drilling can provide direct physical evidence
to  complement  the  understanding  of  vertical  karst
distribution patterns. Therefore, employing diverse
methodologies  to  delineate  karst  distribution
patterns in  karst  regions  holds  significant  scien-
tific value and application prospects.

Geological  drilling  is  an  important  method  for
detecting  subsurface  karst  structures,  and  the  core
samples  obtained  from  drilling  are  key  data  for
studying karst  development characteristics  (Tan et
al., 2024). However, geological drilling is difficult
to  deploy  on  steep  slopes,  making  geophysical
exploration  based  on  physical  property  data  the
primary  method  for  detecting  karst  features  on
karst slopes. Peng Tao et al., (2022) interpreted the
spatial  distribution  of  the  epikarst  zone  in  karst
slopes using Ground Penetrating Radar (GPR) and
explored potential indicators in radar data for iden-
tifying  karst  development  depth  through  attribute
analysis approaches (Gao et al., 2020). By analyz-
ing  GPR  wave  characteristics  combined  with
complementary  data,  the  location  and  geometric
morphology of  different  karst  types  can  be  deter-
mined  (Bermejo  et  al.,  2020; Zhang  et  al.,  2013).
Nevertheless,  GPR  signals  are  highly  susceptible
to external interference, and its deployment condi-
tions  are  relatively  demanding.  Therefore,  several
researchers, including Cheng Qinbo, Chen Xi, Min
Tao, have adopted Electrical Resistivity Tomogra-
phy  (ERT)  to  quantify  karst  development  and
hydrological characteristics, and conducted a series
of studies on the structure of the karst critical zone
(Chen  et  al.,  2018; Cheng  et  al.,  2019a; Cheng  et
al., 2019b; Tao et al., 2022). ERT is easy to deploy
and  provides  intuitive  detection  results,  and  has
gradually become an  important  tool  for  character-
izing  karst  features  (Jiang  et  al.,  2025).  Luo et  al.
(2024) employed  ERT to  investigate  soil  distribu-
tion on karst slopes in Southwest China, observing
the heterogeneous features of soil and the epikarst
zone within the study area. Bouzerda et al.  (2026)
combined ERT with geomorphological analysis for
karst hazard assessment, providing a powerful tool

for  risk  mitigation  and  regional  planning  in
collapse-prone  karst  environments.  Additionally,
ERT  can  be  applied  to  determine  bedrock  depth
and  detect  karst  ground  subsidence,  serving  as  an
important  technique  for  underground  structure
exploration  (Coulouma  et  al.,  2013; Xie  et  al.,
2022).

Although previous  studies  have  made  signifi-
cant  progress  in  applying  ERT  in  karst  regions,
most have focused on a single lithology or a single
slope (Bouzerda et al., 2026; Wanaim et al., 2025).
At  the  scale  of  an  entire  watershed,  systematic
geophysical  evidence  is  still  lacking  regarding
karst features characterized by diverse topographic
conditions  and  complex  lithologies  (Funk  et  al.,
2024; Zhang  et  al.,  2024).  Therefore,  this  study
selects  the  Chenqi  small  watershed  in  Southwest
China,  a  site  with  distinctive  characteristics,  as  a
case study.  First,  within  a  small  area,  it  encom-
passes  a  complete  karst  groundwater  watershed
system, allowing  for  more  comprehensive  detec-
tion of subsurface hydrological processes. Second,
it  simultaneously  develops  three  topographic
configurations  (dip  slopes,  anti-dip  slopes,  and
high-lying depressions),  making topography a key
variable, a feature rarely addressed simultaneously
in  existing  karst  studies.  Third,  it  includes  nearly
all rock types found in karst regions. Although the
lithology  is  complex,  the  stratigraphic  boundaries
are  clearly  delineated,  enabling  analysis  of  karst
response  mechanisms  under  complex  geological
conditions.  Finally,  as  a  typical  rainfall  driven
karst  watershed,  it  exhibits  sensitive  hydrological
responses  and  is  equipped  with  comprehensive
hydrological  monitoring  infrastructure  (Cheng  et
al.,  2020; Zhang  et  al.,  2019). These  characteris-
tics make the Chenqi Small Watershed an ideal site
for  studying  the  quantitative  relationship  between
karst  features  and  the  groundwater  system  under
complex  geology  and  topographic  differentiation.
Such  advantages  are  rarely  seen  in  existing  karst
studies,  and this constitutes the core innovation of
this research.

The  objectives  of  this  study  are  to  (1)  quantify
the  depth,  scale,  and  spatial  distribution  of  karst
development under  different  topographic  condi-
tions; (2)  identify  the  resistivity  response  charac-
teristics of  karst  features under different  combina-
tions  of  topography  and  lithology  as  revealed  by
ERT  inversion;  (3)  reveal  the  implications  of
spatial karst distribution characteristics for ground-
water resources at the watershed scale. To achieve
these  objectives,  this  study  employs  ERT  as  the
primary method, with geological drilling and typi-
cal  outcrops  as  validation  tools.  For  the  first  time
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in a karst region at the watershed scale,  this study
systematically analyzes  karst  distribution  charac-
teristics  across  an entire  watershed based on three
topographic types (dip slopes,  anti-dip slopes,  and
high-lying  depressions)  and  complex  lithological
structures, ultimately  establishing  a  coupled  rela-
tionship  between  karst  structure  and  groundwater
runoff under  topographic  differentiation.  In  addi-
tion, this study discusses the characteristics of karst
differentiation in  small  watersheds,  the  applicabil-
ity  and  limitations  of  ERT  in  karst  research,  and
the  influence  of  karst  on  groundwater  resources.
The  research  findings  can  provide  high-resolution
karst  structure  data  for  groundwater  ecological
environment  assessment  at  the  small  watershed
scale  and  offer  a  transferable  research  framework
for  karst  regions  exhibiting  similar  topographic
differentiation characteristics.

