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Abstract: Three-dimensional resistivity /chargeability tomography based on distributed data acquisi-
tion technology is likely to provide abundant information for mineral exploration. To realize true 3D
tomography, establishing transmitter sources with different injection directions and collecting vector
signals at receiver points is necessary. We implemented 3D resistivity/ chargeability tomography to
search for new ore bodies in the deep and peripheral areas of Huaniushan, China. A distributed data
acquisition system was used to form a vector receiver array in the survey area. First, by using the
expanding gradient array composed of 11 pairs of transmitter electrodes, we quickly obtained the 3D
distributions of the resistivity and chargeability of the whole area. Based on the electrical structure
and geological setting, a NE-striking potential area for mineral exploration was determined. Next, a
pole—dipole array was employed to depict the locations and shapes of the potential ore bodies in de-
tail. The results showed that the inversion data for the two arrays corresponded well with the known
geological setting and that the ore veins controlled by boreholes were located in the low-resistivity
and high-chargeability zone. These results provided data for future mineral evaluation. Further
research showed that true 3D tomography has obvious advantages over quasi-3D tomography. The
expanding gradient array, characterized by a good signal strength and field efficiency, was suitable
for the target determination in the early exploration stage. The pole—dipole array with high spatial
resolution can be used for detailed investigations. Choosing a reasonable data acquisition scheme is
helpful to improve the spatial resolution and economic efficiency.

Keywords: resistivity; induced polarization; 3D tomography; mining

1. Introduction

Direct current (DC) resistivity and induced polarization (IP) methods have been
increasingly used in mineral exploration [1-4], hydrocarbon surveys [5,6], engineering
investigations [7,8] and hydrogeophysical prospecting [9,10]. The resistivity and charge-
ability parameters, which reflect the resistive and capacitive characteristics of subsurface
media, respectively, can be obtained by observing the time-domain responses of the Earth
to the injected current signals. Compared with the DC resistivity method, the IP method
is especially effective at mapping sulfide minerals [11,12]. With the increasing demand
for mineral resources, exploration directions are developing towards complex geological
and topographic conditions. Greater demands are being placed on data acquisition and
interpretation technology as the exploration environments are more challenging.

In traditional two-dimensional (2D) data acquisition, the transmitter electrodes and
receiver electrodes lie along the same line. This method has been successfully applied in
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relatively simple geological settings [13,14]. However, in areas with complex geological
settings, such as complex changes in electrical parameters and target shapes caused by
folds or magma intrusions, the information obtained by 2D data acquisition technology is
insufficient [15]. Interpreting the real three-dimensional (3D) electrical structure is difficult
and can result in drawing the wrong conclusions when using these data for interpretation
in 2D inversion algorithms [16]. In addition, due to the non-uniform arrangement of
particle pores and fractures in the rock, electrical anisotropy is possible [17]. The currents
flowing through an anisotropic body deviate from the original injection direction, which
leads to interpretation deviation for the observational data [18]. With the development of
instruments and 3D inversion technology [19-21], the DC/IP method has developed from
2D profile acquisition to 3D acquisition.

Early 3D cases have been mostly realized using 2D multi-electrode systems. The first
approach is to a use multi-branch layout of multicore cables to implement the 3D electrode
array (Figure 1a) [7,20]. However, the 3D layout of the 2D instrument is not always suitable
for high-precision and deep, large-scale surveys. The second approach is to combine several
common 2D profiles and use a 3D inversion algorithm to investigate a large area [2,22-24].
Some classical 2D arrays were specially modified for 3D data acquisition, such as double
offset pole-dipole array (Figure 1b) [25,26]. However, the 2D combination method mainly
reflects the electrical structure along the receiver lines, which is a quasi-3D technique [27].
Webb et al. [28] collected not only the electric field component in the line direction but also
the transverse direction when using a pole-dipole array to implement 3D data acquisition.
His experiment showed that collecting ‘between the lines” provided critical information.

Obtaining true 3D tomography of complex geological bodies requires using a series
of current sources with different injection locations and collecting potential signals in two
orthogonal directions at the receiver points [29]. With the development of distributed
acquisition systems, we can set up many independent two-channel receivers into a bi-
directional receiver array [1,30,31]. Bournas et al. [32] and Sun et al. [33] carried out 3D
data acquisition using a pole-L-shaped-dipole array (Figure 1c). Wang et al. [4] and Gong
et al. [34] proposed using an expanding gradient-L-shaped-dipole array. Distributed true
3D acquisition technology is suitable for large-scale and high-precision mineral exploration.
As the receiver array covers a large area and n-spacing could be set very large, distributed
true 3D acquisition technology can detect the deep buried target body. As there are a
large number of receiver electrode locations, it can improve the horizontal resolution.
Common electrode array configurations include pole—pole, pole—-dipole, dipole-dipole
and gradient array configurations, which have different signal strengths, detection depths,
spatial resolutions and operating complexities [27,30]. The spatial resolution of the pole—
pole array is poor. The dipole-dipole array has a good spatial resolution, but its signal
strength is small, especially when the n-spacing is too large, which limits the exploration
depth [29,35]. The vertical resolution of the gradient array is poor, but it has a good
signal strength and the electrical structure of the subsurface media can be quickly obtained
through a small number of transmitter sources [4,30]. The spatial resolution and signal
strength of the pole—dipole array are between those of the dipole-dipole and gradient
arrays [25]. Therefore, the trade-offs among the signal-to-noise ratio, exploration depth,
spatial resolution and work efficiency must be considered when selecting the array type [36].

