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Key Points:

e A combination of CSAMT and radon methods was utilized to delineate the subsurface geothermal structure and possible
thermal-controlling faults in Baozigou village, Yuncheng Basin, Shanxi Rift.

e Our results suggest that the Quaternary and Neogene clastics function as the geothermal cap, whereas the Paleogene sandstones and
the Lower Ordovician and Cambrian limestones constitute the deep reservoirs in Baozigou village, with two newly identified normal
faults as potential conduits of geothermal fluids.

e A preliminary geothermal conceptual model of the Fen River Depression was further developed, which supports the process of
locating a new deep geothermal drilling site in the northwest of the Baozigou village.
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Abstract: The Yuncheng Basin, located in the southern part of the Fenwei Rift, North China, exhibits obvious crust thinning (Moho uplift
of 6-8 km) and shallow Curie point depth (less than 18 km) and hence holds great potential for geothermal resources. However,
geothermal exploration within the Yuncheng Basin typically faces significant challenges due to civil and industrial noise from dense
populations and industrial activities. To address these challenges, both Controlled-Source Audio-frequency Magnetotellurics (CSAMT)
and radon measurements were employed in Baozigou village to investigate the geothermal structures and identify potential geothermal
targets. The CSAMT method effectively delineated the structure of the subsurface hydrothermal system, identifying the reservoir as
Paleogene sandstones and Ordovician and Cambrian limestones at elevations ranging from —800 m to —2500 m. In particular, two
concealed normal faults (F, and Fp) were newly revealed by the combination of CSAMT and radon profiling; these previously undetected
faults, which exhibit different scales and opposing dips, are likely to be responsible for controlling the convection of thermal water within
the Basin's subsurface hydrothermal system. Moreover, this study developed a preliminary conceptual geothermal model for the Fen
River Depression within the Yuncheng Basin, which encompasses geothermal heat sources, cap rocks, reservoirs, and fluid pathways,
providing valuable insights for future geothermal exploration. In conjunction with the 3D geological model constructed from CSAMT
resistivity structures beneath Baozigou village, test drilling is recommended in the northwestern region of the Baozigou area to intersect
the potentially deep fractured carbonates that may contain temperature-elevated geothermal water. This study establishes a good set of
guidelines for future geothermal exploration in this region, indicating that high-permeability faults in the central segments of the Fen
River Depression are promising targets.
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contribute a lot by modifying the carbon cycle and reducing
greenhouse gas emissions (Boden, 2016). Despite its potential,
geothermal energy has been overshadowed by solar and wind in
recent years (Li KW et al., 2015; Bolinger et al., 2023). The primary
obstacle to widespread adoption of geothermal energy is its non-
uniform distribution; specific geologic conditions and processes
allow its exploitation. As several studies indicate, potential
geothermal resources typically develop in regions of active
magmatism and/or crustal thinning (e.g., Moeck, 2014; Wang GL
and Lin WJ, 2020; Jolie et al., 2021). The investigation and exploita-
tion of untapped geothermal reservoirs hold significant potential
for augmenting electricity and thermal energy provisions.

In China, high-temperature geothermal fields are found mostly
within the Himalayan and Circum-Pacific tectonic belts; moderate-
and low-temperature resources are situated predominantly in
Eastern China (Zhu JL et al., 2015; Wang GL et al., 2017). The Ceno-
zoic Fenwei Rift in Eastern China, just like the East African Rift,
induced a large increase of mantle heat flow beneath continents,
yielding several famous and promising geothermal reservoirs,
such as the northern Yanggao-Tianzhen and the southwestern
Xianyang—Xi‘an geothermal fields (He LP et al., 2021). In the Yang-
gao—Tianzhen geothermal field, geothermal fluids with a
measured bottomhole temperature (BHT) of 160.2 °C at a depth of
1624.01 m have been explored and utilized to generate electricity
with a small installed capacity of about 600 kW (Zhou WL, 2021).
The Xianyang—Xi'an geothermal fields, characterized by porous
sandstone reservoirs, have been exploited for urban space heating
over the past years (Erlingsson et al., 2010; Kong YL et al., 2014; Ke
TT et al.,, 2021). Studies indicate that the dominant mechanism of
heat transfer in the Fenwei Rift geothermal systems consists of
both heat conduction through the thinned crust and heat advec-
tion along deep fault boundaries (Wang GL and Lin WJ, 2020; Ren
ZL et al.,, 2020; Zhou WL et al., 2020). This mechanism may be
further augmented by the presence of an uncooled magma cham-
ber in the shallow upper crust, which makes the Yanggao—
Tianzhen area the only high-temperature geothermal field identi-
fied in the Fenwei Rift to date (Rao et al.,, 2016; Zhou WL et al.,
2022). The Yuncheng Basin in the southern part of the Fenwei Rift
has the most obvious crust thinning (Moho uplift of 6-8 km) and
shallowest values of Curie point depths (less than 18 km) among
that region’s sub-grabens (such as Taiyuan, Datong), thereby
holding greatest geothermal potential (Chen YF et al., 2021; Li Z et
al., 2023). Since 2008, Yuncheng geothermal fields, which contain
both carbonate and sandstone geothermal reservoirs, have been
utilized for small-scale urban district heating. However, in 2017,
most geothermal wells were shut down mainly due to large water
head declines resulting from the absence of reinjection practices
(Li Q, 2015; Qiao JW et al., 2018). With increasing emphasis on
geothermal development and utilization both in China and glob-
ally, along with advancements in reinjection technology, geother-
mal development in Yuncheng Graben is poised for significant
progress. We suggest that it is now imperative to establish a solid
foundation for future geothermal development by employing
appropriate geological and geophysical methods to identify
potential geothermal reservoirs.

