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The development of geothermal energy has received extensive attention
because of global energy scarcity and environmental pollution. The Tangquan
area is in the north of the Yangtze fold belt, and the lack of magmatic rock
development has resulted in a low-temperature type of geothermal reservoir.
There are sporadic hot springs and cold springs exposed in the study area,
but the uncertain deep geological structure, unknown geothermal reservoir
formation mechanism, and lack of detailed exploration data seriously restrict
the exploration and development of geothermal resources in the area. Filling
underground faults with water can significantly reduce electrical resistivity,
while traps filled with warm water can cause a decrease in S-wave velocity.
Thus, a new integrated geophysical method, including the controlled source
audio-frequency magnetotelluric (CSAMT) and microtremor methods, is applied
for geothermal exploration in the region. The combination of CSAMT and
microtremor methods can determine thermal-controlled and water-conducting
structures more effectively and locate geothermal storage more accurately. The
source, channel, storage, and cover of regional geothermal reservoir formation
are analyzed using geophysical and geological data. That s, the regional NE- and
NW-trending faults are explained as thermal-controlled and water-conducted
structures, respectively. The deep Sinian Dengying Formation supplies a heat-
and water-bearing space. The tectonic intersection area, especially the tensional
fault zone, is found to be closely related to the existence of geothermal
reservoirs, which is well verified by later drilling results. Finally, a geothermal
reservoir model is established to comprehensively understand the distribution
of geothermal energy in the region.
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geothermal resource, microtremor, CSAMT, borehole verification, geothermal reservoir
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1 Introduction

Geothermal energy plays a crucial role in the transition from
fossil fuels to clean energy sources (Speer et al., 2014; Abraham and
Nkitnam, 2017; Joel et al., 2022). Geothermal energy development is
highly concerned with these issues (Kana et al., 2015). Geothermal
energy is green, low-carbon, recyclable, and renewable energy with
large reserves and wide distribution (Gupta and Roy, 2006; Zhang
and Zhao, 2020).

Geophysical exploration methods play an important role in the
accurate locating of geothermal reservoirs, which not only save
expenses and improve efficiency but also reduce environmental
damage and safety risks (Pang et al., 2018; Dalkhani et al., 2021).
Each geophysical method has its advantages. Underground
thermal aquifers are mostly developed in fracture areas where
the rocK’s electric resistivity is influenced by a relatively high
temperature (Gasperikovaetal., 2011). Due to the dissolution
of many mineralized ions by groundwater-saturated faults,
the electrical resistivity of the area has decreased (Hersir and
Arnason, 2009), resulting in dense and steep contour lines, low
resistance depressions, and bead-like low resistance anomalies
presented on the resistivity curve profile (Cai et al., 2024). In the
magnetotelluric method, because the field source is a natural
alternating electromagnetic field, the detection depth is large, but the
resolution is not high (Xie et al., 2021). The controllable source audio
magnetotelluric (CSAMT) method observes the artificial alternating
electromagnetic field, and the field source is stable with high signal
strength, so it has better fine detection ability with high resolution
(Sandberg and Hohmann, 1982; Grandis and Sumintadireja, 2012;
Fuetal., 2019). More importantly, it can penetrate shallow high-
resistance layers and has a large detection depth attributed to its
field alternating current source. The CSAMT method has been
used since the establishment of the regional geothermal models
(Thanassoulas, 1991; Gasperikova et al., 2011), geological structure
mapping (Oskooi et al., 2005; Patro, 2017), and final geothermal
resource exploration (Munoz, 2014; Mabuziedetal, 2020;
Ruiz-Aguilar et al., 2020).

Underground thermal aquifers also have a great impact on
the seismic velocity of rock formation. An underground rock
layer containing water will significantly reduce the S-wave velocity
and exhibit low-speed anomalies in the S-wave velocity profile,
and the low-speed traps in fractured and water-saturated areas
can be determined by seismic exploration (Hlousek etal., 2015;
Tian etal., 2017). Traditional seismic exploration requires an
explosive source, which brings high risks and environmental
pollution. The microtremor survey method, however, has recently
been developed and offers the advantage of being a passive
detection method. This method is also not easily affected by
human interference (Sudjonoetal., 2019). Xuetal. (2012) and
Tianetal. (2017), respectively, use single-point and profiling
microtremor methods for geothermal exploration in southern
Jiangsu Province, China, and point out that the microtremor
method is crucial for locating geothermal wells and reducing
the risk of drilling. The geophysical prospecting method should
be properly selected according to regional geological conditions.
Geothermal resources are dominated by medium-low-temperature
hydrothermal resources in the southeast coastal areas (Wang et al.,
20205 Liu et al,, 2021). The studied Tangquan area is in the Pukou
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District on the North Bank of the Yangtze River in Nanjing,
China, and is adjacent to the Laoshan Uplift in the South and
the Chu River in the North. This geological structure is within
the north of the Yangtze fold belt, which is the intersection
of the Yangtze block and the Northern Jiangsu basin. It is
controlled by the Chuhe fault, a secondary fault of the Tancheng-
Lujiang (Tan-Lu) fault zone. The complex regional structure has
been established through multiple tectonic movements (He et al.,
2022). Cold and hot springs have been exposed on the surface
of the area, indicating that the area is rich in geothermal
resources (Zhao and Zhuang, 2005). However, the accurate scope
of the geothermal distribution and the forming and storage
mechanisms remain unclear, with limited research revealing the
geochemical characteristics of the Tangquan area (Xu et al., 2020;
Yu et al,, 2021).

