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Abstract: The electromagnetic (EM) method is commonly used in mineral exploration due to the
method’s sensitivity to conductive targets. Controlled source audio-frequency magnetotellurics
(CSAMT) is developed from magnetotelluric (MT) method with an artificial EM source to improve
the signal amplitude. It has been used for mineral exploration for many years. In this study, we
performed a case study of the CSAMT application for the Eagles-Nest lead–zinc (Pb–Zn) ore deposits
in Jianshui, China. The Eagles-Nest deposit is located in southwest in China in forest-covered complex
terrain, making it difficult to acquire the geophysical data. Based on the previous dual-frequency
induced polarization (IP) results, we designed four profiles for the CSAMT data acquisition. After
data processing and inversion, we mapped the subsurface resistivity distribution. From the CSAMT
results, we inferred the location of the ore body, which was verified by the drilling wells. The Pb–Zn
ore body was found at a depth between 373.70 m to 407.35 m in the well.

Keywords: CSAMT; dual-frequency IP; mineral exploration

1. Introduction

The Eagles-Nest lead–zinc (Pb–Zn) ore deposit is located in Jianshui, in Southwest China, in
an area which is 90% covered by forests. The northeast is relatively flat; however, the western and
southern mountains are cut by narrow and deep valleys. The elevation of the area ranges between
1271 m and 2503 m. It is difficult to carry out the ground geophysical surveys in this area because of
the forest and steep mountains. During previous research 50 years ago, geologists investigated three
profiles. Unfortunately, the reports of that investigation were lost.

During the 1950s, the magnetotelluric method (MT) was introduced for electromagnetic (EM)
exploration by Cagniard [1]. In order to acquire strong signal, the controlled-source audio-frequency
magnetotellurics (CSAMT) method was proposed by Goldstein [2]. Both the MT and CSAMT methods
are applied in frequency domain to detect mineral deposits.

In mineral exploration, CSAMT method is one of the most important tools. Although electrical
resistivity tomography (ERT) can describe the subsurface resistivity distribution, CSAMT can describe
the subsurface resistivity distribution clearly. Some successful case studies have been conducted
in geothermal [3,4], mineral deposits exploration [5] and groundwater [6]. Normally, the mineral
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deposits are shallower than geothermal sources. Chen et al. [7] successfully detected the Longtoushan
Ag–Pb–Zn deposit using CSAMT in inner Mongolia, China. This method has also been applied with
the iron and polymetallic (Pb–Zn–Cu) deposits in the Longmen region by Hu et al. [8]. The CSAMT
method was also applied to explain geological structures, which were distinguished by the difference
between Tamusu rock and surrounding rock [9].

Induced polarization, another geophysical method, is commonly used to delineate potential
target zones and estimate the deposit projected on the surface. Schlumberger introduced the induced
polarization (IP) method for geophysical surveys in the 1920s [10]. The IP method has high sensitivity
to mineral deposits. Moreover, it was used to test the detectability on the sensitivity in geothermal
systems [11,12], thus, combining the IP and CSAMT method is usually applied for the mineral
exploration, for instance, in the case of massive chalcopyrite exploration [13].

Dual-frequency IP method is a kind of frequency domain IP method that utilizes information from
two frequencies [14]. Bao and He (He Jishan) introduced the dual-frequency and multi-parameter IP
method, which could find the anomaly of Percent Frequency Effect (PFE) and phase, and also provided
the property information of the IP anomaly resource [14]. In this paper, we combine dual-frequency IP
and CSAMT method to explore the Pb–Zn deposit. We used the dual-frequency IP method to estimate
the location of the deposit, then we inverted and analyzed the CSAMT data to determine the depth of
the orebody. The final result was analyzed and interpreted.

2. Geological Setting in Jianshui Area

The Eagles-Nest region lies in the south-western part of the Gejiu-Shiping faulted fold. At the
southwest part of Honghe deep fault, it is connected with the Ailaoshan metamorphic block, and at
the northeast part it is connected with Mile-Shizong fault.

