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The Jiama porphyry copper deposit in Tibet is one of the proven supergiant copper deposits in the
Qinghai-Tibet Plateau at present, with the reserves of geological resources equivalent to nearly 20x10° t.
However, it features wavy and steep terrain, leading to extremely difficult field operation and heavy
interference. This study attempts to determine the effects of the tensor controlled-source audio-
magnetotellurics (CSAMT) with high-power orthogonal signal sources (also referred to as the high-power
tensor CSAMT) when it is applied to the deep geophysical exploration in plateaus with complex terrain
and mining areas with strong interference. The test results show that the high current provided by the high-
power tensor CSAMT not only greatly improved the signal-to-noise ratio but also guaranteed that effective
signals were received in the case of a long transmitter-receiver distance. Meanwhile, the tensor data better
described the anisotropy of deep geologic bodies. In addition, the tests also show that when the
transmitting current reaches 60 A, it is still guaranteed that strong enough signals can be received in the
case of the transmitter-receiver distance of about 25 km, sounding curves show no near field effect, and
effective exploration depth can reach 3 km. The 2D inversion results are roughly consistent with drilling
results, indicating that the high-power tensor CSAMT can be used to achieve nearly actual characteristics
of underground electrical structures. Therefore, this method has great potential for application in deep
geophysical exploration in plateaus and mining areas with complex terrain and strong interference,
respectively. This study not only serves as important guidance on the prospecting in the Qinghai-Tibet
Plateau but also can be used as positive references for deep mineral exploration in other areas.

©2023 China Geology Editorial Office.

1. Introduction

6.296x10° t, with an average grade of 0.43%. It is determined
that the Jiama porphyry copper deposit boasts huge

The Jiama porphyry copper deposit (Fig. 1) is located in
the eastern section of the Gangdese metallogenic belt. It is a
skarn-hornstone-porphyry copper polymetallic deposit closely
related to Cenozoic intermediate-acid magmatic activities
(Song L et al, 2011). Multiple generations of geological
researchers have conducted extensive geological surveys with
great efforts in Jiama area since the start of the 1950s,
obtaining fruitful achievements. Jiama porphyry copper
deposit ranks 91st in the world, the total resource amount is
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cumulative measured, indicated, inferred, and predicted
intrinsically economic resources, in addition to copper, there
are 1.37x10° t of lead, 4.723x10° t of zinc, 1.446x10° t of
molybdenum, 100 t of gold, and 6.977x10° t of silver as of
mid-2013.

The Jiama porphyry copper deposit lies in Maizhokunggar
County, Tibet Autonomous Region, covering an area of up to
144 km?. It has an elevation of about 4780 m on average, with
a minimum and maximum of nearly 4000 m and 5360 m,
respectively. Therefore, it is a high-elevation deposit, with the
oxygen content in the atmosphere being merely 40%—60% of
that in plains and featuring an extreme climate perennially.
Furthermore, it lies in the upper reach of the Lhasa River and
shows a high-east and low-west terrain, leading to frequent
natural disasters. Owing to the complex geological and terrain

Copyright © 2023 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Geologic map of the Jiama porphyry copper deposit and the location of research section. a—geotectonic outline map of Tibet; b—geolo-
gic map of the Jiama porphyry copper deposit (1:50000). 1—glutenite; 2—Upper member of Chumulong Formation; 3—Lower member of Chu-
mulong Formation; 4—diorite porphyrite dike; 5—Linbuzong Formation; 6—Quesangwenquan Formation; 7-Lower member of Duodigou Forma-
tion; 8—Upper member of Duodigou Formation; 9-biotite-hornblende tonalite in Shagelang Unit; 10—adamellite porphyry in Kagazhai Unit;
11 —biotite monzogranite in Guoqinglang Unit; 12 —research section; 13 —location of scientific borehole JMKZ with a depth of 3000 m;

14-CSAMT measurement point; 15-MT measurement point.

conditions and ongoing industrial mining (roadways and open
blasting) in the Jiama ore concentration area, it is difficult to
acquire the exploration data with a high signal-to-noise ratio
in existing natural-source geophysical exploration (e.g., AMT
and MT) in this area. This heavily impedes the breakthroughs
in geophysical technologies for deep prospecting. This study
aims to apply the high-power tensor CSAMT to prospecting
research based on actual conditions in the Jiama ore
concentration area and to summarize relevant technical
processes for the further promotion and application of this
method. This study not only serves as important guidance on
the prospecting in the Qinghai-Tibet Plateau but also can be
used as positive references for deep mineral exploration in

other areas.