Previous geological surveys indicate that the geothermal
reservoir of the Tangquan area belongs to the type of tectonic-
controlled low-temperature convection (Du et al., 2012). This low-
temperature area lacks magmatic rock development, which results
in a small variation of electric resistivity and seismic velocity
(Soengkono et al.,, 2013). Geothermal resources are buried deep,
and some areas have weathered gravel on the surface, with
high-resistance layers in the shallow areas. Meanwhile, because
the use of geophysical methods in areas of complex geological
structures may be particularly challenging (Mitjanas et al., 2021),
various structures may produce the same observation results
because of the essential nonuniqueness of geophysical inversion
(Cai et al., 2021).

CSAMT can be used in tectonic-controlled geothermal systems
to detect fault structures that control geothermal energy and
conduct water sources. The presence of geothermal energy can
reduce the S-wave velocity of geological bodies, and microtremors
can characterize the location of underground thermal storage
traps by delineating low-speed anomalies. Therefore, both the
CSAMT and the microtremor survey methods are applied in the
geothermal prospecting of the Tangquan area. We first laid out
comprehensive CSAMT and microtremor profiles on a large area
within the study area and obtained preliminary results. Based on
the preliminary results, a detailed second-stage comprehensive
profile was laid out to accurately obtain the location of the
geothermal reservoir. Combining the two methods provides
comprehensive imaging of the thermal-controlled structure,
the water-conducted structure, and the geothermal location,
followed by successful drilling of geothermal water. Furthermore,
a geothermal reservoir model is established in the region using the
drilling results.

2 Geological and geophysical settings

As shown in Figure 1, the studied area’s geographical location
118°27'03"-118°31'48"E and 32°04'07"-32°06'04"N. The
geotectonic unit that includes the study area is part of the

is

Yangtze Paraplatform of the Lower Yangtse Fold Belt and is
located at the northern and eastern margins of the Laoshan
anticlinorium at the western end of the Ningzhen Uplift,
adjacent to the Chuhe Mesozoic-Cenozoic Basin to the north
(Yu et al., 2021).

frontiersin.org


https://doi.org/10.3389/feart.2024.1437850
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Xu et al. 10.3389/feart.2024.1437850
118° 30" E 118" 35" E 118" 40" E
A7 \ T T .
N A i
K
z
- Nanjing City
ol
~E
-
z a
o
=1
5
ol
&
Russia !
Kazakhsrar
Mongolia i
I
z [ China 9(;5
N )
g
&' y India (Burm) q
- - ~ /| - —x ) 1000k
Q4 |Quarcrnary Holocene Quatemary Pleistocene Uppcr Cretaccous Pukou Formation
Upper Cretaceous Chishan Formation -Cambrian ‘Mufushan Formalion Upper Sinian [engying Formation
FIGURE 1

Location of the Tangquan geothermal area and a sketch of local geological structure.

2.1 Geological settings

The Laoshan anticlinorium within the area is spreading in
a NEE-striking, with the axis inverted to the southeast and the
fold axis inclined to the east (Xuetal, 2020). The core of the
anticlinorium is mainly composed of the Sinian strata, and its south
wing is covered by the Cretaceous strata due to the lack of the Sinian
strata because of faults, while its north wing is affected by the Chuhe
buried fault. In terms of composition, the Laoshan anticlinorium is
mainly formed by dolomite, dolomitic limestone, and siliciclastic
rocks of the Dengying Formation, which overlies the dolomitic
limestone of the Cambrian Mufushan Formation.

On a larger scale, two NE-striking and NW-striking fault
systems exist in the area. The NE-striking faults are mainly
compressional-torsional faults, and the NW-striking faults are
mainly tensional-torsional faults (Wu, 1994). Among them, the
Tingzishan-Tangquan compressional-torsional positive fault and
the Tangquan-Longwangmiao compressional-torsional fault of
50-55°NE are about 10 km long and are major thermal-controlled
faults within the area. The Tangquan-Shiziling tension-torsional
translational fault that strikes 320-330°NW comprises several
parallel faults with a length of about 5 km (Yu et al., 2021). This fault,
in which silicified fault zone, breccia, and scratches are visible, is the
main thermal-conducted fault within the area.

According to outcrops, drilling, geological and geophysical
data (Wu, 1994; Lu et al,, 2018), the strata of the study area and
its surrounding regions are composed of limy siliceous dolomite
of the Upper Sinian Dengying Formation (Z,d), limestone and
limy shale of the Lower Cambrian Mufushan Formation (€,m),
silicarenite of the Lower Cretaceous Gecun Formation (K,g),
silty sandstone with mudstone of the Upper Cretaceous Chishan
Formation (K,c), argillaceous limestone of the Paleogene Oligocene
Sanduo Formation (E;s), sandy conglomerate and mudstone of
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the Miocene Dongxuanguan Formation (N,d), and clay, sub clay
and sandy gravel of the Quaternary (Q) within the Piedmont
basin. The Piedmont ridges, gully, and the Chuhe alluvial plain
are all Quaternary erosion-covered, and there are cave deposits in
karst caves (Du et al., 2012). Among them, dolomite and dolomitic
limestone karst fractures are developed. Breccia is also found in
dolomite near the Chuhe fault zone (F1). The above karst fractures
and tectonic faults provide thermal storage conditions for the
geothermal water. However, magmatic rocks in and around the study
area are not very developed and are limited to the vicinity of Zhutou
Mountain in the Laoshan remnant. Most of the basalts erupt in the
Himalayan period with stomatal and amygdaloid structures, and
their joints and fissures are well-developed.

