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Abstract: Epithermal deposits represent a significant category of gold occurrences, with their subsur-
face structure playing a key role in reserve assessments. Fujian Province, characterized by extensive
Mesozoic volcanic activities, stands out as a noteworthy region for shallow hydrothermal min-
eralization in China. This paper focus on the Youxi area within Fujian Province, employing the
dual-frequency induced polarization method (DFIP) and controlled-source audio-frequency mag-
netotelluric method (CSAMT) to investigate the target ore. The DFIP results revealed predominant
northeast-oriented zones with high polarizability and notable apparent resistivity. The CSAMT data
were inverted using the SCS2D software. Two-dimensional resistivity profiles reveal a three-layer elec-
trical structure, comprising subsurface banded rhyolites influenced by fault zones, intermediate-low
resistivity sandstone layers, and deep-seated high-resistivity conglomerates. The resistivity gradient
zones and highly polarizable locations align closely with known local faults. We interpreted these
resistivity gradient zones as prospective target areas for mineralization, a hypothesis subsequently
validated by drilling results. Combining geochemical analyses of epithermal gold deposits with the
electrical resistivity structure, we propose an explanatory model for the mechanism of the formation
of epithermal gold–silver deposits in the Youxi area. The magmatic hydrothermal fluids ascended
along the fault, underwent convection-driven interaction with meteoric waters, and subsequently
metasomatized the host rocks. This integrated approach provides valuable insights into the geological
processes governing epithermal gold–silver deposit formation in the Youxi region.

Keywords: dual-frequency induced polarization method; controlled-source audio-frequency magne-
totelluric method; epithermal deposits

1. Introduction

Epithermal deposits are typically characterized by low temperatures (<300 ◦C), low
salinity (<10 wt.% NaCl), and relatively shallow depths (~1–2 km) [1] and form one of the
most important types of gold–silver mineralization in the world [2]. The formation of these
deposits, often closely associated with volcanic activity, occur in various tectonic settings,
including island arcs, continental arcs, and back-arc extension environments [3].

Since the Late Proterozoic, southeast China has experienced extensive volcanic activity,
especially in the Late Jurassic and Early Cretaceous [4], during which widespread epither-
mal ore deposits formed, making it one of China’s most important gold–silver mining
areas [5]. Fujian province hosts a broad distribution of Mesozoic continental volcanoes and
numerous epithermal deposits are found across the entire province. Some notable regions
include Shanghang in the southwest, Jianning in the northwest, Zhenghe-Jian’ou in the
north, and Dehua-Youxi-Yongtai in the central-eastern part of the province, all of which
have yielded large polymetallic deposits [6–8]. The Dehua-Youxi-Yongtai region is com-
monly referred to as the “Golden Triangle” exploration area, where significant gold mines,
such as Ancun, Qiucun, and Shuangqishan, have been discovered [9–12]. Several scholars
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have conducted research using geological chronology, fluid inclusion data, and isotope
dating, and concluded that the metals in this area originate from magmatic hydrothermal
sources [13–15]. The precipitation of gold is believed to result from the evolution of mag-
matic fluids mixing with meteoric water, which plays a significant role in mineralization
stage, categorizing these deposits as shallow epithermal ore deposits [6,7,16].

The study area of this research is located in the southeast of Youxi County. Since the
1990s, informal mining teams have been engaged in the extraction of gold deposits in this
region. During field geological surveys, exposed gold veins have been discovered, and
geochemical investigations have revealed significant geochemical anomalies in the area.
However, the lack of geophysical data has limited the delineation of mineralization target
zones within the research area.

During the epithermal mineralization, the interaction between minerals, heat sources,
and fluids serves as the fundamental basis for mineral formation [17]. As magmatic
hydrothermal fluids migrate from the deep to the Earth’s surface, they interact with the
mineral source (host rocks) and fluids within the strata, leading to the creation of alteration
minerals [18]. Typically, gold–silver mineralization is commonly linked with vein quartz
or disseminated sulfides, resulting in noticeable variations in electrical resistivity between
the hydrothermal fluids, alteration minerals, and host rocks [19]. Furthermore, highly
permeable fractured fault zones and fissures often serve as conduits for the ascent of deep-
seated hydrothermal fluids [20], frequently resulting in the dispersion of alteration minerals
along fault zones. The differences in electrical properties between alteration minerals and
fault zones, as well as host rocks, make it feasible to detect epithermal ore deposits using
electromagnetic methods.