2. Geological background of Jiama porphyry copper
deposit

The Jiama porphyry copper deposit lies in the front of the
tectonic system of the NWW-trending Jiama-Kajunguo nappe
(Zhong KH et al., 2012; Ma SW et al., 2016). The folds in the
deposit exhibit NWW-trending axial traces. Among them, the
Xiagongpu synclinorium and Niumatang anticlinorium are the
secondary folds in the north wing of the Hong-Ta anticline.
They are the ore-controlling structures of skarn deposits
(Leng QF et al., 2015; Tang JX et al., 2013). The Tongshan
gliding nappe has developed in the north wing of the Hong-Ta
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anticline. It glides from south to north and its western part
controls multiple skarn ore bodies. The outcrops in the Jiama
porphyry copper deposit include the Chumulong Formation
(Kyc), Linbuzong Formation (J;K;/), and Duodigou
Formation (J,3d) from south to north. Among them, the
Upper Jurassic Duodigou Formation (J,3d) is composed of
grayish-white marble and crystalline limestones, interbedded
with marl, grayish-black calcirudites, and micritic
calcirudites. The Lower Cretaceous Linbuzong Formation
(J5K;)) can be divided into two parts. The upper part of it
consists of lithic sandstones, quartz sandstones, and interbeds
composed of lithic quartz siltstones and carbonaceous slates,
while the lower part includes carbonaceous slates and
carbonaceous shales interbedded with siltstones (Fig. 1). The
intrusions in the Jiama porphyry copper deposit were all
formed during the Himalayan period. They are mainly
distributed across the deposit and the areas to the north and
east of the deposit. They include both type-I and type-S
granites, both of which are calc-alkaline granites. In terms of
rock types, they mainly include granite porphyry, granodiorite
porphyry, and quartz albitophyres, as well as monzogranites,
aplites, and diorite porphyrites. The intrusions mainly occur in
the forms of batholiths, stocks, and dikes. A complete deposit
model has been built for the Jiama ore concentration area
based on the data obtained from exploration and extensive
drilling (Tang JX et al., 2010). The ore bodies in the Jiama
porphyry copper deposit mainly include the following types.
(1) Deep concealed porphyry molybdenum (copper) ore
bodies. They are mainly controlled by the folds in the deposit
and occur in a barrel shape in the middle part of the deposit.
(2) Skarn copper polymetallic ore bodies. They occur
surrounding the interlayer tectonic zones between the sand
slates and hornstones in the Lower Cretaceous Linbuzong
Formation and between the limestones and marbles in the
Upper Jurassic Duodigou Formation. They are mainly under
the control of the internal and external contact zones of rock
masses and the expanded interlayer space resulting from
nappe structures. They occur in laminated and stratoid forms
in interlayer tectonic zones. (3) Copper-molybdenum (gold-
sliver) ore bodies. They occur in the fissures and joint system
of the hornstones on deep porphyries, showing a barrel shape.
(4) Independent gold ore bodies occurring in peripheral
tectonic fracture zones and diorite porphyrites. They are
mainly controlled by the tensile faults at the periphery of rock
masses. Among these four types of ore bodies, the laminated
skarn copper polymetallic ones contain more than 70% of
industrial ore reserves in the Jiama porphyry copper deposit
and thus are the most important.