 1  Study area and methods

 1.1 Study area

The  study  area  is  the  Chenqi  Small  Watershed,
located  in  the  eastern  part  of  Chenqibao  Village,
Puding  County,  Anshun  City,  Guizhou  Prov-
ince, China (26°15′36″–26°15′56″N, 105°43′30″–
105°44′42″E).  It  is  a  typical  karst  underground
river  basin  in  Southwest  China,  as  well  as  the
first small watershed established for karst  criti-
cal  zone research and national  field  monitoring
in the  country.  Covering  an  area  of  approxi-
mately  1.5  km2,  the  watershed  has  a  subtropical
monsoon  humid  climate,  with  a  multi-year aver-
age precipitation of  1,336 mm and a  mean annual
temperature of 14.2°C, featuring synchronous rain-
fall  and  heat.  Surface  water  and  groundwater
increase  markedly  during  the  rainy  season  and
converge from east to west at the watershed outlet.
With an altitude ranging from 1,338 m to 1,491 m,
the  watershed  exhibits  a  peak  cluster  depression
landform  enclosed  by  mountains  on  three  sides,
where karstification is extensively developed.

The  strata  in  the  study  area  are  dominated  by
thick-bedded  limestone,  thin-bedded  limestone
intercalated  with  marl,  and  a  small  amount  of
dolomitic  limestone  from  the  2nd  and  3rd  sub-
members of  the 2nd member of  the Middle Trias-
sic  Guanling  Formation  (Chen  et  al.,  2018).  The
rock  layers  dip  toward  the  northwest-northwest
(approximately  280°)  with  a  gentle  inclination
angle  (about  7°),  belonging  to  soluble  rocks.  The
dominant  soil  types  are  limestone  soil  and  clay.
The  limestone  exhibits  a  thin-to-thick  double
bedding  structure,  and  the  intercalations  and

interbeddings have led to extensive fracture devel-
opment.  Coupled  with  the  subtropical  monsoon
humid climate,  characterized by abundant  precipi-
tation  and  warm,  humid  conditions  during  the
rainy  season,  these  factors  provide  favorable
conditions  for  karstification  and  groundwater
migration.

Groundwater,  karst  water,  and  spring  water  in
the  Chenqi  Small  Watershed  all  originate  from
atmospheric  precipitation.  Analysis  of  the  remote
sensing  topographic  map  (Fig.  1)  shows  that  the
watershed is enclosed by mountains on three sides,
with only the western side being flat and serving as
the outlet. All slopes serve as primary channels for
karst  water  migration  and  surface  water  runoff.
Gaozita, a special distinctive depression, is located
at  a  relatively  high  elevation  in  the  upper  slope
position  of  the  entire  watershed.  A  large-scale
aquifuge exists in this area and has been preserved
through  prolonged  geological  tectonic  processes.
Blocked  by  the  aquiclude,  part  of  the  water  is
trapped  and  converges  into  the  Chenqi  Small
Watershed via  surface  ditches  and  karst  infiltra-
tion. To investigate the karst distribution character-
istics of the karst small watershed, three sites were
selected:  Yang  slope  (anti-dip  slope,  northeastern
part  of  the  watershed),  Huoshao  slope  (dip  slope,
southeastern  part  of  the  watershed),  and  Gaozita
(high-lying depression, southern part of the water-
shed). These sites cover the three main karst devel-
opment  areas  and  karst  fissure  water  enrichment
zones  within  the  watershed. Fig.  1 presents rele-
vant  information  for  the  Chenqi  watershed.  The
geographical  location  map  is  adapted  from  China
Map GS (2019) No. 1617, and the geological cross-
section  is  referenced  from  the  literature  (Chen  et
al.,  2018; Cheng  et  al.,  2019a; Cheng  et  al.,
2019b).

In  addition,  the  subsurface  media  (water,  air,
soil,  rock,  etc.)  on  the  hillslopes  of  the  study area
exhibit significant  differences  in  physical  proper-
ties,  which  are  reflected  in  parameters  such  as
resistivity, relative  permittivity,  density,  and  elec-
tromagnetic wave velocity (Table 1). This provides
a sound geophysical  basis and justification for the
implementation of ERT experiments.

 1.2 Electrical  Resistivity  Tomography
(ERT) method

Electrical  Resistivity  Tomography  (ERT)  is  a
widely applicable geophysical exploration method,
commonly  used  to  address  issues  related  to
groundwater  hydrology,  geotechnical  structures,
and  engineering  geology.  Based  on  the  resistivity
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differences  of  subsurface  media  (e.g.,  rocks  and
soils),  it  detects  the  distribution  of  subsurface
media  by  mapping  the  resistance  distribution  in
response to an applied direct-current field.

In this ERT survey, a SYSCAL Pro high-density
resistivity  meter  was  adopted,  equipped  with  10
dipole receiver  channels,  and data  acquisition was
fully  automated.  The  Wenner  array  was  used  for
measurement, with a maximum number of acquisi-
tion  layers  of  24.  A  total  of  72  electrodes  were
deployed during the experiment, with a fixed elec-
trode spacing of 1 m, yielding an effective investi-
gation  depth  of  approximately  12  m.  Ten  survey
lines  were  arranged  across  four  zones  in  the

Chenqi  Small  Watershed  (detailed  information  on
the survey lines is listed in Table 2, and their field
distribution is shown in Fig. 1). Three survey lines
were installed on both Yang slope (anti-dip slope)
and Huoshao slope (dip slope), covering the upper,
middle, and lower  positions  of  the  slopes  to  char-
acterize  the  overall  slope  features.  Two  survey
lines were arranged in Gaozita (high-lying depres-
sion),  located  in  the  central  part  of  the  depression
to  detect  the  aquifuge.  As  the  survey  lines  were
situated  on  a  hillside,  the  experiment  was
conducted on  flat  abandoned  farmland  to  mini-
mize  topographic  effects.  The  survey  lines  were
laid out to the maximum feasible length under field
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Fig. 1 Geographical and geological description of the Chenqi watershed, including the location of key features:
Springs, sinkholes, wells and ERT survey lines
 