2.2 Geophysical characteristics

2.2.1 Gravity and magnetic characteristics

The Bouguer gravity anomaly can indicate the existence of
regional large deep faults, which are the main factors controlling
the regional geothermal distribution (Atef et al., 2016). As shown
in Figure 2 (Yuan, 2021), the study area is in a gravity gradient
zone at the junction of the Laoshan Uplift and the Liuhe-Quanjiao
depression. The high gravity anomaly is caused by the dolomite
of the Dengying Formation (Z,d) at the Sinian tectonic uplift to
the south, while the low gravity anomaly to the north reflects
the Mesozoic and Cenozoic fault depression (Wu, 1994). Within
the area, the gradient zone of the gravity anomaly indicates the
existence of a buried fault. The gradient distribution of the Bouguer
gravity anomaly in the NE strike corresponds to the Laoshan
Mountains, and the maximum anomaly reaches 40 mGal. The
intensity of aeromagnetic anomalies increases gently from 0 to
50 nT from southeast to northwest, indicating that young magmatic
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FIGURE 2

Contour map of regional (A) Bouguer gravity anomaly and (B) aeromagnetic anomalies.

intrusive rocks in the area are less developed. Thus, there is a
lack of additional magmatic heat sources other than the gradient
geothermal source.

2.2.2 Electrical characteristics

To facilitate the interpretation of CSAMT resistivity profiles
and provide additional support for stratigraphic division, the
available resistivity measurements of rock samples collected from
geological drilling in the study area are shown in Table 1. The
overall electrical resistivity increases gradually from new to old
strata within the area, according to drilling results (Figure 3). Based
on the measured resistivity values of drilling rock samples, the
resistivity of the Sinian Dengying Formation (Z,d) is significantly
higher than that of the overlying strata, and it is reasonable that
the Z,d is the basement stratum. Three sets of strata are divided
in the area according to this electrical layering. The upper low
resistivity layer consists of the Quaternary (Q) and Cretaceous (K),
the low resistivity layer in the middle consists of the Cambrian
(€), and the high resistivity layer in the lowest part consists of
the Upper Sinian strata. The Upper Sinian with the Dengying
Formation and the Huangxu Formation is mainly composed of
dolomite and limestone, and its bottom is dominated by low
metamorphic phyllite and sandstone, with relatively low resistivity.
These stratigraphic electrical characteristics are listed in Table I,
and they provide a basis for the interpretation of geothermal
exploration results.

3 Methods

The integrated geophysical method of CSAMT and microtremor
measurement is first applied to the exploration of geothermal
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resources in the region, effectively detecting thermal control
structures, water-conducting structures, and geothermal locations.
It plays an important role in the drilling layout.

3.1 The CSAMT survey method

The CSAMT method has the characteristics of good resolution
of a high conductivity layer and is not shielded by a high
resistivity layer, making it able to effectively detect deep fractures
related to geothermal genesis (Mitsuhata et al., 2002). The field
survey of this study is divided into two stages (Figure 4). In the
preliminary stage, we carry out a CSAMT survey on five profiles
(L1-L5). The CSAMT observation has a point distance of 100 m.
To better locate geothermal reservoirs, a subsequent exploration
of four profiles of CSAMT survey (L11-L14) with a 50 m point
distance is deployed in the fine stage. In these surveys, GDP-
3211 produced by ZONGE is used in the CSAMT survey. The
inline E, field and the broadside H), field generated by a grounded
wire source are collected in the far-field zone where the plane
wave approximation is valid. The measurement frequency band is
0.125-8192 Hz. In the preliminary stage, the CSAMT responses
of 17 frequency points, including 0.125 Hz, 0.25 Hz, 0.5 Hz, 1 Hz,
2Hz, 4Hz, 8 Hz, 16 Hz, 32 Hz, 64 Hz, 128 Hz, 256 Hz, 512 Hz,
1,024 Hz, 2048 Hz, 4,096 Hz, and 8,192 Hz, are collected. In the
fine stage, more dense frequency data like 0.125 Hz, 0.125 V2 Hz
to 4,096 Hz, 4,096 V2 Hz, and 8,192 Hz are collected, forming a
total of 33 frequency points. To ensure a sufficient signal-to-noise
ratio, the dipole length AB is no less than 1 km, and the overall
transmitting current in the low- and middle-frequency bands is
larger than 10A. The layout of each profile’s source configuration is
given in Table 2.
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TABLE 1 Electrical characteristics of strata within the study area (Cai et al., 2021).

Formation Resistivity range ('m) | Average resistivity (Q-m) Lithology Electrical layering
Q 12.3-36.6 28.4 Loose sediment
K,c
X . Low resistivity
Siltstone with mudstone, low thermal
K,p 3.8-44.1 23.6 -
conductivity
K
€l Limestone with gray marly shale
46.1-60.5 475 Low to medium resistivity
€] Carbonaceous shale with marly shale
Z, 249-394 286 High resistivity
Dolomite, calcareous dolomite
A 22.9-72.1 45 Low to medium resistivity

ea1e uenb3ue] ur
1Z A 2]0y210q [e9130[0930IpAH

FIGURE 3

(A) Rock samples of a drilling hole and (B) their resistivity measurement using the Sample Core IP Tester manufactured by Instrumentation GDD Inc.

software RSCSINV  (Scottetal., 2006)
provided by ZONGE is applied to carry out 2-D resistivity
profiles  for CSAMT

The inversion

interpretation. In the survey, we

aim to minimize the overall misfit,
2 _ 2 2
€iotal = €data T Ssmodel

which consists of the data misfit,

2

dobs -d

d

inv
€data

err
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and the model roughness ¢ 2. In these equations, S represents the

model

regularization parameter. d ., d;,,, and d,,, represent the observed

err
data vector, the inverted data vector, and the observed data error

vector, respectively. In d,,, = ErrFloor, ErrFloor represents observed

err —

data error floor in log (resistivity). d,,, plays a role in adjusting the

err
weights of each data point, while ErrFloor is the lower limit of error.
The error below ErrFloor is considered equal to ErrFloor. RSCSINV
reports &,,,> and ¢,,,,;> for each inversion iteration. If an inversion

step fails to improve ¢,,,,;, RSCSINV tries again with a more cautious
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FIGURE 4
Survey lines layout of (A) preliminary and (B) fine stage investigation of the Tangquan geothermal area.