During the exploration of geothermal resources, thermal and elec-

trical (resistivity) information, which are directly influenced by
geothermal activity, are always the first target parameters
(Georgsson, 2009). Especially, the electrical conductivity of the
subsurface can effectively characterize the geothermal system,
including hydraulic faults, heat sources, and geothermal reser-
voirs, which are ideal targets for electromagnetic (EM) or traditional
direct current (DC) resistivity methods (Mufoz, 2014; He LF et al.,
2016; Liu HY et al,, 2022; Xie CL et al., 2024). Additionally, the
subsurface resistivity structures in geothermal systems always
reflect the characteristic hydrothermal alterations that allow for
estimating temperatures (Ussher et al., 2000; Armadillo et al.,
2020; Didas et al., 2024). Compared with DC resistivity methods,
EM methods don't require physical intrusive contact with the
ground, resulting in cost savings and increased efficiency. Based
on the source of electromagnetic energy, EM methods can be
classified either as passive, utilizing natural signals, or active,
employing artificial transmitters.

Among these methods, Controlled-Source Audio-frequency
Magnetotelluric (CSAMT) methods utilize artificial electromagnetic
sources to actively investigate subsurface electrical structures
with high anti-interference ability and good penetration depth
(Hu XY et al., 2013). CSAMT has been applied widely and success-
fully in geothermal exploration all over the world, particularly in
areas with significant cultural noise (e.g., Aykac et al., 2015; Susi-
lawati and Mustopa, 2019; Peng RH et al., 2023). However, CSAMT
encounters the inherent ambiguity of any single survey method; it
cannot fit all possible geological and environmental scenarios,
which suggests the assistance of other complementary geophysi-
cal methods.

The radon soil gas survey method is innovative, rapid, and cost-
effective; it can effectively identify high-permeability and fluid-
conducting fault zones, which typically play a crucial role in
hydrothermal geothermal fields (Baubron et al., 2002). This tech-
nique is based on the principle that high-permeability fault zones
are commonly associated with anomalous fluxes of various gases,
including CO,, He, H,, and radon (Davidson et al., 2016). In recent
years, radon soil gas surveys have increasingly played a key role in
mapping buried or blind faults, supporting other geophysical
methods (Sun JL et al., 2022).

This study is focused on the Baozigou village in the Yuncheng
Basin, where a geothermal borehole has revealed a deep carbonate
reservoir at a depth of 2180 m with a temperature of 72 °C. To
delineate the subsurface geothermal structures and possible
tectonics, we employed both CSAMT and radon techniques.
Based on the interpreted results and other previous work, including
drilling, geochemistry, regional gravity, and magnetic data, we
have developed a preliminary geothermal conceptual model that
provides valuable novel insights into how effective geothermal
exploration and utilization in the Yuncheng Basin can proceed.

2. Geological, Geophysical, and Geothermal Settings

2.1 Regional Settings

As shown in Figure 1a, Yuncheng basin is situated in southwestern
part of S-shaped Fenwei continental Rift, the crystalline basement
of which belong to the Trans-North China Orogen (TNCO)
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between the Western Blocks and Eastern Blocks within North
China Craton (Zhao GC et al.,, 2005). Fenwei Rift mainly develops in
conjunction with the collisional interaction of the Indian and
Eurasian plates during Cenozoic and is tectonically still active
nowadays (Yin YT et al, 2017). In contrast to the Eastern Block
with significantly thinned lithosphere (60—100 km) and the western
Ordos Block with stable thick lithosphere (>200 km), Fenwei Rift is
a narrow transition zone with 80 km thick lithosphere characterized
by strong earthquakes, local crustal thinning, low-magnitude
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volcanic activities, and the coexistence of compressional and
extensional deformation (Chen L et al, 2009; Zhang YQ et al,,
2007; Xu HR et al., 2020). Main basin-controlling extensional faults
usually occurred along the Yanshannian fold and thrust belts (Xu
XW et al, 1993). Minor amounts of rift related magmas have
reached the surface within Fenwei Rift in exception of Datong
basin in the north (Xu XW and Ma XY, 1992). Magnetotelluric
sounding profiles show that there exist horizontal low velocity
bodies at upper, middle and lower crustal levels beneath the
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Figure 1. Tectonic subdivision and geological map, (a) Tectonic subdivision of the North China Craton (Zhao GC et al., 2005); (b) Simplified

geological map of Yuncheng Basin.
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Fenwei Rift, which were possibly caused by partial melting within
the crust (Li ZH et al., 2014; Yin YT et al.,, 2017).