Table 1 Physical properties of the major subsurface media in the study area

Medium Resistivity/Ω·m Relative permittivity Density/g·cm−3 EM wave velocity/m·ns−1

Air - 1 - 0.30
Water 50–60 80 1.0 0.03
Clay 10–600 5–40 1.6–2.0 0.06
Dolomite 50–6,000 6 2.8–3.0 0.12
Thin-bedded limestone 60–2,000 4–8 2.6–2.8 0.12
Thick-bedded limestone 500–6,000 4–8 2.6–3.1 0.12
Marl 5–5,000 - 2.3–2.5 -
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conditions, resulting  in  relatively  short  and incon-
sistent lengths. The survey lines on Yang slope and
Huoshao  slope  were  laid  horizontally  along  the
mountain  strike  direction.  For  Gaozita,  since  the
distribution range and depth of the aquiclude were
unknown,  two  mutually  perpendicular  boundary
survey lines were arranged to fully explore its exis-
tence  and  distribution.  This  ERT survey  can  meet
the requirements  for  investigating  the  develop-
ment  and  distribution  characteristics  of  surface
karst on karst slopes.

In addition, due to the complexity of karst areas,
the  measuring  device  was  carefully  selected  for
this  experiment.  The  Wenner  array  is  sensitive  to
vertical layered  structures,  with  strong  measure-
ment signals, good data stability, and simple deplo-
yment,  making it  suitable for the overall  detection
of  underground  structures.  Therefore,  it  is  more
practical in most shallow resistivity surveys (Jiang
et al., 2025). In contrast, although the dipole-dipole
array  has  higher  horizontal  resolution,  its  signals
are susceptible to noise interference and the stabil-
ity of data inversion is poor. The Wenner-Schlum-
berger array offers a certain balance between verti-
cal and horizontal detection capability, but its elec-
trode arrangement is complex, detection efficiency
is  low,  and  its  signal  characteristics  in  layered
media  are  not  as  clear  as  those  of  the  Wenner
array.  Considering  the  detection  objectives,  site
conditions,  and  data  reliability  comprehensively,
the Wenner array was ultimately adopted.

 1.3 Geological drilling

ERT interprets and infers subsurface geological str-
uctures based  on  the  apparent  resistivity  distribu-
tion of geotechnical media. Its result accuracy rel-
ies on inference methods and interpretation techniq-
ues, which entail uncertainties and non-uniqueness,
thus  requiring  verification  by  other  methods.

Geological  drilling  obtains  subsurface  rock  cores
via  drilling  machinery,  which  can  directly  reflect
the characteristics  of  subsurface  geological  struc-
tures with authentic and reliable results.  However,
it  has  drawbacks  such as  high costs  and restricted
deployment  conditions.  As  a  common verification
method for other exploration techniques, it exhibits
remarkable effectiveness in testing the validity and
applicability  of  complementary exploration appro-
aches.

To  verify  the  ERT  inversion  results,  a  survey
line  D1  was  deployed  at  the  slope  bottom  of  the
Chenqi Small Watershed (Fig. 1), with a relatively
short length  of  72  m.  After  completing  the  inver-
sion  and  interpretation  of  ERT  data,  a  borehole
location  was  selected  at  the  15  m mark  of  survey
line D1, corresponding to a zone of complex verti-
cal  resistivity  variations  revealed  by  the  inversion
results.  The  geological  stratigraphic  structure
established  by  integrating  the  documented  results
of the  extracted  rock  cores,  inversion  interpreta-
tion  data,  and  drilling  data  is  presented  in Fig.  2.

 

Table 2 ERT survey lines details in the study area

Location Slope position Line No. Length of survey line/m
Yang slope (anti-dip slope) Lower slope Y1 96

Middle slope Y2 72
Upper slope Y3 72

Huoshao slope (dip slope) Lower slope H1 108
Middle slope H2 108
Upper slope H3 84

Gaozita High-lying depression G1 120
High-lying depression G2 96
Slope bottom D1 72

Verification Slope bottom D2 144
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Fig. 2 Validation  diagram  of  stratigraphic  structure
by geological drilling and ERT inversion
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These  findings  provide  direct  evidence  for  the
scientific validation of the ERT results.

 1.4 Typical outcrops

Due to the scarcity of boreholes in the study area,
the interpretation accuracy of ERT is restricted by
single borehole verification. Therefore, supplemen-
tary  verification  methods  are  required.  A  typical
outcrop  refers  to  a  well-exposed  occurrence  of
strata,  rock  masses  or  structures  on  the  surface
that  can  represent  the  basic  characteristics  of
regional  geological  bodies.  Owing  to  road
construction at the foot of Dongjia slope, a large
area of  geological  bodies  is  exposed.  Accord-
ingly,  line D2 with a total  length of 144 m was
laid  out  above  the  profile.  Three  typical
outcrops  were  selected  along  the  profile  for
comparative  analysis  with  ERT  results  to
further verify the feasibility of the method. The
ERT  inversion  results  and  photographs  of  the
typical outcrops are shown in Fig. 3.

 2  Results and analysis

The  raw  data  were  acquired  and  preprocessed
using  Prosys  II  software  in  this  experiment.
Res2dinv  software  was  employed  for  ERT
inversion, with a grid parameter of 30 layers set
to ensure that the inversion images were refined
so  that  each  color  change  within  a  grid  cell
corresponds  to  an  approximate  depth  variation
of  0.25  m.  The  inversion  calculation  was

conducted using the least-squares method, which
automatically generated  a  2D  subsurface  resistiv-
ity  model.  Due  to  the  significant  difference  in
resistivity  among  the  soil  layer,  karstified  layer,
and intact bedrock, logarithmic values of apparent
resistivity were adopted to better reflect the bound-
aries  between  them.  Finally,  after  post-processing
steps  including  annotation  of  the  ERT  inversion
images and delineation of the surface extent (white
lines  in  the  figures),  the  ERT  inversion  results  of
all survey lines were obtained (Figs. 4−11).

