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Abstract: In order to ascertain the concealed bedrock and its spatial distribution in an urban low-
resistance coverage area of a typical lacustrine basin in Hunan Province, a multi-method compre-
hensive experimental study was carried out in Dingcheng District, Changde City where there are
multiple sets of strata and fault structures. In this study, the wide-area electromagnetic method and
microtremor survey were utilized on the basis of traditional methods, including the high-density
resistivity method and controlled-source audio-frequency magnetotelluric method, to infer the con-
cealed Cambrian limestone, fault structure, and vertical distribution of strata and the results were
verified by drilling. The results indicate that the wide-area electromagnetic method is effective to
explore the bedrock and concealed structure in urban geological survey. The microtremor method
has an obvious effect on the detection of the Cretaceous and Quaternary silty strata within 100 m.
The study may provide references for similar projects in this area.

Keywords: urban geological survey; comprehensive geophysical method; wide-area electromagnetic
method; microtremor survey; bedrock survey

1. Introduction

Since the Ministry of Natural Resources of the People’s Republic of China issued
“Notice on strengthening urban geological survey” in 2017 [1], a series of urban geological
survey work was deployed by the Ministry of Natural Resources and China Geological
Survey at the national level as well as the Department of Natural Resources and the
geological industry management department at the provincial level. The Ministry of
Natural Resources issued the code for urban geological investigation [2] at the end of
2017, the contents involving the geophysical exploration work mainly are as follows:
(1) exploration of basic geological conditions in cities; (2) survey and evaluation on urban
natural resources; (3) survey and evaluation on the urban geological environment; and
(4) urban geological disaster investigation.

Urban geological survey is the predecessor activity of urban development as well
as being the basis of urban space’s effective and comprehensive utilization. Since the
survey of territorial resources in 1999 [3], urban geological work is getting more and more
meticulous, and presents a rapid development trend. Environmental geology survey and
evaluation of major cities (group) in China have been accomplished, led by the Ministry of
Natural Resources and the China Geological Survey. Three-dimensional urban geological
surveys were carried out and the underground three-dimensional structure of the city was
established. A three-dimensional visualization urban geological information management
decision platform and a public-facing urban geological information service system were

Appl. Sci. 2023, 13, 417. https://doi.org/10.3390/app13010417 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13010417
https://doi.org/10.3390/app13010417
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13010417
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13010417?type=check_update&version=2


