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Abstract The overburden has a decisive influence on geophysical groundwater detection. (1)

Exposed type area: The soluble rock aquifer is directly exposed at the surface. For conventional

direct current (DC) electrical methods, this layer exhibits high resistivity, which hinders the

application of the DC resistivity method. Non-ground-contact geophysical methods such as

ground-penetrating radar (GPR) and transient electromagnetic (TEM) methods are often used for

groundwater detection in such areas. (2) Covered type area: The soluble rock aquifer is overlain

by clay, sand, gravel, and other materials, which forms an electrical layer with resistivity ranging

from tens to hundreds of Q-m. When the overburden thickness is less than 30 m, the conventional

resistivity method is suitable for groundwater detection; when the overburden thickness exceeds

30 m, methods such as audio-frequency magnetotellurics (AMT), controlled-source

audio-frequency magnetotellurics (CSAMT), or TEM are recommended. (3) Buried type area: The

soluble rock is overlain by clastic rocks, which generally have resistivity ranging from tens to
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hundreds of Q-m. For relatively intact, slightly weathered basalt, the resistivity can be on the order
of nx10°-nx10* Q'm. When the groundwater level is shallow, electromagnetic methods are
preferable. When the groundwater level is deep, the conventional resistivity method can be used
within the target detection depth range. However, under confined site conditions and with deep
target bodies, methods such as AMT, CSAMT, or TEM should be used for groundwater detection.
Other methods may be integrated when geophysical anomalies are ambiguous or multiple
interpretations are available to ensure comprehensive interpretation.

Keywords Overburden; Exposed type; Covered type; Buried type; Groundwater detection;
Geophysics

1 Introduction

Groundwater, as a globally strategic water resource, supports the production and domestic water
needs of billions of people; it plays an irreplaceable role in ensuring security in urban and rural
water supply and maintaining ecosystem balance (Alao et al. 2025). However, under the dual
pressures of intensified climate change and increased human activities, the spatiotemporal
distribution pattern of regional water resources has changed considerably. The increased frequency
and intensity of droughts have posed unprecedented challenges to groundwater systems (Fokker et
al. 2024). In the current resource and environment context, accurately detecting groundwater
resources and scientifically evaluating aquifer water abundance have become core issues in
hydrogeology and geophysics.

The occurrence conditions of groundwater are controlled by complex geological structures and
lithological assemblages, among which the spatial relationship between the overburden and the

aquifer has a decisive influence on groundwater detection. Based on differences in the contact
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relationship between overburden and aquifer and hydrogeological characteristics, groundwater

systems can be divided into three basic types: exposed type, where the aquifer is directly exposed

at the surface without a continuous overburden barrier; covered type, where a certain thickness of

unconsolidated sediments or weathered residual layers exists above the aquifer, with

discontinuous or weakly permeable contact between them; and buried type, where the aquifer is

completely sealed by a regional aquiclude with no direct hydraulic connection to the surface

(Wang 2003; Chen 1988). This classification system not only serves as the basic framework for

regional hydrogeological surveys but also provides an important geological basis for selecting

groundwater detection methods (Wang 2002).

Different overburden types impose differentiated requirements on the technical approaches of

geophysical methods. In exposed type areas, the aquifer is directly exposed, and surface karst

features or structural fissures can be directly identified through geological surveys. Traditional

hydrogeological mapping combined with geophysical methods can often effectively delineate

groundwater enrichment zones (Wang et al. 2025; Wang et al. 2022). Wang et al. (2021) used

geophysical exploration, hydrogeological surveys, and drilling to reveal the characteristics of karst

development and the vertical stratification of groundwater distribution in the exposed dolomite

area. In covered and buried type areas, the barrier of the overburden conceals aquifer information

underground, which causes difficulty for conventional ground surveys to directly obtain the spatial

distribution and hydraulic properties of the aquifer. Therefore, geophysical detection techniques

must be used to achieve indirect interpretation of the subsurface structure (Qi et al. 2021; Pan et al.

2015). Cao et al. (2018) highlighted that combining hydrogeological surveys with geophysics can
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significantly improve the success rate of locating water wells in karst areas, and the AMT method

provides reliable interpretation results under conditions of shallow overburden and deep

groundwater. Guo et al. (2022) proposed that buried type areas are dominated by paleokarst, with

a single target aquifer and deep and extremely uneven development. The combination of electrical

resistivity tomography (ERT), composite profiling, and induced polarization sounding achieved a

water exploration success rate of 86.67%. Geophysical methods have shown unique value in

characterizing overburden structure; their sensitivity to differences in physical fields of strata

enabled identification of concealed aquifers and description of water-rich targets (Li et al. 2022;

Wang et al. 2025).

In recent years, geophysical detection techniques have greatly progressed in the field of

groundwater exploration. Among them, resistivity and electromagnetic methods are the most

widely used. The direct current (DC) resistivity method identifies aquifer locations by detecting

stratigraphic electrical differences. ERT can finely characterize shallow overburden structure and

aquifer spatial morphology (Subramani et al. 2024; Zheng et al. 2019; Zheng et al. 2024).

Electromagnetic methods, especially AMT, have advantages in revealing deep aquifer interfaces

and structural fracture zones (Rulff et al. 2025; Zheng et al. 2025; Bon et al. 2022). Magnetic

methods are mainly used to detect basement structures, faults, and lithological boundaries, which

indirectly indicates groundwater occurrence environments (Gabriel et al. 2025). Seismic

exploration reflects stratigraphic mechanical properties through wave velocity differences, which

provides important constraints for identifying aquifer boundaries (Wang et al. 2025; Alao et al.