 2.1 Verification  of  ERT  inversion  re-
sults

The  total  length  of  the  drill  core  is  6  m,  which  is
recorded in  six  sections  (1  m per  section)  with  an
overall  recovery rate exceeding 90% (Fig.  2).  The
results  show  that:  The  soil  layer  is  approximately
0.3 m thick, consistent with the ERT interpretation
results;  the  interval  0.3–1.0 m  consists  of  moder-
ately  fractured  rock  mass  with  dissolution  traces,
indicating well-developed karstification; 1.0–1.2 m
is characterized by intact rock columns; 1.2–2.1 m
is slightly fractured rock mass without dissolution;
2.1–3 m is  intact  rock mass;  3–5.8 m is  relatively
intact  rock  mass  with  abundant  dissolution  traces,
where  karstification  is  well-developed;  5.8–6.0  m
is  relatively  intact  rock  mass.  The  drilling  results
are  highly  consistent  with  the  karst  development
characteristics  interpreted  by  ERT,  with  minimal
errors.  Moderately  fractured  and  relatively  intact
rock  masses  in  non-karst areas  were  not  effec-
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Fig. 3 Typical outcrop verification of ERT inversion results
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Fig. 4 ERT inversion profile for survey line Y1
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Fig. 5 ERT inversion profile for survey line Y2
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Fig. 6 ERT inversion profile for survey line Y3

 

Iteration 10 Abs. error=2.7%

0 17 33 49 65 80 97m
0
2
4
6
8

10
12

Inverse model resistivity section

Resistivity in ohm·m Unit electrode spacing 1.00 m.
13.2 30.4 70.0 161.0 372.0 857.0 1,976.0 4,554.0

Depth

 

Fig. 7 Inversion map of ERT for survey line H1
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Fig. 8 Inversion map of ERT for survey line H2
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tively  distinguished,  presumably  due  to  the  small
difference  in  fracturing  intensity  between  them,
resulting  in  no  significant  difference  in  resistivity
response  and  making  accurate  characterization
through electrical  inversion  difficult.  The  resistiv-
ity  of  karst-developed  rock  mass  is  significantly
lower  than  that  of  the  surrounding  rock,  and  rock
mass  integrity  did  not  affect  the  identification  of
karst-developed  zones  by  ERT.  In  conclusion,
ERT  inversion  exhibits  excellent  interpretation
performance  on  the  limestone  slope  of  the  study
area,  especially  in  accurately  identifying  karst
development  locations,  which  can  meet  the
research requirements.

Fig.  3 illustrates  the  correspondence  between
the  ERT  inversion  profile  and  geological
outcrops,  aiming  to  verify  the  reliability  of
geophysical  exploration  using  field  geological
observations.  Typical  outcrops were selected at
32  m,  85  m,  and  118  m  along  Profile  D2.  The
ERT  survey  line  is  marked  by  a  solid  red  line,
while  the  soil–rock  interface  and  lithological
boundaries are indicated by dashed white lines.

The visible geological units at each outcrop are,
in  sequence:  Soil,  limestone,  thick  marl,  thin
marl,  and  limestone.  The  results  show  that  the
resistivity  characteristics  of  soil,  limestone,
marl, and other media are highly consistent with
the ERT inversion results, with only minor devi-
ations in  the  distribution  of  soil.  These  devia-
tions  mainly  result  from  a  horizontal  offset  of
approximately  0.25  m  between  the  survey  line
layout  and  the  outcrop,  as  well  as  weathering,
erosion,  and  soil  infiltration  affecting  the
outcrops,  leading  to  slight  differences  between
the  ERT  detection  results  and  field  geological
observations.  A  sharp  decrease  in  resistivity  at
34  m  corresponds  to  the  boundary  between
bedrock  and  soil-infiltrated  zones  in  the  outcrop
profile. A high-resistivity anomaly at 85 m coin-
cides with the marl aquiclude, providing a basis
for  interpreting  the  widespread  high-resistivity
characteristics  of  the  high-lying  depression.
Below  the  118  m  mark,  the  resistivity  shows  a
trend  of  first  increasing  and  then  decreasing,
corresponding  to  the  transition  from thick  marl
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Fig. 9 Inversion map of ERT for survey line H3
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Fig. 10 ERT inversion profile for survey line G1
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Fig. 11 ERT inversion profile for survey line G2
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to thin marl. This indicates that thick marl has a
higher resistivity than thin marl, and thick marl
is  more  likely  the  main  body  of  the  aquiclude.
These  findings  clarify  the  resistivity  ranges  of
soil,  limestone,  and  marl,  and  can  provide  a
reference  for  the  interpretation  of  ERT  survey
results.

 2.2 ERT  inversion  results  of  the  anti-
dip slope

Fig.  4 presents  the  ERT  inversion  results  of  the
lower-slope  survey  line  Y1  on  the  anti-dip  slope.
The  transition  zone  from  low  resistivity  to  high
resistivity in the figure is inferred to be the epikarst
zone, while the blue and light blue areas generally
represent soil  zones.  The results indicate that rock
strata with  resistivity  values  less  than  approxi-
mately  300  Ω·m  are  karst-developed. Karstifica-
tion occurs  at  nearly  the  surface  at  multiple  loca-
tions  (e.g.,  16  m,  48  m,  80  m),  and  the  depth  of
karst  development  varies  across  other  regions,
demonstrating high  heterogeneity  and  discontinu-
ity of karstification.