Appl. Sci. 2023, 13, 417 2 of 16

also established. From 2004 to 2012 [3], the Ministry of Natural Resources and the China
Geological Survey completed environmental geological surveys in major cities all over the
country. The investigation preliminarily identified different kinds of urban environmental
geological problems including landslide, collapse, debris flow, land subsidence, soil and
water pollution, active faults, mine geological environment problems, and the state of geo-
logical resources such as groundwater, geothermal, mineral water, and geological landscape
was clarified. Since 2009 [3], under the unified deployment of the Ministry of Land and Re-
sources, the multi-party cooperation mode of ministry, province, and city has been adopted
to carry out urban geological surveys of 28 cities, including Fuzhou, Xiamen, Quanzhou,
Suzhou, Zhenjiang, Jiaxing, Hefei, Shijiazhuang, Tangshan, Qinhuangdao, and Jinan among
their number. Since 2010 [3], in order to serve the needs of the national regional strategy
and main function zoning, comprehensive geological surveys have been carried out in key
urban agglomerations such as Beijing-Tianjin-Hebei, Yangtze River Delta, Pearl River Delta,
the west coast of Taiwan Strait, Beibu Gulf, middle reaches of Yangtze River, Guanzhong,
Central Plains, and Chengdu-Chongqing. Hunan province has also cooperated with the
Ministry of Natural Resources in recent years; since July 2008 [3], the Hunan Provincial
Institute of Geological Survey has undertaken a comprehensive survey and regionalization
of the geological environment of the Changsha-Zhuzhou-Xiangtan Urban agglomeration,
hydraulic and environmental geological survey of Changsha-Zhuzhou-Xiangtan Urban
agglomeration and other projects. At present, Changde city geological environment survey,
Yiyang city geological environment survey and Yueyang city geological survey projects are
in progress. With the deepening of urban geological survey in recent years, geophysical
exploration technology has also made some scientific and technological achievements. As
early as 1993, Wu Yifang et al. [4] used an electric method, a magnetic method, the creation
of an artificial earthquake and other methods to conduct multi-method detection tests on
the large area of ground fissure and collapse in Changjiang Road, Tongling City, the results
indicating that shallow seismic exploration was the most effective method. In 2007, Chen
Xiangfu and An Xifeng [5] took the Guangzhou urban geological survey as an example
and pointed out that it was feasible to use seismic transverse wave exploration combined
with wave velocity logging to divide the sequence of Quaternary unconsolidated strata and
detect the thickness. In 2008, Li Xiaobin et al. [6] confirmed that geophysical exploration has
a good application prospect in urban geological surveys through the examples of gravity,
magnetic, electric, seismic, and radioactive exploration. In 2015, Yang Qiyan et al. [7]
evaluated the Shigatse urban active fault by using a shallow seismic exploration method
with a ramming source as the artificial source. In 2017, Han Shuhe et al. [8] used a three-
dimensional earthquake, controlled-source audio-frequency magnetotelluric and transient
electromagnetic method to comprehensively detect the goaf of the Chifeng Coal Mine. In
2019, Chen Shi et al. [9,10] conducted investigation and application research in Urumchi by
using a high-density resistivity method and a natural source surface wave microtremor
exploration method, which has guiding significance for the later exploration of urban under-
ground space resources. Jiang Bo et al. [10] used controlled-source audio-magnetotelluric,
high-density resistivity, transient electromagnetic and geological radar methods to detect
the distribution positions of major fault zones and ancient river channels in Xuzhou city.
Wang Yahui et al. [11] explored and modeled the urban underground space in the Xixian
New Area of Xi’an by using a comprehensive geophysical exploration method. Zhou Lei
and Cao Chuanghua et al. [12] conducted an experimental study on prospecting water
using geophysical methods under urban limited site conditions in Chenzhou City, Hunan
province through an equivalent retroflux transient electromagnetic method. This paper
aims to carry out exploration experiments on the underlying bedrock structure of the urban
electrical low resistivity overburden in Huxiang Basin in order to provide experiences for
geophysical prospecting application in urban geological survey.
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2. Geology

The study area is located in the southwest margin of Dongting Basin [13–15], geo-
graphically located in the industrial development zone of Dingcheng District, Changde
City. The Taiyangshan uplift, Wuling uplift, and Yuan River are in the east, west and south
of the experimental profile. The river system in the area is relatively developed, and the
exposed stratum is relatively simple in the study area.

2.1. Stratum

According to regional geological data, the strata exposed on the surface of the re-
search area are mainly pre-Quaternary bedrock (including Qingbaikou Qb~Paleogene E),
Quaternary lower Pleistocene series Changde formation, Quaternary middle Pleistocene
series Mawangdui formation, and Quaternary Holocene series. The main stratum is briefly
described as follows:

(1) Pre-Quaternary bedrock (Qb-E)
Changde city and its periphery are covered by Quaternary bedrock, therefore the

Paleogene systems of Proterozoic, Paleozoic, Mesozoic, and Cenozoic are considered as
pre-Quaternary bedrock in this study. The Qingbaikou system is the oldest stratum ex-
posed in the survey area, and this includes the Lengjiaxi and Banxi groups distributed in
the north of the investigation area located in the Taiyangshan area of Dingcheng District,
Changdeding City. The Nanhua and Sinian system are only distributed in Taiyangshan.
Cambrian, distributed in the northwest, is the most widely distributed stratum in the
survey area. Cambrian stratum is concentrated to the east of Shibatan Town, such as
Liantai-Huaishugang-Tiejiazui-Guanshiyan, and in the west of Guanxi Town, in places
such as Matousi-Fengjiaqiao-Zhangshuwan, Taiping-Gongjiawan-Lijia-Nanyan. There is a
small amount of Cambrian distributed in the Liujiapo area of Chou Town. The Ordovician
is distributed in the northwest corner of the survey area, mainly in the NW-trending band
in Jinjishan-Zhaojiawan of Shibatan Town, and the Zhoujia-Zhaizishan-Changlinggang
reservoir of Guanxi Town. Cretaceous is concentrated in the northwest of Guanxi Town, in
places such as Shuomudang-Fujiashan and Wujiawan-Baozhengwan, and there are scat-
tered outcrops in the Quaternary distribution area. Paleogene is concentrated in the N–NE
of Liuye Lake in Changde City, namely in the Huangjiachong-Shiiwan-Xiaowupu area.