3. Introduction of tensor CSAMT with high-power
orthogonal signal sources

Based on the different skin effect produced during the
propagation of natural-source planar electromagnetic waves
after their vertical incidence into the ground, the natural-
source magnetotelluric (MT) method was proposed by
Tikhonov, a scientist from the former Soviet Union and

French scientist Garnier in the 1950s. It was not until the
1990s that the CSAMT began to gradually develop and be
applied in China (He JS, 1990). Currently, CSAMT has
widely been applied in mineral, groundwater, oil & gas, and
engineering exploration, achieving significant effects (Tang
JT and He JS, 2005). There are several types of CSAMT data
measurement, namely scalar, vector, and tensor measurement.
Li XB and Pedersen LB. (1991) gave the classic definition of
the tensor CSAMT in sounding the earliest and deduced the
impedance tensor and tipper of tensor CSAMT. Afterward,
Deng QH (1993) translated relevant foreign work for the first
time and conducted preliminary research. Boerner DE et al.
(1993) firstly applied tensor CSAMT in the Cheynes deposit.
In 2011, a German company, Metronix, successfully
developed the first practical CSAMT electromagnetic (EM)
instrument and its data processing software system for
impedance tensor observation. The experts and researchers in
China have conducted in-depth researches on the tensor
CSAMT technology since 2013 (Meng QK et al., 2015; Lei D
et al., 2014; Huang GY et al., 2014; Zhang ZY et al., 2017;
Hu YC et al,, 2015; Liu ZX et al., 2017; Zhou YD, 2015;
Wang XX et al., 2014; Wang YM et al., 2018; Meng QK et
al., 2013), achieving substantial test and research results as
well as preliminary application (Di Q et al., 2020; Guo Z et
al.,, 2019; Kouadio KL et al., 2020; Liu G et al., 2020).
Although CSAMT possesses the advantages such as high
efficiency and strong signals from an excited source of
electromagnetic field, it has notable shortcomings. For
instance, significant effects can be achieved when CSAMT is
applied to the horizontal, uniform, and layered geological
conditions (Di QY et al., 2008), but it is constrained by the
power of the artificially excited source of electromagnetic
field (also referred to as the artificial source), the geological
conditions of the ground surface between the transmitters and
receivers, and the near field effect of artificial sources (Wang
G et al, 2008). Furthermore, it is heavily affected by
objective conditions such as the financial cost of practical
application. Given these, this paper introduces the practical
case of applying high-power tensor CSAMT in the Jiama
porphyry copper deposit under complex geological
conditions. As demonstrated by the preliminary results
obtained, high-power tensor CSAMT can be widely applied.
Conventional scalar CSAMT is a two-component
measurement consisting of an electric field component and a
magnetic field component (E, and H, or E, and H,) excited
by a single source. It commonly employs the equatorial array,
and its effective measurement range consists of two sectors
with an angle of 30° along the perpendicular bisector of two
transmitting electrodes within the transmitter-receiver
distance of » > 44. In contrast, the high-power tensor CSAMT
utilizes two separate or overlapped sources to measure 10 EM
field components of the two sources (Ey, Ey, Eyy, Ey), Hyj,
Hy, Hyy, Hy, H,, and H,; Fig. 2). It is suitable for the
exploration of underground geologic bodies with complex
geological or anisotropic characteristics, and its effective
measurement range consists of eight sectors with an angle of
25°. In this manner, the high-power tensor CSAMT can be
used to determine impedance tensor elements in four or even


http://dx.doi.org/10.31035/cg2021065

40 Yu et al. / China Geology 6 (2023) 37-49

6—10 directions compared with conventional CSAMT.
Therefore, it is more suitable for obtaining accurate
characteristics of 2D and 3D electrical structures under
complex geological conditions.

4. Parameter selection and solution of data acquisition
4.1. Tests of transmitter-receiver distance

To choose a suitable transmitter-receiver distance, this
study conducted tests of four different transmitter-receiver
distances, namely 12 km, 17 km, 22 km and 27 km, and the
results are as follows (Fig. 3). When the transmitter-receiver
distance was set at 12 km, smooth and continuous curves were
obtained, but the near field occurred too early (at a frequency
of about 10 Hz). As a result, it is difficult to realize the target
exploration depth of 3 km. When the transmitter-receiver
distance was 17 km, the resistivity curve obtained was not in
the same order of magnitude as the resistivity curves obtained
in the case of the other three transmitter-receiver distances.
According to field investigation, the possible reason is that the
underground geological structures and lithological features in

this case are different from those in the other three cases,
resulting in incomparable results. When the transmitter-
receiver distance was set at 22 km and 27 km, continuous and
smooth curves were obtained and they were slightly affected
by the near field effect. Meanwhile, the target depth of 3 km
was reached. Therefore, it is determined that the transmitter-
receiver distance should be 22—27 km for the tensor CSAMT
applied in the Jiama porphyry copper deposit.