TABLE 2 The layout of the source dipole of the nine CSAMT profiles.

Profile no. | Transceiver Length of AB (km)  Azimuth (°) A coordinate B coordinate

distance (km)

L1 10.0 1.05 143 118°33/38.94" | 32°08'44.22" | 118°33'55.01” | 32°08'13.01"”
L2 10.0 1.00 146
118°34'19.16" 32°09'2.89" 118°34/32.61" | 32°08'32.12"
L3 8.3 1.00 146
L4 9.7 1.04 70 118°24'22.66" 32°10'8.39"
L5 8.8 1.09 56
118°23'48.38" | 32°09'51.71"
L12 9.7 1.09 56 118°24'18.91” | 32°10'15.87"
L14 10.1 1.09 56
L11 10.2 1.00 146
118°34'19.16" 32°09'2.89" 118°34/32.61" | 32°08'32.12"
L13 10.5 1.00 146

model step size. The inversion continues until ¢,/ is lower thana  (Asten, 1979; Morales et al., 1991; Okada, 2006). Its effectiveness has
predefined criterion. been validated (Smith et al., 2013; Chen et al., 2021). Microtremor
data processing requires calculating dispersion curves. In this
study, we expand the exploration depth of the high-resolution

3.2 The microtremor su rvey method with frequency-wave number method proposed by Tokimatsu et al.
an improved Rayleigh wave dispersion (1992) while maintaining its high resolution. We adapt the improved
curve approach method to different microtremor observation arrangements

and achieve both fine shallow detection (Xuetal, 2021) and
The microtremor survey method was proposed long ago (Aki,  deep structure imaging (Hardesty etal., 2010; Asten etal., 2019;
1957) and has since matured due to efforts in the last and this century ~ Ismail et al., 2019).
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FIGURE 5

Triple-nested triangular array configuration of the microtremor survey.

Site.1z ' ' : ' ' ' ;
Site.2z : s : \ : ; =
Site.3z . . ‘ . F——M—f = r‘,:#. .
Site.4z ' ' ' ' '
Site.5z WWWW’%W
Site.7z W :‘_.;: s e lr“*'# - i a}«o—q\-&-—-w
Site.8z | ' l ' : ' ' e d
Site.10z Wm ' ' ' ' ' '
0Os 500s 1000s 1500s 2000s 2500s 3000s 3500s
FIGURE 6
Example waveforms of original microtremor data (vertical component) at the No.120 point of L12.
In detail, the cross-power spectrum S;(f) is normalized by  has the form of
Sii()-S;(f) to obtain a high-resolution frequency-wavenumber ™ Qi(fk)
spectrum P(f, k) as B;(f.k) = J’:n—]
Y Qyif b
=

PR = Y0 S BGRB8, expli(k (- ) K, (3,-3,)]

where (x;,y;) and (xj, yj) are the coordinates of the ith and jth
geophones, respectively. (kx,ky) represent the components of the
wave number k in the corresponding directions. The term B;(f,k)

Frontiers in Earth Science

where Q; (f,k) is the inverse matrix of the matrix,

Q;(f-k) = expli(ky(x;—x;) + k,(y;-;))] - S5

As P(f,k) of each frequency f on the 2-D wavenumber k,—
k, plane is obtained, the (kx,ky) corresponding to the maximum
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FIGURE 7

Dispersion curves of 11 survey points of L12. The numbers 100-300 represent the point number of the microtremor profile.

point in the spectrum can be found. The phase velocity Vi(f)
of this specific k can be derived through Vy(f) =2nf/k. Then,
the normalized dispersion curve V(f) is obtained by dividing
the maximum amplitude of the dispersion curve Vi(f) so that
the maximum amplitude value of the V() is 1. The normalized
dispersion curve V(f) is calculated to the n power, that is,

D(f) = (VR(f))n

where D(f) is the n power of the normalized dispersion curve
Vi(f), and 7 is generally between 0.1 and 0.8. The optimal
value of n is ultimately determined by comparing several trial
results, which can maximize the amplitude of low-frequency sub-
peaks while keeping the amplitude of the main peak unchanged,
reduce the difference between the main and sub-peaks, improve
low-frequency characteristics, and highlight deep geological
information (Xu et al., 2021).

In the field survey of this study, the microtremor profile is
designed to have the same length as the CSAMT profile in the
preliminary stage with a point distance of 200 m. Two additional
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microtremor profiles (L12 and L14) were carried out in the fine
stage, with a point distance of 100 m. The observation system applies
a triple nested triangular array (Chen et al., 2021), which consists
of 10 geophones with a radius of 50-100-200 m (Figure 5). The
observation duration of each point is 1h, and the sampling rate
is 250 Hz. The instrument applied in this survey is a broadband
CDJ-S2C-2 3-D geophone with a main frequency of 2 Hz. As an
example, the waveforms of the original microtremor data (vertical
component) acquired from 10 geophones at the No. 120 point on
the L12 line are presented in Figure 6.