(2) Quaternary lower Pleistocene series Changde formation (Qp1cd)
It is mainly distributed in the hilly-to-hilly land morphologic province, which spreads

in planar or banded form. It is specifically distributed in Hefu-Guanxi town and the
Dingjiagang-Doum Lake-Caoping area. The stratum elevation is generally 60 ~ 120 m, and
the sediment is generally 10 ~ 30 m thick, with a maximum thickness of up to 70 m. The
lithology is mainly a gravel layer with a small amount of lentoid sand and clay layer. The
thickness of the sediment varies frequently from bottom to top, and the phenomenon of
internal scour and filling, erosion, and cutting is very common. It is the alluvial–diluvial
fan body mainly composed of braided river deposits, with a small amount of debris flow
deposits inside.

(3) Quaternary middle Pleistocene series Mawangdui formation (Qp2mw)
It is distributed in hilly, hilly land, undulating plains and other areas. The elevation

is 40~150 m, and the thickness of the stratum varies greatly from 3 to 20 m. Generally,
the thickness increases at the place where the geomorphic change occurs. The lithology
is mainly brownish red, brownish yellow reticulate clay, containing (weak) reticulate
iron-manganese clay; reticulate gravel clay is commonly distributed at the bottom. It is
in unconformable contact with the lower strata (Changde formation, Baishajing forma-
tion, etc.), which is usually covered at a small angle or cut into the lower sand and gravel
layer at a large angle.

(4) Quaternary Holocene series (Qh)
It is developed in modern river gullies in relatively low topography areas, and the

stratum is distributed in relatively limited areas with a small thickness of 2–9 m. Many of
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them have a river dual structure with a gravel layer at the lower level and a silty clay layer
at the upper.

Deep in the area, there is the Ordovician Baishuixiformation, Cambrian Tanxi forma-
tion, Wunitang formation, Niutitang formation, and other strata as follows:

(5) Ordovician Baishuixi Formation (O1bs)
The lithology of this formation is mainly composed of grayish yellow to light grayish

green thin to medium silty mudstone, locally intercalated with silty mudstone, mudstone,
and banded mudstone. This formation is intercalated with an argillaceous limestone lens
at the bottom, and intercalated with silty shale in the middle.

(6) Cambrian Tanxi Formation (∈3-4t)
The lithologic association is mainly composed of calcarenite, calcisiltite, micritic argilla-

ceous limestone, microcrystalline calcite dolomite, and plate-like shale, which is in con-
formable contact with the underlying Wunitang formation.

(7) Cambrian Wunitang Formation (∈2-3w)
The formation is characterized by middle-thin-layered micritic argillaceous limestone,

banded crystal powder limestone, calcisiltite limestone mixed with calcareous mudstone,
mudstone, and calcareous shale. It is in conformable contact with the underlying Niutitang
formation, and scattered outcrops are occasionally seen in Liaojiawan, Guanxi Town.

(8) Cambrian Niutitang Formation (∈1-2n)
This formation is a set of dark gray, gray-black (including) carbonaceous shale, banded

carbonaceous shale, carbonaceous mudstone, thin-thick layered carbonaceous mudstone,
carbonaceous siliceous mudstone, siliceous carbonaceous mudstone, mudstone-intercalated
silty, calcareous shales and lentoid, stratiform-like siliceous rocks.