Geographically, Yuncheng Basin is bordered to the north by the
Luliang mountain, to the west by the Yellow River, and to the
south and east by the Zhongtiao mountain (Figure 1b). Tectoni-
cally, Yuncheng Basin is composed of the Fen River Depression,
Emei Uplift, and Su River Depression from north to south, which
are mainly delineated and bounded by deep NE-trending faults.
From north to south, these faults include the southern Liliang
mountain margin fault (F1), the northern Emei margin fault (F2),
the southern Emei margin fault (F3), the northern Zhongtiao
margin fault (F4), and the southern Zhongtiao margin fault (F5).
Another significant normal fault, known as the Wanrong—Dongguo
fault (F6), trends northwest and potentially intersects the major
tectonic units and faults (Sun JY, 2016; Wang HY et al., 2025; Wu
GP et al., 2025). However, F6 lacks clear surface expression and
requires further investigation. The primary lithological units
exposed within the Yuncheng Basin include Proterozoic meta-
morphic rocks, Lower Paleozoic carbonates, Cenozoic clastics, and
minor Mesozoic granites, which are detailed in Table 1. The Ceno-
zoic strata occupy 80% of the Yuncheng Basin and have a maxi-
mum thickness of up to 5 km in the south of the Su River Depres-
sion. A small number of Mesozoic granitic intrusions, primarily in
the form of rock stocks, are located in Gu mountain and Canfang
near Zhongtiao mountain (Qi Y et al., 2016).

The residual gravity and local magnetic fields in Figure 2
(obtained from regional-residual separation) depict the density
and magnetic susceptibility distribution reflecting the associated
geological information at shallow depths within the Yuncheng
Basin. The densities and susceptibilities of the main rocks from the
Yuncheng Basin can be referred to in Table 1. As shown in Figure
2a, the primary tectonic units of the Basin correspond to alternating
low (the Fen River Depression), high (the Emei Uplift), and low
(the Su River Depression) local gravity anomalies. Although both
the Fen River Depression and the Su River Depression are NE-
trending sedimentary subbasins, notable differences are evident
in their local gravity (Figure 2a) and residual magnetic fields
(Figure 2b). The Su River Depression features a single depression
center, located in Yuncheng City, whereas the Fen River Depression

contains two such centers, located in the Hejin and Jishan areas.
Those two centers appear to be separated by an upcoming
anomaly (M1) characterized by moderate gravity and high
magnetic values (Figure 2b). M1 is interpreted to be a deep
granitic intrusion, as Mesozoic granitoids are characterized by low
density and high magnetic susceptibility in the Yuncheng Basin
(see Table 1). Some drilling projects have uncovered the presence
of intermediate-felsic granitic intrusive rocks beneath the
Cambrian strata (Zhao B, 2013). Therefore, the basement rock in
the Fen River Depression may be intruded by large-scale
magnetic granites, which are not found in the Su River Depres-
sion. This M1 anomaly is situated in the northern part of the
inferred F6. The NE-trending basin-controlling faults, including
F1-F5, generally correspond to the gradients observed in local
gravity and residual magnetic fields (Sun JY, 2016). In contrast, the
NW-trending F6 fault crosscuts the main tectonic units and may
be linked to deep granitoid intrusions within the Fen River
Depression, as suggested by their spatial correlation.

In the Yuncheng Basin, only moderate- and low-temperature
geothermal fields have been discovered to date. The Quaternary
loose sediments are widely distributed and always act as an insu-
lating cover layer, while the underlying Neogene—Paleogene
sandstones and Cambrian—Ordovician limestones serve as
geothermal reservoirs (Li Z et al., 2023). This geothermal pattern is
prevalent across various geothermal fields in the Yuncheng Basin,
including Hejin, Xinjiang, Jishan, Wanrong, and Linyi areas.
However, in the center of the Su River Depression, where Cenozoic
sediments reach depths of nearly 5 km, the reservoirs are
composed primarily of Paleogene and/or Neogene sandstones. In
the Fenwei Rift, the Yuncheng Basin exhibits the most significant
crustal thinning, followed by the Linfen and Taiyuan Grabens
(Chen YF et al.,, 2021). In addition, both the uplifted Moho and
Curie isotherm surfaces beneath the Yuncheng Basin resulted in a
thinned lithospheric thickness (Gao GM et al., 2015; Cai Y et al.,
2021; Chen YF et al, 2021), suggesting promising geothermal
potential for the Yuncheng Basin. Several studies have revealed
that the NE-trending deep fault zones exert a controlling influence
on the distribution of geothermal fields within the Yuncheng
Basin (Li Z et al., 2023).

Table 1. Summary of primary geological strata and corresponding densities and susceptibilities in Yuncheng Basin (compiled using information

from Zhao B, 2013; Sun JY, 2016 and Wang HY et al., 2025).

Density Susceptibility Resistivity
Geological strata (kg/m?x 10%) (cgs x 1079) (Qm)
Range Average Range Average Range Average

Quaternary clays 1.50-1.91 1.67 0 0 20-100 30

Neogene siltstones 1.64-2.08 1.87 0 0 50-100 70

Paleogene mudstones and sandstones 1.88--2.63 2.41 0 0 50-100 70
Triassic—Permian sandstones 2.35-2.70 2.55 0 0 50-250 150
Ordovician limestones 2.53-2.83 272 2-28 23 100-2000 600
Cambrian limestones 2.52-2.83 2.67 2-28 23 100-2000 600
Proterozoic quartz sandstone and marble 2.40-2.90 2.68 30-150 920 >1500 3000
Archean granodiorite gneiss 2.66-2.72 2.70 300-600 349 >1500 3000
Mesozoic granitoid 2.53-2.60 259 52-1200 647 200-4000 2000
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Figure 2. Anomaly maps of the study area. (a) The residual gravity anomaly; (b) the local magnetic anomaly (Sun JY, 2016), also showing the

major interpreted faults.