According to the improved method, the dispersion curves of
the microtremor data of 11 points on the L12 line are calculated
as shown in Figure 7. A transversely continuous apparent S-wave
velocity profile of the underground medium can be obtained using
the method suggested by Ling et al. (2006) as

4 4 3
LV~ tia Vi |
[ e
i~ i
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(A) CSAMT inversion, (B) microtremor pseudo section, and (C) strata explanation of the L1 line.

Cc

where V; is the apparent S-wave velocity of the i dispersion point,
t; is the period of the i dispersion point, V. is the surface wave
velocity of the i dispersion point, ¢, , is the period before the i
dispersion point, and V,(;_;) is the surface wave velocity at the point
before the i dispersion point.

4 Interpretation of geophysical
exploration results

According to the above geological data, geophysical data,
and previous results (Xuetal, 2020; Tianetal, 2022), the
geothermal enrichment area can be characterized by steep and
dense resistivity contours and low-velocity anomalies. In addition,
the geothermal-controlled structure is mainly a fault zone, and the
geothermal storage layer is mainly dolomite of the Sinian Dengying
Formation (Z,d): because of its susceptibility to underground
hot water dissolution, it forms a water storage cavity. Therefore,
the comprehensive geophysical interpretation of the study area
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is mainly based on the inference of the buried fault system
and stratigraphic distribution. Then, the favorable target area
for geothermal water is delineated, and the optimal geothermal
borehole location is determined. The inference of strata mainly
refers to abnormal characteristics and physical property data,
such as the resistivity in Table 1, and the high-resistance part
at the bottom is inferred as the Sinian strata. The distribution
of faults can be comprehensively inferred based on the changes
in resistivity and S-wave velocity and combined with the overall
geological structure of the region. When the resistivity and S-wave
velocity are relatively high, it is inferred that it is the bottom Sinian
Dengying Formation. The results are interpreted and extrapolated in
stages as follows.

4.1 The preliminary stage

Geophysical exploration results of the CSAMT method and the
microtremor survey method are shown in Figures 8-13. Spatially,
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(A) CSAMT inversion, (B) microtremor pseudo section, and (C) strata explanation of the L2 line.

the L2 line is in the middle of the study area and strikes 146°NW. It
intersects with lines L5 and L4 at 1,600 m and 3,100 m, respectively.
The L3 line is parallel to the L2 line in the east of the study
area, and it intersects with the L5 line at 1,500 m. The L4 line
is located in the south of the study area, and it intersects with
the L1 and the L2 lines at 2,200 m and 6,800 m, respectively. In
Figure 14, we compare the measured apparent resistivity profile and
the predicted resistivity profile of the inversion model of the L4
line at two specific frequencies, which proves the reliability of the
inversion results. Moreover, the resistivity and velocity structure at
the intersection of different profiles in Figure 13 should theoretically
be consistent. Actually, the S-wave velocity exhibits high consistency
at the intersection of profile L5, profile L2, and profile L3, as well
as at the intersection of profile L4 and profile L2. Meanwhile, the
consistency of resistivity is good at the intersection of profile L5
and profile L3, and the consistency at the intersection of profile
L4 and profile L2 is also reasonable. These further demonstrate
the reliability of our results. It is noted that the areas where the
inconsistency of S-wave velocity and resistivity is significant are
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only located at the intersection of profile L1, profile L4, and profile
L5, which may be due to anisotropy caused by an underground
structure.

Horizontal clear, dense contour lines can be seen in the CSAMT
profile at 2,700 m in L1, 2,900 m in L2, and 3,000 m in L3. It is
inferred that there is a fault F3 crossing these three survey lines at
this location. On the microtremor profile, there is a steeply inclined
low resistance area at the corresponding position. Based on the
distribution of regional geological strata, it is deduced that F3 is
the boundary of the Laoshan anticlinorium uplift strata. The main
distributed strata on both sides include the Sinian and Cambrian
systems on the southeast side and the Quaternary and Cretaceous
systems on the northwest side. Many hot springs are exposed
around F3, and this fault has great potential for geothermal resource
exploration. A steep and dense contour line can be observed at
2,700 m of the microtremor L4 line and 3,100 m of the L5 line, which
is inclined to the southwest. It is inferred that there is a fault F8 at
this location. A steep and dense contour line may also be seen in the
CSAMT resistivity profile of the L4 line, but it is not displayed on
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(A) CSAMT inversion, (B) microtremor pseudo section, and (C) strata explanation of the L3 line.

the CSAMT resistivity profile of the L5 line. Although there is a hot
spring exposed near the intersection of this fault and the F3 fault, the
water yield is not large, and the host formations of deep warm or hot
water are not clear.

Vertically, combined with the distribution of regional geological
strata and Table 1, the electrical characteristics of strata within
the study area can be inferred from Figure 13: the strata in the
study area are mainly divided into four layers: shallow Quaternary
with low resistivity and S-wave velocity, middle Cretaceous with
low resistivity, Cambrian with medium resistivity, and deep Sinian
with high resistivity and S-wave velocity. From the inferred maps
of the L1, L2, and L3 lines, it can be inferred that the shallow
lower resistivity is attributed to the Quaternary system, which
is distributed throughout the entire study area and significantly
thinned near the Laoshan anticlinorium uplift zone. The electrical
resistivity of the underlying strata is inferred to be from the
Cretaceous and Cambrian strata, with the formation rock Laoshan
anticlinorium spreading northwestward and gradually thickening.
The Cambrian main concerns of limestone and carbonate shale exist
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beneath the Quaternary strata on the southeast side of the F3 fault.
The underlying strata on the northwest side are Cretaceous strata,
which mainly consist of sandstone and mudstone with medium
resistance and velocity. The area with high resistance and velocity in
the lowest strata is inferred to be the Sinian strata, and the formation
is mainly composed of limestone and dolomite with high resistance
and velocity.