2.2. Geologic Structure

The pre-Quaternary fault structures are mainly distributed in the Taiyangshan-Matoushan
area in the northwest of the study area, and are mainly formed in the Indosinian, Yanshan,
and Paleogene periods. Since the pre-Quaternary strata are distributed in the north of the
survey area, all the pre-Quaternary faults are also distributed in the north of the survey
area. The NNE faults are mainly distributed at both sides of the Yangshan uplift. They are
featured with a large-scale, eye-catching tectonic track and multi-period activities, which
are the product of regional stress fields or confined stress fields in different periods. The
NEE and NE faults are on a small scale, they are also cut and restricted by the NNE faults.
The structure near the test section is mainly represented by F3 as shown in Figure 1.

The Hefu-Shibantan fault (F3) is a relatively large fault on the west side of Taiyangshan,
extending from Hefu to Shibantan along the Jian River. In the study area, the extended
length is 18.5 km with striking at NE10◦ ~ 15◦and the fault is oriented to the southeast with
an inclination angle at about 50◦ ~ 70◦, which is a normal fault with strike-slip. The fault
shows a straight deep trench or valley topography, and obvious differences in topography
and strata on both sides of the fault. On the east side, the side of residual deposits at
the western piedmont of Taiyangshan, the river system is not developed. The west side
of the fault is a hilly landform, which is an alluvial fan composed of sand and gravel
layers in the early Pleistocene. The Pinnate river system is developed in a vertical-to-fault
strike direction.
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3. Geophysical Techniques and Geophysical Characteristics
3.1. Geophysical Techniques

On the basis of preliminary investigation and research, this application test research
follows the working idea of “from the outside to the inside, from the shallow to the deep and
step by step”. Firstly, the shallow detection uses the high-density resistivity method, and
then the middle and deep detection uses the controlled-source audio-frequency magnetotel-
luric method. In the later period, the wide-area electromagnetic method was introduced
to carry out deep detection for comparative tests. Finally, a new method of natural field
wave microtremor was used to detect and analyze the seismic wave velocity and physical
properties at the proposed drilling location.

3.1.1. High-Density Resistivity Method

The high-density resistivity method is an improvement of the traditional electrical
sounding method. It has high field data collection efficiency and is most widely used in
urban geological survey. In this study, in order to detect the formation structure within
100 m of the shallow layer near the surface, the point distance is selected at 10 m, and
60 electrodes are arranged in a row, at a total distance of 600 m, and the continuous rolling
mode is implemented. The acquired parameter is the apparent resistivity, because the
apparent resistivity is the overall response of formation information; Res2Dinv software is
used to invert the results, in which finite difference is used for forward calculation, and
the least square method based on the smooth constraint is used for inversion. The WGMD-
4 resistivity data acquisition system developed by the Chongqing Pentium Numerical
Control Technology Research Institute was used in this study. A Wenner device with a high
longitudinal resolution was selected [16] in order to detect stratum stratification.
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3.1.2. The Controlled-Source Audio-Magnetotelluric Method

Because the detection depth did not penetrate the low resistance overburden, the
controllable source audio-frequency magnetotelluric method was completed on the ba-
sis of the detection profile and high-density electrical method. The controlled-source
audio-frequency magnetotelluric method (CSAMT) is developed based on magnetotelluric
exploration using an artificial source method with frequency domain sounding, the signal
strength is large with a detecting depth of 1.5 km, but it is commonly used for “far” area
data when dealing with field measured data; thus, its transceiver distance setting is one
of the preconditions for effective use of the method. The profile is consistent with the
high-density electrical method, with a distance of 20 m. Based on the new understand-
ing of Cao Chuanghua et al. [17] in 2017 regarding the geological survey project of the
Changsha-Zhuzhou-Xiangtan urban agglomeration, the power supply AB is arranged
in the southwest section of the survey line near Yangjiaxiang Village, Chou Town. The
power supply line AB is 1.04 km long, parallel to the profile of the measuring line, and the
transmission distance is 9.8 km. The observation device is in TM mode, and the instrument
is a GDP32 series multi-functional electrical workstation developed by the Zonge Company
in the United States. The generator transmitting power is 30 kW. The emission current
presents the characteristics of high frequency with low current and low frequency with
high current. The maximum emission current is 16 A and the minimum emission current is
3.5 A. The data collection frequency is 0.125–8192 Hz, and the data processing software uses
Scs2D. The processing process includes flying point elimination, static correction, terrain
correction and inversion, etc. In this study, one-dimensional Bostick inversion results are
used as the initial model of the two-dimensional Occam inversion method.