2.2 Local Settings

The Hejin region is located in the western part of the Fen River
Depression; both the Yellow River and the Fen River flow through
this area. The F1 in the Hejin region is a curved boundary fault
with a strike varying from NE to WNW as it extends from west to
east. There are no obvious surface geothermal manifestations
other than some cold springs near the foot of Liliang mountain.
The carbonate reservoirs in the Hejin region are characterized by
an optimal depth (about 2 km), which facilitates a large water
volume and ease of reinjection. Consequently, the geothermal
resource prospects in the Hejin region are highly promising
compared to those in the southern Yuncheng Basin.

Over the past 20 years, several geothermal boreholes have been
drilled in the Hejin region; most wells have penetrated both the
Cenozoic and Paleozoic sediments that overlie the Proterozoic
basement. The lithological profiles derived from these borehole
observations are presented in Figure 3, which also displays
temperature logs (T logs) recorded at thermal equilibrium along
these deep boreholes. Table 2 summarizes the geothermal and
geological conditions collected from these geothermal wells. In
the Wujiaguan village (WJG), Beiyuan village (BY), and Jinxin
Community (JX) wells, the revealed reservoir rocks comprise
Cambrian—Ordovician limestones and Paleogene sandstones, but
the Taiyang village (TY) and Longmen Community (LM) wells
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Figure 3. Simplified administrative and elevation map of the Hejin region, showing detailed lithological and temperature data from existing
geothermal drill holes, and the location of Baozigou village and the AA' profile.

Table 2. Geothermal and geological conditions collected from several geothermal wells within the Hejin region.

Average gradient

Borehole name Depth (m) BHT (°C) (°C/100 m) Water type TDS (mg/L) pH Reservoir type
TY 2038.52 787 3.25 Cl-SO4-Na 2298 8.10 Paleogene sandstones
LM 2300.00 728 2.07 SO4-Cl-Na 3972 8.26 Paleogene sandstones
WJG 1976.66 63.6 2.53 CI-S04-Na-Ca 1700 7.50 Cambrian—Ordovician limestones
JX 2656.00 81.9 2.29 Cl-SO4-Na 3740 8.00 Ordovician limestones
BY 1702.03 68.7 3.25 Cl-SO4-Na 1208 7.50 Cambrian—Ordovician limestones

contain Paleogene sandstones only. The highest BHT recorded is
in the JX borehole —81.9 °C at a depth of 2613.0 m. The T logs indi-
cate an average geothermal gradient of 2.53 °C/100 m in the WJG
borehole, 3.25 °C/100 m in the TY borehole, 3.25 °C/100 m in the
BY borehole, 2.29 °C/100 m in the JX borehole, and 2.07 °C/100 m

in the LM borehole. T logs obtained from these wells indicate that
temperature increases almost linearly with depth and is mostly
not influenced by hydrothermal convection associated with faults.
Table 2 also lists the primary hydrochemistry characteristics of
thermal water from the five boreholes drilled in the Hejin region.
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Total Dissolved Solids (TDS) range from 1208 mg/L to 3972 mg/L,
indicating a relatively high concentration of major ions. The pH
levels measured in these wells are weakly alkaline, ranging
between 7.50 and 8.26; predominant chemical compositions are
Cl-SO4-Na-Ca and CI-SO4-Na water types.

The study area, Baozigou village, is situated approximately 5 km
northeast of the Hejin urban area, at an elevation of 400 m above
mean sea level (MSL). The JX borehole is located to the north of
Baozigou village. As an important industrial area, the Hejin region
faces some significant environmental challenges and pollution
problems. Over the past five years, Baozigou village has undertaken
a major initiative by implementing a large, centralized heating
system that utilizes ground-source heat pump systems to effec-
tively address heating needs while reducing associated air pollu-
tion problems. Small, moderate- and low-temperature geothermal
projects for rural electrification and heating are quite cost-effective
and capable of meeting energy demands (Chandrasekharam and
Jochen, 2008). Hence, the advancement of deep geothermal
prospecting is expected to further enhance the utilization of clean
energy in the village. The specific objective of this project is to
investigate the potential presence of high-temperature, water-
bearing structures within the carbonate reservoir located beneath
the Baozigou village.

3. Methods

3.1 CSAMT Investigation

The CSAMT method is an electromagnetic-sounding technique
that employs a finite-length grounded electric dipole as its field
source. As shown in Figure 4a, this method involves the simulta-
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neous observation of electrical and magnetic field parameters at a
specified distance from the dipole center (Susilawati and
Mustopa, 2019). Specifically, the electric fields (E,) are measured
using pairs of electrodes aligned parallel to the source dipole,
while the perpendicular magnetic fields (H,) are measured with
coils. The apparent resistivity and phase values are then derived
from the impedance, defined as the ratio of E, to H,,

= EX
zxy = Fy’ (1)
1 2
Pa = mlzxyl ’ (2)
Im(Z
@, =tan"' (2y) , (3)
Re(Z,)

where, Z,, is impedance, p, is the apparent resistivity, @, is the
phase angle. 2-D inversion techniques were applied from the
combination of the apparent resistivity and phase values to
obtain reliable resistivity-depth sections. The CSAMT is particularly
effective in identifying low resistivity anomalies typically associated
with faults and/or altered hydrothermal minerals, making it very
suitable for geothermal exploration (Hu XY et al., 2013; Yang Y et
al., 2023; Basaloom and Hassan, 2025).