4.2. Tests of transmitting currents

Generally speaking, the higher the transmitting current,
the stronger the signals. However, owing to the limitations of
the power of transmitters (the maximum power is 150 kW and
it suffers a loss in high-elevation areas) and economic benefit,
the tests of small transmitting currents (20A, 40A) were also
conducted to determine their effects. In detail, this study
conducted the tests of transmitting currents of 20 A, 40 A and
60 A under the constant voltage of 1500 V. As shown by the
results (Fig. 4), the higher the transmitting current, the higher
the data quality of the Jiama porphyry copper deposit.
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Fig. 2. Diagram of measurement range and observation means of tensor CSAMT. a—planar range of a tensor; b—transimitter.
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Specifically, the curves with the highest quality were obtained
in the case of the transmitting current of 60 A, while the
curves are not ideal enough in the other two cases. Therefore,
it is determined that the transmitting current should still be
60 A for the tensor CSAMT applied in the Jiama porphyry
copper deposit.

4.3. Tests of MN electrode spacing

The tests of MN electrode spacing were also conducted, in
which the MN electrode spacing was set at 20 m, 50 m and 75
m individually while other devices and parameters were fixed.
The test results show (Fig. 5) that the larger the MN electrode
spacing, the higher the quality of the Cagniard resistivity
curves and impedance phase curves. However, owing to the
greatly wavy terrain in the Jiama porphyry copper deposit and
corresponding difficult field operation, large MN electrode

1000

10000 ---===rp=smmrssmmmsmmnssmnns ey e

spacing cannot be realized at many measurement points.
Furthermore, relatively favorable effects can also be achieved
when the MN electrode spacing was set at 50 m. Therefore,
the MN electrode spacing was determined to be 50 m for the
high-power tensor CSAMT in the Jiama porphyry copper
deposit. Meanwhile, it was duly shortened (not less than 25
m) at the measurement points where it is extremely difficult to
deploy electrodes.

4.4. Tests of observation duration

It is necessary to select the most economical observation

duration during field operation, besides selecting
measurement points with flat terrain and small interference.
Therefore, different observation duration (50 min, 60 min, and
70 min) was selected for test under the condition of the same

source and same frequency. As indicated by the test results
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Fig. 4. Comparison of test curves in the case of different emission currents. a—Resistivity curve; b—phase curve.
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(Fig. 06), relatively high-quality Cagniard resistivity curves
and impedance phase curves were obtained when the
observation duration was set at 60 min or above. Based on
this, the observation duration of the measurement points was
determined to be 60 min for the tensor CSAMT applied in the
Jiama porphyry copper deposit.

4.5. Main technical parameters

Based on the above tests, the technical parameters of the
tensor CSAMT applied in the Jiama porphyry copper deposit
were determined as follows. The transmitting and receiving
instruments utilized in this study include the 150 kW
transmitter SuperTX-150 and the multi-function V8 receiver
with a frequency range of 0.375-1920 Hz produced by
Canadian company Phoenix Geophysical. Two mutually
perpendicular and overlapped field sources were employed,
showing a cross shape. The AB electrodes were set at a
distance of 3 km and an elevation of 3800—3900 m, with a
maximum elevation difference of 131 m. The survey lines
were set at an elevation of 4600—5300 m. The connecting
wires between the transmitter and four electrodes have
roughly the same length (Fig. 7). In terms of receiving ends,
tensor observation was adopted. That is, five EM field
components were measured, namely Ex, Ey, Hx, Hy and Hz.
Meanwhile, each V8 receiver controls two 3ERs. The main
operating parameters were set as follows: AB electrode
spacing: 3 km, resistivity of AB electrodes: 13 Q and 16 Q,
respectively, transmitter-receiver distance: 23-27 km;
transmitting current: 60—65 A; MN electrode spacing: 25—50 m,
and observation duration: 1 h.