3.1.3. Wide-Area Electromagnetic Method

The wide-area electromagnetic method is a new electromagnetic detection technology
developed in the early 21st century, which was invented by academician He Jishan from
Central South University. Based on the precise expression of the electromagnetic field,
the apparent resistivity parameters of the wide-area electromagnetic method are strictly
defined, and the distortion effect in the distant region is improved. Therefore, the sounding
can be carried out over a wide area, not limited to the “far zone”, and the exploration
depth is larger under the condition of the same transceiver distance. This method inherits
the advantages of using a human field source in the CSAMT and magnetic dipole source
frequency sounding method (MELOS) with “not far zone” detection. The weakness of the
CSAMT remote signal is improved, the range of observation is expanded, and the correction
method of the MELOS method is abandoned. A formula suitable for the whole field is used
to calculate the apparent resistivity, which retains the high-order term of the calculation for-
mula, greatly expands the observation range of the artificial source electromagnetic method,
and improves the observation speed, accuracy, and field efficiency [18]. In this study, the
data collected by the controlled-source audio-frequency magnetotelluric method is used to
invert the resistivity of the whole area only using electric field scalar and geoelectric field
observation parameters without track data, and the frequency is 0.125 Hz~8192 Hz.

3.1.4. Natural Source Surface Wave Microtremor

There is a weak continuous natural surface wave signal source in the human activity
area near the earth’s surface, scholars have used it to detect and calculate the seismic veloc-
ity structure of the stratum since the 1950s. At present, low-frequency signals generated by
tides, waves, pressure changes and high-frequency mechanical vibration signals generated
by human activities are mainly used to deduce the subsurface transverse wave velocity
model based on the dispersion curve inversion of these Rayleigh surface wave character-
istics [10]. In this study, a WD-1 intelligent natural source surface wave data acquisition
system funded by the Beijing Institute of Hydroelectricity Geophysical Exploration was
used. Data collection was carried out using a 2 Hz detector 10-channel equilateral triangle
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embedded pole mode. The maximum side length is 90 m, the sampling interval is 5 m and
the number of iterations is 600.

3.2. Geophysical Characteristics of the Study Area
3.2.1. Regional Geophysical Characteristics of Changde City

The 1:500,000 gravity measurement data of the region shows that the study area is located
at the eastern and southwestern edges where the gravity is high, within the Mayang-Changde-
Xiangtan-Hengyang arc. Bouguer gravity abnormal values are (−50~−10) × 10−5 m/s2.
The arc gravity height is consistent with the outline of the Mesozoic red bed basin, and
has a large mass deficit relative to the basement, which mainly reflects the uplift of the
metamorphic crystalline basement and Mohosurface [19,20].

The aeromagnetic background field in the study area is ∆T positive anomaly, and ∆T
abnormal values vary from 15 nT to 40 nT. Aeromagnetic ∆T anomaly is generally small in
the northwest and northeast. From north to south, the ∆T anomaly gradient gets smaller
and smaller. Aeromagnetic anomaly contour lines bulge from the middle to the northwest
and northeast directions. The directions of aeromagnetic anomaly contour lines in the
survey area are not in harmony with the strata and tectonic strike lines, indicating that the
Quaternary strata exposed in the survey area have the characteristics of a low and slow
magnetic field or they have no magnetic field.

The study area is located in the Changde mantle-uplift district, which includes the
whole Dongting Lake area. The Changde-Anren transition fault zone divides it into two
local mantle-uplift districts, namely Yuanjiang and Taoyuan, with completely different
strike directions. The study area is located between two secondary mantle-uplift districts.
The Changde-Anren transition fault zone spreads in a northwest direction from the middle
of the study area. The buried depth of the Moho surface is 31 ~ 32 km, and the two mantle-
uplift districts correspond to the Mesozoic Dongting basin.