These CSAMT measurements in the operating frequency range of
0.125 Hz to 8192 Hz were carried out during August 2022 (Figure
4b). In this survey, the transmitter and receiver utilized are the
high-power GGT-30 and the multifunctional GDP-32, respectively,
both produced by Zonge International Company. The distance
between the transmitting poles AB is 1 km, while the distance
between the receiver poles MN is 50 m. The distance between the

Figure 4. Schematic diagram and fieldwork. (a) Schematic diagram of the field operation mode of the CSAMT method; the fieldwork on CSAMT

(b) and radon (c) measurement in Baozigou village.
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transmitter and receiver ranges from 8 km to 11 km, which is suffi-
cient for conducting measurements in far- and intermediate-field
zones due to the low resistivity at shallow depths. The emission
angle of the transmitter is configured to be less than 60°, which
enhances the propagation of electromagnetic waves under-
ground, minimizes reflection losses, and consequently improves
detection effectiveness. As the CSAMT profiles were conducted in
proximity to the nearby villages, we were alert to the possibility
that the useful signals might encounter interference from
surrounding ambient cultural and industrial noise. To enhance the
signal-to-noise ratio, we implemented several strategies, including
amplifying the transmitter power supply signal and increasing the
number of iterations. Those configurations are designed to
acquire resistivity data from the surface down to a depth of
approximately 3 km, effectively meeting the survey objective.

The primary structural orientation within the Yuncheng Basin is
predominantly northeast (NE), with some minor structures
oriented northwest (NW). However, the specific structural orienta-
tion beneath Baozigou village remains unclear. To address this
uncertainty, we designed a series of approximate north—south
and east—west measurement profiles to ensure that at least one
profile direction would intersect with the main structural orienta-
tions (NE or NW), thereby capturing all potentially significant
structures at depth. Figure 5 shows the six CSAMT array profiles,
named K01, K02, K03, K04, K05, and K06, with lengths of 1.0 km,
1.3 km, 1.8 km, 1.5 km, 1.4 km, and 1.05 km, respectively. K01, K02,
and KO3 follow an approximately east-west orientation; the
remaining three profiles, K04, K05, and K06, are aligned nearly
north—south. These six profiles distribute 160 CSAMT receivers
along a total of 8.05 km. In addition, the obvious layering of the
stratum beneath the receivers facilitates application of the rela-
tively cost-effective scalar mode observation. Note that the JX drill

35°38'N

110°41'E

hole is situated near the north-end profile of K06 in the study area.

In the data processing, we applied the Hanning window spatial
filter method to mitigate the static effect resulting from the lateral
non-uniformity of the near-surface electrical conductivity (Torres-
Verdin and Bostick, 1992). The apparent resistivity and impedance
phase data from all six CSAMT profiles were processed using the
SCS2D inversion program (Scott and Mykle, 2001). This program,
developed by Zonge International Company, employs a two-
dimensional finite-element algorithm originally developed for
natural-source magnetotelluric (MT) data (deGroot-Hedlin and
Constable, 1990; Cheng YZ et al., 2023). The transverse magnetic
(TM-mode) data are inverted. The initial model for the 2D inversion
comprises a smooth version of the apparent resistivity, incorpo-
rating CSAMT station locations and Bostick depths (Jones, 1983).

3.2 Radon Measurement in Soil

Radon (222Rn, half-life 3.84 days) is a naturally occurring radioactive
inert gas produced through the radioactive decay series of 238U
(Fleischer and Mogro-Campero, 1978; Bonotto and Santos, 2007).
Although uranium is found in almost all rocks, it is particularly
enriched in silica-rich rocks such as granites, gneisses, schists,
volcanics, pegmatites, and migmatites. To be released to the
surface, radon, due to its limited mobility, requires a transporting
agent such as hot water or other fluids along the fractured zone or
faults in geothermal fields (Aydar and Diker, 2021). Seyis et al.
(2010) further observed that sites with high geothermal activity
contain much higher levels of radon in the soil compared to sites
with low or no geothermal activity. Radon measurements are
both time-efficient and cost-effective. Additionally, they are not
affected by electrical or magnetic interference. Nowadays,
mapping radon concentrations and radon flux anomalies has
been proposed as an effective way of detecting buried or hidden

. CSAMT lines

. Radon measurement
| points
\\ Part of AA'in Fig.3

Figure 5. Location map of CSAMT and radon measurement surveys in Baozigou village.
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faults (Burton et al., 2004; Seyis et al., 2010; Neri et al., 2016; Afero
etal, 2024).

We measured radon concentrations in soil gas in alignment with
the abovementioned CSAMT profiles (see Figure 5), thereby facili-
tating comprehensive interpretation and mutual validation. As
shown in Figure 4c, radon sampling in the study area was
conducted at depths between 0.6 m and 0.8 m using a steel soil
probe attached to an FD216 radon detector developed by the
Beijing Research Institute of Uranium Geology (Li JB et al., 2022).
Radon concentrations were recorded at 11-minute intervals.
Sampling points were spaced approximately 50 m apart, corre-
sponding to the distance between CSAMT receivers. A total of 167
measurement points were distributed across six lines, labeled D01
through D06, as detailed in Figure 5. To mitigate the potential
influence of rainfall, radon soil gas sampling was postponed for
about 24 hours when it rained. Quality control measures were
implemented to ensure the accuracy and reliability of the field
measurements. We performed statistical analyses of soil gas radon
concentrations, including the mean (X), and standard deviation
(0). Measurements falling outside the range (X - 30, X + 30) were
discarded. The mean value is designated as the radon background
value (RnB). The sum (X + o) between the RnB and the standard
deviation constitutes the radon threshold value (RnT). Measure-
ments exceeding the RnT value are considered significant radon
anomalies.