The main exposed carbonate rocks belong to the Triassic Gejiu Formation in survey area (Figure 1).
The third stratum (T2g3) of Gejiu Formation is located in the center of the survey area. The upper
part lithology is thick layered dolomite of Triassic Gejiu Formation; the middle part is medium-thick
layered fine-grained marble; the lower part is medium-thick layered dolomite sandwiched with thin
layered limestone. This stratum goes through the whole area from the north to east with a strike of
130◦, and dips 25◦ to 40◦. The area is about 1.5 km2. From south to north, the layers become thinner
with an average thickness of 252.42 m.

The second stratum (T2g2) of Gejiu Formation is distributed in the northwestern part of the survey
area. The lithology is light yellow-gray and medium-thick layered argillaceous limestone-bearing
mudstone. The former is often metamorphosed into light yellow fine-grained marble. The latter is
developed horizontally with a small amount of sea lily stem fragments. It stretches in a northeast
direction with a strike of 160–170◦, and dips 25◦ to 30◦. The lithology of this section varies from
carbonate to clastic rock with marble from south to north. The rock layer is generally metamorphosed
where the rock is in direct contact with the granite body.

The Yanshanian granite (γ5
2) is exposed as the main magnetic rock in the survey area, which is

distributed in the south-central part of this area with east–west direction. It is plaque-like black cloud
monzonitic granite with a semi-automorphic granular structure. The phenocrysts in granite are mainly
single crystals of light flesh red potassium feldspar. The mineral composition includes biotite, quartz,
plagioclase, and potassium feldspar. The granite body is rock-based and the carbonate rocks in contact
with it are all marbled.

Tectonic movement has occurred many times; layers were cut by faults in south–north direction.
The two main faults in the survey area are the south–north fault (F1) in early phase and east–west fault
(F2) in late phase. Fault F1 is located in the central of the area with around 2031 m length and 5–10
width. Irregular and angular structured breccias are found in the fault zone. Along the fault zone,
there are structural fracture zones within the second stratum (T2g2), the third stratum (T2g3) of the
Gejiu Formation, and the Yanshanian granite (γ5

2). The second fault (F2) went through the survey area
in an east–west direction with 3154 m length and 5–20 m width. The F2 is a reverse fault with a strike



Minerals 2019, 9, 726 3 of 12

of 160–170◦ and a north–east inclination. The small folds in survey area are well developed, and the
axial direction is consistent with the direction of the large tectonic line in northeast direction.Minerals 2018, 8, x FOR PEER REVIEW  3 of 11 
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Figure 1. Simplified geological map of Eagles-Nest region. Fault F1 in N–S direction was interrupted
by fault F2 in NE–SW direction. The study area is located in the pink area.

3. Overview of the CSAMT Method

The CSAMT method is a commonly-used, surface-based geophysical method which provides
resistivity information of the subsurface. A horizontal dipole is used to transmit the EM signal. Signals
from near-zone and transition-zone always result in distortions of Cagniard resistivity. Therefore,
electrical and magnetic fields are measured on the ground with a distance at the far-zone, where the
useful signal can be measured.

The three components of electrical (Equations (1)–(3)) and magnetic (Equations (4)–(6)) fields
could be computed by the following equations:

Ex =
I·AB·ρ1

2πr3 ·
(
3cos2θ− 2

)
, (1)

Ey =
3·I·AB·ρ1

4πr3 ·sin2θ, (2)

Ez = (i− 1)
I·AB·ρ1

2πr3 ·

√
µ0ω

2ρ1
·cosθ, (3)

Hx = −(1 + i)
3I·AB
4πr3 ·

√
2ρ1

µ0ω
·cosθ·sinθ, (4)

Hy = (1 + i)
I·AB
4πr3 ·

√
2ρ1

µ0ω
·(3cos2θ− 2), (5)
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Hz = i
3I·AB·ρ1

2πµ0ωr4
·sinθ (6)

where E is electrical field; H is magnetic field; I is current; AB is the length of the transmitter source; ρ
is resistivity; µ0 is magnetic permeability in air; ω is angular frequency; (r,θ) is the coordinate of the
observation point. The Cagniard resistivity [1] can be calculated by using the ratio of the orthogonal
horizontal components Ex/Hy from the equations above.