3.2.2. Petrophysical Characteristics of the Study Area

The four detection methods in this test involve two kinds of parameters, namely
electrical parameter resistivity and wave velocity.

The resistivity statistics of different formations in the region are shown in Table 1, and
their electrical characteristics are as follows: Quaternary Holocene, Quaternary middle
Pleistocene series Mawangdui formation, and Quaternary lower Pleistocene series Changde
formation. All of these formations have relatively low resistivity characteristics. The
average value is generally less than 300 Ω·m, and the resistivity is relatively higher when
containing more gravel, while more silty clay content leads to lower resistivity. The average
resistivity of silty shale in the Ordovician Baishuixi formation in this area is 1000.3 Ω·m,
and it is buried deep in this area with less water content, showing moderate resistivity
characteristics. The Dolomitic limestone of the Cambrian Tanxi formation has the highest
resistivity within the range of detection depth in the study area. The average value is
2788.5 Ω·m. The relative resistivity of micritic argillaceous limestone in the Cambrian
Winitang formation is lower, with an average value of 1757.3 Ω·m. The resistivity is lower
than that of the Tanxi formation because of its Argillaceous components. However, the
resistivity of the Cambrian Niutitang formation, with an average value of 798.2 Ω·m, is
sharply lower than that of other Cambrian strata in the area due to the carbonaceous
content. When there are fault structures in the concealed strata, Quaternary bedrock has
a natural surface water infiltration channel of the Huxiang Basin, thus presenting locally
low resistivity characteristics [21–26]. Different strata have different physical properties.
Resistivity parameter detection can be used to detect the buried pre-Quaternary bedrock in
the area, which can be used to delineate geological anomalies such as structures.
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Table 1. Resistivity characteristics of different strata in the study area.

Stratigraphic Code Rock Number Average
Resistivity/Rav (Ω·m)

Range/
(Ω·m)

Qb-E pre-Quaternary bedrock 32 998.3 212.3~5998.8

Qp1cd lower Pleistocene series Changde
formation conglomerate 22 223.1 128.3~889.5

Qp2mw middle Pleistocene series Mawangdui
formation reticular clay 33 23.1 100.5~2122.9

Qh Quaternary Holocene series gravel
layer, silty clay 27 298.3 12.5~588.7

O1bs Ordovician Baishuixi formation
silty shale 36 1000.3 621.9~1768.5

∈3-4t Cambrian Tanxi formation
dolomitic limestone 31 2788.5 1189.3~5998.8

∈2-3w Cambrian Wunidtang formation
micritic argillaceous limestone 33 1757.3 1121.1~2678.3

∈1-2n Cambrian Niutitang formation
Carbonaceous shale and mudstone 35 798.2 339.1~1233.5

The transverse wave velocity range of different strata in the area is shown in Table 2.
The exposed strata in the site are mainly Quaternary. The surface clay within 100 m,
conglomerates, and pre-Quaternary bedrock have significant differences in wave velocity,
especially gravel-bearing strata within Quaternary that can be effectively distinguished,
indicating that there are preconditions for developing natural surface waves in this area.

Table 2. S-wave velocity range of different strata in the study area.

Stratigraphic Code Rock Transverse Wave Velocity/Vtw (m·s−1)

Qb-E pre-Quaternary bedrock >800
Qp1cd lower Pleistocene series Changde formation conglomerate 300~700

Qp2mw middle Pleistocene series Mawangdui formation reticular clay <300
Qh Quaternary Holocene series gravel layer, silty clay 300~800

O1bs Ordovician Baishuixi formation silty shale 700~900
∈3-4t Cambrian Tanxi formation dolomitic limestone >1300
∈2-3w Cambrian Wunidtang formation micritic argillaceous limestone >1100
∈1-2n Cambrian Niutitang formation Carbonaceous shale and mudstone >900