Electromagnetic methods have been extensively employed in the exploration of ore
deposits, including rare earth mineral exploration [21], as well as the exploration of copper–
nickel deposits [22], lead–zinc ore deposits [23], and gold deposits [24]. These research
endeavors have effectively demonstrated the potential applications of electromagnetic
techniques in mineral exploration. Particularly noteworthy is the controlled-source audio-
frequency magnetotelluric method (CSAMT), which offers advantages such as greater
exploration depth and a wider range of parameters compared to conventional electri-
cal methods. CSAMT, employing artificial sources, exhibits high signal-to-noise ratios
and efficient data acquisition, making it a widely utilized tool for the exploration of ore
deposits [25–27].

In this study, both dual-frequency induced polarization (DFIP) and CSAMT were
utilized. The dual-frequency induced polarization method was employed to identify the
shallow mineralization target zones within the research area. Subsequently, the controlled-
source audio-frequency magnetotelluric method was used to acquire information regarding
the deep electrical structure of the study area. By integrating these data with drilling infor-
mation, the mineralization target areas were delineated. Furthermore, in combination with
geological strata information, the study delved into the shallow hydrothermal transport
pathways and analyzed the mineralization mechanisms within the target region.

2. Geological Settings

Fujian volcanic depression belt was formed on the basis of the Himalayan–Indosinian
and Caledonian periods and underwent large-scale faulting and depression during the
Yanshanian Movement [4]. The area is situated in the central segment of the east and
sandwiched between the Zhenghe-Dapu fault zone and the Fu’an-Nanjing fault zone
(Figure 1a), with the Pu’cheng-Youxi fault zone traversing the study area [28]. Since
the Proterozoic era, the region has suffered extensive tectonic–magmatic–mineralization
process with close associations between different geological stages and the tectonic settings
relevant to mineralization [4]. The research area hosts quartz diorites from the Himalayan–
Indosinian period and shallow intrusive rocks and subvolcanic rocks from the Yanshanian
period. The tectonic and magmatic events during the Yanshanian period led to extensive
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intrusion activity, providing the region with abundant mineral resources, heat sources, and
ore-forming spaces, thereby contributing to the formation of rich mineral deposits [9,10,29].
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Figure 1. Geological context. (a) Location of the study area in southeast China. (b) Geophysical
survey lines in study area. PUF: Pucheng–Youxi fault; ZDF: Zhenghe–Dapu fault; SPF: Shanghang–
Pingnan fault; MLF: Mingxi–Luoyuan fault; FNF: Fu’an–Nanjing fault. Solid black and blue lines in
(b) represent the observation lines of the CSAMT and DFIP, respectively.

Since the Hercynian–Indosinian period, the study area has witnessed the sequential
development of sets of fault structures, including east–west and northeast–southwest
striking directions (Figure 1a). Many copper–gold (silver) deposits or occurrences are
commonly located at the intersection zone of the NE–SW striking faults. These fault
intersections serve as significant controls in ore-guiding and ore-hosting structures. NE
and NNE striking fault zones and WE striking faults have undergone compressional and
extensional processes and are considered important ore-controlling structures within the
study area. These structures influence magma activity, fluid pathways, and ore deposit
distribution in the region [6,14,30].

The primary outcropped geological formations are the Late Jurassic Changling For-
mation (J3c) and the second segment of the Late Jurassic Nanyuan Formation (J3n2) (Fig-
ure 1b). The Changling Formation comprises a set of continental volcanic–clastic sediments,
including tuffaceous sandstone, siltstones, mudstones, pebbly sandstones, and sandy con-
glomerates. The second segment of the Nanyuan Formation mainly consists of rhyolitic
crystal clast tuff and clastic crystal clast tuff [4]. These volcanic rocks unconformably
overlies the Changling Formation. The area also contains intrusive igneous rocks, including
rhyolite porphyry, granite porphyry, and olivine basalt. The rhyolite porphyry is primarily
distributed along faults and fractures with outcropped in banded or tabular distribution.
The porphyry intruding into the Changling Formation occurred prior to the mineralization
process and was influenced by later mineralization-related structures, with gold–silver
mineralization commonly occurring in the contact zones. The spatial distribution in this
region reveals a close relationship between the Changling Formation and Nanyuan For-
mation and gold–silver mineralization, thus classifying them as important host rocks for
mineralization in the region [28].