2025). Breakthroughs in seismic wave velocity monitoring methods have enabled continuous
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tracking of water dynamics in saturated and unsaturated zones (Fokker et al. 2024). The

microtremor Horizontal-to-Vertical Spectral Ratio (HVSR) method is mainly used to identify the

location and water content of karst fissures and conduits (Liang et al. 2020; Liu et al. 2019). The

development of nuclear magnetic resonance methods has enabled direct evaluation of aquifer

water abundance (Wang et al. 2025; Sun et al. 2012). Radioactive methods use soil radon values to

determine fault locations, which indirectly provides a basis for groundwater detection (Huang et al.

2022; Liao et al. 2017). In addition, the recently introduced seismoelectric imaging method

utilizes the electromagnetic field excited when seismic waves pass through the subsurface medium

(seismoelectric effect) to directly detect aquifer interfaces. By performing seismic migration

processing on seismoelectric signals, imaging of aquifer interfaces is achieved (Liu et al. 2024;

Sun et al. 2025). Research shows that combining corresponding geophysical methods for different

overburden types can significantly improve the success rate of water exploration (Wang et al.

2025).

However, existing research mostly focuses on case studies of a single overburden type or specific

geophysical methods. Systematic comparisons of the applicability, technical combination

strategies, and interpretation logic of geophysical methods under different overburden conditions

are still relatively weak (Wang et al. 2025; Zohdy et al. 1974). The following questions remain

unanswered: How do the lithological structure, thickness variation, and hydrogeological properties

of different overburden types affect the response characteristics of various geophysical methods?

How can groundwater be detected economically, quickly, and accurately in different types of

overburden areas in the karst rocky mountain region of Southwest China? How can differentiated
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geophysical technology sequences be constructed and optimal method combinations selected?

These issues directly relate to the scientificity and effectiveness of groundwater detection in

complex overburden areas and are urgently needed to be addressed.

Based on the aforementioned discussion, this study systematically reviews the classification of

overburden types and their hydrogeological characteristics, along with the technical principles and

applicable conditions of major geophysical detection methods. It focuses on analyzing the method

combinations and application cases for groundwater detection in different types of overburden

areas. Then, it discusses the technical optimization paths of geophysical methods under

overburden constraints. This study provides theoretical reference and methodological support for

groundwater resource exploration under complex geological conditions.

2 Study Areas

2.1 Exposed Type Areas

In exposed type areas, the aquifer or its overlying rock is directly exposed at the surface without

continuous coverage of unconsolidated sediments (e.g., soil and clay). Atmospheric precipitation

directly infiltrates through rock fissures, with high recharge efficiency but significant seasonal

influence. An unsaturated zone of varying thickness exists between the surface and the water table,

with water movement mainly vertical. Groundwater distribution is extremely uneven (Wang 2002),

which is mainly stored in fissures and karst conduits, with strong anisotropy. Therefore, the
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direction for water exploration mainly targets karst fissures and karst conduits.

For exposed rocks such as limestone and dolomite, the resistivity is generally very high, which
reaches nx10*nx10° Q'm. For conventional DC electrical methods, this section appears as a high
resistivity layer, which prevents current penetration and forms an insulating shield. In addition, in
exposed areas, the surface is mostly without unconsolidated sediment cover, which results in poor
electrode-to-ground coupling. This condition is unfavorable for the application of DC resistivity
methods. However, for electromagnetic methods, especially non-grounded ground-penetrating
radar (GPR) and transient electromagnetic (TEM) methods, good application results can be
achieved. Geophysical methods often use non-grounded electromagnetic methods. The Yibasan
Village, Maguan County, Wenshan Prefecture, Yunnan Province, is taken as an example for

analysis.

The study area is located in Pojiao Town, Maguan County, Wenshan Prefecture, Yunnan Province.
The main landform types are karst landforms such as peak cluster depressions and peak cluster
sinkholes, as well as structurally eroded medium mountain landforms. Surface karst features
mainly include caves, underground rivers, sinkholes, depressions, swallets, solution wells,
windows, karst peaks, and karst hills. The topographic relief is large, with elevations in the area
generally ranging from 870 m to 1,800 m, relative height differences mostly exceeding 300 m, and

terrain slopes generally greater than 30°.

The exposed strata in the study area are mainly the Middle Devonian Donggangling Formation
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(D2d), with gray to dark gray medium to massive cryptocrystalline and fine-grained limestone

interbedded with dolomite, and the Upper Devonian (Ds), with gray, dark gray medium to

thick-bedded limestone interbedded with argillaceous limestone and oolitic limestone, which are

locally interbedded with dolomite. Most of the study area has exposed bedrock, with only sporadic

Quaternary (Q) clay, silty clay mixed with weathered residual rock breccia and fragments covering

the northeast.

Groundwater in the study area is mainly classified into karst water, bedrock fissure water, and pore

water. Groundwater receives vertical and lateral recharge, as well as surface water infiltration

recharge. Discharge in the runoff zone is mainly through dissolution conduits and dissolution

fissures. Discharge volume is significantly and rapidly affected by rainfall, which results in

unstable groundwater levels and large dynamic changes. Preliminary hydrogeological surveys

indicate that a “Y”’-shaped underground river system develops in the study area (Figure 1). The

system branches at a node into northeast and northwest trending underground rivers. Atmospheric

precipitation in the survey area directly flows into underground channels through sinkholes,

depressions, dissolution fissures, windows, and swallets, which converge into large springs and

underground rivers. The general groundwater flow direction is northwest-southeast. The main

geological structure in the study area is a circular shear structural system, with a

northeast-southwest trending reverse fault developed in the north. The rock mass has

well-developed joints and fissures.
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Fig. 1 Hydrogeological map of Yibasan Village, Yunnan Province

1- stratum code and stratum boundary 2- reverse fault 3- underground river and flow direction 4- karst window 5-

geophysical prospecting line and orientation 6- town and village location 7- stratum attitude 8- research area