4. Results Interpretation and Drilling Verification
4.1. Results Interpretation

According to the input format requirements of the Res2Dinv software, the original
data of the designed G4 section that was obtained from the high-density electrical method
are spliced and sorted into an independent data file. The least square method based on
the smooth constraint was used for inversion, and the results in Figure 2a were obtained
after terrain correction. The resistivity of the whole section is low above the altitude
of −50 m, generally less than 2000 Ω·m. Combined with the survey results of surface
geological mapping, it is inferred that most of them belong to Quaternary, and the low
resistivity characteristics are relatively continuous. Based on the results of Table 1, it can be
inferred that it is middle Pleistocene series Mawangdui formation reticular clay, and the
underlying layer is a Quaternary Holocene gravel layer before 1920 measure points and
after 2450 measure points when near the surface.
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Figure 2b shows the data processing results of the controlled-source audio-frequency
magnetotelluric method. Stratum stratification is obvious and can be divided into three
layers. The first layer is a low resistivity layer with an altitude above −100 m, and the
resistivity is generally less than 2000 Ω·m. The second layer is a medium resistivity
resistance layer over −550 m above sea level, but it presents two depressions similar to
a faulted basin. The first is located between 1650 and 2120 measure points and the other
between 2320 and 2920 measure points. The resistivity of the first depression has no obvious
zonal distribution characteristics and the resistivity step changes slowly, which is inferred
to be caused by the stratum. In the second depression, a low resistivity zone, extending in
an east-southeast direction, has an obvious resistivity step zone change. It is inferred that
the structure in the deep bedrock is of low resistivity due to the water leakage developed
in the shallow surface. The deep strata between −650~−950 altitude are characterized by
a high resistivity, which can be inferred to be Cambrian limestone, dolomitic limestone,
and other strata. However, it is worth noting that there are several small closed anomalies
in the shape of a “bull’s eye” in the inversion profile with the controlled-source audio
magnetotelluric method, and the distribution is irregular, such as 2520~2620 measure point
altitude −200 and 2820~2920 measure point altitude −150 m. It is confirmed that the
controlled-source audio-frequency magnetotelluric method is seriously disturbed by the
magnetic field in an urban area, which causes the jump of the electromagnetic field signal,
a fact that may bring inconvenience to interpretation.

In order to further strengthen the geological understanding of the test section, the
electric field data collected by GDP32 and processed by Professor Liu Chunming from



Appl. Sci. 2023, 13, 417 10 of 16

Central South University were used to obtain the data processing results of the wide-area
electromagnetic method, as shown in Figure 2c. It is obvious that the graph data is smooth
and stable, and the stratification is also more obvious. Combined with the previous two
methods, the section is interpreted comprehensively, and the results are shown in Figure 2d.
It is Quaternary above −100 m and there is only a high resistance at the large measure
point between 3220 and 3720. According to the field investigation, it may be interfered by
the industrial stray current in the shallow surface because the data were collected at the
roadside of an industrial development zone where human activities are concentrated. The
Cretaceous strata underlying Quaternary show relatively moderate resistivity at around
600 Ω·m. The middle part is relatively missing, and it is inferred that there are Cretaceous
strata before the 2120 measure point and after the 2720 measure point. The middle measure
points between 2120 and 2520 are arched by the high resistivity body of the section, which
is inferred to be Cambrian strata, and the top of which is in unconformable contact with
Quaternary in deep Cambrian strata. In combination with the results of the regional
geological survey, it is inferred that there is a fault fracture zone with a width of about 80 m
and a southeast dip in the depth of the 2520 measure point. The dolomitic limestone of the
Tanxi formation and the micrite argillaceous limestone of the Wunitang formation were
transformed by tectonic movement. In the deep and on the southeast of the fault, Cambrian
Niutitang formation carboniferous strata exist with a dip angle of about 30◦and a lean to
the northwest.

It can be seen based on the above results that the resistivity detection method has a
good resolution for identifying large geological structures and stratum distribution, but
it is difficult to figure out more detailed stratification within the Quaternary, which is the
more prominent in the Dongting Basin Changde area where the typical water system of the
Huxiang Basin developed. In order to provide multi-parameter information for bedrock
detection, natural surface wave microtremor detection was completed in the vicinity of a
sk09 verification borehole (measure point 2120) and sk10 (measure point 3700), respectively.
The detection results are shown in Figures 3 and 4.