3. Methodology and Data

The electrical difference between the host rock and the ore is fundamental to conduct
the exploration. The electrical resistivity and apparent amplitude frequencies of the host
rock, including sandstone, tuff, and rhyolite porphyry, were measured by SQ-5 with
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AB/2 = 6 m and MN/2 = 0.5 m. The host rocks have high resistivity values, ranging from
1000 to 3000 Ω.m, and low polarization with apparent amplitude frequencies less than 2%.
The electrical parameters of the ore deposits are related to the degree of mineralization and
exhibit obvious high polarization characteristics in the study area. The significant electrical
difference between ore deposits and host rocks favors the geophysical exploration.

3.1. Methodology
3.1.1. Dual-Frequency Induced Polarization Method

The induced polarization (IP) method is a geophysical technique for mineral explo-
ration based on the electrical difference between the host rocks and minerals. It involves
observing the electrical potential difference of subsurface mediums during the charging
and discharging processes. Based on the method, DFIP was developed, which combines
two frequency square-wave currents to simultaneously apply a dual-frequency composite
current to the subsurface [31]. This allows for the measurement of potential differences on
the surface arising from the induced polarization field containing two principal frequencies.
The DFIP is lightweight, highly efficient, and offers high precision. It has found extensive
application in China in the fields of mineral resource exploration [32]. Using DFIP to
simultaneously obtain low-frequency potential differences (∆V(fL)) and high-frequency
potential differences (∆V(fH)), one can derive the apparent amplitude frequency (Fs) used
to characterize the induced polarization effect. Fs is defined as follows:

Fs(%) =
∆V(fL)− ∆V(fH)

∆V(fL)
× 100%

where the apparent amplitude frequency Fs refers to the percentage change in the ampli-
tude of the induced polarization total field potential difference due to different frequencies,
which is related to the properties of the underground medium and the selection of frequen-
cies (fL and fH).

3.1.2. Controlled-Source Audio-Frequency Magnetotelluric Method

The CSAMT is developed from the audio-frequency magnetotelluric method. Artificial
long-wire sources are deployed on the Earth’s surface to serve as a transmitter injecting
current as the sources. Numerous observation sites are located far away from the transmit-
ter source and measuring both orthogonal horizontal electric fields and magnetic fields,
which results in the determination of the subsurface medium’s apparent resistivity and
phase. Typically, CSAMT measurements collect scalar data, which includes the Ex electric
field component, collected along the survey line, and the magnetic field component Hy,
perpendicular to the survey line. According to the definition of plane wave impedance, the
resistivity can be described using the following formula based on the definition of plane
wave impedance:

ρ =
1

µ0ω

∣∣∣∣ Ex

Hy

∣∣∣∣2
where µ0 represents the vacuum permeability and ω denotes the angular frequency. We
can derive the commonly used formula for apparent resistivity in CSAMT:

ρs = 0.2T
∣∣∣∣ Ex

Hy

∣∣∣∣2 =
1

5 f

∣∣∣∣ Ex

Hy

∣∣∣∣2
Based on the skin depth, different frequencies exhibit varying exploration depths

when propagating through a subsurface medium. By changing the transmission frequency,
the observed signal can be an overall response to the resistivity of subsurface rock at
different depths.
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3.2. Data Acquisition and Process
3.2.1. DFIP Data