4, Results

4.1 CSAMT Resistivity Structures
The CSAMT resistivity structures in Baozigou village could be well

Earth and Planetary Physics  doi: 10.26464/epp2026001 65

constrained by the nearby Jinxin borehole in the north of the
study area, as well as by regional petrophysical resistivity studies
(Table 1). Generally speaking, the subsurface resistivity structures
in the study area reflect the characteristic lithology and/or tecton-
ics, as well as potential groundwater and/or hydrothermal alter-
ation. Figures 6 and 7 illustrate the inversion results and the asso-
ciated geological interpretations from CSAMT profiles.

Figures 6a, 6b, and 6¢ present the subsurface resistivity structures
along the three parallel east—west trending profiles (K01, K02, and
K03); they exhibit quite similar characteristics, and all vary
predominantly vertically. These resistivity profiles exhibit sub-
horizontal stratification, characterized by alternating high-low-
high resistivity values from the surface to deeper formations. The
uppermost high-resistivity layers, corresponding to loose Quater-
nary clastic, encapsulate some low-resistivity anomalous traps.
The thickness of the Quaternary layer ranges from approximately
300 m to 400 m, with resistivity values mostly higher than 80 Qm.
The underlying region, buried at elevations ranging from 0 m to
—700 m MSL, is characterized by anomalous low resistivity values
of less than 20 Qm. It is noteworthy that this low resistivity
anomaly trends upward at the left side, which is particularly
evident in the K02 profile. Those low resistivity anomalies are
possibly associated with a small-scale fault (Fp,) inclined to the left.
The third layer, exhibiting higher resistivity values between 50 Om
and 100 Qm, is inferred to be Paleogene sandstones. This layer
can extend to a maximum depth of —1800 m MSL. At greater
depths, the high-resistivity layer, characterized by values exceed-
ing 100 Om, is composed predominantly of Ordovician and
Cambrian limestones. In addition, the resistivity contours within
the Ordovician and Cambrian formations exhibit a downward
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Figure 6. Resistivity sections of CSAMT profiles K01 (a), K02 (b), KO3 (c), desplayed beneath each profile’s the corresponding radon profile: DO1
(a), D02 (b), D03 (c). Locations of the CSAMT receiver stations and radon measurement points are indicated by the numbers 100-140 (a), 200-254
(b), 300-370 (c). In the radon profiles, blue solid lines represent the RnB value; red solid lines represent the RnT value. pr is apparent resistivity.
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bend, possibly indicating the presence of a deep fault (F,), which
will be better revealed in the NS-trending CSAMT profiles.

In the north—south oriented K04, K05, and K06 profiles (Figures 7a,
7b, and 7c), the derived resistivity structures show considerable

Earth and Planetary Physics
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similarity to those observed in the previously analyzed EW-trend-
ing sections. However, a mid-to-high lateral variation in resistivity
is observable across all three NS-trending profiles, which is inter-
preted to be caused by a normal fault. This fault, designated as F,,
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Figure 7. Resistivity sections of CSAMT profile K04 (a), KO5 (b), K06 (c), along with the corresponding radon profiles D04 (a), DO5 (b), D06 (c) at
the top. Locations of the CSAMT receiver stations and radon measurement points are indicated by the numbers 400-460 (a), 500-556 (b),
600-642 (c). In the radon profiles, blue solid lines represent the RnB value; red solid lines represent the RnT value. p is apparent resistivity.

is characterized by a rightward inclination with obvious displace-
ment and seems to extend from the surface to a significant depth
(deeper than —2500 m MSL).

4.2 Radon Survey Results

Radon concentrations in soil along the profiles D01-D06 are
given above the CSAMT resistivity structures in Figures 6 and 7. In
Baozigou village, the dominant surface lithology consists of
Quaternary soil or sandy soil. The measured soil gas radon
concentrations vary significantly, ranging from 170.45 Bg/m3 to
17727.27 Bg/m3. The average radon concentration of 3899.26
Bg/m?3 indicates the substantial radon presence in the soil, likely
resulting from active emanation processes associated with under-
lying geological structures. The standard deviation of 3221.87
Bg/m3 highlights the spatial heterogeneity of radon concentra-
tions, possibly reflecting variations in rock permeability and
geothermal activity. Therefore, the calculated RnB and RnT values
are 3899.26 Bg/m3 and 7121.13 Bg/m3, which are plotted in
Figures 6 and 7. Measurement points with radon values exceeding
the RnT are regarded as high outliers listed in Table 3. It is found
that high outliers are distributed mostly near the ends of each
profile, which correspond mainly to the locations of F, and F,
extending to the surface manifestations. However, it is important
to note that not all RnT outliers necessarily indicate the presence
of fractured zones. Clay minerals formed during soil production
and a fluctuating water table can also cause relatively high radon

Table 3. Observed stations with radon values larger than the radon
threshold value (RnT).

Radon profiles

Observed stations larger than RnT

Do1 118,132

D02 200, 206, 244

D03 320, 346, 350, 354, 358, 366
Do4 402,418, 444

D05 526,542, 546

Do6 612

values (Easterbrook, 1999; Taylor and Eggleton, 2001). The high
radon value at 132, for example, may be a consequence of the
clay overburden at that location rather than being related to frac-
tures beneath it.

