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The construction of modern livable cities faces challenges in karst areas, including ground collapse and
engineering problems. Wuhan, with a population of 13.74x10° and approximately 1161 km? of soluble
rocks in the urban area of 8569.15 km?, predominantly consists of concealed karst areas where occasional
ground collapse events occur, posing significant threats to underground engineering projects. To address
these challenges, a comprehensive geological survey was conducted in Wuhan, focusing on major karst-
related issues. Geophysical methods offer advantages over drilling in detecting concealed karst areas due
to their efficiency, non-destructiveness, and flexibility. This paper reviewed the karst geological
characteristics in Wuhan and the geophysical exploration methods for karst, selected eight effective
geophysical methods for field experimentation, evaluated their suitability, and proposed method
combinations for different karst scenarios. The results show that different geophysical methods have
varying applicability for karst detection in Wuhan, and combining multiple methods enhances detection
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effectiveness. The specific recommendations for method combinations provided in this study serve as a
valuable reference for karst detection in Wuhan.

©2024 China Geology Editorial Office.

1. Introduction

The construction of modern livable cities is often hindered
by ground collapse and engineering problems in karst areas
(Wang CS et al., 2019). Wuhan City, located in the central
region of China, is a central city and a super-large city with an
exceptionally advantageous transportation location. It has
established 460 km of subway lines and 2783.8 km of
operational bus lines. The rapid urban development has
created a substantial demand for the utilization and
development of underground space. However, karst collapse
poses a direct threat to urban safety and has become the
primary form of geological disaster in urban areas (Fig. 1). In
Wuhan, there is a total area of approximately 1161 km? of
soluble rocks, with 96% being concealed karst areas where
occasional ground collapse events occurred (Fan SK, 2006;
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Zheng XM et al., 2019). These special karst geological
problems in karst area have posed significant threats to
underground engineering projects, including the construction
of subway and underwater tunnels (Li SC et al., 2017; Peng
IB et al., 2019). To address these issues, the China Geological
Survey and Wuhan Municipal Government conducted the
Wuhan Multi-factor Urban Geological Survey in 2019, with a
specific focus on investigating major geological and
environmental issues related to karst.

Compared to drilling, geophysical methods offer
advantages in detecting concealed karst areas because of their
high efficiency, non-destructiveness, and flexibility (Meng
YH and Lei MT, 2019). Among these methods, the most
commonly used ones are Ground Penetrating Radar (GPR),
Electric Resistivity Tomography (ERT), Audio-frequency
Magnetotelluric (AMT), Electromagnetic wave CT (EM CT),
and microgravity methods (Chalikakis K et al., 2011; Zhang
W et al., 2019). GPR accurately locates karst fissures and
cavities in exposed and shallow covered karst areas
(Kaufmann O and Deceuster J, 2014; Liu LB and Qian RY,
2015). ERT is the most widely used method in karst surveys
(Ungureanu C et al., 2017; Zheng ZJ et al., 2019), limestone-
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Fig. 1. Some photos of karst collapse in Wuhan City.

soil interface recognition (Ismail A and Anderson N, 2012),
and underground river detection (Zhu et al., 2011; Gan FP et
al., 2017). AMT and seismic exploration methods are better
for detecting buried karst areas (Valois R et al., 2011; Wu AM
et al., 2018). EM CT is frequently used for engineering karst
surveys, but it requires more stringent borehole spacing, well-
washing process, and wellbore materials (Li SC et al., 2015;
Peng Y et al., 2016). Additionally, microgravity methods can
detect shallow unfilled caves (Gambetta M et al., 2011;
Solbakk T et al., 2018). Multiple geophysical methods
together can improve the reliability of karst detection by
obtaining multiple physical properties of karst (Chen YL et
al., 2013; Eftychia A et al., 2022).

Karst exploration in Wuhan has a long history, with
previous research primarily focusing on cave detection and
the distribution of karst area. However, limited attention has
been given to the detection of soil structure, underground
karst water, and the systematic integration of rock detection
methods (Fu ZY et al, 2020; Li CX et al, 2021).
Consequently, there exists a deficiency in the comprehension
of appropriate geophysical methods and effective exploration
solutions. To bridge this gap, this paper undertook a
comprehensive review of prior geological surveys and studies,
thereby selecting eight geophysical methods deemed effective
for field experimentation. These selected methods were
subsequently evaluated for their suitability in addressing
specific targets of karst exploration. Furthermore, the
combinations of suitable methods were proposed to
accommodate diverse stages of karst collapse development
and geological scenarios.

2. Geological and geophysical characteristics of karst in
Wuhan

2.1. Geological characteristics of karst in Wuhan

Wuhan City is located in the eastern part of Hubei

Province, encompassing two secondary tectonic units: the
Yangtze landmass region and the Qinling-Dabie orogenic belt
(Fig. 2b). These two regions are separated by the Xiangfan-
Guangji major fault, with the southern side constituting the
fold-thrust belt of the Lower Yangtze landmass in the Yangtze
landmass region. The northern side, on the other hand,
comprises the Qinling arc basin system of the Qinling-Dabie
orogenic belt, which includes the rift valleys of the southern
margin and the Macheng-Xinzhou depression (He J et al.,
2020). The karst landscape mainly occurs in the southern
Platform fold-thrust belt, with a total area of about 1161 km?,
where eight east-west karst belts are developed with a width
generally ranging from 0.8 km to 6.8 km and a maximum of
12 km (Fig. 2a and Fig. 2c). These karst features are
predominantly located in the core of the anticline, with a
smaller number present in the limb of the anticline. The karst
strata primarily consist of the Triassic Jialingjiang Formation
(Ty)and Daye Formation (T,d), the Middle Permian Qixia
and Gufeng Formation (P,g+g), the Carboniferous Huanglong
and Dapu Formation (C,d+h) (Fig. 2d). Table 1 provides an
overview of the main karst strata and their characteristics in
Wuhan.