Survey  line  Y2  on  the  midslope  of  the  anti-dip
slope  (Fig.  5)  shows  a  distinctive  low-resistivity
anomaly.  Compared  with  other  survey  lines,  it  is
characterized  by  the  coexistence  of  conduit-type
low  resistivity  and  near-surface  low  resistivity.
Specifically,  part  of  the  karst  develops  beneath
intact rock strata with a pipe-like shape, rather than
the  typical  distribution  between  the  soil  layer  and
intact bedrock. It is inferred that such conduit-type
karst  serves  as  both  a  migration  channel  for  karst
water  and  undergoes  further  karstification  under
water  seepage  and  erosion.  The  high-resistivity
anomaly in the surface layer of the latter half of the
survey line is attributed to the dense distribution of
surface  rocks.  Interpretation  results  show  that  the
soil  layer  in  the  first  half  of  the  survey  line  is
extremely  thin  with  underdeveloped  karst,  while
the soil thickness in the latter half increases signifi-
cantly with a simultaneous increase in karst devel-
opment  depth.  This  indicates  significant  spatial
variability in  soil  thickness  across  the  karst  lime-
stone  area,  with  a  certain  positive  correlation
between epikarst thickness and soil thickness.

Based on the stratigraphic lithology of the study
area,  the  upper  part  of  the  sunny  slope  is  the
boundary between thin-bedded limestone and thick-
bedded limestone, where the anti-dip slope survey
line Y3 (Fig. 6) is exactly located. The ERT inver-
sion  results  of  Y3  show  that  the  epikarst  zone  in
the upper  slope  is  shallow,  concentrated  approxi-

mately  0.5  m  below  the  soil  layer.  Notably,  the
ERT  inversion  clearly  depicts  the  boundary
between  thin-bedded  limestone  and  thick-bedded
limestone  (black  line  in Fig.  6).  At  the  horizontal
interval  of  0–48  m  and  a  depth  of  7  m  in  this
survey line, the resistivity of the overlying strata is
significantly  higher  than  that  of  the  underlying
strata. Since the overall resistivity in this region is
relatively  high  (approximately  >  400  Ω·m),  this
phenomenon  is  not  caused  by  karst  development.
Instead,  it  is  inferred  to  result  from the  resistivity
difference  between  the  two  limestone  facies,  i.e.,
the  thin-bedded  limestone  beneath  the  intact  rock
layer  has  a  lower resistivity  than the thick-bedded
limestone.

In summary,  the ERT inversion achieves excel-
lent  performance  on  the  anti-dip  slope,  and  it  is
feasible to infer the actual karst development based
on  the  inversion  results.  Karstification  exhibits
high heterogeneity  with  discontinuous  develop-
ment  of  the  epikarst  zone;  pipe-shaped  karst  is
prone  to  occur  in  the  middle  slope,  which  also
serves as a migration channel for karst water. ERT
inversion also  demonstrates  outstanding  effective-
ness in identifying two limestone lithological types
with  high  accuracy  in  determining  the  stratum
boundary.

 2.3 ERT  inversion  results  of  the  dip
slope

Figs. 7, 8, and 9 present the ERT inversion results
of  the  lower-slope,  middle-slope,  and  upper-slope
positions of the Huoshao slope, respectively. Influ-
enced  by  variations  in  subsurface  rock  fracturing,
karst development intensity, and lithological purity
across different  elevations,  the  maximum resistiv-
ity  values  of  each  survey  line  vary  significantly.
With increasing  elevation,  the  average  rock  resis-
tivity shows a decreasing trend, indicating a higher
degree of rock weathering in the upper slope. This
variation  pattern  is  exactly  opposite  to  that  of  the
anti-dip slope, reflecting that factors such as moun-
tain  topography  and  slope  aspect  can  regulate  the
direction  of  water  movement,  thereby  affecting
karst  development.  The  H1 survey  line  (Fig.  7)  is
dominated  by  epikarst,  characterized  by  shallow
and  uniform  development  depth.  Dense  surface
rocks  result  in  multiple  surface  high-resistivity
anomalies,  which  to  a  certain  extent  reduce  water
infiltration  and  weaken  the  erosion  of  subsurface
rocks and the intensity of karst development.

Similar  to  the  Y2  survey  line  on  the  anti-dip
slope (Fig. 5), the middle-slope H2 survey line on
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the  dip  slope  (Fig.  8)  also  develops  pipe-shaped
karst  with  a  more  extensive  distribution.  Local
epikarst occurs before the 32 m mark of the survey
line, while the latter segment is entirely composed
of  pipe-shaped  karst.  Compared  with  the  anti-dip
slope, the karst areas of the H2 survey line exhibit
lower  average  resistivity,  more  intact  pipe
morphology  (not  connected  to  the  surface),  and  a
tendency  to  expand  laterally.  The  resistivity  on
both  sides  of  the  pipe  is  lower  than  that  in  the
center, with traces of incomplete development. It is
inferred  that  two  karst  conduits  merged  into  one
during  the  lateral  erosion  process.  This  result
further  confirms  that  driven  by  water  movement,
pipe-shaped karst continuously erodes laterally and
downward from the pipe core outward,  eventually
forming larger karst conduits.

The H3 survey line (Fig. 9) is laid on the upper
slope of the Huoshao slope, and its ERT inversion
results  are  highly  typical,  covering  all  types  of
karst  development  in  the  study  area.  The  0–16  m
segment  of  the survey line develops shallow karst
with  a  relatively  thick  soil  layer;  the  16–32  m
segment  is  a  pipe-shaped  karst  development  area,
where the pipe center has extremely low resistivity,
possibly indicating a sediment-filled karst cave; the
32–40 m segment shows almost no karst develop-
ment,  reflecting  the  discontinuous  distribution  of
the epikarst  zone; the latter  segment of the survey
line  has  a  large  karst  development  thickness  and
dense  surface  rocks.  Affected  by  discontinuous
rocks,  water  preferentially  infiltrates  through  the
gaps between gravels, causing differential dissolu-
tion and  gradually  forming  the  rudiments  of  solu-
tion pipes. This phenomenon also explains the core
reason  for  the  significant  resistivity  differences
within the same karst area.