ρa =
1

5 f

∣∣∣∣∣∣ Ex

Hy

∣∣∣∣∣∣2 (7)

Finally, the impedance phase is given by

P = Ephase −Hphase (8)

4. Geophysical Survey

4.1. IP Interpretation and CSAMT Data Acquisition Design

In 2015, we did a dual-frequency induced polarization (IP) investigation on the survey area
(Figure 2). Based on the results of that study we set up the CSAMT data acquisition design. In Figure 2,
the area with red line bounded is the dual-frequency IP investigation region. The grid of dual-frequency
IP data is 100 m × 20 m, all line spacing and station spacing are 100 m and 20 m respectively, with
red dots marking measurement points. A total of 31 profiles of dual-frequency IP survey described a
distribution of IP and resistivity anomalies.
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Figure 2. Geophysical survey history and controlled-source audio-frequency magnetotellurics (CSAMT)
survey design. Outer red solid lines (1–6) delineate the survey area, induced polarization (IP) profiles
are symbolized as 31 red dotted lines (L1–L31) near which point numbers are identified, 4 black lines
(A–D) are CSAMT profiles and blue area in the center means mining available range.

Figures 3 and 4 show the IP and resistivity anomalies, respectively. The amplitude of an IP (Fs, %)
anomaly was defined with the value larger than 2.4. Table 1 shows the resistivity and polarizability of
characteristic rocks from this mining area. From the Table 1, the amplitude frequency background
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formation was around 2.0. Based on the physical difference between the rocks and ores, it was
easy to infer the IP anomaly zones due to the Pb–Zn ore body or mineralization. Compared to the
unmineralized rock formations, the Pb–Zn mineralization might reflect a low resistivity anomaly in
the background. In order to interpret clearly, we drew the resistivity contour map (Figure 4) with the
amplitude frequency anomaly. Integrated the amplitude frequency and resistivity map, the interesting
area was selected for the CSAMT measurement to detect the deep target. We studied the subsurface
resistivity distribution by using CSAMT method. The profiles were designed to span all of interesting
area in a time-saving way as Figure 2 shows.
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Table 1. Geophysical properties of Eagles-Nest deposit.

Rocks Fs Range (%) Fs Average Resistivity Range (Ωm) Resistivity Average

Pb–Zn 1.6–6.4 4.23 121.5–336.2 257.68
Limestone 1.6–2.7 2.08 325.7–336.5 676.5
Dolomites 1.09–1.38 1.26 547.4–978.5 734.98

Granite 1.1–1.7 1.27 294.5–597.4 430.46

4.2. Data Acquisition, Processing and Inversion

In order to describe the subsurface resistivity distribution, four CSAMT data acquisition profiles
were designed with 1200 m length and 20 m station distance. Before the CSAMT survey, we tested
the offset with 8 km and 12 km. Based on the results of the test, the offset was chosen as 11 km, and
the horizontal current dipole length was 1200 m. The current was 9 A at low frequency. The CSAMT
profiles A–D location are shown as black lines in Figure 2.

The quality evaluation of this CSAMT measurement was determined by calculating the mean
square error (MSE) (<±5%) of Cagniard resistivity in two surveys at the same station. Data consistency
was checked by comparing Cagniard resistivity data in two surveys at 1700 station 20 line as shown in
Figure 5. Based on the same conditions, the relative error of the data collected twice was 2.76%. The
low-frequency data reflected a slight error, which was the allowable range of normal error, and did not
affect the subsequent inversion processing. The CSAMT data collection in this area was reliable, which
provided guarantee for data processing and data interpretation.
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Occam’s inversion was introduced to find a smooth model to satisfy the geophysical data by
Constable et al. [15]. It is a simple way to map the subsurface resistivity structure. The CSAMT data
inversion results are shown in Figures 6–9. From Table 1, we know that the weathered granite has a
low resistivity. By contrast, the limestone and dolomites are a bit higher than granite in resistivity. In
Figure 6, the resistivity of the stations on the right side of 1000 station describe the third stratum (T2g3)
of the Gejiu Formation. The low-resistivity anomaly at the depth of 400–500 m between the station of
1200 and 1700 is inferred to be due to the mineral deposits.

