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For old mines, numerous mining tunnels exist, which can potentially bring us
closer to the deep ore-bearing structures. Therefore, we propose a surface-
tunnel frequency domain electromagnetic (EM) method to utilize these mining
tunnels for geophysical exploration. In this method, the transmitter is placed
on the Earth’s surface, while the receiver is positioned within the tunnel space,
providing higher resolution due to its proximity to the target body. This paper
presents the derived analytical solution for the electric field in the surface-tunnel
configuration. We also propose a survey system for our surface-tunnel frequency
domain electromagnetic method and provide a field example of lead-zinc
deposits in Tajikistan. Synthetic cases demonstrate a significant enhancement of
the EM signal when the receiver is moved into the tunnel. The field application
validates the practicality of our surface-tunnel frequency domain EM method for
deep mineral exploration in active mines.
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1 Introduction

The depletion of near-surface mineral resources necessitates the need for deep ore
exploration in older mines (Wang, 2011; Di et al., 2019; Di et al., 2020). Generally, there are
two scenarios for exploring mineral deposits: large-scale greenfield exploration based on
geological mapping or geophysical surveys, as well as localized exploration for concealed
mineral resources near existing production areas. Among various geophysical methods, the
electromagnetic (EM) methods are popular for prospecting deeply buried mineral deposits
(Tikhonov, 1951; Cagniard, 1953). The validity of these methods is primarily based on the
fact that media with different resistivities exhibit different electromagnetic responses. By
analyzing the temporal and spatial distribution of electromagnetic fields, it is possible to infer
the hidden geoelectric structure that produces electromagnetic anomalies. Both frequency
domain (FD) and time domain (TD) approaches have been developed for decades (Yin et al.,
2015; Guo et al., 2020; Wang et al., 2023).

Cagniard (1953) proposes the magnetotelluric (MT) method, which utilizes natural EM
sources to detect resistivity anomalies at significant depths. However, due to the weak natural
signals, Goldstein and Strangway (1975) have developed the Controlled Source Audio-
frequency Magnetotelluric (CSAMT) method based on the theory of the MT method. In
this method, artificial audio-frequency (0.1-10 kHz) EM signals are transmitted into the
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1981;
Boschetto and Hohmann, 1991). This method provides stronger

ground (Goldstein and Strangway, 1975; Zonge etal,

and controllable signals compared to MT, allowing for better signal
quality and the detection of EM responses from underground
geological bodies at different depths. As a result, the CSAMT
method has found wide applications in metal, oil, gas, and
environmental explorations. For example, Di et al. (2010) conducted
a CSAMT survey in Tangshan, China, to identify the extent of
potentially weak geological structures. The survey successfully
located, determined the depth of, and determined the distribution
range of the cisticola seam block and karst fracture zone. These
findings provided geophysical evidence for risk assessment in high-
rise building development. And Xue et al. (2015) used CSAMT for
coal mine exploration and discovered a Major Coal Deposit in north
of china.

While the CSAMT method offers the advantage of a stronger
signal compared to the MT method, it shares the assumption
that electromagnetic (EM) fields propagate as plane waves. As a
result, its applicability is limited to the far-field region where the
receiver is sufficiently distant from the transmitter, allowing us
to ignore the curvature of the spherical wave (Chen and Yan,
1995). However, determining the far-field region can be challenging
and often impossible. To overcome this limitation, He and Xue
propose a wide-field EM (WFEM) method, which does not restrict
observations to the far-field region (HE, 2010; HE, 2018; HE and
Xue, 2018). In this method, the plane wave assumption is not
necessary, allowing the receiver to be positioned closer to the source.
Various receiver arrays have been developed, including the E—-E,.
(Li, 2017) (where E represents a horizontal grounded electric dipole
and E, denotes the collection of the x-component electric field),
E—-E, (HE, 2010), and E - H, (Tong, 2010). In mineral exploration,
the E - E, measurement is more widely used due to its suitability for
unfavorable topographies.