Many scholars have analyzed the mechanisms of karst
collapses in Wuhan, examining various aspects such as
triggering factors, collapse modes, and evolution mechanisms
(Wang F et al., 2017; Zheng XM et al., 2019). By considering
the composition and transportation of the overlying soil, the
karst collapses mechanisms in Wuhan have been classified
into several types, including soil-cavity type, hourglass type,
mudflow type, and composite karst subsidence (Luo XJ et al.,
2021; Chen BD et al., 2021). It is evident that the “rock-soil-
water” system plays a pivotal role in the process of karst
geological activity (Wang JX et al., 2001; Liu DH et al.,
2022a), directly influencing the formation and evolution of
karst collapses and serving as a crucial aspect of urban
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Fig. 2. Karst geological map of Wuhan City. a—bedrock geological map; b—outline map of geological structure; c—karst geological stratigraph-

ic profile; d—geological strata map.

underground space detection. Therefore, in this paper, the
characteristics of karst system have been synthesized and
organized, and the specific targets for karst exploration in
‘Wuhan have been established based on these findings (Table 2).

2.2. Geophysical characteristics of karst in Wuhan

Controlled by the first-level tectonic units on both sides of
the Xiang-Guang Fault, the geophysical field in Wuhan
demonstrates characteristic patterns of low gravity, strong
magnetism, and low resistance in the north region, while the
central and southern parts exhibit relatively higher gravity,
weak magnetism, and medium to high resistance (Yan DP et
al., 2015). The regional gravity field shows an overall

negative anomaly in the north, primarily influenced by the
Mesozoic and Cenozoic fault basins, whereas the central and
southern parts exhibit a positive anomaly associated with the
Mesozoic and Paleozoic strata within the region. The overall
distribution aligns in an east-west direction, connected by a
gradient band that follows the tectonic distribution, with the
karst area arranged in a strip-like manner. The regional
magnetic anomaly is predominantly influenced by
sedimentary cover layers and magnetic metamorphic rocks
characterized by low or weak magnetism. In the karst area, a
smooth magnetic anomaly is observed, with the magnetic
field displaying overall positive-negative fluctuations.

The electrical parameters for formations in Wuhan are
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mainly obtained through collection and physical property
samples testing. The SCIP sample rock core IP tester,
produced in Canada, is used as the testing instrument. Seismic
wave velocities are primarily obtained through the collection
and organization of historical elastic wave logging data. Table 3
presents variations in resistivity and seismic velocity among
different lithologies. Soluble rocks, clastic rocks, and soil
layers exhibit distinct electrical properties, with soluble rocks
having high resistivity and high velocity, and a broad range of
resistivity changes that are influenced by factors like
lithology, karst development, and groundwater. The loose
cover layer overlying the karst area has low resistivity and
low velocity. Due to the shallow groundwater burial depth in
Wuhan, high-frequency electromagnetic and elastic wave
energies decay rapidly, resulting in “low-resistivity shielding”
and “low-velocity zone” effects, which affect the depth and
resolution of geophysical exploration. Moreover, the
groundwater level is impacted by the long-term fluctuations
of the Yangtze River water level. The loose soil directly
covering the karst top interface provides good connectivity
between karst water and pore water, promoting the formation
and development of karst. Most karst areas in Wuhan are
filled with mud and sand, leading to the anomalous properties

characterized by low resistivity and velocity, which provide a
physical basis for geophysical exploration.

3. Case analysis of geophysical methods
3.1. Electric Resistivity Tomography (ERT)

ERT involves supplying a stable electric current or a very
low-frequency  alternating  current  with  negligible
electromagnetic effects to the subsurface. The potential
difference at different electrode positions is then measured to
calculate the apparent resistivity, which is further used in the
inversion process to calculate the underground resistivity at
different locations, allowing for the modeling of underground
electrical parameters. This method combines the benefits of
electrical sounding and profiling, with large data collection
and high work efficiency, providing direct and accurate
insights into subsurface electrical abnormal characteristics.
ERT finds widespread usage in the exploration of geological
structures, groundwater, karst formations, and cover layers
(YanJY etal., 2012; Verdet C et al., 2020).

3.1.1. 2D ERT
In the 2D ERT study, a comparative test of various

Table 1. Main karst strata and characteristics in Wuhan City.