2.2 Covered Type Areas

The presence of sediments such as clay, coarse sand, and gravel (thickness from a few meters to

tens of meters) overlying soluble rocks is a common overburden type in karst areas. Recharge can

occur vertically through the pores of the overburden or through surface water. Owing to the weak

permeability of the overburden, the underlying karst aquifer often exhibits slight confined

conditions (Pei et al. 2008).
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The presence of the overburden causes the overall surface resistivity to be neither too high to

prevent power supply nor too low to cause skin effect affecting exploration depth. This

overburden type is the most suitable condition for conventional ground geophysical methods such

as DC resistivity and induced polarization methods. However, when the site is narrow or the

overburden is thick (greater than 30 m, Wang 2002), on the one hand, arranging a long profile to

achieve greater exploration depth is difficult; on the other hand, the resolution of resistivity

methods decreases. Therefore, under such conditions, electromagnetic methods are also

recommended.

2.2.1 Thin Covered Type Areas

The overburden is generally less than 30 m (Wang 2002). The Sanwan Village, Matian Township,

Yizhang County, Hunan Province, is taken as an example for analysis.

The study area is located in Matian Township, Yizhang County, Hunan Province. The landform is

hilly valley, with a relative height difference of approximately 80 m between the valley and the

surrounding mountains. The terrain within the valley is gently undulating. The overburden is

yellowish-brown clay, with rice cultivation and relatively dense vegetation.

The main exposed stratum in the study area is the Triassic Daye Formation (Td). It consists of

gray-black, medium to thick-bedded limestone, which is the main aquifer in the study area. An

east-west trending fault develops in the study area.

10
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The groundwater recharge source in the study area is atmospheric precipitation. Groundwater

runoff and discharge are controlled by the east-west trending fault. Two descending springs

develop in the north near the village entrance. The spring discharge is significantly affected by

rainfall, with dry season cessation. The survey area has a large recharge area and relatively

abundant groundwater (Figure 2).
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Fig. 2 Hydrogeological map of Sanwan Village, Hunan Province

8

¥

1- stratum code and stratum boundary 2- measured fault and inferred fault 3- river 4- depression spring 5-

geophysical prospecting line and orientation 6- town and village location 7- stratum attitude 8- research area

2.2.2 Thick Covered Type Areas

The overburden is generally greater than 30 m (Wang 2002). The Hongdong Village, Housuo

Town, Fuyuan County, Yunnan Province, is taken as an example for analysis.

11
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The landform of Fuyuan County comprises medium mountains with prominent canyon features,

which are characterized by longitudinal river incision, fragmented terrain, high mountains and

deep valleys, steep slopes and rapid currents, karst development, narrow river terraces, and

scattered cultivated land. The study area is located on the northeast side of Hongdong Village,

Housuo Town, Fuyuan County, Yunnan Province, with a karst depression landform consisting of

gentle valley bottom terrain and steep valley slopes.

The main exposed strata in the study area are as follows: (1) Quaternary (Q): yellow,

brownish-yellow clay. (2) Maokou Formation (Pim): gray to light gray medium-thick massive

limestone rich in dolomite and chert nodules. (3) Liangshan Formation (Pil): light gray thin to

medium-thick quartz sandstone and mudstone. (4) Qixia Formation (P.q): gray to dark gray

medium-thick limestone and chert nodule limestone, with occasional thin mudstone or marl

interbeds at the lower part. The Maokou Formation (Pim) is the main aquifer in the study area. No

obvious structural features are developed in the study area.

The groundwater recharge source in the study area is atmospheric precipitation, with an overall

flow direction from southwest to northeast. Rainwater infiltrates and recharges through karst

fissures. Groundwater discharges to an outlet through an underground river near the area. The

catchment area is moderate, which suggests relatively abundant underground water storage. A

descending spring is exposed on the southwest side of the study area (Figure 3).

12
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Fig. 3 Hydrogeological map of Hongdong Village, Yunnan Province

1- stratum code and stratum boundary 2- river 3- groundwater flow direction 4- depression spring 5- geophysical

prospecting line and orientation 6- town and village location 7- road 8- research area

2.3 Buried Type Areas

This area refers to soluble rocks deeply buried underground (tens to hundreds of meters) by thick

and continuous non-soluble rock layers, with no surface exposure. Local precipitation cannot

directly recharge the soluble rock aquifer; it mainly depends on long-distance lateral runoff or

leakage recharge from overlying aquifers. Groundwater exhibits obvious confined conditions (e.g.,

artesian wells), with long flow paths, deep circulation, and extremely slow renewal rates (Laskow

et al. 2011).
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Common non-soluble rock layers in the karst region of Southwest China are mainly clastic rocks,

including Jurassic and Cretaceous red beds (red silty rock, sandstone, locally interbedded with

limestone fragments), Permian Emeishan basalt, and sandstone or shale from other formations. A

clastic rock caprock of a certain thickness generally has its own independent groundwater level

and no hydraulic connection with the underlying soluble rock; the clastic rock layer is the target

aquifer for water exploration. The resistivity of this clastic rock layer is generally between tens

and hundreds of Q-m. For relatively intact, slightly weathered basalt, the resistivity can reach

nx10*-nx10* Q-m.

This study only discusses situations where the clastic rock caprock above soluble rocks is

relatively thick. When the clastic rock is thin, groundwater detection can refer to the covered type

arca.