So far, WFEM is developed mainly for surface observation, in
which both the transmitter and the receiver are placed on the surface
(Jiang, 2010). However, due to the escalating intensity of human
activity, the surface data commonly suffer from the strong EM
interference, and it has become difficult to obtain high-quality EM
signals in industry area, especially in areas with productive mines. In
such cases, obtaining the useful EM response from deep structures
can pose significant challenges. One fact is that in production
mines, there are numerous tunnels existing, which is closer to the
deep targets. If we can move our receivers to the tunnel space
rather than on the surface, it is expected that we can get stronger
EM response from deep targets. For instance, this approach has
been utilized with the SOTEM system (Su et al., 2010; Xue et al.,
2013; Xue et al.,, 2021; Xue et al., 2022; Chen et al., 2015), they move
both the transmitter and receiver to the underground tunnel and
successfully improve the signal produced by the water-bearing
fault.

Changetal. (2019) get the Surface-to-Coal Mine Roadway
TEM Responses to Water-Enriched Bodies. While, in this paper,
we propose a new EM observation system called the Surface-
Tunnel Frequency Domain Electromagnetic (FDEM) method,
aimed at enhancing the EM signal from deeper mineral targets.
In our approach, the EM signal is transmitted on the surface,
while the receiver records a single component of the EM field
deployed in the tunnel, closer to the deeply buried targets.
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By moving the receiver closer to the anomalous bodies, we
expect a stronger signal and reduced noise generated by human
activity. Additionally, the tunnel space offers a typically flat
and favorable terrain, avoiding the challenges encountered on
the surface. To demonstrate the effectiveness of the Surface-
Tunnel FDEM method, we initially conduct forward modeling
using simple synthetic models. The results indicate that this
method has superior capability in distinguishing deep anomalies
compared to the surface-surface measurement array. Finally, we
apply our proposed method to lead-zinc exploration in the
Tajikistan area, where we investigate its practical utility and
performance.

2 Response of surface-tunnel FDEM
method

2.1 Theory of surface-tunnel FDEM method

Due to the limited space in the tunnel, it is not possible to place
the receivers along the principal direction or azimuthal direction as
used in the traditional receiver array. To distinguish the traditional
receiver array and the one utilized in this paper, we refer our receiver
arrangement as the E — E, , receiver array, which can be placed along
the direction, dependent on the tunnel (as shown in Figure 1). To
get the E-E,,, electric field components, we start with the electric
field in the principal and azimuthal directions. Under the quasi-
static approximation, the Cartesian coordinate system is defined
with the x-axis along the electric dipole direction and the z-axis
being vertically downward, and the cylindrical coordinate system
is defined with r representing the distance between transmitter and
receiver, ¢ denoting the azimuth between transmitter and receiver
(as shown in Figure 2). Then we can obtain the field components
in both the Cartesian coordinate system and cylindrical coordinate
system as (HE, 2010)

IpdL .
E,= ;7 [1-3sin?g+e (1+ikn)], )
TT
IpdL
E = o) 3 sin ¢ cos @, ()
IpdL ,
E, = % 1+ (1-ikn)], 3)
IpdL si ,
E, = % [2-e* (1-ikn)]. (4)

Where I is the current, dL the length of the dipole, i a pure imaginary
number, p the Earth resistivity, « the angle between the center of the
transmitting electric dipole and the receiver dipole, ranging between
—-90° and 90°, and k is the wave number. E, and Ey can be obtained
through (HE, 2010).

E,=E, cosp—E,sing, (5)

E,=E, sing+E, cos ¢. (6)

Based on Egs 5, 6, the E - E,,,, components can be considered as
a weighted sum of two principal electrical components, which can
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Measurement configuration for E - E, wide-field electromagnetic method and the surface-tunnel frequency domain electromagnetic method.
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Schematic diagram of the wide-field electromagnetic coordinate system.

be written as

E,, =E, cos(¢p—a) - E, sin(p-a), (7)
IpdL

E,.= 2p [1+ ”kr(1+zkr)]cos(pcos((p )
nr
IpdL "
- ——[2-e™ (1 +ikr)|sin ¢ sin(p—a). 8
2ms[ (1+ikr)]sin ¢ sin (g - @) (8)