4.1.1 Fault system

The above profile analysis method can also be applied to
other lines. As shown in Figures 8-12, the inferred faults are
abnormally reflected in varying degrees at the corresponding
positions of different profiles, which also validates the reliability
of fault inference. Based on these results and characteristics of the
regional geological structure, nine faults (F1-F3 and F6-F11) are
inferred in the preliminary stage, and two other faults numbered
F4-F5 are geological measured faults (Table 3). The F1-F4 faults of
NE trending constitute the fault system of the area and control the
stratigraphic distribution and tectonic movement. Among them,
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(A) CSAMT inversion, (B) microtremor pseudo section, and (C) strata explanation of the L4 line.

the F1-F3 faults are shown in NW-trending profiles, indicating a
continuous electrical and velocity structure. In particular, fault F3
is geologically the boundary of Laoshan Uplift strata, with different
strata distributed on both sides. The NW-trending F5-F11 faults
are all steep translational faults. These seven faults constitute the
water transportation channel within the study area. The geological
structure in the study area is complex, as the faults have the
characteristics of multi-stage activities and have different properties
in different geological periods.

4.1.2 Strata distribution
The
combination with the previous geological data.

distribution of strata in the area is determined in

Quaternary (Q): The whole study area
Quaternary with a thickness range of 15-40 m. The shallowest part
of the Quaternary is distributed in the southeast of the L1, the L2,
and the L3 line, and thus the southeast of the study area, which is
close to the Laoshan Mountains. The deepest part of the Quaternary
is distributed in Guozhuang and Chenzhuang in the southwest of the

is covered by the

study area, corresponding to the central and northern parts of the L1
line and the southwest part of the L5 line.

Cretaceous (K) and Cambrian (€): It is mostly distributed
in the northwest parts of the L1 line, the L2 line, the L3
line, and the whole L5 line, which are also located in the

Frontiers in Earth Science

12

northwest of the study area. The Cretaceous is characterized by
low resistivity layers, and the Cambrian consists of relatively high
resistivity layers. These strata cover the Sinian (partly Cambrian)
strata within the area, and their lithology is mainly sandstone
and mudstone.

Sinian (Z): This is the target stratum of this study. The Sinian
is distributed throughout the area, and it has a major lithologic
composition of dolomite. It can be divided into three regions
according to the overlying strata. The first is in the southeast
of the L1 and the L2 line, covered by the Quaternary with a
shallow burial depth of 50 m. The second is in the southeast
of the L3 line and the east of the L4 line, with the overlying
strata of the Cambrian Mufushan Formation. The third area is in
the northwest of the L1, the L2, the L3 line, and the whole L5
line. The overlying stratum is the Cretaceous Chishan Formation,
with intermediate Cambrian Mufushan Formation locally. The
burial depth of the Sinian gradually deepens from southeast to
northwest.

4.1.3 Inference about overall geothermal
distribution

According to the above interpretation of the preliminary
stage, the geophysical inferred fault and strata distribution
are given in Figure 15. We conclude that the NE-trending faults

frontiersin.org


https://doi.org/10.3389/feart.2024.1437850
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Xu et al. 10.3389/feart.2024.1437850
Length (m) 560
LV
800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000 6400 6800
p(Qem)
200000
50000
7500
900
400
Iso
0.1
1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600
-
E
N
=
-
2
0
a
800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000 6400 6800
FIGURE 12

(A) CSAMT inversion, (B) microtremor pseudo section, and (C) strata explanation of the L5 line.

F1-F3 are major components of the Chuhe fault, the channels
of deep heat source upwelling, and the major thermal-controlled
structures. The NW-trending faults F5-F11 are steeper translational
faults and are the major water-conducted structures in the area.
Geothermal resources are mainly located within the intersection
region of these NE- and NW-trending faults. As a sequence
from F1 to F3, the buried depth of the heat source tends to
become gradually shallower, and hot springs are exposed near
the F3 fault. Combined with geological and geophysical data,
the F1, F3, F5, and F11 faults are considered to represent the
northern, southern, western, and eastern boundary of the Tangquan
geothermal area.

Hot springs have been exposed around fault F3, and the anomaly
is obvious. It is proposed to select a geothermal drilling well location
around fault F3. Considering that the intersection of faults is a
favorable location for geothermal formation, and there are hot
springs exposed in the intersection area of F3 and F8, this area is
selected as the key research point for geothermal exploration. It is
less obvious than the CSAMT resistivity anomaly of the fault F8
at the L4 and L5 profile. Although hot springs are exposed, the
water yield is low, and the formation conditions of the deep thermal
reservoir are unclear. Therefore, a small amount of finer geophysical
survey work has been deployed before the implementation of
borehole verification.
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4.2 The fine stage

A fine survey that contains four lines L11-L14 has been
suggested based on the imaging results of the preliminary stage.
The survey results of the L12 line are shown in Figure 16. The
F8 fault, as illustrated on the L4 and the L5 line, is also obvious
on the L12 line, as shown in Figure 16A. It is inferred that the
F8 fault is a water storage structure with deep cutting. The range
of low resistivity areas is relatively large, and the large inferred
water-bearing volume can easily form a good groundwater storage
space and transport channel under the regional tectonic stress field.
Meanwhile, as shown in Figure 16B, the low-velocity anomaly is
obvious around the F8 fault, which makes it easy to form a space for
hot water. It is inferred that the overlying strata are Quaternary and
Cambrian Mufushan Formation with a thickness of 300 m and are
mainly composed of marly shale with low permeability and thermal
conductivity. These strata are excellent covers for a geothermal
storage aquifer.