The dual-frequency induced polarization data were collected using the SQ-5
dual-frequency induced polarization instrument from Geosun Hi-technology Co., Ltd.
(Changsha, China). Two working frequencies were selected: 4 Hz and 4/13 Hz. The
working configure is shown in Figure 2b, with a setup including transmitter electrode
separations of AB = 1200 m and MN = 40 m. A total of 8 survey lines were arranged.
During the collection process, we first measured half of the data sites, and then move the
transmitter position from AB to A’B’ to conduct measurements for the remaining half of
the data sites (Figure 2b).
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To ensure optimal grounding condition, the transmitter electrodes are located in
thick and moist soil. Additionally, the transmitter electrodes were arranged in a circular
configuration with a diameter of 1 m, and a saltwater solution was applied to reduce ground
resistance, improving the contact conditions between the electrodes and the Earth. After
implementing these measures to ensure adequate power supply for the dual frequency
induced polarization, data were collected to obtain information on apparent polarizability
and apparent resistivity that covered the study area.

3.2.2. CSAMT Data

The CSAMT data for this study were collected using Zonge’s GDP-32II multifunction
receiver with a 30 kW transmitter. The study area is located at a mountainous region with
some exposed rock surfaces. To ensure high-quality data collection, the transmitters sites
were carefully selected based on field work, with a total transmitter length of 1310 m. We
adopted a series of methods to reduce the grounding resistivity, such as burying aluminum
plates, galvanized pipes, and irrigating salt water to ensure good grounding conditions
and maintain stable output current.

Four survey lines were deployed parallel to the transmitter source, with source–
receiver distances ranging from 6.5 km to approximately 7.5 km. These lines had a line
spacing of 240 m and site spacing of 20 m (Figure 2a), resulting in a total of 228 measurement
sites. Nonpolarized electrodes were used to collect the electric field signals along the lines
(Ex). Magnetic field signals perpendicular to the survey lines (Hy) were also collected.
During the collection, the transmitter sequentially emitted current signals with a base of 2,
ranging from 1 to 8192 Hz. In each line, several sites are measured twice and calculated
the mean square error of the Cagniard resistivity. The relatively small mean square error
(<±5%) indicates the acquired data are of good quality.

Considering potential interference from anthropogenic electromagnetic signals, as well
as static and source effects, we removed the distorted data sites and conducted the static
corrections. The collected data were divided into near-field, transition zone, and far-field
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regions. Frequencies less than 256 Hz were seriously disturbed due to the near-field source
interference. Thus, these frequencies were cutoff and only data in the range of 256 Hz to
8192 Hz were utilized for the inversion process.

The 2D inversions were conducted using SCS2D software with 2D Occam algorithm.
The Occam inversion is a smooth-model-constrained inversion method [33]. While fitting
the observed data, it ensures the smooth continuity of the model and selects the smoothest
model as the inversion result, greatly enhancing the stability of the inversion process. We
performed two-dimensional inversion on the data from the four CSAMT profiles. The
initial model was a homogeneous space with resistivity of 100 Ω.m. The elevations of each
site were also acquired. Thus, the tomography information was also incorporated into the
2D inversion.

4. Results and Discussion
4.1. Results of the DFIP

Based on the original DFIP data, the entire data covering the study area are visualized
with the apparent frequency amplitude and resistivity (Figure 3). The horizontal frequency
amplitude and apparent resistivity slices reveal band-like anomalies with a NE striking.
These anomalies are interpreted as fault zones. Some faults are consistent with the local
faults, while others are newly identified (DF3). The fault zones exhibit significant high
polarizability, and the anomalies can be segregated into three distinct areas, identified as
A1, A2, and A3.
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A1 anomaly is located at the SE part of the study area. This anomaly has a banded-like
apparent resistivity distribution and planar-shaped amplitude frequency distribution. The
total anomaly has amplitude frequency value exceeding 4.2%. The banded-like resistivity
anomaly of A1 has a sharp resistivity value contrast, providing an ideal location for the
alteration and mineralization. A2 is in the central part of the study area between the F3 and
DF3 faults, with the amplitude frequency exceeding 4%. This anomaly significantly exceeds
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the 3% amplitude frequency value rate of the host rock. Meanwhile, apparent resistivity
of A1 has a sharp changing from value of approximately 1400 Ω.m to about 400 Ω.m.
A3 is situated in the northwest section, to the north of the F5 fault. This anomaly exhibits
a distribution trending toward the northeast. The amplitude frequency value within this
anomaly exceeds 4%, and it displays relatively high resistivity values in excess of 800 Ω.m,
indicative of a high-resistivity and highly polarizable nature. The three anomalous areas
are considered favorable for mineralization.