Equations 1, 8 can be used to obtain the expression of the
apparent resistivity for the E—E, WFEM observation and the
E-E,,, WFEM observation, given by Eq. 9 (HE, 2010) and (10)

21 E

p= X, , )
IdL[1-3sin’p+ e ™" (1 + ikr) |

B ZHPEX
IdL[1+¢7 (1 + ikr)] cos ¢ cos (¢ — ) ~ IdL[2 -

e (1+ ikr) | sin ¢ sin (¢ - ) ’

10)
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Through the iterative method in numerical modeling or the
inverse spline interpolation technique, the resistivity values in Eqs 9,
10 can be obtained.

According to Maxwell’s equations and the theory of EM fields,
the emitted electric components from the ground electric dipole are
shown (HE, 2010).

2m

e(_’"lz)]0 (mr)dm
m+m,

. IdL J"O
E. = —zwy—cosgo
4m 0

li IdL )
! aar( 2 )COS(PJ mJ, (mr)dm,  (11)
IdL © om
E, =iwp—s;i (-m,2)
p = fwp —sin <pJ0 pry_ Jo (mr) dm
L 9 IdL emm2)
or 0 : .2
* or 0¢ ( 27 )COS(PJ m], (mr)dm (12)

Where z is the depth of the underground body from surface,]
is a Bessel function of order 0, J; is a Bessel function of order 1,
m; = Vm?2 — k2. When inserting equations (11) and (12) into Eq. 7,
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FIGURE 3

The high resistivity model and measurement arrangement for the surface-tunnel frequency domain electromagnetic method

we obtain the expression of the electric field for E - E,,,,, observation
configuration which is shown as Eq. 13.

. IdL ® 2m
E,.= [—zwyycos(pjo me( ma [ (mr) dm

19 (LHLY oo [P eom Jcos(o -
oo ( 27 >COS¢J0 ¢ mh () dm | cos 9~ )
- [iwﬂlf_;f sin §"J0 2+mm1 CMAT, (mr) dm

+$% (—Izd—i' ) cos¢Jme(_m1Z)m]1 (mr) dm] sin (¢ - a).

(13)

The FDEM method is used to detect geoelectrical structure
at different depths by varying the frequency (KS, 1966; Tan et al.,
2003). However, unlike the previous studies where the excitation
signal is transmitted using a single frequency each time,
we use a pseudo-random algorithm to generate signal with
different frequencies simultaneously in our WFEM exploration
to improve the exploration efficiency (HE, 2010). Compared
with the traditional transmission mode, the pseudo-random

Frontiers in Energy Research

signal can be measured at multiple frequencies at the same time.
Thus, our proposed surface -tunnel configuration can be more
efficient and has stronger anti-interference ability (HE and Xue,
2018).

2.2 Forward modeling of surface-tunnel
frequency domain electromagnetic

The integral equation method (Li, 2017; Wang et al., 2019) is
employed in this paper to perform three-dimensional numerical
simulations for artificial source electromagnetic fields. The
simulations were conducted using the SimPEG open-source
software package, which was developed by the UBC-GIF (University
of British Columbia - Geophysical Inversion Facility) research
group. To simulate the real geology of a skarn lead-zinc deposit,
a high resistivity model is established, as shown in Figure 3. A
240 mx100 m x 100 m anomaly block with resistivity of 1,000 Q-m
is buried at a depth of 100 m in the half-space of 100 Q-m. A 500 m-
thick layer of10 Q-m overlies the half-space. To simulate the EM
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FIGURE 4

(A) The x-component electric field on the surface for the high resistivity model at 16 Hz at 0 m depth (left panel) and at =500 m depth (right pannel) for
x-directed electrical dipole. (B) The x-component electric field on the surface for the high resistivity model at 1 Hz at 0 m depth (left panel) and at
—500 m depth (right panel) for x-directed electrical dipole. (C) The x-component electric field on the surface for the high resistivity model at 0.0625 Hz
at 0 m depth (left panel) and at =500 m depth (right panel) for x-directed electrical dipole.