In the surface wave dispersion curve after inversion, information such as the inflection
point of the curve, tangent mutation point of the curve, and wave velocity change are used
to stratify the results. Based on the information on the wave velocity difference in Table 2,
sk09 can be divided into five layers and sk10 can be divided into eight layers according
to comprehensive geological understanding. sk09 inferred that the first layer is silty clay
and silty sand with a wave velocity of 159~446 m·s−1 above 18 m below the surface. The
second layer is a soil-intercalated gravel layer between 40 m and 18 m below the surface,
and the wave velocity is between 547 and 581 m·s−1. The third layer is a pebble layer with
a wave velocity of 575~740 m·s−1 between 75 and 40 m below the surface. The fourth
layer is a shale layer between 145 m and 75 m below the surface, and the wave velocity is
between 825 m and 930 m·s−1. The fifth layer is a limestone layer with a wave velocity of
992–1400 m·s−1, at 145 m below the surface. sk10 inferred that the first layer is a silty clay
layer at more than 10 m below the surface, with a wave velocity of 306 m·s−1. The second
layer is a soil-intercalated gravel layer at 70 m~10 m below the surface, and the wave
velocity is 504 m·s−1. The third layer is silty mudstone at 110 and 70 m below the surface
with a wave velocity of 1093 m·s−1. The fourth layer is siltstone with a wave velocity of
1400 m·s−1 at 180~110 m below the surface. The fifth layer is argillaceous siltstone with a
wave velocity of 1303 m·s−1 at 210~180 m below the surface. The sixth layer is siltstone
with a wave velocity of 1473 m·s−1 at 270~210 m below the surface. The seventh layer is
mudstone at 310–270 m below the surface with a wave velocity of 1510 m·s−1. The eighth
layer is limestone at 320~310 m below the surface with a wave velocity of 1653 m·s−1.
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4.2. Drilling Verification

According to the comprehensive exploration interpretation results in the previous
section, drilling verification is carried out on sk09 and sk10 in Figures 1 and 2, respectively.
The final hole depth of sk09 is 202.18 m (Figure 5), and that of sk10 is 302.8 m (Figure 6).
For sk09, over 89.5 m below the surface is Quaternary, and 3.7 m above is cultivated soil,
silty clay is at 3.7 m–18.3 m, and a sandy pebble layer is located between 18.3 m and 89.5 m.
The silty shales of the Ordovician Baishuixi formation are at 89.5 m~147.8 m, and the
dolomitic limestone of the Cambrian Tanxi formation is located at 147.8 m~202.18 m. For
sk10, 9.7 m below the surface is the reticular clay of the middle Pleistocene Mawangdui
formation, a Quaternary Holocene gravel layer is located from 9.7 m to 71.52 m below the
surface, and a cretaceous red bed is located 71.52 m~275.74 m below the surface. Below
275.74 m, it is the crystalline argillaceous limestone of the Cambrian Wunidtang formation.
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The drilling results correspond well with the microtremor detection results, especially the
inner stratification of low resistivity Quaternary and Cretaceous red beds, which prove to
be accurate.
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5. Conclusions

Comprehensive geophysical prospecting methods were conducted in the Changde
City geological survey. All the traditional methods, including the high-density resistivity
and controllable source audio-frequency magnetotelluric methods, have their limitations
and deficiencies. Therefore, the wide-area electromagnetic method and natural surface
wave microtremor method were introduced in this study to infer the buried strata and
faults. The results indicate that the wide-area electromagnetic method could fundamentally
reduce signal interference and maximize signal-to-noise ratio; it has a large detection depth
and wide frequency band to process inversion. The natural surface wave microtremor
method can effectively improve the resolution of near-surface detection in low resistivity
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coverage areas, and it can be used for exploring the stratified inversion of Quaternary and
Cretaceous red beds.

It is necessary to combine the advantages of various methods and use multi-parameter
methods to carry out a comprehensive evaluation in any urban geological survey. It is a ba-
sic idea that could improve the effect of urban geophysical exploration by comprehensively
interpreting geophysical data based on the results of geological survey.
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