System Strata Lithologic characteristics Karst characteristics
Lithology Structure characteristics ~ Calcite content Particle size/mm Karst phenomenon Karst rate
Triassic T, Dolomite, dolomitic Developed square stone - Development, 1.65%-10%
limestone veins imbalance
T, d Limestone and Cryptocrystalline, 70%-95% 0.005-0.03 Relative development, 1.65%-10%
mudstone argillaceous, granular dissolved gap, small
structure caves
Permian Pg+m Siliceous rock, Granular mosaic 94%-100% 0.2-2.5 Strong development, 10%-30%
limestone large caves
Carboniferous C,d+h Dolomite, limestone Hemideomorphic mosaic  4%—5% 0.002-0.032 Less development, 1%-17%

and limestone structure

cracks

Table 2. Characteristics of geological elements and exploration targets in Wuhan City.

Geological elements Typical features

The main detection target

Soluble rock 1. Concealed karst predominates 1. Karst band boundaries

2. Near east-west karst bands 2. Degree and distribution of karst

3. Karst development at the top 3. Bedrock top interface

4. Small caves, pores, dissolution, and sediment filling 4. Fracture and tectonic distribution
Soil 1. Multiple combination structures 1. Soil thickness

2. Soil collapses 2. Soil structure

3. Thickness between 30-50m 3. Soil disturbances
Groundwater 1. Shallow water level 1. Type of groundwater

2. Strong hydraulic connection 2. Aquifer structure

3. Mainly pressurized water 3. Aquifer water inflow

Table 3. Statistics of geophysical parameters in Wuhan city.
System Lithology Resistivity/Q-m P-wave velocity (m/s)
Mean Range Mean Range

Quaternary Clay, silty clay 33 21-69 371 385-698
Cretaceous Argillaceous sandstone 94 58-232 1256 1181-1754
Triassic Limestone and mudstone 2064 503-3750 4132 4082-4968
Permian Limestone 907 401-1987 - -
Carboniferous Dolomite, limestone 1435 390-5740 3768 31854342
Devonian Sandstone 286 203-437 2356 2125-3098
Silurian Sand shale 134 72-245 1231 1300-1730
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electrode space (ES) and a joint inversion of multi-array
resistivity have been conducted to investigate the influence of
(ES) and array configuration on karst detection in Wuhan,
respectively. Geophysical profiles perpendicular to the
geological structure were laid out in the Fasi-Street karst belt
area, with ES values of 2 m, 5 m, and 10 m, respectively.
These three ES configurations were implemented along the
same profile but with varying lengths, and the overlapping
positions were highlighted in red in Fig. 2. The measurement
instrument used was the SuperSting R8, produced by AGI in
the USA, and the data processing was performed using
EarthImager2D software. The resistivity inversion results
were obtained through a joint inversion of the multi-array
Dipole-dipole and Schlumberger configuration.

Fig. 3 illustrates the inversion results obtained from the
three ERT profiles with different ES. In all ERT profiles, the
range of resistivity values is limited, ranging from 3 Q-m to
1000 Q'm. In principle, decreasing the ES and increasing the
electrode density should enhance the lateral resolution and
data quantity, thereby improving the quality of ERT imaging.
For instance, the high-resistance anomalies within the red box
in Fig. 3b and Fig. 3c become more distinct as the ES
decreases. However, the results depicted in Fig. 3 also reveal
certain distinct phenomena. For instance, the 2 m ES ERT in
Fig. 3c fails to identify karst due to a flat bedrock top
interface. This suggests a significant “window” effect in the
imaging outcome, with the depth of resistivity inversion
positively correlated with ES. Consequently, it can be inferred
that a larger ES of 10 m enables rapid detection of karst belts
but with lower resolution, while a smaller ES, such as 2 m,

7K01 Distance/m

yields more focused electrical imaging, particularly for
detecting internal structures of the cover layer, clay bodies,
and collapse fillings in the sand layer. The 5 m ES ERT
provides a good balance between the detection soil layer
structures and the top bedrock’s top interface in Wuhan.

To improve the conventional electrical surveying effect,
the type of array used is an important parameter. Recent
studies have shown that multi-array joint inversion can
enhance resistivity imaging by constraining the inversion
using resistivity data obtained from multi-arrays (Constantin P
et al., 2019). To identify the optimal array combination for
karst detection in Wuhan, this study conducted both numerical
simulations and actual field measurements. In the numerical
simulation, the representative karst geological structure in
Wuhan was modeled, and resistivity data were generated
through forward calculations, followed by the addition of 5%
Gaussian noise. Subsequently, different array configurations
were employed for joint inversions to evaluate the ability of
the inversion results to reconstruct the initial model (Fig. 4).

The reconstruction of the electrical structure varies
depending on the type of arrays employed. Among the single
array types, all three are capable of delineating the electrical
structure to some extent. The dipole-dipole array exhibits
better performance in imaging the low-resistance “karst zone”
in the central region, but the resulting resistivity values are
significantly underestimated, and the high-resistance layers on
both sides exhibit “blocky-like” anomalous features. In the
cases of multi-arrays joint inversion, the dipole-dipole array
yields a more accurate representation of the low-resistance
“karst zone”, and the inversion results exhibit higher
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similarity. However, when the schlumberger array is jointly
inverted with the dipole-dipole array, it enables a more
precise delineation of the top boundary of the “karst zone”.
Conversely, the joint inversion of the dipole-dipole and
wenner arrays may result in misinterpretation due to local
low-resistance anomalies during the inversion of the high-
resistance surrounding rock.