5. Electrical properties of rocks in the Jiama porphyry
copper deposit

To ensure the credibility and accuracy of data processing
and interpretation, a systematical measurement was
specifically conducted on the physical properties of cores
from the Jiama ore concentration area (Qu T et al., 2021).
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The electrical properties of the core specimens were
measured using a SCIP tester manufactured by
Instrumentation GDD Inc. of German, which operated in the
microcurrent mode with a current output of 5 uA. The
specimens were continuously powered for 8—16 s and then
measured after 160 ms of time delay followed by power off.
The core specimens were specially prepared. They were
regular half-cylindrical or cylindrical in shape, with a length
of 20—150 mm, and were immersed in water for more than 20
hours before being measured. Based on the resistivity data
measured, the common scopes and modes of resistivity were
calculated using the histogram method. As a result, the modes
of resistivity of the hornstone, silicified hornstone, and skarn
are about 2700 Q-m, 2450 Q-m and 900 Q-m, respectively;
the average resistivity of the adamellite porphyry is 3542
Q-m, and the modes of resistivity of the quartz diorite
porphyrite, granodiorite porphyry, carbonaceous slate, and
limestone are about 3900 Q-m, 7500 Q-m, 225 Q-m and 5000
Q-m, respectively (Table 1, Fig. 8). As indicated by the
measured data above, the hornstone, carbonaceous slate,
skarn, intermediate-acidic intrusive rock, and limestone are of
medium resistivity, low resistivity, medium-low resistivity,
medium-high resistivity and high resistivity, respectively.

6. Results from section inversion

Four sets of data were obtained at each measurement point
in the high-power tensor CSAMT, namely the data collected
in the cases of EW-direction transmitting and NS-direction
receiving, EW-direction transmitting and EW-direction
receiving, NS-direction transmitting and NS-direction
receiving, and NS-direction transmitting and EW-direction
receiving (Fig. 9). The data curves collected in different
transmitting and receiving directions slightly differ in terms of
morphology. However, notably high-quality data were
generally obtained when the receiving ends were in the
direction of the perpendicular bisector of AB electrodes
(transmitting ends).
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Fig. 6. Comparison of test curves in the case of different observation duration. a—resistivity curves; b—phase curves.
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Fig. 7. Diagram of source and receiving devices of the high-power tensor CSAMT applied in the Jiama porphyry copper deposit..

Table 1. Statistics of resistivity of main rocks in the Jiama
porphyry copper deposit.

Lithology Number measured  Resistivity/Q-m
Common range Mode
Carbonaceous slate 27 150-400 225
Hornstone 216 1-7000 2700
Silicified hornstone 28 1-5600 2450
Skarn 25 1-2400 1400
Limestone 27 20008000 5000
Adamellite porphyry 12 2000—-4000 3542
Quartz diorite porphyrite 36 2200-9900 3900

Granodiorite porphyry 48 5000—12000 7500

2D inversion of four sets of CSAMT data along section
BB’ was conducted using scalar CSAMT inversion technology,
during which program MTPioneer was employed. Prior to the
2D inversion, interpolation in the frequency domain was
conducted for all measurement points along section BB’. As a
result, 50 effective frequencies were obtained, with a
frequency range of 1920-0.375 Hz. In terms of the

parameters used for inversion, the transverse magnetic (TM)
mode was adopted in a unified way, with the threshold error
and initial regularization factor set at 5% and 200,
respectively. The inversion ended after 41 iterations and the
root-mean-square (RMS) errors of four models of electrical
properties varied in the range of 8.5—10.3. Finally, four types
of inversion results were obtained (Fig. 10), from which it can
be seen that the stratum structures reflected by the four sets of
data are highly similar overall but are slightly different in
some details. For instance, high-resistivity bodies are reflected
in the deep parts of both the western and eastern segments of
section BB ’. However, their extension toward deep parts
differs to some extent, which may represent different
lithological characteristics (Table 1, Fig. 8). Furthermore,
high-resistivity bodies at a depth of about 2—2.5 km are
reflected by all the four types of inversion results. However,
they are somewhat different in morphology. Overall, the
shallow low-resistivity and near-surface high-resistivity
bodies reflected are roughly consistent, as shown in Fig. 10.
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Histograms for resistivity measurement of main rocks in the Jiama porphyry copper deposit. a—hornstone; b—silicified hornstone;

c—skarn; d-limestone; e—quartz diorite porphyrite; f-granodiorite porphyry.