The absence of depth information in radon measurements poses
a challenge in accurately determining the location, width, and
depth of the anomalies related to faults (Gan FP et al., 2012).
Consequently, radon results alone are insufficient to indicate the
presence of fractures and need to be integrated with CSAMT resis-
tivity profiles. As illustrated in Figure 8a, these high radon mani-
festations have outlined the orientation of the identified faults.
from these high radon manifestations has been outlined. Inte-
grated with CSAMT resistivity profiles, we see that F, and Fy, are
both NNE-trending but have opposite dips. The application of the
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Surface locations of the interpreted faults; the radon concentrations are proportional to the radius of the yellow circles. (b) 3D geological model
beneath Baozigou village, inferred from CSAMT and radon data interpretations.

two methodologies makes the geological and tectonic findings in
this study more persuasive.

5. Discussion

5.1 Characteristics of Baozigou Village Geothermal
System

The thick Quaternary overburden in the study area, along with

cultivated environments such as residential areas and farmlands,

prevent direct observation of underlying lithologies and potential

tectonics at depth. By integrating CSAMT resistivity structures,
radon measurements, and associated geological and drilling data,
we present here a more convincing 3D geological model of the
study area (Figure 8b). This model provides valuable insights into
delineating the primary characteristics of the concealed geother-
mal field beneath Baozigou village, where Quaternary and
Neogene clastic layers are widespread and present with thick-
nesses ranging from approximately 300 to 600 m, obviously
acting as a clay cap for the geothermal system. Within the Quater-
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nary layers, shallow zones with higher resistivity are likely associ-
ated with unaltered and dry rocks near the surface, whereas areas
with lower resistivity (less than 20 Qm) may indicate the presence
of shallow phreatic aquifers. The underlying highly conductive
anomalies primarily belong to the Neogene unit and are inter-
preted as being related to low-resistivity clay hydrothermal alter-
ation. The clay mineral involved is likely smectite, which has a
high cation exchange capacity (CEC) and can significantly reduce
the resistivity of primary rocks (Ussher et al., 2000; Lévy et al.,
2018; Hersir et al., 2020; Rizzello et al., 2021, 2022). Rocks containing
smectite clays always exhibit low permeability characteristics and
may also indirectly suggest intermediate temperatures (Ussher et
al., 2000; Cumming, 2009). Moreover, the presence of smectite
suggests highly active hydrothermal circulation. The observed
increase of resistivity with depth in the Paleogene sandstones is
likely attributed to a decrease in porosity as depth increases, as
well as a reduction in smectite clay content, which usually
becomes unstable at temperatures over 70 °C (Gunderson et al,,
2000). The underlying layer with much higher resistivity is inferred
to be deep resistive limestone formations. Overall, the Quaternary
and Neogene clastic formations serve as the geothermal cap,
while the Paleogene sandstones, along with the Lower Ordovician
and Cambrian limestones, constitute the geothermal reservoirs
beneath Baozigou village. The base of the reservoirs is likely
marked by the impermeable Proterozoic metamorphic rocks at
unknown depths, which are not shown in resistivity profiles.

Both identified Baozigou faults, F, and Fy,, exhibit normal fault
characteristics and are oriented in an NEE direction (approximately
255°) and run roughly parallel to the western Hejin segment of F1,
suggesting that these newly identified faults may be secondary
faults associated with F1. Enhanced permeability along faults F,
and F, may facilitate hydraulic connectivity between the upper
and deep lower geological strata, potentially promoting the
formation of fractured (damaged) zones with high permeability
associated with hydrothermal geothermal fields. Specifically, the
high-angle deep normal fault F, dips at 70° with a displacement of
about 100 m, and cuts through nearly all subsurface sequences,
suggesting it may play a more significant role in promoting
hydraulic and thermal convection. In contrast, fault Fy is mainly
confined to the Cenozoic strata and does not penetrate the base-
ment rocks at depth.

5.2 Geothermal Conceptual Model of the Hejin Region

A conceptual model is particularly effective when exploring blind
prospects because it makes fuller use of limited data and helps
identify strategies to address the lack of information, as well as
identifying targets (Cumming, 2009). Because of a lack of relevant
data, no geothermal model had been proposed for the Fenwei
Depression within the Yuncheng Basin prior to this paper.
Figure 9 illustrates our preliminary two-dimensional conceptual
model along the NW-trending AA' profile in Figure 2. We have
construced this 2D geothermal conceptual model, orthogonal to
the main NE-trending faults within the Yuncheng Graben, based
on all available geological data (e.g., surface geological maps,
borehole logs from the Hejin Graben), geophysical measurements
(e.g., CSAMT, regional magnetic and gravity data), and associated
geochemical results that are relevant to geothermal exploration

and development activities.