5 Borehole placement and verification

From the interpretation above, the intersection of the F3 and
the F8 fault has hydrogeological conditions for the formation
of a geothermal source, channel, storage, and cap rock and is
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FIGURE 13
(A) The electrical structure from CSAMT inversion, (B) the wave

velocity structure from the microtremor pseudo section, and (C) the
inferred stratigraphic system of each profile.

inferred as a fractured geothermal reservoir. A borehole YZ1
was suggested to be drilled at 500 m (observation point No.
200) of the L12 line with a well depth of 500 m (Figure 16).
The final drilling depth reaches 801.56 m, and the stratigraphic
properties of the borehole YZ1 are recorded in Figure 17. The
drilling results of the YZ1 borehole show that two major aquifer
sections exist in the borehole. Section I is located at a depth of
254.80-319.00 m; the free water outflow is 203.04 m3/d, and the
pumping water outflow is 706.08 m*/d. Section 2 is located at a
depth of 254.80-605.30 m; the free water outflow is 219.46 m*/d,
and the pumping water outflow is 1,180.24 m*/d. The water of
Section 2 is supplied by deep faults and fractures, and the water
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The measured apparent resistivity and predicted resistivity of the
inversion model of (A) Point No.280 and (B) Point No.290 in
the L4 line.

TABLE 3 Fault characteristics within the study area (Cai et al., 2021).

Fault Fault Fault Profiles
strike
F1 NW (82-83) Compressive
torsional
inverse fault
L1,L2,L3
F2 NW (81-83) Tensional or
NE thotropic
F3 NW (80-83) | fault
F4 NW (85) Tensional or
thot i
O Topie Geological
fault . o
identification
F5 SW (83)
F6 SW (72-80)
F7 SW (72-80) )
Tension-
torsional
F§ NW SW (72-80) | ooon 14,15
advection
fault
F9 SW (72-80)
F10 SW (72-80)
F11 SW (72-80) L5

temperature at the wellhead is 46.1°C. Meanwhile, the fracture zone
at a depth of 308.0-319.0 m is consistent with the inferred fault
F8, as shown in Figure 16C. Furthermore, there may be thermal
storage at the depth of 320-380 m and a small aquifer at the
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Geophysical inferred faults and bedrock distribution in the study area. 1, the Upper Cretaceous Chishan Formation (K,c); 2, the Lower Cambrian
Mufushan formation (€,m); 3, the Upper Sinian Dengying Formation (Z,d); 4, the Lower Sinian Huangxu Formation (Z,h); 5, the Lower Sinian Sujiawan
Formation (Z;s); 6, inferred stratigraphic boundary; 7, geological identified fault; 8, inferred fault; 9, hot and cold springs; 10, survey profile.

depth of 620 m~640 m according to the temperature curve. These
features of borehole drilling correspond well with the fracture-
type water-bearing structure, as inferred from the CSAMT and the
microtremor surveys.

The geological structure and stratigraphic distribution of
the study area have been interpreted and inferred through the
resistivity profile and S-wave velocity profile obtained through
the CSAMT and microtremor methods mentioned above.
Based on the comprehensive understanding of the geological
conditions for geothermal formation and the constraints of
drilling information, the heat source in the Tangquan area, mainly
arising from the deep geothermal flow, is established as the
geothermal formation mechanism and reservoir model in the
study area.

6 Discussions

The geological structure and stratigraphic distribution of the
study area have been interpreted and inferred according to the
resistivity profile and S-wave velocity profile obtained by the
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CSAMT and microtremor methods mentioned above. Based on
the comprehensive understanding of the geological conditions for
geothermal formation and the constraints of drilling information,
the heat source in the Tangquan area mainly comes from the
deep geothermal flow, and the geothermal formation mechanism
and reservoir model in the study area is established. The genetic
mechanisms of the source, channel, reservoir, and cap rock are
explained in detail below.

(1) The geothermal source. The study area is in the high heat
flux anomaly zone along the eastern coast of China, and its
genesis is related to the subduction of the Pacific plate to the
Eurasian plate and the resultant uplift of the asthenosphere.
The lithosphere thickness within the area is about 90 km
with a Moho depth of 33 km, and the depth of the Curie
interface is about 26 km (Qiu et al., 2022). What is more,
the terrestrial heat flow value is about 65 mW/m?, indicating
that the region has good geothermal formation conditions
(Jiang et al., 2016; Yang et al., 2023). The regional magmatic
rocks are not developed, indicating that the heat comes from
the earth’s heat flow, that is, the formation of a non-volcanic
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(A) CSAMT inversion, (B) microtremor pseudosection, and (C) strata explanation of the L12 line. The vertical red bar represents the YZ1 borehole.
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Stratigraphic properties of the borehole YZ1 and the temperature curve.
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Regional fault system and the geothermal reservoir model.

geothermal system. This determines that within the top 3 km,
only low-temperature (<90°C) geothermal resources exist. As
for the water source, atmospheric precipitation converges in
the Piedmont depression to form rich surface water. Surface
water infiltrates into the Cretaceous breccia to form fissure
water and into the deep Dengying Formation dolomite to form
karst water along the NE-trending deep fault. As the main
source of geothermal water in the study area, these two kinds
of water are heated by the above geothermal gradient to form
geothermal water.