2.3.1 Shallow Buried Type Areas

When the groundwater level is shallow, the surface clastic rocks are often completely to strongly

weathered, with large voids, and are water-bearing or saturated, with low resistivity. This area

forms a good conductive shield for conventional resistivity methods, which greatly reduces the

exploration depth. As a result, conventional resistivity methods are generally unfavorable, and

electromagnetic methods are recommended. The Dalubian Village, Lefeng Township, Xuanwei

City, Yunnan Province, is taken as an example for analysis.
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The study area is located in Lefeng Township, Xuanwei City, Yunnan Province, which belongs to

the Beipanjiang River basin. The terrain is generally high in the south and low in the north. The

landform combination type is eroded medium mountain trough valley, with large topographic

relief and relative height differences of 150-250 m.

The exposed strata in the study area are the Lower Triassic Feixianguan Formation (T:f), which

consists of gray-green, purplish-red silty mudstone, mudstone, sandstone interbedded with

limestone and marl. The strata dip south-southeast at an angle of 15°-20°. Structurally, it is

located on the northwest wing of the Tianba syncline, which is approximately 1 km from the core.

The syncline axis trends 40°-70°, with the core consisting of Lower Triassic Feixianguan

Formation (T:f) strata and the two wings consisting of Carboniferous (C) to Permian (P) strata

(Figure 7). The main water-bearing rock formation in the study area is the Lower Triassic

Feixianguan Formation (T:f), which is characterized by gray-green, purplish-red silty mudstone,

mudstone, and sandstone, with fissures as the main water-bearing medium. This fissure aquifer is

dominated by non-soluble hard brittle rock layers in clastic rocks, igneous rocks, and metamorphic

rocks. Interlayer fissure aquifers, fault water-bearing zones, and weathered fissure aquifers are

widespread. The burial and distribution of fissure water are more clearly controlled by bedding

planes, the combination of different lithological strata, and geological structures. This fissure

aquifer is distributed throughout Yunnan Province, with an exposed area of 26.38x10* km?2. This

exposed area accounts for 66.95% of the total area of the province and is typical and

representative. A northwest-southeast trending fault develops in the study area.

After atmospheric precipitation infiltrates and recharges groundwater along well-developed

15



303  fissures and joints, it flows from south to north and accumulates in the trough valley. The study

304  area is located near the core of the Tianba syncline, with well-developed fissures and joints, which

305  provide large groundwater storage space (Figure 4).
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307 Fig. 4 Hydrogeological map of Dalubian Village, Yunnan Province

308 1- stratum code and stratum boundary 2- measured fault and inferred fault 3- groundwater flow direction 4-
309 depression and ascending spring 5- geophysical prospecting line and orientation 6- town and village location 7-
310 stratum attitude 8- research area

311

312 2.3.2 Deep Buried Type Areas

313

314  When the groundwater level is deep, the shallow resistivity is relatively high. Depending on site

315  conditions, conventional resistivity methods can be used within the target detection depth range.

316  However, when site conditions are narrow and the target is deep, electromagnetic methods (AMT,

317  CSAMT, or TEM methods) are recommended for exploration. The Baiao Village, Tangtang Town,
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Xuanwei City, Yunnan Province, is taken as an example for analysis.

In the study area, the overall terrain is high in the southwest and low in the northeast. The

landform combination type is eroded medium mountain trough valley, with large topographic

relief and relative height differences of 200400 m.

The exposed strata on the hillsides are the Lower Triassic Feixianguan Formation (T:f), with

purplish-red silty mudstone and sandstone. The strata exposed at the foot of the mountains and in

the trough valley are the Upper Permian Xuanwei Formation (Psx), with gray-green, gray-yellow

mudstone and siltstone interbedded with gray-black carbonaceous shale and coal seams. The dip

direction is southeast, with an angle of 10°-20°. Structurally, it is located on the southeast wall of

the Tuole hinge fault, which is nearly 200 m from the fault zone. This fault strikes 40° with a

stratigraphic throw of around 40 m and is a compresso-shear fault. The southwest segment of the

fault shows relative descent of the southeast wall, while the northeast segment shows relative

uplift of the southeast wall. The main water-bearing rock formation in the study area is the Upper

Permian Xuanwei Formation (Ps;x), which consists of gray-green, gray-yellow mudstone and

siltstone, with fissures as the main water-bearing medium, and moderate water abundance.

The groundwater recharge source is atmospheric precipitation. After infiltrating and recharging

groundwater along well-developed fissures and joints, it flows from southeast to northwest. The

survey area is located in the groundwater runoff zone, which is close to the fault zone, with

well-developed fissures and joints; these fissures and joints provide relatively large groundwater

17
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Fig. 5 Hydrogeological map of BaiaoVillage, Yunnan Province

1- stratum code and stratum boundary 2- measured fault and inferred fault 3- water-filled fault 4- river and flow

direction 5- geophysical prospecting line and orientation 6- town and village location 7- stratum attitude 8-

research area

3 Methodology

3.1 Exposed Type Areas

Based on the analysis of hydrogeological conditions, the groundwater in the study area is mainly

conduit-type groundwater. Considering site conditions and drilling convenience, the geophysical

survey line was laid out near the convergence point of two underground rivers, which is

approximately perpendicular to the inferred direction of the underground rivers. The survey line

orientation is 325°, with the starting station 1,070 m and the ending station 1,270 m (Figure 1).
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The maximum elevation on the survey line is 1,370 m, the minimum elevation is 1,351 m, the

ground elevation at the window is 1,386 m, and the exposed groundwater level elevation is

1,331 m. Most of the survey line has limestone directly exposed at the surface, with high

resistivity, which meets the technical requirements for GPR. Therefore, GPR was selected for

groundwater detection. Field acquisition parameters are shown in Table 1.

Table 1 Field set-up for GPR.