Frontiers in Energy Research 05 frontiersin.org


https://doi.org/10.3389/fenrg.2023.1247346
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles

Wang et al. 10.3389/fenrg.2023.1247346

A 0m-16hz -500m-16hz
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
10300 10300 10300 - - 10300
Amplitude v/m Amplitude v/m
10200 10200 0200
-1.02E-6
-1.5E-6 10466
-1.52E-6 -1.06E-6
-1.54E-6 -1.08E-6
10100 e 10100 11E6
1.12E-6
-1.14E-6
-1.16E-6
10000 | | -1.18E-6
-1.2E-6
-1.22E-6
-1.24E-6
-1.26E-6
-1.28E-6
-1.3E-6
-1.32E-6
-1.34E-6
-1.36E-6
9700 00 9700
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
X/m X/m
B Om-1hz -500m-1hz
-300 -200 -100 0 100 200 300 -200 -100 0
10300 : 10300 —_—
Amplitude v/m Amplitude v/m
10200 10200 10200
-8.9E-7 -7.6E-7
-9E-7 - -7.8E-7
10100 10100/ | 9-1E7 -8E-7
-9.2E-7 8.2E.7
9387 -8.4E-7
-9.4E-7
£ -8.6E-7
10000 10000| g 5.
= Q‘SE ; = -8.8E-7
-2';7 o
o 9.2E7
9900 9900 | -9-8E7 9.4£-7
99E7 0.6E7
-1E-6 o
- 1.01E-6 9887
9800 9800 10266 -1E-6
9700 9700 9700
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
X/m X/m
c 0m-0.0625hz -500m-0.0625hz
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
10300 10300 10300 ; ; 10300
Amplitude v/m Amplitude v/m
10200 10200
-4.65E-7 - -4.1E-7
-4.7€-7 -4.2E-7
-4.3E-7
10100 10100 Py
-4.5€-7
-4.6E-7
£ 10000 10000 -4.7€-7
> -4.8E-7
-4.9E-7
-5E-7
9900 9900 5.1E-7
5.2E-7
5.3E-7
-5.4E-7
9800 9800 _5.5E-7
9700 9700 9700
-300 -200 -100 0 100 200 300 -300 -200 -100
X/m
FIGURE 5

(A) The x-component electric field in the tunnel for the low resistivity model at 16 Hz at 0 m depth (left panel) and at -500 m depth (right pannel) for
x-directed electrical dipole. (B) The x-component electric field in the tunnel for the low resistivity model at 1 Hz at 0 m depth (left panel) and at =500 m
depth (right panel) for x-directed electrical dipole. (C) The x-component electric field in the tunnel for the low resistivity model at 0.0625 Hz at 0 m
depth (left panel) and at —=500 m depth (right panel) for x-directed electrical dipole.
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TABLE 1 The abnormal amplitude of the surface-tunnel measurement method.

Anomaly amplitude of high resistivity model (%)

10.3389/fenrg.2023.1247346

Anomaly amplitude of low resistivity model (%)

Frequency 16 Hz 1Hz 0.0625 Hz Frequency 16 Hz 1Hz 0.0625 Hz
Ground 0.14 0.29 0.29 Ground 0.62 0.84 0.86
Tunnel 6.07 6.68 6.68 Tunnel 19.03 20.64 20.77

FIGURE 6

survey area (outside the map).

Survey configuration. The yellow line indicates the 800 m-long survey line the source is located 6 km away from the survey line in the northwest of the
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response, we discretize the model with a mesh of 8 x8 x 12 cells.
The uniform grid size is 12.5 m x 12.5 m x 20 m.

Figure 4A shows the horizontal component of the electric field
at 16Hz. The left panel shows the results for the surface receivers, and
the right panel shows the results for receivers deployed in the tunnel.
Compared with the surface results, the measured EM response in the
tunnel is stronger, indicating a more evident EM anomaly for the
high-resistivity block. Similar results are also indicated at 1Hz and
0.0625Hz, as shown in Figures 4B, C. These results demonstrate the
advantages of the surface-tunnel configuration.