Fig. 11 shows the apparent resistivity pseudosections
obtained from the 2D inversion of sections AA’ and BB’. In
the CSAMT and MT measurement, the distance between
measurement points is 50 m and 250 m, respectively, the
survey lines roughly coincide, and the inversion depth is 3 km
and 5 km, respectively. Meanwhile, the TM mode was
adopted for the inversion of sections AA’ and BB’. The 2D
CSAMT inversion results of section AA’ (Fig. 11a) are as
follows. The southern segment of the apparent resistivity
pseudosection shows medium-high resistivity overall, which
is interpreted as the limestones of the Duodigou Formation
based on the electrical properties and outcrops (Fig. 1). The
top of the northern segment of the pseudosection shows
laminated low-resistivity bodies. Based on this as well as the
corresponding outcrops of the quartz sandstones in the
Chumulong Formation, the laminated low-resistivity bodies
are interpreted as the quartz sandstones of the Chumulong
Formation. The lower part of the northern segment of the
pseudosection shows medium-low resistivity. Meanwhile, the
local outcrops corresponding to this part are the hornstones of
the Linbuzong Formation. Therefore, the medium-low
resistivity is interpreted as the hornstones of the Linbuzong
Formation. There are blocky high-resistivity bodies in local
areas of the pseudosection, which are interpreted as
intermediate-acidic intrusions based on the characteristics of
the electrical properties.

The 2D inversion results of the MT and CSAMT data
along section AA’ (Figs. lla, b) show similar electrical
structures. In detail, the northern segment mainly reflects
medium-low-resistivity — hornstones of the Linbuzong
Formation, the southern segment mainly represents the
medium-high-resistivity = limestones of the Duodigou
Formation, and the deep cloudy high-resistivity anomalies
reflect intermediate-acidic intrusions. However, the shallow
electrical structures reflected by the 2D MT inversion results

(Fig. 11b) suffer notably lower resolution and precision than
those reflected by the 2D CSAMT inversion results (Fig. 11a).
The 2D CSAMT inversion results of section BB’ (Fig. 11c¢)
show that the electrical structures along the section consist of
two layers in general. Among them, the upper layer exhibits
medium-low resistivity overall and the outcrops include the
hornstones of the Linbuzong Formation. Meanwhile, the
lower layer shows medium-high resistivity overall, which is
interpreted as the hornstones of the Duodigou Formation
based on the electrical properties. Besides, there are high-
resistivity anomalies locally, which are interpreted as
intermediate-acidic intrusions based on the electrical
properties. The 2D MT and CSAMT inversion results (Figs.
11d, c) of section BB’ are roughly the same. However, the
former show notably poorer details of the shallow part than
the latter. The distinct reasons include much sparser
measurement points in the MT measurement compared to the
CSAMT measurement (Fig. 1) and the strong resistance to
noise of the high-power controlled sources (Fig. 7) stated in
this paper.