(2) The geothermal tunnel. As mentioned, the NE- and NW-
trending faults in the study area and its vicinity interweave
into a net of fault structures (Figure 18). The Laoshan surface
water migrates through the NE faults and fissures to the deep
and gathers into geothermal water. The NW-trending faults,
however, are responsible for water and heat conduction. When
two or more sets of the NE and NW faults intersect, a heat
source channel from deep to shallow is formed. Therefore, the
Tangquan geothermal area is tectonically controlled, and the
number of fracture zones accompanied by brecciation found
during the drilling process of YZ1 are evidence of deep faults
as geothermal channels.

(3) Geothermal storage. In the study area, the limy dolomite,
siliceous dolomite, and dolomite of the Upper Sinian Dengying
Formation (Z,d) have a total thickness of over 1,000 m.
The formation is exposed in the core part of the Laoshan
anticlinorium and is buried in the Piedmont area. From a
hydrogeological view, the above-mentioned carbonate strata
experienced many fault activities, uplifts, denudations, and
rock dissolutions in the Yanshanian period, resulting in the

Frontiers in Earth Science

17

development of karst fractures. The YZ1 borehole encountered
karst caves successively below 315 m, and the drill fell out
many times until 800 m. When drilling below 350 m, no
rock powder returned out of the borehole, which further
confirms the development of water-bearing karst fractures
and caves. From the geothermal curve of well logging (Figure
17), the average geothermal gradient significantly increases
within this segment, and there is a constant temperature
between 320 m-380m and 620 m-640 m, indicating the
presence of multiple excellent thermal storage spaces at
this depth.

(4) The geothermal cover. The Cambrian Mufushan Formation
(€,m), the Upper Cretaceous Pukou Formation (K,p), and
the Quaternary (Q) have low permeability and thermal
conductivity. From Figure 17, the geothermal gradient of
shallow layers is low, and the measured thermal conductivity is
generally 0.71-0.92 W/m°C (Lu et al., 2018). The value is much
lower than that of the limy dolomite (2.01 W/m°C) (Du et al.,
2012). A significant temperature increase in the strata is
observed near 300 m underground; these all indicate that
the overlying strata are a good covering layer for thermal
storage aquifers.

According to the geothermal reservoir model in the Tangquan
area (Figure 18) and the above discussion, the heat source mainly
comes from deep terrestrial heat flow, and the formation of
geothermal reservoirs is mainly controlled by tectonic convection.
The Laoshan Uplift is an inverted anticline, and the rock formations
on the north side are mainly northwest trends. Atmospheric
precipitation infiltrates deep along exposed carbonate fissures and
fault zones, continuously obtaining heat from surrounding rocks
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and gradually heating to form deep geothermal water. It is expected
to reach around 75°C at a depth of 2.3 km (Yuetal, 2021). The
intersection of the NE- and NW-trending faults on the north
side of the Laoshan Uplift forms a geothermal water upwelling
channel. Under the action of water pressure difference, it flows
up to the lower permeability Cretaceous and Quaternary strata
as geothermal cover, which are blocked by barriers, forming
underground thermal reservoirs. Hot springs are exposed on the
discontinuity of the geothermal cover, and low-temperature hot
springs are exposed at the intersection of NW-trending faults (F8,
F9) and NE-trending faults (F3). Deep geothermal anomalies are
also observed in CSAMT and microtremor profiles. The cold springs
exposed near Laoshan Mountain due to rainwater infiltration are
shallower, and their water has no time to absorb heat from the
surrounding rock.

7 Conclusion

CSAMT and microtremor surveys were implemented in
two stages to explore geothermal resources in the study. In the
preliminary stage, five comprehensive geophysical prospecting
profiles L1-L5 were deployed, and high-precision resistivity
and S-wave velocity results were obtained. By tracing the
isolines of low resistivity, low-velocity anomalies, and dense
steep, the fault systems and strata distribution in the study
area were comprehensively interpreted and constructed and
were consistent with the geological survey data. Based on the
results of the preliminary stage, we deployed the fine stage
exploration work L11-L12 to obtain the deep geothermal
reservoir information more clearly at the intersection of
faults F3 and F8 and clarify the deep geothermal formation
mechanism. We accurately located an underground thermal
reservoir, which was verified by a geothermal well YZI. The
total depth of the drilling is 801.56 m, and geothermal water
with a wellhead temperature of 46.1° is obtained. The main
aquifer is divided into two sections, and the wellhead water
outflow is 1,180.24 m*/d. According to the temperature logging
curve, there are two underground geothermal reservoirs, at
320 m-380 m and 620 m-640 m. In addition, fault F8 was observed
in the drill core at a depth of 308.0-319.0 m, which shows the
effectiveness of the joint interpretation of CSAMT and microtremor
survey data.

A geothermal reservoir model was then established based
on the fault system and stratigraphic distribution obtained from
geophysical exploration in the study area, combined with YZ1
drilling data. The formation process of the geothermal system in
the study area is described from the four aspects of “heat source,
reservoir, cap rock, and channel” generated by geothermal energy;
that is, atmospheric precipitation penetrates deep along the exposed
carbonate layer fractures and fault zones, continuously obtains heat
from the deep surrounding rock, and gradually heats to form deep
geothermal water. The intersection of NE and NW faults forms
the geothermal water upwelling channel, which is blocked by the
barrier when upwelling to the Cretaceous and Quaternary strata.
They have poor permeability as a geothermal cover rock under the
effect of water pressure difference and form a geothermal reservoir.
Thus, the hot springs in the research area are exposed on the
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surface at discontinuous areas of the cap rock, with characteristics of
distribution along faults. It is suggested that the geothermal system
in the Tangquan area is a typical fractured geothermal reservoir
with large geothermal resource reserves and great development and
utilization value.
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