Equipment PulseEKKO PRO produced by Canada Sensors & Software
company

Frequency 25MHZ

Step Size Im

Time Window 96,000ns

Survey Type Reflection

Sampling Interval 3200ps

Antenna Separation I m

Antenna Polarization Broadside

Antenna Orientation Perpendicular

3.2 Covered Type Areas

3.2.1 Thin Covered Type Areas

Based on the analysis of hydrogeological conditions, the groundwater in the study area is mainly
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karst fissure water. The aquifer is the medium-thick pure limestone of the Triassic Daye Formation

(Td), with a single lithology and no carbonaceous or argillaceous content. According to

preliminary geological data, the average thickness of the overburden in the study area is less than

10 m, and the site conditions are open. Based on these geological conditions, ERT was selected for

water exploration. An east-west trending fault develops on the east side of the study area.

Considering site conditions, the geophysical survey line was laid out approximately perpendicular

to the east-west trending fault on the east side. The survey line orientation is 35°, with the starting

station 100 m and the ending station 690 m (Figure 2). Field acquisition parameters are shown in

Table 2.

Table 2 Field set-up for ERT.

Equipment WGMD-3 (Chongqing Benteng Digital Control Technical

Institute, China)

Array(electrode configuration) Schlumberger (o 2) Array

Measuring point distance 10 m

Number of acquisition layers 20

3.2.2 Thick Covered Type Areas

Based on the analysis of hydrogeological conditions, the groundwater in the study area is mainly

karst fissure water. The aquifer is the medium-thick pure limestone of the Lower Permian Maokou

Formation (Pim), with a single lithology and no carbonaceous or argillaceous content. According

to preliminary hydrogeological surveys and collected drilling data from surrounding areas, the
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average thickness of the overburden in the study area is greater than 40 m, which may reduce the

resolution of ERT for anomaly identification. The site conditions are open. Based on these

geological conditions, ERT and AMT were selected for comprehensive comparative groundwater

detection. Considering site conditions, the geophysical survey line was laid out along the

depression and approximately perpendicular to the strike of the strata. The survey line orientation

is 140°, with the starting station 200 m and the ending station 790 m (Figure 3). Field acquisition

parameters are shown in Tables 2-3.

Table 3 Field set-up for AMT.

Equipment EH-4 continuous conductivity profile instrument produced

by American geometrics company

Orientation of electric field EX 140°

Orientation of magnetic field HY 230°

Measurement mode Scalar

Working frequency Low frequency band (10-1000 Hz), high frequency band

(750-100000 Hz)

Measuring point distance 10 m

3.3 Buried Type Areas

3.3.1 Shallow Buried Type Areas

Based on the analysis of hydrogeological conditions, the groundwater in the study area is mainly
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clastic rock fissure water. According to preliminary geological data, the water level in the study

area is less than 10 m (shallow water level). The aquifer comprises the mudstone and sandstone of

the Lower Triassic Feixianguan Formation (T:f). Affected by water and lithology, a low-resistivity

layer exists in the shallow part, which forms a good conductive shield for conventional resistivity

methods. This conductive shield greatly reduces the exploration depth and resolution of

conventional resistivity methods. The site conditions are open. Based on these geological

conditions, the composite profiling method, ERT, and AMT were selected for comprehensive

comparative detection. Considering site construction conditions, the geophysical survey line was

laid out intersecting the northwest-southeast trending fault at a large angle. The survey line

orientation is 318°, with the starting station 200 m and the ending station 495 m (Figure 4). Field

acquisition parameters are shown in Tables 4-6.

Table 4 Field set-up for composite profiling method.

Equipment WGMD-3 (Chongqing Benteng Digital Control

Technical Institute, China)

Device Rolling AMN and rolling MNB device

AO (distance from power supply electrode A 47.5m, 62.5m, 77.5m

to midpoint O of measuring electrode MN)

BO (distance from power supply electrode B 47.5m, 62.5m, 77.5m

to midpoint O of measuring electrode MN)

MN Sm

Point distance Sm

Table 5 Field set-up for ERT.
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Equipment WGMD-3 (Chongqing Benteng Digital Control Technical

Institute, China)

Array(electrode configuration) Schlumberger (o 2) Array

Measuring point distance S5m

Number of acquisition layers 20

Table 6 Field set-up for AMT.

Equipment EH-4 continuous conductivity profile instrument produced

by American geometrics company

Orientation of electric field EX 318°

Orientation of magnetic field HY 228°

Measurement mode Scalar

Working frequency Low frequency band (10-1000 Hz), high frequency band

(750-100000 Hz)

Measuring point distance 10 m

3.3.2 Deep Buried Type Areas

Based on the analysis of hydrogeological conditions, the groundwater in the study area is mainly

clastic rock fissure water. According to preliminary geological data, the water level in the study

area is greater than 50 m (deep water level). The aquifer comprises the mudstone and siltstone of

the Upper Permian Xuanwei Formation (Psx). The water level is deep, and the shallow resistivity

is relatively high compared with when water-bearing, which makes it suitable for conventional
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electrical methods. However, the site is narrow. Therefore, AMT was first used for water

exploration. Based on the AMT detection results, microtremor HVSR method was then used to

further determine the drilling location. Considering site construction conditions, the geophysical

survey line orientation is 39°, with the starting station 200 m and the ending station 300 m

(Figure 5). Field acquisition parameters are shown in Tables 7-8.

Table 7 Field set-up for AMT.

Equipment

EH-4 continuous conductivity profile instrument produced

by American geometrics company

Orientation of electric field EX

Orientation of magnetic field HY

Measurement mode

Working frequency

Measuring point distance

39°

129°

Scalar

Low frequency band (10-1000 Hz), high frequency band

(750-100000 Hz)

10 m

Table 8 Field set-up for microtremor method.