This profile presents a case study of karst detection in
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Jinshuizha using wenner, dipole-dipole, and schlumberger
arrays with a 10 m ES and 68 electrodes. The SuperSting R8
and the EarthImager2D software were utilized for data
acquisition and processing. The obtained results (Fig. 5)
exhibit similarities with the aforementioned numerical
simulations depicted in Fig. 4. Incorporating dipole-dipole
array data has significantly improved the lateral resolution
and expanded the range of detectable resistivity values. This

(e) Joint inversion of Wenner/Schlumberger
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Fig. 4. Results of 2D ERT with multi-arrays joint inversion.
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enhancement proves valuable in distinguishing between
soluble and non-soluble rocks and detecting the boundaries of
karst belts. Furthermore, upon comparing the results of all
types of multi-array joint inversions, it becomes evident that
the joint inversion of the dipole-dipole and schlumberger
arrays yields nearly identical resistivity images compared to
the joint inversion involving all three arrays. Considering the
time-consuming nature of wenner array measurements, which
employ only one channel, and taking into account factors such
as cost-effectiveness and computational efficiency, the
optimized array configuration for karst detection in Wuhan is
the joint utilization of the dipole-dipole and schlumberger
arrays.

3.1.2. 3D ERT

This paragraph discusses the limitations of 2D ERT in
detecting underground karst features and the advantages of
3D ERT. 2D ERT is limited in detecting the 3D
characteristics of karst and is susceptible to false anomalies.
On the other hand, 3D ERT accurately depicts the spatial 3D
variation of electrical resistivity and allows for different
directions of electric field excitation-reception combinations,
making it advantageous in detecting 3D geological bodies
especially for karst (Ismail A and Anderson N, 2012; Fu ZY
et al., 2020).

The detection of underground karst channels is located on
the northeast side of Shuangfeng Mountain in Huangpi
District, and is a surface low-temperature hot spring group.
The main spring area is located on the west side, where a

large number of water ponds are formed on the surface for
tropical fish farming. The three-dimensional measurement
area is located on the east side near the spring outcrop, used to
reveal the direction and burial depth of the underground
pipelines. Data collection was carried out using 100 electrodes
with a point-line spacing of 5 m x 10 m, and the collection
array used was a radial dipole-gradient array. Error analysis,
data elimination and three-dimensional smooth inversion were
carried out on the collected apparent resistivity data, and the
three-dimensional resistivity inversion results were obtained
(Fig. 6).

The 3D resistivity inversion reveals that the resistivity of
the surrounding rock can reach 2000 Q-m, Furthermore, a
low-resistance anomaly of approximately 50 Q-m is observed
at the central spring outcrop point. This anomaly extends as a
continuous columnar body underground at a shallow depth of
about 12 m. The resistivity characteristics on the plane and at
different depths are illustrated in X and Z direction 2D slices,
as shown in Fig. 6¢—d. Fig. 6b presents the separation display
of the resistivity parameter at 50 Q-m. It can be seen that the
low-resistance body extends along the SEE-NWW direction,
with a trend of increasing low resistance at the lower part of
the spring point and partial exposure at the surface. The main
body of the low-resistance structure can still be observed
extending deeper towards the NWW direction, which
corresponds to the location of a larger spring group
approximately 200 m away. Additionally, the resistivity
detection results indicate that the underground pipeline is
relatively flat and shallow. The long and shallow migration of
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the pipeline may be one of the contributing factors to its heat
loss. In contrast to the single profile of 2D Electrical
Resistivity Tomography (ERT), 3D ERT provides a
comprehensive depiction of the resistivity structure across the
entire detection area, facilitating the identification of spatial
distribution of karst passages. Moreover, 3D ERT calculates
the apparent resistivity along and perpendicular to the 2D
profile direction, effectively constraining the influence of
“side effects”. This demonstrates the feasibility and
advantages of employing 3D ERT in detecting actual karst
passages. However, it is important to recognize the limitations
in terms of detection scales and depths, as well as the time-
consuming detection process and potential for larger fitting
errors.

3.2. Surface Wave Exploration (SW)

Surface wave exploration employs multiple detectors to
extract dispersion curves and investigate underground shear
wave velocity structure (Wang LM et al., 2022). Currently,
the passive surface wave method, particularly Microtremor
Array Measurements (MAM), is widely employed to
overcome the source limitations and directly extracts
dispersion curves in noisy environments (Xu PF et al., 2020).
Multi-source surface wave exploration (MSSW) represents an
improvement over MAM, as it compensates for the high-
frequency band of the dispersion image using artificial
sources, thereby enhancing resolution and accuracy. MSSW
has proven effective in identifying low-velocity zones and
bedrock interfaces, estimating soil and rock stiffness
parameters, and detecting gravel layers and bedrock covered
by Quaternary soft soil (Yang WC et al., 2021).

Surface wave exploration in this study used three
methods: Passive (MAM), active (MASW), and multi-sources
(MSSW). As shown in Fig. 7, the schematic diagram shows
the three different surface wave acquisition methods,
respectively. 20 Atom seismic recorders produced by
Geometrics in USA, and geophones with main frequency of
2 Hz, were used. For MAM, data were extracted from 9 linear
arrays with an array spacing of 10 m and a maximum radius
of 40 m, with a duration of more than 30 minutes. For
MASW, the transient source from a hammer, with a minimum
offset of 5 m, a trace spacing of 10 m, and a single-shot

arrangement length of 80 m, a shot spacing of 10 m, a
sampling rate of 4 ms, and a single-shot acquisition duration
of 1s with at least 3 overlapping shots. MSSW was based on
the joint re-calculation of the frequency spectra from MAM
and MASW. Seislmager and Geogiga softwares were used for
data pre-processing, SPAC frequency spectrum calculation,
curve extraction and inversion.