Just like Yanggao-Tianzhen and Xianyang—Xi'an geothermal
fields within the Fenwei Rift, the main heat source in our model is
conduction from the uplifted mantle beneath the significantly
thinned lithosphere to the surface (Zhou WL et al., 2020; Cai Y et
al., 2021). Additionally, a low-velocity and high-conductivity layer
in the deep crust, identified through MT and seismic surveys (Xing
ZY et al,, 2005), could be linked to thermal anomalies at depth.
The possible Mesozoic granitic intrusions at depth, always charac-
terized by their relatively high thermal conductivity, tend to be
good heat conductors rather than heat sources, as they likely
intruded during the Cretaceous and have since cooled down. The
reservoirs in the Fen River Depression are composed primarily of
sub-horizontal and/or horizontal carbonate and sandstone layers,
while the Quaternary and/or Neogene sedimentary cover serves
as the cap rocks. The geothermal fluids at depth originate mainly
from precipitation, which is indicated by the hydrogeochemistry
study from the eastern Xinjiang geothermal field (Chen Y, 2023).
Faults significantly influence the circulation of fluid within such
blind geothermal systems. The deeply penetrating F1 and F2,
acting as geothermal fluid pathways, could channel cold meteoric
water to substantial depth in the middle part of Hejin Depression
(i.e., beneath the Fen River). Some shallow groundwater recharge
also occurs via seepage from the surface Fen River. The hydraulic
gradient between the Liliang mountain/Emei uplift and the Fen
River valley drives the water flow through highly porous and
permeable sedimentary reservoirs at depth, increasing the water’s
temperature as it travels. Despite no observed geothermal mani-
festation on the surface, the heated water at depth may rise buoy-
antly to shallower reservoirs and/or may emerge along high-
permeable faults in the central part of the Fen River Depression,
such as the F, identified in the Baozigou area. We also suggest
that the deep groundwater beneath the central part is subjected
to more intensive water—rock interactions and is far from cold
water supply areas, which is verified by the chemical composition
of geothermal water samples and high TDS in Table 2. Therefore,
some large-scale tectonic fractures and faults with increased
permeability in the central segments of the Fen River Depression,
which may act as up-flow zones for geothermal fluids, represent
promising geothermal targets and require further investigation.

5.3 Geothermal Drilling Site Suggestion

Drilling a geothermal well represents the most critical phase of
geothermal development, owing to the substantial investment
risk, relative to the costs of all other investigative studies and field
surveys, including geology, geochemistry, and geophysics. Never-
theless, identifying convection zones—the most efficient mecha-
nism of energy transfer within the Earth—through drilling can
serve as an effective tool for exploring prospective geothermal
reservoirs (Boden, 2016). Common targets for well sites within a
reservoir include permeable formations, contact zones between
different lithologies, and faults and fractures, where thermal
convection consistently occurs (Zarrouk and McLean, 2019; Zhang
YQ et al, 2024). Notably, geothermal fluids that ascend within
fault zones result in more elevated temperatures and significantly
steeper thermal gradients than are achievable by conduction
alone.
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Based on the conceptual model we have constructed, and our
interpretation of CSAMT and radon data, we suggest that the
newly identified deep normal fault F, is likely to facilitate fluid
circulation and thermal convection at great depth. Additionally,
the resistivity values of the deep carbonates on the northwestern
side of the F, fault are lower than those on the southeastern side,
which suggests that the deep carbonate aquifer within the hanging
wall of F, may contain more geothermal water. In addition,
another relatively small-scale fault, Fy, is found in the northwestern
part of the study area. Therefore, drilling within the hanging wall
block of the identified normal fault F, is strongly recommended.
As illustrated in Figure 2, the temperature profile in the JX borehole
increases linearly with depth, which indicates that it doesn’t
encounter the thermal water upflows typically associated with
fault zones at depth. However, drilling close to fault zones F, and
Fp, can enhance the likelihood of encountering elevated geother-
mal anomalies due to fluid circulation. If the future drill work is
restricted to be within the study area, we propose drilling a
geothermal well in the northwest of the study area, to a total
depth of at least 2300 m; that location is denoted as a red star in
Figure 8b. This borehole would possibly penetrate the potentially
fractured Ordovician carbonates at depth, thereby ensuring a
substantial volume of geothermal water with higher tempera-
tures.
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6. Conclusion

This research employed both the highly anti-interference CSAMT
and radon methods to investigate the subsurface lithology and
structures associated with the geothermal system in Baozigou
village, Yuncheng Basin, Fenwei Rift, China. The results of CSAMT
and radon surveys revealed the distribution of the subsurface
lithology and structures, aiding in identification of potential
geothermal drilling sites when integrated with a constructed
geothermal conceptual model. The main findings can be summa-
rized as follows:

(1) CSAMT profiles effectively delineated the subsurface resistivity
structures, enabling the mapping of key geological features,
particularly two faults. These two faults are spatially correlated
with elevated radon concentrations in radon profiles. Those two
faults exhibit normal characteristics with opposite dips and are
inferred to be secondary faults of the Liliang mountain fault. By
integrating the CSAMT interpretation results and regional geolog-
ical understanding, a three-dimensional subsurface geological
model beneath Baozigou village was further constructed.

(2) Based on the available geological, geophysical, and geochemi-
cal data, including the CSAMT and radon results, a geothermal
conceptual model for the Fen River Depression was developed.
This model elucidates critical aspects of the geothermal system
within the Fen River Depression, including the heat source,
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geothermal reserves, and fluid dynamics within the inflow and
outflow zones, which indicates that the permeable fault zones in
the central part of the Fen River Depression have great geothermal
potential.

(3) All these analyses give insights into potential targets for
geothermal drilling. Consequently, a site in the northwest of the
Baozigou village has been recommended for deep geothermal
drilling to intersect the carbonate reservoir and associated water-
conducting fault structures at depth.
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