In summary,  the ERT inversion achieves excel-
lent performance on the dip slope, with many simi-
larities  to  the  anti-dip  slope.  Pipe-shaped  karst
develops  in  the  middle-slope  position  of  both
slopes,  providing  favorable  conditions  for  karst
water  migration;  the  development  intensity  of
epikarst  is  irrelevant  to  elevation,  but  surface
rocks, soil  thickness,  subsurface  rock  fragmenta-
tion,  and  geological  structures  can  affect  karst
development  to  a  certain  extent;  the  scope  and
intensity  of  karst  development  will  gradually
increase under the erosion of preferential flow.

 2.4 ERT  inversion  results  of  the  high-
lying depression

Both  the  G1  survey  line  (Fig.  10)  and  G2  survey

line  (Fig.  11)  exhibit  extremely  high  maximum
resistivity values,  confirming  the  extensive  distri-
bution of  an  impermeable  layer.  The  ERT  inver-
sion  successfully  delineated  the  location  of  the
regional  impermeable  layer,  providing  new
insights into the geomorphological evolution of the
study area.

The  G1 survey line  is  situated  west  of  Gaozita,
near  the  watershed  boundary.  Further  west,  the
terrain  descends  with  concentrated  surface  gullies
(the theoretical  termination  zone  of  the  imperme-
able  layer).  The  ERT  inversion  results  show  that
G1  exhibits  a  relatively  deep  low-resistivity
anomaly,  indicating  the  extensive  development  of
underground karst. A uniform high-resistivity zone
appears at a depth of 12 m (4 m depth in the 60–80
m segment of  the survey line),  which is  identified
as  the  regional  impermeable  layer.  The  resistivity
difference  between  the  upper  and  lower  layers
reaches  nearly  10,000  Ω·m,  a  phenomenon  not
observed  in  the  slope  survey  lines.  This  further
underscores  the  critical  role  of  the  impermeable
layer  in  the  formation  of  depression  landforms
during  karst  evolution.  The  84  m  mark  of  the
survey  line  corresponds  to  the  termination  of  the
impermeable  layer  and  serves  as  a  groundwater
discharge pathway.  Sustained  downward  karstifi-
cation  at  this  location  has  resulted  in  deep  karst
development.

The  G2  survey  line  is  located  northeast  of
Gaozita, adjacent to the Huoshao slope, where the
rock exposure rate is relatively high. Theoretically,
the  impermeable  layer  should  be  extensively
distributed  here.  ERT  inversion  results  show  that
the impermeable layer is widely distributed across
the  entire  survey  line,  occurring  at  a  depth  of
approximately 1 m. The front section of the survey
line is near the crest of the Huoshao slope, where a
low-resistivity  zone  is  observed  at  10  m  depth,
corresponding to a karst-developed area and repre-
senting the starting point of the impermeable layer.
A low-resistivity  anomaly also appears  in  the rear
section of  the  survey line,  but  it  is  not  interpreted
as  karst-related.  This  is  presumably  due  to  rock
fracrturing near the edge of the impermeable layer
or significant errors in the ERT inversion.

In summary,  the  ERT exhibits  excellent  perfor-
mance  in  delineating  subsurface  impermeable
layers in karst areas, enabling accurate detection of
aquiclude depth  and  spatial  extent.  For  depres-
sions  within  karst  watersheds,  the  presence  of
impermeable  layers  blocks  downward  water
erosion  and  regulates  the  direction  of  karst  water
movement,  which plays a crucial role in the study
of groundwater dynamics in karst regions.
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 2.5 ERT 3D inversion results

ERT profile inversion suffers from the non-unique-
ness  problem  in  geological  interpretation,  and  3D
resistivity inversion serves as one of the important
verification  methods.  Given  the  large  spacing  of
survey lines in the study area and their distribution
on  slope  surfaces  with  different  elevations,  full-
watershed 3D  observation  is  difficult  to  imple-
ment.  In  this  study,  the  main  survey  line  Y1  was
selected to conduct small-scale 3D resistivity joint
inversion, aiming  to  improve  the  spatial  represen-
tativeness  and  interpretation  reliability  of  the
results.  The  3D  observation  adopted  the  Wenner
array, which was deployed on both sides of the Y1
survey  line  to  form  a  3D  observation  grid.  The
inversion  was  carried  out  using  the  RES3DINV
software, and the final RMS error was 2.72% after
6 iterations, meeting the convergence criteria.  The
3D inversion results  (Fig.  12) are presented in the
form  of  depth  slices  (15  layers  in  total),  allowing
direct  comparison  with  the  2D  inversion  results
(Fig. 4).

The  results  show  that  the  shallow  layer  (0–
2.50 m)  is  dominated  by  low  resistivity,  corre-
sponding  to  loose  soil.  The  3D  slices  reveal
spatial  heterogeneity  in  soil  thickness  (no  soil
cover at the 30 m position in some areas), which
is consistent with the variation in soil thickness
revealed by profile  inversion.  The middle layer
(2.50–8.39 m) exhibits a complex mosaic distri-
bution of resistivity. The 3D slices clearly show
the  planar  distribution  of  karst-developed  zones
and  water-bearing  fracture  zones.  A  local  low-

resistivity  anomaly  is  observed  at  a  horizontal
distance of 50–70 m in both 2D inversion and 3D
slices, which verifies the accuracy of the profile
interpretation.  The  deep  layer  (8.39–23.8  m)  is
characterized  by  overall  high  resistivity  with
little fluctuation. Both 3D and 2D results reflect
the  stable  structural  features  of  intact  deep
bedrock  with  low  water  content.  3D  inversion
overcomes the limitation of the strip-like percep-
tion  from  2D  profiles  and  directly  presents  the
planar  extent  and  connectivity  of  karst  zones.
Meanwhile,  the  planar  distribution  of  local  low-
resistivity  anomalies  in  the  3D  results  further
corroborates  the  spatial  location  of  groundwater
enrichment  areas  and  improves  the  integrity  of
geological interpretation. However, constrained by
topographic  relief  of  mountain  slopes  and  the
layout  range  of  electrode  arrays,  3D  inversion  is
inferior to 2D profile inversion in identifying karst
distribution  at  the  watershed  scale.  Therefore,  2D
profile  inversion  remains  the  core  method  in  this
study.