Equipment

TROMINO (Italy)

Time window length

Sampling frequency

Acquisition time

Point distance

20's

128 Hz

25 min

10 m, the abnormal section is encrypted to 5 m

4 Result analysis
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4.1 Exposed Type Areas

The inversion result image obtained by GPR (Figure 6) depicts strong amplitude and chaotic

events in the reflection profile at stations 1,128—1,150 m at elevations 1,304—1,336 m and stations

1,184-1,200 m at elevations 1,305-1,330 m. Moreover, the site geology and underground river

development indicates that the section from stations 1,128—1,150 m at elevations 1,304—-1,336 m is

a karst fracture zone, and the section from stations 1,184—1,200 m at elevations 1,305-1,330 m is

the location of a karst underground river conduit. Considering site construction conditions, the

borehole was finally placed at station 1,190 m.

Drilling data revealed a water-filled cave at elevations 1,313—1,324 m, which is a section of the

karst underground river conduit. The GPR method effectively identified the location and depth of

the karst underground river conduit. GPR can be effectively applied to groundwater exploration in

exposed type areas.
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Fig.6 Ground Penetrating Radar (GPR) image map of Yibasan Village, Yunnan Province

4.2 Covered Type Areas

4.2.1 Thin Covered Type Areas

The apparent resistivity inversion contour section obtained by ERT (Figure 7) shows that the
overburden resistivity ranges from 0 Q-m to 300 Q-m, with an average thickness of approximately
10 m, and a clear rock—soil interface. At stations 400—450 m, the resistivity is relatively lower than
on both sides, and the resistivity contours show a “U”-shaped low-resistivity anomaly. Combined
with the hydrogeological map and topography, this section is inferred to be a fault fracture zone.
At stations 600—630 m, the resistivity contours show a low-resistivity anomaly extending
obliquely downward toward the smaller station number direction, which is inferred to be a karst
fracture zone. From the extension direction of the karst fracture zone, the karst and fault fracture
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zones are found to be connected at a certain depth.

The exposed stratum in the study area is the Triassic Daye Formation (Td) aquifer. Influenced by

the fault fracture zone at stations 400—500 m and the karst fracture zone at stations 600-630 m,

groundwater converges and accumulates in the fault fracture zone. Considering site drilling

conditions, the borehole was finally placed at the measurement point 455 m (edge of the fault

fracture zone). Drilling verification showed that the water-bearing horizon in this borehole is the

Triassic Daye Formation (Td), with an aquifer thickness of 55.8 m, a drawdown of 3.31 m, a yield

of'4.767 /s, and a specific yield of 1.44 I/s-m, which indicate moderate water abundance. The well

depth is 122.5 m, and the well yield is 411.87 m?/d.

Borehole location
Iteration 7 Abs.error =2.3% Station(m) Unit electrode spacing 10m

100 150 200 250 300 350 400 430 500 550 600 650

Depth(m)
S
<] (=]

(o)
(=)

—= -
0 137 317 733

Fig.7 Contour profile of apparent resistivity inversion by the electrical resistivity tomography of Sanwan Village,

Hunan Province

4.2.2 Thick Covered Type Areas

The apparent resistivity inversion contour section obtained by ERT (Figure 8a) illustrates that the

entire profile is divided into three layers based on resistivity. In the shallow part of the 360-640 m

measurement point section, gravel distribution (Q) exists, such that the shallow resistivity is
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relatively high. The middle layer has low resistivity, which is inferred to be a clay layer

distribution area (Q). The bottom layer has relatively high resistivity, which is inferred to be the

bedrock distribution area (Pim + P1q). From the smaller to larger station numbers, the overburden

thickness gradually increases along the profile, with an average thickness of approximately 50 m,

and a clear rock—soil interface. Although the resistivity at stations 420490 m shows a shallow

“U”-shaped low-resistivity distribution, its development depth is comparable to the overburden

thickness and cannot be interpreted as a karst fissure development zone. Therefore, due to the

thick overburden, the resolution of ERT for identifying karst fissures is reduced, which causes

difficulty in determining the borehole location. Therefore, AMT was combined for borehole

positioning. Based on the ERT results, AMT was used to detect groundwater in the 410-660 m

stations.

The AMT apparent resistivity inversion contour section (Figure 8b) reveals that the shallow part

has low resistivity, with an average thickness of around 50 m, which is inferred to be the

overburden (Q). Below 50 m, the resistivity is relatively high, which is inferred to be the bedrock

distribution area (Pim + Piq). A relatively low-resistivity anomaly exists at measurement points

445-510 m and depths of 50—135 m, which is inferred to be a karst fissure fracture zone.

Considering site drilling conditions, the borehole was finally placed at the measurement point

470 m. Drilling verification showed that the water-bearing horizon in this borehole is the Permian

Maokou-Qixia Formation (Pim + Piq). The exposed overburden thickness is 46.3 m. The main

water-bearing section is the dissolution fissures at 62.09-102.5 m. The borehole depth is 150 m,
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502 the static water level is 10.5 m, and the well yield is 131.76 m%/d.
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504
505 Fig.8 Integrated geophysical results profile plot of Hongdong Village, Yunnan Province
506 Fig.8a Contour profile of apparent resistivity inversion by the electrical resistivity tomography
507 Fig.8b Contour profile of apparent resistivity inversion by audio frequency magnetotelluric method

508 4.3 Buried Type Areas

509

510  4.3.1 Shallow Buried Type Areas

511

512 The apparent resistivity curve of the composite profiling method with different electrode spacings

513  (Figure 9a) shows that the resistivity along the entire profile is relatively low, all less than
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200 Q-m, with a small range of variation. The resistivity varies significantly at local sections such

as measurement points 400410 m and 440-460 m, which is influenced by surface gravelly soil

and gravel. The differentiation between the ps* and ps® curves of the composite profiling method is

not obvious; the two curves essentially overlap, and the variation remains insignificant with

increasing electrode spacing. The resistivity along the entire profile shows a jagged pattern, which

causes difficulty in extracting useful anomaly information.