Based on the model as shown in Figure 4 we change the
resistivity of the first layer to 1,000 Q:m and the resistivity of
the anomalous block to 10 Q:m, refereed as the low resistivity
model. The same discretization as in the previous test case is
applied. Figures 5A-C show the horizontal electric field results
for cases with receivers placed on the surface and in the tunnel,

Frontiers in Energy Research
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respectively. The frequencies of 16Hz, 1Hz, and 0.0625 Hz are taken
into consideration. For the low resistivity model, the amplitude of
the electric field in the tunnel is generally much larger than that
on the surface. The anomaly amplitude caused by the low resistivity
body is clearly indicated in the tunnel data, which can be hardly seen
in the surface data.

For a more comparison, we give the detailed comparison
on the largest anomaly amplitude for both the high and low
resistivity models in Table 1, normalized by the background fields.
It intuitively shows that when the receivers are moved to the
tunnel, closer to the target, the anomaly amplitude increases
significantly against that on the surface. Compared with the high
resistivity model, the anomaly amplitude generated by the low
resistivity block is generally much larger, indicating the higher
sensitivity of our proposed configuration to the low resistivity
structure.
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Normalized electric field for the surface-tunnel frequency domain electromagnetic method using different transmitting currents.
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FIGURE 8

Electromagnetic sounding curve of WFEM and surface-tunnel WFEM
measurement mode.

3 Application of the surface-tunnel
frequency domain electromagnetic
method for lead-zinc exploration in
Tajikistan

The mining site is located 110 km north of Khujand, the
second largest city in Tajikistan. It is located at the southern
edge of the Tianshan orogenic belt in the Kazakhstan-Junggar
plate, belonging to the Kuramin Carboniferous Permian volcanic
basin. The deposit represents a typical skarn-type deposit, with
mining operations reaching depths of below 500 m. The exploration
carried out is to target the deep resources buried in the range of
500-1,000 m.The outcrops of the mining site include the Devonian
volcaniclastic rock, volcanic metamorphic rock, carbonate rock,
and early Carboniferous limestone. The intrusive rock in this
area includes granodiorite porphyry, granite porphyry, and quartz
porphyry, discovered in a series of granite veins. The distribution of
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FIGURE 9

Pseudo section interpolated based on Bostic inversion of data from
surface-tunnel WFEM survey for a super-large lead-zinc mine in
Tajikistan.

the deposit is controlled by the main fault, and skarn-type ore bodies
generally occur in the contact zone of granite veins and limestone.
Granite diorite porphyry veins have the metallogenic significance
in this area, and their contact zone with the surrounding limestone
is considered as the main ore-controlling structure. Minerals
occurring in this deposit mainly include galena, sphalerite, pyrite,
and chalcopyrite, together with minor magnetite and hematite.
The petrophysical testing results show that the resistivities of
granite and limestone are significantly different. This difference is
highly dependent on the skarnization of limestone. The delineation
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The inferred geological map based on data collected using surface-tunnel frequency domain electromagnetic method from a super-large lead-zinc

of skarnization region is considered as the main task for this
geophysical exploration, since it is typically taken as the indication
for potential mineral deposits.

At present, the ore deposit has been mined from an elevation of
1,400 m on the surface to an elevation of 920 m. Mining goafs are
common in the mining area. Surface geophysical explorations were
conducted previously to delineate the distribution of ore deposits
between a depth of 500 m and 1,500 m and they are heavily affected
by widely distributed goafs and on-going mining operations. To
overcome the above challenges, the surface-tunnel FDEM method
is applied to carry out the deep ore prospection along the 800 m
long-tunnel as indicated in Figure 6 (The line spacing is 40 m,
Transmitting and receiving distance is 6 km in the northwest of the
survey area). The tunnel observation can weaken the EM noise from
the upper production area and can also avoid the unfavored rugged
topography for surveys on the surface.