Fig. 8 illustrates the comparison of dispersion spectra
obtained using three different methods. The MAM dispersion
spectrum primarily exhibits energy concentration between
2-7 Hz, accompanied by significant spatial aliasing. While
MASW dispersion spectrum demonstrates a concentration of
energy between 3—-12 Hz, with relatively convergent and
continuous energy clusters. Following the processing by
MSSW, the frequency band capable of extracting dispersion
curves extends to 2—12 Hz. Additionally, the spatial aliasing
signal is effectively suppressed, thereby facilitating accurate
extraction of the dispersion curves. However, it is worth
noting that the high-order surface wave signals still exhibit
considerable strength.

To minimize artificial factors in the inversion, the default
initial models were utilized. Fig. 9 presents 2D profile results
obtained by the three methods. The detection depth can reach
over 90 m for MAM and MSSW, but for MASW, which was
between 3-30 m, with some points less than 20 m, that was
difficult to detect the bedrock depth (20-50 m) in Wuhan. In
terms of vertical stratification, MASW can achieve internal
stratification of the soil layer, especially in the case of large
differences in velocity between the silty clay, silt and
limestone, by referring to drilling data. MAM lacked high-
frequency signals for shallow subsurface structures and
responds poorly to changes in internal structures. While for
MSSW, high-frequency enhancement was achieved, and the
“blind zone” in the shallow subsurface was reduced to about 3
m, which were useful to find S wave velocity anomalies in the
shallow clay. As shown in Fig. 8c, there was a distinct
velocity change at 5 m depth, which indicated the interface
from artificial fill to the silty clay in the borehole. MASW
identified a “U”-shaped shear wave velocity anomaly band in
the 380-420 m segment, which was caused by subsidence of
the surface clay. MAM and MSSW showed multiple low-
speed anomalies near the top interface of the limestone layer,
indicating a karst development area. At 270 m, a banded low-
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speed anomaly was identified, likely caused by a fault.
Therefore, MSSW combines the advantages of active and
passive surface wave methods, improving detection depth,
construction efficiency, and anomaly visualization. However,
it remains susceptible to high-order surface wave signals and
interference components in both active and passive signals.

3.3. Ground Penetrating Radar (GPR)

GPR is an RF (0.10-3 GHz) electromagnetic exploration
technology based on the differences in the electromagnetic
properties of different underground media (dielectric constant,
conductivity, and magnetic permeability). GPR is currently
the ground geophysical method with the highest detection
resolution, characterized by fast scanning speed, wide
coverage, and low cost. It is widely used in fields such as
urban cable detection, highway survey, karst and cavity
detection (Liu LB and Qian RY, 2015).

GPR is a highly effective method for describing the
epikarst in detail (i.e. the shallow part of karst systems) and
the infiltration zone of karst aquifers, where limestone crops
out at the surface (Chalikakis K et al., 2011). In recent years,
GPR techniques appear to be the most popular geophysical
tools for identifying and locating subsurface karst features
such as cavities, conduits and solutionally enlarged fractures
(Anchuela OP et al., 2009; Rodriguez V et al, 2014).
However, GPR encounters significant limitations in areas
where the overburden exhibits high electrical conductivity,
which is commonly observed in temperate lowland karst
regions characterized by a thick residual clay soil cover,
coincidentally similar to the conditions in Wuhan. In this
experiment, the TerraSIRch SIR3000 system, manufactured
by GSSI in USA, was used to investigate the shallow
geological structure in a karst subsidence area located in Fasi
Street. The profile was located in a flat farmland area, and a
low-frequency 40 M antenna was utilized to acquire point
data with a spacing of 0.5 m. RADAN7 software was
employed for data processing, which encompassed gain
adjustment, filtering, noise reduction, and offset correction.
Time-depth conversion was conducted at a velocity of
1.0x10* m/s, leading to the detection results presented in

Fig. 10.
The analysis and interpretation of GPR detection results
reveal distinct characteristics in different geological

environments. In the collapsed backfill area, the radar signal
exhibits strong chaotic reflections and anomalies, whereas the
reflection signal is comparatively weaker in the original
continuous sedimentary environment. This discrepancy
facilitates the identification of soil disturbances. The
application of low frequencies, such as 40 MHz, has proven to
be efficient and valuable for GPR investigations in limestone
formations due to the minimal attenuation of radar waves.
However, the use of non-shielded low-frequency antennas
renders the radar signals susceptible to interference from
surrounding conductive objects, including electric poles and
metal guardrails. Moreover, the presence of a thick loose layer

Reference depth/m
(v: 1.0x10% m/s)

a - Interference of pole; b - Invalid segment;
¢ - Interference of pipeline; d - Soil disturbance area;
¢ - Bottom boundary of clay layer.