On the whole, existing exploration model shows that the
strata in the Jiama porphyry copper deposit consist of the
quartz sandstones of the Chumulong Formation, the slates of
the Linbuzong Formation, the hornstones of the Linbuzong
Formation, and the limestones of the Duodigou Formation
from top to bottom. Meanwhile, these strata incline toward the
north overall, resulting in a north-inclined nappe structure
(Tang JX et al., 2011). Among them, the quartz sandstones of
the Chumulong Formation and the slates of the Linbuzong
Formation are distributed in limited areas. As shown in Figs. 10
and Figs. 11, skarn is mainly distributed in the contact zones
between the Duodigou and Linbuzong formations. Besides,
the intermediate-acidic intrusions intruding into the Duodigou
and Linbuzong formations provided rich metallogenic
substances (Figs. 11b, d).
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Fig. 9. Comparison of CSAMT curves collected in the case of different transmitting and receiving directions. a—CSAMT resistivity curves col-
lected in the case of different transmitting and receiving directions; b—-CSAMT phase curves collected in the case of different transmitting and
receiving directions; c—MT resistivity curves; d-MT phase curves. I-CSAMT curve collected in the case of EW-direction transmitting and NS-
direction receiving; 2—-CSAMT curve collected in the case of EW-direction transmitting and EW-direction receiving; 3—CSAMT curve collec-
ted in the case of NS-direction transmitting and NS-direction receiving; 4-CSAMT curve collected in the case of NS-direction transmitting and
EW-direction receiving; 5—-MT curve collected in the case of xy direction; 6-MT curve collected in the case of Yx direction.

7. Verification of drilling data

As shown in Fig. 1, borehole JMKZ is roughly located in
section BB’ and is about 150 m away from section AA’. It can
be divided into three parts in terms of its composition, as
shown in Fig. 12a. The part at a depth of less than 600 m
primarily consists of hornstones, with laminated quartz diorite
porphyrites distributed locally. The part at a depth of 600—
900 m is mainly composed of skarn and serves as the major
hosting strata of skarn-type ore bodies. Meanwhile, the part at

a depth of greater than 900 m mainly includes intrusive rock
masses.

In this study, the core specimens from scientific borehole
JMKZ were measured using a SCIP tester manufactured by
Instrumentation GDD Inc. of German. The sampling interval
was set at 10 m and 300 core specimens were measured (Fig.
12). Fig. 12 shows the resistivity and polarizability curves
(Figs. 12a, b). The core specimens mainly exhibit four types
of physical properties, and the details are as follows. (1) The
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Fig. 10. 2D inversion results of four sets of high-power tensor CSAMT data along section BB’. a—EW-direction transmitting and NS-direction
receiving; b—EW-direction transmitting and EW-direction receiving; c—NS-direction transmitting and NS-direction receiving; d—NS-direction

transmitting and EW-direction receiving.
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Fig. 11. Comparison of 2D inversion results of tensor CSAMT and MT data of sections AA’ and BB’. a—2D CSAMT inversion results of sec-
tion AA’; b—2D MT inversion results of section AA’; c-2D CSAMT inversion results of section BB’; d-2D MT inversion results of section BB’;
JMKZ is a scientific borehole with a depth of 3000 m (see Fig. 1 for its location). Vertical variation of resistivity along JMKZ borehole see Fig. 12.

part at a depth of less than 600 m mainly shows low resistivity
and low polarization, with local quartz diorite porphyrites
exhibiting high resistivity and low polarization. (2) The part at
a depth of 600—900 m mainly features low resistivity and high
polarization. Therefore, this part is similar to the overall
physical structure of the ore bodies in the Jiama ore
concentration area. (3) The part at a depth of 900—2100 m is
characterized by high resistivity and sawtooth-shaped
polarizability, which is possibly induced by local veined

mineralization of the intrusive rock masses in this part. (4) The
part at a depth of greater than 2100 m is characterized by low
resistivity and low polarization.

The electrical properties at the location of borehole IMKZ
reflected by 1D CSAMT inversion results of section AA’ are
basically the same as measurement results of the core
specimens. According to the 1D CSAMT inversion results of
section AA’, the apparent resistivity varies in a low-high-low
trend and the part at a depth of 600—2100 m especially shows
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marked low-high-low change of apparent resistivity (Fig. 12c).
Meanwhile, the 1D MT inversion results show that the
apparent resistivity varies from low to high (Fig. 12d). All
these comprehensively indicate that the high-power tensor
CSAMT adopted in the study is practical and reliable. The
electrical properties at the location of borehole JMKZ
reflected by 1D CSAMT and MT inversion results of section
BB’ are slightly different from the measurement results of the
core specimens. Both the CSAMT and MT inversion results
reflect the presence of shallow high-resistivity bodies. This is
possibly induced by the anomalies of quartz diorite
porphyrites, which are similar to the measurement results of

the core specimens that the shallow quartz diorite porphyrites
show high resistivity (Fig. 12a). Most especially, the horizon
with low apparent resistivity reflected by the MT inversion
results is roughly consistent with the lithological and
electrical structure anomalies of JMKZ (Fig. 12a). Therefore,
the changes in the deep electrical properties reflected by the
inversion results of this study are generally credible.