The apparent resistivity inversion contour section obtained by ERT (Figure 9b) depicts that the

shallow part has large resistivity variations (0—4,000 Q-m) and uneven resistivity distribution.

After station 380 m, the resistivity increases sharply, which is due to the influence of surface

gravel and gravelly soil. Ignoring the influence of surface gravel and gravelly soil, the resistivity

along the entire profile is relatively low, all less than 200 Q-m. Limited by site conditions, the

survey line length and exploration depth are limited. Within the achievable exploration depth

range, the apparent resistivity distribution is relatively uniform with a small variation range.

Moreover, no obvious resistivity anomaly is observed in the survey area. These conditions cause

difficulty in identifying effective anomalies such as fissures or fracture zones.

The apparent resistivity inversion contour section obtained by AMT (Figure 9c) reveals that the

shallow part has low resistivity. Within a depth of 150 m, the resistivity is relatively low, which is

less than 300 Q-m. The resistivity along the entire profile is less than 900 Q-m. Locally, relatively

low-resistivity segments are found within the low-resistivity background. At stations 220-290 m

at depths of approximately 10-190 m, a low-resistivity anomaly is observed. Combined with
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hydrogeological data, a northwest-southeast trending fault develops near the survey line. Thus,

this anomaly is inferred to be a fissure or fault fracture zone. At stations 230-270 m at depths of

around 10-190 m, a relatively lower resistivity anomaly is found, which is inferred to be a

water-rich zone.

Considering site drilling conditions, the borehole was finally placed at station 270 m, with a depth

of 195 m. Drilling revealed that the aquifer is the Lower Triassic Feixianguan Formation (T.f).

Fissures developed at 92.4-93.8 m, which is the main water-producing section of the borehole.

Fissures are relatively developed at 12.6—13.5 m, which is the secondary water-producing section

of the borehole. Drilling revealed a static water level of 6.15 m, and a yield of 366.27 m*/d at a

drawdown of 31.44 m.
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The apparent resistivity inversion contour section obtained by AMT (Figure 10a) shows that the

resistivity along the entire profile is relatively low, all less than 150 Q-m. Locally, relatively

low-resistivity segments are found within the low-resistivity background. The resistivity changes

significantly around stations 225 and 265 m. Relatively low-resistivity anomalies exist at stations

215-225 m at depths of 30—70 m and at stations 265-300 m at depths of 30—150 m, which are

inferred to be fissure development sections (Figure 10a). Both of the abovementioned sections are

inferred to be water-rich sections.

The anomalies detected by AMT are broad in width, and two sets of anomalies are observed. In

addition, both anomalies are close to the boundaries of the survey line. To increase the success rate

of water production from the well, the microtremor HVSR method was used on the same survey

line for further determining the drilling location. The microtremor H/V ratio spectrum contour

map (Figure 10b) reveals that, at frequencies of 3.5-6.5 Hz and stations 272-285 m, 8—12 Hz and

stations 262-280 m, and 10-13 Hz and stations 235-245 m, high H/V ratio spectrum anomalies

are observed. These stations are inferred to be sections with good water-bearing capacity in karst

fissures.

Combining the anomalies from AMT and the microtremor HVSR method, as well as site

construction conditions, the borehole was finally placed at station 280 m. The borehole depth is

163.5 m. Drilling revealed that the aquifer is the mudstone and siltstone of the Upper Permian

Xuanwei Formation (Psx). Fissures developed at 19.2-20.8 m, which is the main water-producing
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section of the well. Fissures are relatively developed at 52.6-53.8 m and 75-78.8 m, which are
secondary water-producing sections of the well. Drilling revealed a static water level of 50.07 m,

and a yield of 181.44 m>/d at a drawdown of 1.61 m.
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Fig.10 Integrated geophysical results profile plot of Baiao Village, Yunnan Province

Fig. 10a Contour profile of apparent resistivity inversion by audio frequency magnetotelluric method

Fig. 10b Contour map of the microtremor H/V ratio spectrum

5 Discussion
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Unlike previous studies that focused solely on a single type of overburden or specific geophysical

methods, this paper systematically reviews the types of overburden and their hydrogeological

characteristics. It integrates the principles and applicability conditions of geophysical methods,

with an emphasis on analyzing their combinations and application cases in different overburden

areas, while also exploring optimization pathways for geophysical techniques. The novelty of this

work lies in being the first to propose differentiated sequences of geophysical techniques and

optimized combinations for the economical, rapid, and accurate detection of groundwater in

various types of overburden areas within the karst rocky mountain regions of Southwest China. In

doing so, it addresses the lack of systematic comparison and targeted technical construction in

previous research.

(1) Exposed type areas: When the target depth is shallow (less than 100 m), lower frequency

antennas (12.5 MHz) can be used to increase exploration depth. However, the unshielded nature of

low-frequency antennas limits the effective use of GPR in areas with severe electromagnetic

interference. When the target depth exceeds 100 m, TEM methods with greater exploration depth

should be selected. By analyzing the hydrogeological conditions of the study area and then

selecting favorable target areas for water exploration, the most economical, rapid, and effective

geophysical method is chosen. This method saves costs while improving the success rate of water

exploration.

(2) Thin covered type areas: When conducting water exploration in thin covered areas, if the karst

water-bearing rock formation is a relatively single lithology pure carbonate rock (without

carbonaceous or argillaceous rock) and the site is open and meets the exploration depth

requirements, then using only ERT can achieve good water exploration results. When the target
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depth is large, the water-bearing rock formation is impure limestone, or the anomalies interpreted

by ERT are broad, if any one of the three conditions is met, other methods should be combined for

water exploration and well location.