Fig. 10. Results of GPR profile detection.

and abundant groundwater in the shallow subsurface of
Wuhan contributes to rapid attenuation of radar waves. To
ensure sufficient detection depth in Wuhan, the utilization of a
low-frequency antenna is recommended. Nevertheless, it is
imperative to identify and eliminate interference resulting
from inadequate shielding during data processing and
interpretation.

Electromagnetic wave CT (EM CT) mainly uses the
absorption of electromagnetic waves in a dissipative medium
to reconstruct the electromagnetic absorption coefficient for
the purpose of detecting geological anomalies. Currently, this
method only measures the electric field signal, and the single-
frequency electromagnetic waves typically range from 1 kHz
to 10 MHz. Due to lack of travel time data to correct ray path,
EM CT imaging between boreholes is mainly performed
based on direct line tracing (Liu SX and Ni JF, 2020).
Therefore, it has the advantages of simple principle and stable
inversion. And with the numerous domestic equipment, EM
CT is widely used in engineering bridge and tunnel surveys,
isolated rocks, karst detection, and other fields (Li SC et al.,
2015).

EM CT for detecting karst had been studied since the
early 1960s (Wu YR, 1982), and the general effectiveness has
been verified by a large number of cases. Huang SG et al.
(2018) revealed the propagation rule of electromagnetic
waves inside karst caves through FDTD simulation. And the
EM CT experiment in Wuhan was conducted in the karst area
of Baishazhou. One pair of two boreholes were used for
transmission and reception, with the boreholes spacing of 20
m and a detection depth between 25-53 m. The obtained
electromagnetic absorption coefficient was inferred and
explained in combination with boreholes data (Fig. 11).

The electromagnetic wave energy detected by the EM CT
exhibited a notable decrease as it propagated through the
subsurface. Moreover, the absorption rate parameter
demonstrated a distinct banded characteristic with depth.
Particularly, two zones with significant electromagnetic wave
absorption anomalies were identified: one at a depth
shallower than 35 m, and the other between 47 m and 51 m,
where the absorption rates exceeded 7. These findings align
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closely with the karst development zone identified through
borehole data, indicating the presence of karst development
layers both above and below, as well as karst fissures existing 350
between them.
. I 650
3.4. Opposing-coils  Transient  Electromagnetic =~ Method = o #
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OCTEM, g e !
The Opposing-coils transient electromagnetic method 60 250
(OCTEM) is a new shallow time-domain electromagnetic
exploration method, which uses two sets of parallel coaxial 80 0 10 20 120 140 Q_Sng
coils as the transmitter and measures the pure secondary field Distance/m
coupled to the center of the earth on the zero magnetic flux
plane of the first field generated by the double coil source. Fig. 12. Results of OCTEM in the karst collapse area.

This method has the advantages of improving coupling
energy, reducing side effects, and increasing lateral resolution
(Xi ZZ, et al., 2016). In this study, the OCTEM experiment
was conducted in the karst collapse area of Fasi-Street. The
instrument used was the HPTEM-18 produced by Hunan
Wuwei Geological Technology Co., Ltd. The measurement
was performed with 5 m point spacing, a transmission
frequency of 6.25 Hz, stacking times of no less than 300
times, and repeat times of no less than 2. The instrument's
built-in software was used for data processing, and the
transient relaxation inversion method was selected to obtain
the resistivity results (Fig. 12).

Combining the drilling data for depth calibration of the
results obtained by OCTEM, it can be seen that there are four
electrical structure characteristics: The surface clay layer has
a resistivity of less than 50 Q-m, and two sub-high resistance
anomalies can be seen inside, which can correspond to the
position of the previous subsidence area. The lower sand layer
has a resistivity ranging from 50 Q-m to 350 Q-m, with a
thickness of about 15 m to 25 m. Multiple low resistance
anomalies can be seen at the top, indicating the existence of
clay entering the sand body. The Permian Qixia Formation

limestone (P,q) is the main high- resistivity rock, with a
resistivity of over 800 Q-'m, and has a clear double-layer
structure, reflecting the existence of weathering at the top.
The burial depth of the top interface is between 20 m and 35 m,
and no bottom is observed.

3.5. Surface Nuclear Magnetic Resonance (SNMR)

Surface nuclear magnetic resonance (SNMR) is a high-
tech geophysical technology developed over the past 30 years
that directly detects groundwater with sensitivity, efficiency,
and non-destructiveness (Chen B et al., 2014). It generates an
excitation magnetic field by supplying an alternating current
with a Larmor frequency to a ground coil, causing hydrogen
nuclei to undergo a level transition. The nuclear magnetic
resonance signal generated by the spontaneous level transition
is received to invert the groundwater content and relaxation
time with depth. The “dead time” of SNMR instruments can
now be shortened to 4 ms, enhancing its ability to identify
small-pore water-bearing layers (Walsh D et al., 2014). New
technologies such as multi-channel separate coil acquisition
systems, reference channels, and adaptive noise reduction
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greatly enhance its anti-interference ability (Behroozmand
AA et al., 2015; Lin J and Zhang Y, 2016). SNMR is mainly
applied in groundwater detection, water resource assessment,
and tunnel advance detection (Flinchum BA et al., 2019; Liu
DH et al., 2022b).