To sum up, the structures obtained from the 1D inversion
of both high-power tensor CSAMT data (Figs. 1la, c) and
natural-source MT data (Figs. 11b, d) are consistent with the
structure determined by the physical-property measurement
results of the core specimens from scientific borehole JMKZ

Resistivity/ | Polarizability | 1D curve of CSAMT 1D curve of MT 1D curve of CSAMT 1D curve of MT
(KQ-m) 1% from 2D CSAMT from 2D MT from 2D CSAMT from 2D MT
of section AA’ of section AA’ of section BB’ of section BB’
10 2000 10,2015 25 33 25 3 3 |2 253
(a) (b) (© (d) (e) )
/

|:| ;in:iaaeiliﬁz‘illi’ﬁnelluvium Silicified hornstone - Granodiorite-porphyry

- Skarnized marble

Wollastonite

- Garnet diopside
garnet skarn

skarn

Quartz diorite gmEER Garnet-bearing
2% porphyrite ;

L2 chloritized hornstone
- Endoskarn - Adamellite porphyry

Fig. 12. Histogram and curves obtained from core specimen measurement of JMKZ borehole, and inverted resistivity variation across JMKZ
from MT and CSAMT of sections AA’ and BB’ in Fig. 11. a—measured resistivity in JMKZ Borehole; b—measured polarizability in JIMKZ
Borehole; c—inverted 1D CSAMT curve of section AA’; d—inverted 1D MT curve of section AA’; e-inverted 1D CSAMT curve of section BB';
f-inverted 1D MT curve of section BB’. Those location for (c), (d), (e), and (f) see successively (a), (b), (c) and (d) in Fig. 11.
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(Figs. 12a, b). Meanwhile, they are also in agreement with the
overall characteristics of physical structure in the Jiama ore
concentration area. The consistent structural characteristics
obtained by different means indicated that the high-power
tensor CSAMT can be used to achieve an exploration depth of
3 km, data with a high signal-to-noise ratio (Figs. 9, 11), and
nearly actual characteristics of underground electrical
structures. There, significant effects can be achieved when the
high-power tensor CSAMT is applied in the deep prospecting
in mining areas.

8. Conclusion

This study explored the effects of the high-power tensor
CSAMT when it is applied in the Jiama porphyry copper
deposit with complex plateau terrain and strong interference.
As a result, it was verified that significant effects can be
achieved when the high-power tensor CSAMT is applied to
the deep geophysical exploration in mining areas.

As indicated by the results of this study, the high current
provided by the high-power tensor CSAMT improved the
signal-to-noise ratio and ensured that effective signals can be
received in the case of a long transmitter-receiver distance.
Meanwhile, the anisotropy of deep geological bodies can be
well described by the tensor data. In addition, tests in this
study show that when the transmitting current reached 60 A, it
is still guaranteed that strong enough signals can be received
in the case of the transmitter-receiver distance of about 25 km,
the sounding curves show no near field effect, and effective
exploration depth can reach 3 km. The 2D inversion results
are roughly consistent with drilling results, indicating that
high-power tensor CSAMT can be used to achieve nearly
actual characteristics of underground electrical structures.
Therefore, this method has great potential for application in
deep geophysical exploration in plateaus with complex terrain
and mining areas with strong interference.

Although high-quality tensor CSAMT data were acquired
in this study, it should be noted that 3D inversion results that
can further reflect the advantages of tensor exploration data
(Fig. 9) are yet to be obtained due to the current immature
inversion technology of tensor CSAMT data. This is also the
direction of future research.
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