The  3D inversion  results  do  not  replace  the  2D
profile inversion,  but  provide  supplementary  veri-
fication  through  an  additional  spatial  dimensions.
On the one hand, the vertical zonation characteris-
tics  are  highly  consistent  with  those  of  profile
inversion,  confirming the reliability  of  the layered
structure  consisting  of  surface  soil,  middle  karst
zone,  and  deep  bedrock.  On  the  other  hand,  the
spatial distribution of anomalous areas revealed by
horizontal  slices  provides direct  three-dimensional
constraints for the geological model shown in Fig.
13, and clarifies the horizontal extension and verti-
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Fig. 12 3D ERT inversion results for survey line Y1 (horizontal axis: Survey line length; vertical axis: Horizon-
tal distance; layers 1–15: Slices at different depths)
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cal connectivity of the karst-developed zones. The
combination  of  the  two  methods  allows  a  more
accurate  assessment  of  geological  structures  and
groundwater distribution,  providing  a  more  reli-
able  scientific  basis  for  groundwater  exploration
and  karst  detection.  However,  in  karst  areas  with
complex  geology  and  topography,  high-density
profile inversion may be more adaptable than small-
scale 3D inversion.

 2.6 Soil and  karst  distribution   charac-
teristics

Based  on  six  ERT  inversion  profiles  across  the
slope (H1, H2, H3, Y1, Y2, Y3),  statistical  analy-
ses  were  performed on soil  thickness  and epikarst
thickness using 264 sampling points (Fig. 13). The
results  show  that  the  slope  soil  thickness  in  the
study area is generally thin, with a median value of
approximately  0.5–2.0  m  and  a  maximum
observed  thickness  not  exceeding  3.0  m.  In  stark
contrast,  the  epikarst  thickness  is  significantly

larger,  with  a  median  range  of  2.0–4.0  m  and
extreme  values  reaching  up  to −12  m  at  profiles
such as  Y1  and  Y2.  Spatially,  the  epikarst  thick-
ness at the midslope position is notably higher than
that at  other  slope  positions,  while  the  soil  thick-
ness shows no significant difference among differ-
ent slope positions. This distribution pattern clearly
indicates  that  the  epikarst  zone  is  the  dominant
host layer of subsurface space in karst watersheds,
and  its  spatial  distribution  is  characterized  by
strong heterogeneity.  Furthermore,  a  weak  posi-
tive  correlation  exists  between  soil  thickness  and
epikarst thickness (Fig. 13b), suggesting that these
two  layers  may  have  undergone  co-development
during karst  geomorphological  evolution,  collec-
tively forming  a  complex  karst  subsurface  struc-
tural system.

 3  Discussion

 3.1 Comparison  of  ERT  inversion
results for different slopes

Fig.  14 illustrates  the  subsurface  structures  of  the
anti-dip  slope  and  dip  slope  in  the  Chenqi  Small
Watershed  as  revealed  by  ERT  inversion  results.
Vertically along each survey line, the stratigraphic
sequence  from  the  surface  to  the  subsurface
consists of  the  soil  layer,  karst  layer,  and  lime-
stone  bedrock  layer,  which  is  a  typical  structural
characteristic  of  the  epikarst  zone.  Both  slopes
share  a  similar  stratigraphic  structure,  but  the
distribution  and  morphology  of  the  karst  layer
differ. For the anti-dip slope (left of Fig. 14), obvi-
ous  karst  development  occurs  between  40  m  and
50  m  along  each  survey  line;  for  the  dip  slope
(right of Fig.  14),  significant karst  development is
also  observed  after  40  m  along  each  survey  line,
and  these  areas  serve  as  karst  water  flow  paths.
The distribution  of  surface  rocks  and  soil  thick-
ness also exhibits both similarities and differences,
which are  all  factors  influencing  karst  develop-
ment.

The downhill extension of the karst layer on the
anti-dip  slope  may  pose  a  threat  to  geological
stability,  particularly  in  areas  with  karst  caves.  In
contrast, the  karst  layer  on  the  dip  slope  is  rela-
tively scattered, which may have a lesser impact on
geological stability, but the presence of karst caves
still  requires  attention.  The  karst  layers  on  both
slopes  may  exert  a  continuous  influence  on
groundwater flow  and  soil  conditions,  necessitat-
ing  further  environmental  assessments.  By
comparing  the  ERT inversion  results  of  these  two
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Fig. 13 Statistics  of  slope  soil  and  epikarst  thickness
(a),  and  the  relationship  between  soil  thickness  and
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correlation coefficient)
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slopes, a  better  understanding of  subsurface struc-
tures and  potential  geological  issues  under  differ-
ent  geological  conditions  can  be  achieved.  This
holds significant  implications  for  land  use  plan-
ning,  groundwater  hydrological  processes,  and
environmental protection.

 3.2 Application  of  ERT  inversion  in
Karst watersheds

In this study, different geological bodies are inter-
preted  based  on  resistivity  contrasts.  Typically,
limestone  bedrock  exhibits  high  resistivity,  while
karst  layers  and  thin-bedded  limestone  have  low
resistivity  (Ryckebusch et  al.,  2025). The  resistiv-
ity  variations  of  the  two  slopes  are  similar,  but
differences  in  lithology  and  rock  structure  may
lead  to  slight  discrepancies  in  resistivity  values.
Such  resistivity  contrasts  enable  ERT  to  perform
effectively in detecting karst distribution character-
istics in karst areas. For different geological back-
grounds and research requirements, various experi-
mental  approaches  can  be  adopted  to  achieve
specific  objectives.  For  instance,  ERT  cross-
sections can reveal resistivity changes, where low-
resistivity  zones  correspond  to  water-bearing
layers,  and  comprehensive  parameters  derived
from electrical inversion can effectively character-
ize the coupling relationship between aquifer thick-
ness  and  water  quality  (Obiora  and  Ibuot,  2023;
Song  et  al.,  2025).  Additionally,  integrated
geophysical methods including ERT can be used to
detect groundwater infiltration and discharge paths,
as these are the primary factors contributing to the
formation  of  sliding  zones  within  low-resistivity
water-bearing structures prone to landslides (Yu et
al., 2023).