(3) Thick covered type areas: When conducting water exploration in thick covered areas, affected

by the thick overburden, the resolution of ERT for detecting karst fissures decreases. AMT, which

has greater exploration depth and relatively better resolution, should be the primary method for

detection. AMT has good water exploration results. However, when the anomalies interpreted by

AMT inversion are broad and do not meet the requirements for well location, other methods

should be considered for fine well positioning.

(4) Shallow buried type areas: When conducting water exploration in shallow buried areas,

affected by the shallow water level and clastic rocks, a low-resistivity layer exists in the shallow

part. This area forms a good conductive shield, which greatly reduces the exploration depth and

resolution for karst fissures of the combined profiling method and ERT. AMT, which has greater

exploration depth and relatively better resolution, should be the primary method for detection.

AMT has good water exploration results in shallow buried areas. However, when the anomalies

interpreted by AMT inversion are broad in range and do not meet the requirements for well

location, other methods should be considered for fine well positioning.

(5) Deep buried type areas: When conducting water exploration in deep buried areas, the water

level is deep, and the shallow resistivity is higher than the resistivity below the water level. When

the site is open, conventional resistivity methods can be considered for water exploration. When

the site is narrow, AMT can achieve good water exploration results. However, when the anomalies

interpreted by AMT inversion are broad in range and multiple sets of anomalies are present, which
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cause difficulty in meeting well location requirements, the microtremor HVSR method can be

combined to further determine the well location.

In karst areas, the undulating topography and generally narrow site conditions affect the

effectiveness of geophysical methods for groundwater exploration. In such areas, methods

including ground penetrating radar (GPR), the transient electromagnetic method (TEM), and

audio-frequency magnetotellurics (AMT) are susceptible to electromagnetic interference from

high-voltage cables, which can generate false anomalies. The overburden in karst regions exhibits

significant lateral thickness variations, making it difficult for the electrical resistivity tomography

(ERT) method to simultaneously acquire shallow, intermediate, and deep data with a single

electrode spacing. This results in less accurate imaging of the inversion model, causing deviations

between inversion results and actual conditions. The audio-frequency magnetotellurics (AMT) and

microtremor methods are considerably affected by field data acquisition procedures and the

imaging performance of inversion software. Therefore, future research should proceed from both

hardware and software perspectives. It is necessary to develop geophysical instruments with

strong anti-interference capabilities and multi-parameter integration, design data processing

software that integrates single or multiple parameters, achieve intelligent software processing, and

establish three-dimensional data acquisition and processing systems.

6 Conclusions

The overburden has a decisive influence on geophysical groundwater detection. Based on different

overburden types in the karst rocky mountain areas of Southwest China, the following rules for

water exploration through drilling are summarized.
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(1) Exposed type area: The soluble rock aquifer is directly exposed at the surface without
continuous coverage of unconsolidated sediments. For exposed rocks such as limestone and
dolomite, the resistivity is generally very high, which reaches nx10*nx103 Q-m. In exposed type
areas, the grounding condition is poor, the supply current is small, the measured voltage is high,
and the measurement error is large. The surface electrical characteristics show high resistivity,
which prevents current penetration and forms an insulating shield. This insulating shield reduces
the exploration depth, which is unfavorable for the application of DC resistivity methods.
However, for non-grounded electromagnetic methods, good application results can be achieved.
When the detection depth is shallow, using low-frequency antenna GPR can achieve good water
exploration results. When the detection depth is large, TEM methods are used. For groundwater
detection in exposed type areas, geophysical methods often use non-grounded electromagnetic
methods.

(2) Covered type area: The soluble rock aquifer is overlain by discontinuous layers of sediments
such as clay, sand, and gravel. Given that the overburden generally contains clay, sand, or gravel,
it forms an electrical layer with resistivities ranging from tens to hundreds of Q-m. When the
overburden is thin (less than 30 m), the overall surface resistivity is neither too high to prevent
power supply nor too low to cause skin effect affecting exploration depth. Using conventional
resistivity methods for groundwater detection can achieve good results. When the overburden is
thick (greater than 30 m) or the site is narrow, on the one hand, arranging a long profile to achieve
greater exploration depth is difficult; on the other hand, the resolution of resistivity methods for
identifying karst fissure anomalies decreases. Therefore, under such conditions, electromagnetic
methods (e.g., AMT, CSAMT, or TEM methods) are recommended.

38



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

(3) Buried type area: The soluble rock is overlain by clastic rocks. Common clastic overburden in
the karst region of Southwest China mainly includes Jurassic and Cretaceous red beds (red silty
rock, sandstone, locally interbedded with limestone fragments), Permian Emeishan basalt, and
sandstone or shale from other formations. A clastic rock caprock of a certain thickness generally
has its own independent groundwater level and no hydraulic connection with the underlying
soluble rock. In this case, the clastic rock layer is the target aquifer for water exploration. The
resistivity of this clastic rock layer is generally between tens and hundreds of Q-m. For relatively
intact, slightly weathered basalt, the resistivity can reach nx10°-nx10* Q-m. When the
groundwater level is shallow, the surface clastic rocks are often completely to strongly weathered,
with large voids, and are water-bearing or saturated, with low resistivity. This area forms a good
conductive shield for conventional resistivity methods, which greatly reduces the exploration
depth. As a result, conventional resistivity methods are generally unfavorable, and electromagnetic
methods are recommended. When the groundwater level is deep, the shallow resistivity is
relatively high. Depending on site conditions, conventional resistivity methods can be used within
the target detection depth range. However, when site conditions are narrow and the target is deep,
electromagnetic methods (AMT, CSAMT, or TEM methods) are recommended for groundwater

detection.

(4) In the water exploration process for the different overburden types mentioned above, when

geophysical anomalies are uncertain or ambiguous, other methods such as the microtremor HVSR

method can be combined for comprehensive interpretation.
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