4.2. Resistivity Chacteristics of the CSAMT

The resistivity profiles obtained from the two-dimensional inversion of L1 to L4 are
depicted in Figure 4. Based on the resistivity characteristics, the profiles can be roughly
divided into three layers: a high resistivity layer split by low resistivity zones, a medium-
low resistivity layer, and a deep medium-high resistivity layer. The first layer, namely
the high resistivity layer split by low resistivity zones, exhibits significant lateral changes
in the shallow profile. The low resistivity zone on the subsurface is speculated to be
Quaternary sediments distributed along the terrain, while the low resistivity zone with a
large extension depth is interpreted as fault zones. The presence of pore water in this layer
may be responsible for the observed near-surface low-resistivity anomaly.
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Figure 4. The resistivity results of the CSAMT profile. (a) L1, (b) L2, (c) L3, (d) L4. Redlines in figures
represent the faults. The layered color blocks varying with the terrain indicates the outcropped strata.
ZK represents the drilling boreholes. Gray shadows in (b) are parts of the ore targets. ZK1 and ZK2
in (b) represent the drilling. Dashed lines in (b) are the section in Figure 5.
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The first layer in L1 and L2 profiles becomes thinner with increasing distance, while
the L3 profile exhibits a feature of thicker in the middle and thinner on both sides. Based on
the stratigraphic sequence and contact relationships, it is evident that the high resistivity
layer split by low resistivity zones is predominantly located within the rhyolite, with a
smaller portion found in the Nanyuan Formation. The variations in resistivity to some
extent reflect the contact relationship between the rhyolite and J3n2. However, due to
the characteristics of the EM methods, the actual depth of the rhyolite and J3n2 may be
shallower than the extended depth of the high-resistivity anomaly revealed, which has also
been revealed by the drilling (Figure 5). The high resistivity layers split by low resistivity
zones exhibits distinct lateral segmentation, separated by electrical gradient zones. These
electrical gradient zones correspond to known fault structures and also reveal some newly
discovered faults identified through CSAMT. Fractured faults, hydrothermal alterations,
and lithological interfaces can all lead to resistivity anomalies [34–36], resulting in electrical
gradient zones. Previous studies on nearby epithermal deposits have indicated that the
Nanyuan Formation and rhyolite are the sources of mineralization, with deposition result-
ing from the interaction between magmatic hydrothermal fluids and meteoric water [37].
This area is characterized as a typical structurally fracture-altered rock-type deposit, with
its occurrence strictly controlled by fault structures and influenced by hydrothermal activ-
ity [7,17,29]. Therefore, our research focuses on the low resistivity fault zones as potential
pathways for the migration of hydrothermal fluids and the high resistivity gradient zones.

Beneath high resistivity layers split by low resistivity zones lies a moderate resistivity
layer (100~1000 Ω.m), with depths ranging approximately from 150 to 300 m. This moderate
resistivity layer is observed across all four profiles and exhibits a generally horizontal
distribution. We infer it to be sandstone of the Nanyuan Formation, consistent with actual
drilling results. However, although the lithology of this layer is consistent with that of the
outcropped Nanyuan Formation, there is a significant difference in resistivity, which may
be attributed to variations in the rock’s integrity. In the long-distance points of L1 to L3,
this layer has a “dipping” shape, indicating a possible extension into the depth. The deeper,
high resistivity layer is presumed to be conglomerate, which presents a marked contrast
with the “dipping” sandstone layer.

Based on the electrical gradient zones and the distribution of regional geological
structures, we distinguished the fault structures (Figure 4). F0–F5 are consistent with the
regional geological structure map, while the others are newly discovered fault zones. The
location of some newly discovered fault zones is consistent with the apparent resistivity
gradient zone discovered by DFIP. Additionally, the locations of these anomalies are
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consistent with the high amplitude abnormal area of DFIP, and corresponds to the surface
ore body, further indicating the important role of fault zones in the mineralization process.
Based on the location of exposed mineral deposits on the surface and the inversion results of
CSAMT, some target areas of mineral deposits in the study area were delineated (Figure 4).
Further drilling results also verified the effectiveness of using CSAMT for mineral deposit
exploration (Figure 5).