Fig. 13 shows the SNMR results in the Fashi-Street karst
subsidence. The groundwater is relatively abundant and
mainly consists of pore water, while karst water is weakly
developed. Three aquifers can be identified at depths
shallower than 80 m. The first aquifer, located at 1.5-4 m,
mainly consists of small-pore bound water that changes
significantly with depth. The second aquifer is the main
aquifer in the area, distributed at a depth of 825 m and
consisting of fourth-order pore confined water with a water
content of up to 40%. The average transverse relaxation time
T,* indicates a two-layer structure, reflecting the “small on
top, large on bottom” porosity characteristic of this section,
which corresponds well with the “sticky on top, sandy on
bottom” double-layer structure revealed by drilling. The top
of the third aquifer is buried at a depth of about 32 m, and the
water type is karst fissure water with a maximum water
content of 8%. Two anomalies exist at depths shallower than
50 m, indicating that the karst fissure is filled with overlying
fine sand. No obvious free water distribution is observed at
depths deeper than 50 m, reflecting poorly developed deep
karst.

4. Discussion

In recent years, considerable research efforts have been
devoted to establishing guidelines for the effective application
of geophysical methods in karst system exploration. Thomas
B and Roth MJS (1999) conducted a comprehensive study
comparing 12 different methods, including four geophysical
techniques, for sinkhole and void detection in eastern
Pennsylvania and north New Jersey, USA. Hutchinson DJ et

al. (2002) provided a wvaluable comparison of various
geophysical approaches for void detection. Fauchard C and
Pothérat P (2004) developed a guide for detecting air-filled
caves using geophysical methods. Bechtel TD et al. (2007)
presented a comprehensive book on karst hydrogeology,
describing geophysical methods specifically tailored for karst
studies. Gutiérrez F et al. (2008) evaluated the effectiveness
of geophysical methods for sinkhole detection in evaporate
areas, building on the general utilization of geophysical
techniques proposed by Hoover RA (2003) for karst
exploration. Additionally, Chalikakis K et al. (2011)
evaluated the adequacy of surface-based geophysical methods
commonly used in karst-system exploration. These seminal
works provide a solid foundation for assessing the suitability
of geophysical tools in karst-system exploration.

4.1. Method Suitability

As discussed in Chapter 3, the distinct characteristics of
the eight geophysical methods offer improved ways to detect
karst formations, with detection depth, resolution, and anti-
interference ability playing vital roles (Li XY et al., 2020;
Wang X et al, 2021). Building upon the results of the
previous experiments, this paper presents qualitative technical
indicators for the most common karst-related issues in Table 4.
Resolution and anti-interference have been evaluated on four
levels: Ultra-high (***%*), high (***), medium (**), and low
(*). Notably, the anti-jamming ability of geophysical methods
is crucial in urban geophysical surveys due to the presence of
ambient noise. Therefore, careful consideration should be
given to appropriate anti-noise technologies, such as multi-
arrays joint inversion and the remote reference method.

Furthermore, it is important to acknowledge that the
geophysical response is influenced by the size and depth of
the target, as well as the contrast in physical properties
between the target and the surrounding rock. In Chapter 2,

0 0
Water table . | 4.0
Bt
Q
10— § Double layer -t | amae e [ — 10
© porosity 3.5
204 < | S TN , — 20
| Fine sand F 3.0
307 | T el — 30
T Dolomitic o125
= Shallow karst |ENSEEEEES— @ | @ == 000 limestone
2 407 filled by soil AL,
A and sand
o5 M DS |
50 I & - . 50 FH415
z Lithology
| £ Deeplower |[HUNSEEEEEEE | 9000 W B
60 Y water content 60 1.0
70— | e -1 Bound [ | | — 70 0.5
80 80 J 0
102 103 40 20 0 .
T,/ms Water content distribution/% WC/%

Fig. 13. Results of SNMR in the karst collapse area.
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Table 4. Adequacy of geophysics in the karst-system exploration of Wuhan City.
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Anti-interference capability: **** extremely strong; *** strong; ** moderate; * weak;

Adequacy: +++ recommended; ++ appropriate but incomplete; + appropriate but limited; - not recommended.

this paper aimed to standardize the main karst-related issues
by reviewing the common geological characteristics of karst
in Wuhan. The main detection targets were summarized into
three aspects related to karst, soil, and groundwater, as shown
in Table 2. To summarize the usefulness of the previously
mentioned geophysical methods, a classification is proposed:
(1) Recommended when multiple studies demonstrate the
method’s relevance and, in some cases, its standalone
capability for characterizing karst-specific targets; (2)
appropriate but incomplete when good results are achieved for
a specific karst issue but are mostly supplemented by other
methods for concrete data interpretation; (3) appropriate but
limited when only a few studies show the method’s
usefulness, even when combined with other methods; and (4)
not recommended when the method is not suitable for the
geometry and physical properties of the specific target.