In Figure 7, the fault F2 is still Triassic. The fault zone is expressed at the surface between stations
1400 m and 1500 m along profile A. It extends to around 300 m below the surface, and the interface
between the shallow layer and the granite argillaceous limestone overlaps. There is a low resistivity
anomaly band between the stations 1600 and 2000 at a depth of 600 m. The high resistivity anomalies
in Figures 7 and 8 are due to the dolomites in this area.

The RMS misfit of the inversion is shown in Figure 10. All RMS inversion residual reduce fast
before the third iteration. After that, four curves of the profiles decrease small. When the percent of
residual change is smaller than 1%, the inversion is stopped.
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Figure 8. CSAMT data inversion result of C profile, where distance equals station number.
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4.3. CSAMT Results and Interpretation

In order to describe the resistivity distribution in three-dimensions, we imaged the resistivity
slices as shown in Figure 11. As is illustrated in Figure 11, the low-resistivity anomaly shown in
profile A continued to profile B and disappeared in profile C. Moreover, this anomaly is related to the
IP anomaly shown in Figure 3. The high amplitude of induced polarization anomaly has the same
location as the low-resistivity anomaly. Based on this information, we inferred that the anomaly was
due to the mineral deposits.Minerals 2018, 8, x FOR PEER REVIEW  9 of 11 
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Figure 11. Resistivity profiles of CSAMT data inversion.

By combining the amplitude and resistivity characteristics of the survey area (Figures 3 and 4)
with the given rock properties of Table 1, we defined four IP anomaly areas marked as IP1, IP2, IP3 and
IP4 (Figure 12). The interface between the granite and the second stratum (T2g2) is deep and steep.
The ore-preserving structure is caused by the fault F2 in small scale. The larger deposit is located in the
north-western part of the mining area (IP1), which is produced at the contact zone between the granite
and the argillaceous limestone.
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Figure 12. The interpretation map of the study area.

The IP1 anomaly zone is the largest anomaly in this region, and the area is around 0.6 km2. IP2 zone
is located at the center of the survey area. The anomaly zone looks like a “Y”, and the mineralized rocks
were visible in some caves in the area. In earlier exploration, the orebody deposits were discovered at
three different locations. IP surveying in this study confirmed that all three orebodies belong to the
same anomaly IP2 zone. Another strong anomaly IP3 is located north of the area. We infer this target
is shallow buried at the anomaly IP3 zone. Anomaly IP4 circle zone is located south of the area with a
strong amplitude of induced polarization.

In this study area, the IP value of granite and dolomites are less than 2%, so we consider them as
background. The limestone has a higher amplitude than granite, but it is not as high as the Pb–Zn
deposits. Anomaly IP4 zone has a value less than 3%, similar to the limestone. However, the IP1, IP2
and IP3 describe strong anomaly like effects of the Pb–Zn deposits.

Figure 13 shows the interpretation of the CSAMT data inversion of profile A. The red anomaly
represents the Pb–Zn orebody in Figure 13b, which is proved by drilling well. The Pb–Zn ore body is
found between 373.70 m and 407.35 m in the well.
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5. Discussion and Conclusions

In this paper, IP and CSAMT methods were used to test their combined effectiveness for use in
exploration of Pb–Zn deposits in the Eagles-Nest region. The IP method provides high sensitivity to
the metal deposits [14]. So it is necessary to discover the IP anomaly from a geophysical map scanning.
However, the CSAMT method has the deep resolution advantages compared to the ERT or TEM
method [9]. Combining the advantages of IP high sensitivity and CSAMT high resolution, the study
performs well.

The conclusions of geophysical investigations in Jianshui, Southwest of China are the following:
Based on results of IP and CSAMT surveys (in Figures 11 and 12), we can infer the Pb–Zn deposits

correlated with the anomaly of high induced polarization and low resistivity, which are shown in
the geophysical properties in Table 1. The applied methods (CSAMT and IP) are effective for Pb–Zn
deposits investigation in this area. The predicted deposits zones are generally consistent with the IP
anomaly zones. The IP method allows easy selection of the interesting zones for the orebody targets.
The inversion results from CSAMT method can predict the depth of the orebody targets.

In summary, this case study shows a successful geophysical survey to detect Eagles-Nest Pb–Zn
deposits in the Jianshui area. Based on this experimental study, these methods may be an effective
exploration strategy and geophysical model to detect similar potential deposits in the surrounding areas.
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