4.3. Formation Mechanism of Mineral Deposits

By a combination the DFIP and CSAMT, we studied the electrical structure of the
study area from shallow to deep layers to identify potential ore target in the Youxi area. The
lithology in the drilling confirms the results. Further analysis of the formation mechanism
of the deposit will provide support for further work. The ore-forming structure in the
study area controls the mineralization and crosses through all layers, indicating that the
mineralization era was later than the formation era of the host rock. These rocks such
as rhyolite, Changlin, and Nanyuan Formations provide ore-forming materials, but the
sources of heat sources and ore-bearing fluids are still unclear.

Epithermal deposits typically include magmatic fluids, deep-circulated meteoric wa-
ters, and shallow meteoric waters [38]. Geochemical research results from multiple gold
deposits located in the “Dehua Youxi Yongtai gold mineralization belt” indicate that the for-
mation of the deposits is related to the mixing of magmatic hydrothermal fluids and diluted
precipitation, and meteoric waters plays an important role in the mineralization [6,8,14].
Therefore, the ore-bearing fluids in the study area may be formed by the mixing of deep
magmatic hydrothermal solution and surface water.

As high-permeability weak structural zones, fault zones provide pathways for mete-
oric water [39]. The electrical gradient zones revealed by the resistivity profile effectively
depict potential fault information. Several fault zones, extending to depths of several
hundred meters, are present in the study area, which could serve as potential pathways
for meteoric water migration. Due to the limitations of the working frequencies of the
electromagnetic methods we selected, our study depth remains relatively shallow, prevent-
ing the effective resolution of deeper plutons. Migration pathways for magmatic fluids
originating from the deep subsurface typically follow the paths of minimal energy con-
sumption [20]. Therefore, the electrical gradient zones in deeper sections likely represent
potential pathways for the ascent of hydrothermal fluids in the study area (Figure 6).
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By combining the resistivity images from the resistivity profiles with the distribution
of deposits, we speculate that the low-resistivity anomaly (F1–F3) extending deeper in
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the L2 profile could be the pathway for the ascent of deep-seated hydrothermal fluids.
Hydrothermal fluids carrying metallic elements may react with the host rocks, generating
alteration minerals that result in the observed moderate resistivity anomalies [19]. The lay-
ers at a depth of approximately 600 m are highly permeable and rich in water. Additionally,
numerous surface fault zones extend to this layer. Precipitation, groundwater, and magma
hydrothermal fluids ascending from the deep subsurface collectively contribute to localized
convection. This process further transports ore-forming fluids upward, where they interact
with the host rocks, ultimately forming the shallow hydrothermal mineralization area in
the area.

5. Conclusions

The outcropped gold–silver ore in the Youxi area make it a potential reserve. We
conducted measurements on the ore and host rock and discovered significant characteristics
of high resistivity and high apparent frequency amplitude in the ore. To investigate the
electrical structure of the area and target mineralization zones, we employed both DFIP and
CSAMT. Through the DFIP, three anomalous areas with high resistivity and high apparent
frequency amplitude were identified. The 2D resistivity profiles obtained from the CSAMT
revealed the presence of numerous shallow subsurface fault zones. By combining the DFIP
information with the previously geological information and the surface distribution of
mineral deposits, we delineated some target areas in the study area.

To validate the reliability of these target zones, we designed drillings to confirm
these anomalies, which revealed a result consistent with the resistivity anomalies from
the CSAMT profiles and the polarization anomalies from the DFIP, further confirming the
accuracy of the target zones.

The resistivity results also an identified deeper electrical gradient zone extending
downward, which are inferred to be pathways for the ascent of magmatic hydrothermal
fluids. These fluids carrying the metallic and meteoric waters, resulting in convection in
the shallow subsurface, lead to interactions with the host rocks and ultimately form the
gold–silver mineral deposits in the study area.
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