Table 4 indicates that ERT is a widely -effective
geophysical tool for detecting karst-related issues due to its
sensitive resistivity indicator. It provides enhanced insights
into the lithology of the surrounding rock by engaging with
the complete rock mass, and 3D ERT can resolve certain
structural features by detecting rock discontinuities. However,
in urban  geophysical surveys, proper electrode
implementation and ensuring adequate contact remain major
practical challenges to be addressed. GPR, on the other hand,
is primarily used for soil detection in urban areas due to the
thicker soil cover and abundant groundwater. Several
transducers are utilized in surface wave (SW) methods to
effectively remove noise and perform well on urbanized hard
ground. MAM and MSSW have proven useful in identifying
and locating various karst features such as faults and
geological contacts, while MASW is suitable for detecting
and imaging near-surface karst structures. SNMR, a relatively
new geophysical technique, is developed for groundwater
exploration and can be applied to investigate groundwater-
related issues, including aquifers and water-filled karst
systems. However, it should be noted that these studies are
continuously evolving, and the accuracy and applicability of
all geophysical methods may vary. Given the distinctive
characteristics exhibited by individual karst systems, the
applicability of geophysical methods may vary depending on
site-specific conditions. Therefore, conducting preliminary
experiments in the study area prior to the survey is highly
recommended. This is crucial to assess the suitability and
appropriateness of the selected methods or measuring
techniques.

4.2. Construction  of  Multiple  Geophysical — Method

Combinations for Karst Detection in Wuhan

As shown in Table 4, for each karst-related issue, there are
diverse karst exploration targets composed of three aspects as
karst, soil, and groundwater, which is difficult for one
geophysical method to give satisfactory results. The use of a
combination of geophysical tools is always preferable to
obtain a better constrained model of karst features (Li QT et
al., 2019). Due to the inevitable ambient noise and the dense
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buildings, it is always challenging to conduct geophysical
surveys in urban (Li WL et al., 2018), especially in built-up
areas. Conversely, in newly developed areas, the selection of
geophysical methods is more flexible due to larger spaces and
lower ambient noise levels.

Karst collapse represents a common geological hazard in
concealed karst areas and can be divided into three stages:
karst development, collapse formation, and collapse treatment
(He J et al., 2020). In the karst development stage, dissolution
phenomenon gradually form, and the soil layer remains
unaffected. It’s recommended to employ MAM and large-
scale ERT to rapidly delineate the karst areas and identify
hydrogeological conditions with assistance from SNMR.
During the collapse formation stage, karst cavities enlarge and
become filled, resulting in the formation of soil caves. For
investigating the distribution of soil caves and characterizing
doline geometry, GPR, MSSW, and medium-scale ERT are
recommended. In the collapse and treatment stage, collapse
events have occurred, and geophysical detection primarily
aims to understand the collapse mechanism and assist in
geological disaster control. Consequently, geophysical
methods with higher resolutions, such as GPR and EM CT,
are recommended, with MSSW and 3D ERT serving as
supplementary techniques (Table 5).

Geophysical methods have been widely used in karst-
related investigations, among which there are three main
application scenarios: Geological survey, engineering
investigation and hazard treatment (Table 5). Firstly, in the
fundamental karst geological survey scenario, geophysical
detection has been carried out for urban planning to put
forward reasonable design and construction scheme, in which
the scale is usually less than 1 I 10000, and it’s recommended
to use MAM and large-scale ERT to rapidly delineate the
karst areas and identify buried or hidden preferential
pathways, and combining with SNMR to detect the
hydrogeological conditions. Secondly, in the engineering
investigation scenario, for field geophysical exploration of the
scale of the site, to distinguish more fractured zones and
identify karst cavities, EM CT, small-scale ERT, GPR, and
MAM are recommended, assisted by MSSW and OCTEM.
Thirdly, to support the emergency investigations for disaster
management, the shallow structural information of epikarst
and soil layer needs to describe in detail. It is recommended to
use GPR, small-scale 2D ERT and 3D ERT to identify and
locate subsurface karst features such as cavities, conduits and

solutionally enlarged fractures.
5. Conclusions

(1) In Wuhan, there are eight karst belts that extend in an
east-west direction, covering an approximate area of 1162
km?. The majority of these regions, constituting 96%, are
concealed karst areas. The karst formations primarily
comprise four sets of limestone and dolomite from the
Carboniferous, Permian, and Triassic periods. Among these,
the karst developed during the Permian period appears to be
the most prominent. The karst phenomena in these areas are
predominantly characterized by medium to small-sized caves
and dissolution cavities filled with mud and sand. These
features are buried beneath overburden sediments ranging
from 30 m to 50 m in thickness and are surrounded by
saturated groundwater.

(i) This paper evaluates the feasibility of eight
geophysical methods in karst systems based on field
experiments conducted in Wuhan. Among these methods,
ERT has shown extensive applicability in detecting karst-
related issues. It is recommended to utilize joint inversion of
multi-arrays and 3D ERT for improved imaging results.
However, proper implementation of electrodes and ensuring
adequate contact present significant practical challenges in
urban surveys. Due to the presence of thick clay and
groundwater in Wuhan, GPR is limited but capable of swiftly
identifying disturbed soil and cavities in overburden
sediments. MSSW enhances the detection capabilities of
MAM and MASW, making it suitable for urban karst
detection. Additionally, SNMR is a sensitive technique for
groundwater exploration, specifically designed to investigate
aquifers and water-filled karst systems.

(iii) The karst collapse in Wuhan is influenced by the
intricate interaction of soluble rock, groundwater, and soil.
Due to the complex geometries of these factors, effectively
exploring them with a single geophysical method poses
challenges. Therefore, it is recommended to combine multiple
geophysical methods to enhance detection effectiveness. This
study provides specific recommendations for the integration
of geophysical methods, serving as a reference for concealed
karst detection in Wuhan.
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