Since the test site is still in production, and EM interference is
quite strong. Before the survey, we performed experiments in an
adjacent area with similar strong EM interferences to examine the
data quality for different transmitted currents. It is important to note
that the mining operations were ongoing during the testing phase.
As shown in Figure 7, when the transmitted currents are 10, 20, and
40 A, the frequency-domain electric field curves are not smooth, and
heavy distortions are presented in both the high-frequency and low-
frequency bands. When the electric current is greater than 60 A, the
electric field becomes smooth, and there are only a few small jumps
in the high-frequency band. When the transmitting current is 70 A,
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the quality of the measured data is the best, and the comprehensive
mean square error of the measured data is less than 5%. Based
on the test results, we choose the transmitting current of 70 A for
our geophysical survey. This observation suggests that despite the
presence of strong interferences, the surface-tunnel FDEM method
proposed in this paper is capable of acquiring high-quality EM data.

Figure 8 shows the comparison of the electric field amplitude
for different measurement configurations (i.e., ground survey
and surface-tunnel survey) for one typical site. It shows that
while surface-tunnel survey manifests clear regional variations in
amplitude caused possibly by the shallow subsurface structure, the
survey on the surface is dominated by remarkable local variations
over the considered frequency range, possibly caused by near-
surface resistivity changes or EM noise from human facility, which
is not present in the result from surface-tunnel survey. The surface-
tunnel result indicates a clear smooth variation pattern, may
reflecting more realistic resistivity variation of the subsurface. One
obvious reason for this is that the space above the tunnel can
work as a filter for high frequency noise, and also for part of high
frequency signal. Because of this filtering effect, our measurement
lose some high frequency information. The sharp jump in our
result may be caused by EM noise. The data from surface-tunnel
survey indicate more consistent and smooth anomalies caused by the
subsurface structure, illustrating the benefit of moving the receivers
from ground surface to tunnels.

Bostic inversion is carried out for this survey line, with results
interpolated to generate a 2D resistivity pseudo section as indicated
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in Figure 9. As shown in the figure, the near-surface resistivity
variation is remarkable, which is consistent with the near-surface
geological structure. There is a relative uniform high resistivity
structure at a depth from 200 m to 600 m. In the deeper region, the
resistivity distribution is more complex with several low resistivity
blocks embedded in the high resistivity background. The geology in
this area is consistent with the resistivity distribution from Bostic
inversion, which will be shown later.

Based on the Bostic inversion and available geology information,
we produce a geological prediction map as shown in Figure 10.
According to the pattern of the mineralization in this area,
the skarnization of limestone is an important indicator for
mineralization. Ferrite alteration and sericite alteration of silicate
are also important indicators of mineralization alteration. The
delineation of skarnization and pyrite sericite from the Bostic
inversion result for the surface-tunnel FDEM method can provide
important indications for deep ore exploration. Based on this, we
infer two potential mineralization anomalies, with respective spatial
extents ranging from —650 m to —750 m and from-650 m to —850 m
below the tunnel. Please note that the small low resistivity anomalies
at that depth may not be resolved by EM fields. However, as a
whole, EM fields are sensitive to low resistivity structure. The two
favorable areas correspond to resistivity transition zones, which
are geologically interpreted as the contact regions of the limestone
and the intrusive rock. Since strong hydrothermal alteration has
been undergone in these regions, reducing their resistivity. The
mineralization of the two inferred target areas has been verified by
subsequent drilling.

4 Conclusion

In this paper, we present the Surface-Tunnel Frequency Domain
Electromagnetic (FDEM) method as a novel approach for ore
exploration in active mines with rugged topography. We leverage
existing tunnels in old mines to develop this method, which involves
transmitting pseudo-random EM signals from the ground source
and deploying receivers in the tunnels, closer to the target areas.

To assess the effectiveness of the proposed method, we compare
the EM field signals obtained by moving the receivers into the
tunnel with those obtained using the surface FDEM configuration,
using a synthetic model. The results demonstrate that moving the
receivers into the tunnel significantly increases the signal strength,
particularly for low resistivity targets, due to their proximity to the
regions of interest.

We then apply the surface-tunnel FDEM method to lead-
zinc exploration in an old mine located in Tajikistan to validate
its applicability in real-world scenarios. The results indicate that
moving the receivers into the tunnel effectively mitigates the impact
of unfavorable near-surface structures and human activities. As a
result, the deeper target ore deposits generate stronger signals at the
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