Although this  study  represents  a  basic  applica-
tion  of  the  ERT  method,  to  fully  investigate  the
karst  development  characteristics  of  the  entire

watershed,  various  terrains,  slope  types,  and
geomorphic units in a typical karst watershed were
selected, including dip slopes,  anti-dip slopes,  and
high-lying  depressions.  Furthermore,  different
elevation positions  of  individual  slopes  were  fully
considered, ensuring  that  the  results  comprehen-
sively reflect the karst development characteristics
at  the  entire  karst  watershed  scale.  ERT inversion
technology  holds  significant  application  value  in
karst  watersheds  for  detecting  groundwater  flow,
soil-superficial  karst  interfaces,  and  geological
structures.  By  innovating  experimental  design,
selecting  appropriate  methods,  or  integrating  with
other techniques,  a  more  comprehensive  assess-
ment  and  utilization  of  water  resources  in  karst
areas can be achieved.

 3.3 Impact  of  karst  development  on
groundwater resources

Geological  structures,  climate,  topography,  and
hydrological characteristics  exert  significant  influ-
ences  on  groundwater  resources  (Cheng  et  al.,
2024).  In  karst  areas,  karst  development  plays  a
crucial role in regulating groundwater flow (Guo et
al.,  2025). Within karst  water  systems,  groundwa-
ter tends to flow along fractures and erosion-prone
pathways. Over  time,  the  flow  gradually  transi-
tions  to  a  turbulent  state  and  concentrates  into  a
limited  number  of  major  channels,  forming  karst
conduits.  ERT surveys in this study detected karst
conduits  in  the  middle  sections  of  both  slopes,
which serve as indicators of karst  water migration
pathways.  This  is  consistent  with  the  findings  of
most  current  scholars  (Hao  et  al.,  2025; Huang  et
al.,  2025).  However,  due  to  the  high  velocity  and
turbulent  nature  of  groundwater  flow  in  karst
conduits,  these  structures  accumulate  most  of  the
water resources in the aquifer. Such karst conduits
also  pose  challenges  to  the  stability  of  mountain
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slopes in karst regions, while the concentrated flow
pattern  holds  important  implications  for  water
resource management and protection (Bo and Mei,
2018; Li et al., 2023). Therefore, research on pipe-
shaped  karst  and  fractures  within  karst  layers  is
essential  for  understanding  and  predicting  karst
water  flow,  as  well  as  formulating  corresponding
water resource management strategies.

Karst  regions  are  characterized  by  thin  soil
layers and highly permeable karst  aquifers,  result-
ing  in  poor  stability  of  the  water-bearing  system,
which  is  vulnerable  to  external  disturbances
(Zhang  et  al.,  2020).  These  factors  render  karst
groundwater  susceptible  to  pollution,  thereby
affecting water quality (Lan et al., 2024). Contami-
nation  of  karst  water  can  disrupt  the  balance  of
aquatic ecosystems, leading to unforeseen ecologi-
cal  changes  (Atoui  and  Agoubi,  2026). Conse-
quently,  changes in the geological  environment  of
karst areas have significant impacts on the ecologi-
cal system. Specifically, variations in groundwater
resources affect regional hydrological cycles, exac-
erbate surface  water  scarcity,  and  threaten  biodi-
versity.  Alterations  to  the  geological  environment
may also trigger geological hazards such as ground
subsidence, landslides, and rockfalls, posing severe
risks to the ecological environment and human life
and property safety.

The impacts of karst development on groundwa-
ter  resources  in  karst  watersheds  are  multifaceted,
and these influencing factors must be fully consid-
ered  in  groundwater  resource  management  and
environmental protection.

 4  Conclusions

(1) ERT exhibits  excellent  performance  in  detect-
ing karst distribution characteristics and accurately
delineating  the  location  of  impermeable  layers  in
karst  watersheds.  Three-dimensional (3D)  inver-
sion provides  a  more  comprehensive  representa-
tion  of  subsurface  structures  within  small-scale
areas,  while  2D  cross-sectional  inversion  focuses
more  on  specific  geological  information  and  is
better  suited  for  karst  detection  at  the  watershed
scale.  Geological  drilling  technology  effectively
verifies the validity and applicability of ERT.

(2)  Karst  development  in  karst  watersheds  is
highly heterogeneous, with discontinuous develop-
ment of epikarst zones. Pipe-shaped karst is prone
to  occur  in  the  middle  slope  positions  of  karst
watershed  slopes,  serving  as  indicators  of  karst
water migration directions. The intensity and scope
of  karst  development  will  gradually  expand under

water  erosion,  further  influencing  groundwater
resources  in  karst  areas.  Karst  water  is  dominated
by runoff on dip slopes whereas infiltration domi-
nates  on  anti-dip  slopes;  continuous  low-resistiv-
ity  aquicludes  in  high-lying  depressions  control
local  groundwater  levels.  Karst  structure  and
groundwater  runoff  show  a  coupled  synergistic
relationship  under  the  control  of  topographic
differentiation.

(3)  The  average  soil  thickness  is  approximately
0.5–2.0  m,  and  the  average  thickness  of  the
epikarst  zone is about 2.0–4.0 m. There is a weak
positive  correlation  between  soil  thickness  and
epikarst  zone  thickness.  The  scientific  application
of  ERT  combined  with  geological  drilling  can
effectively detect  karst  development  characteris-
tics  in  karst  watersheds,  providing  quantitative
results for karst research. This approach also holds
significant  implications  for  hydrological  response
processes, groundwater regulation and storage, and
ecological environmental protection.
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