In this paper, we describe the 3D resistivity and chargeability tomography obtained in
Huaniushan, Gansu Province, China. By using a distributed electromagnetic (DEM) system,
a vector receiver array was deployed. We used expanding gradient and pole-dipole arrays
to implement 3D data acquisition. Then, the 3D resistivity and chargeability data were
inverted to generate a 3D geoelectric model. Our work had two purposes. One goal was to
search for continuous resources in the deep and peripheral parts of a mining area. The other
aim was to compare the quality and efficiency of these arrays (including the combinations
of partial data) to seek a reasonable acquisition scheme.
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Figure 1. Schematic diagram of the different 3D observation configurations. (a) The S-shaped
electrodes arrangement using a multi-branch layout of multicore cables (after Loke, et al. [20]).
(b) The double offset pole-dipole array (after White et al. [22]). (c) The pole-L-shaped-dipole array
using distributed acquisition systems (after Sun, et al. [33]).

2. Tectonic and Geological Setting
2.1. Tectonic Setting

The Beishan area, situated at the convergence of the Tarim plate, North China plate
and Central Asia orogenic belt, represents a multi-cycle composite orogenic belt and is a
multi-cycle composite orogenic belt [37]. The Huaniushan Au-Ag-Pb-Zn deposit is located
in the western part of the Beishan area. Its geotectonic location belongs to the Dunhuang
landmass in the northeast of the Tarim plate (Figure 2). The Dunhuang landmass is mainly
composed of the hypo-metamorphic rocks of the Archaean Dunhuang Group. In the
Mesoproterozoic period, the ancient land began to break apart and developed a set of
shallow marine carbonaceous clastic and carbonate rock formations with a small number of
intermediate basic volcanic rocks. The regional structure is controlled by an ENE-trending
deep fault.
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Figure 2. The regional geological map of Huaniushan in the Beishan area. The tectonic setting of the

Beishan area is located at the junction of the Tarim plate, North China plate and the Central Asia
orogenic belt [38,39].

The laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) zircon
dating of basalt showed that the crystallization age was 1071 Ma £ 5 Ma, and the strata
related to mineralization mainly composed the Pingtoushan Formation of Jixianian Sys-
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tem [40]. As shown in Figure 3, the third and fourth lithologic members of the Pingtoushan
Formation were exposed in the NE-trending study area. The third lithologic member (Jxp°®)
was a set of shallow marine carbonate and argillaceous rock formations and was mainly
composed of marble and phyllite, which were divided into three sections. The upper part
of the third lithologic member was the main ore-bearing horizon of the Pb—Zn mine. The
fourth lithologic member (Jxp9) was a set of shallow marine carbonaceous argillaceous rock
formations, which mainly consisted of phyllite, slate and hornfels. The magmatic activity
in the study area was intense and frequent, including late Mesoproterozoic submarine
volcanic eruptions and early to middle Indosinian and Variscan magmatic intrusions [41].
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Figure 3. Geological and array arrangement map [39]. Data collection in the study area was conducted

Pole-dipole array transmitter station

using the expanding gradient array (the left image). Data collection in the blue-boxed area was
carried out using the pole—dipole array (the right image).

Since the 1960s, 221 ore bodies have been delineated, eight of which have reserves of
more than 10,000 tons. Ninety percent of ore bodies are located in the contact zone between
clastic rocks and carbonate rocks of the Pingtoushan Formation. The thicknesses of the ore
veins typically range from 0.5 to 0.9 m, but the larger veins reach up to 16.5 m [41]. Despite
the significant mineral resource potential in this area, the current reserves are insufficient,
necessitating the discovery of new ore bodies in deep or peripheral areas. Therefore, finding
new ore bodies in deep or peripheral areas is urgent.
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2.2. Geophysical Setting

A total of 1098 rock (ore) specimens were collected from the boreholes and surface of
the study area. In the laboratory, the resistivity and chargeability of these samples were
measured using the four-electrode measuring method. Table 1 shows that the range of
the resistivity values within the different samples of the same kind of rock was very large.
The average resistivity of magmatic rock was higher than that of metamorphic rock. The
resistivity of carbonaceous rock was, as expected, lower than that of non-carbonaceous
rock. Mineralization led to a decrease in resistivity. The average resistivity of lead—zinc
ore was lower than the resistivity of marble and quartzite. Based on the chargeability of
these samples, it was evident that lead—zinc ore demonstrated a high chargeability. This
established a foundation of physical properties for utilizing resistivity and chargeability
imaging methods to investigate lead-zinc deposits. Carbon-bearing rocks, which are
characterized by a high chargeability and low resistivity, had similar characteristics to lead—
zinc ore and was an interference factor in our study. In practical situations, due to factors
such as the ore body size and grade, the apparent chargeability observed in lead—zinc mines
is often smaller than the apparent chargeability observed in carbon-bearing rocks. Based
on this characteristic, combined with the actual geological conditions, it is often possible to
distinguish to some extent between ore bodies and carbon-bearing rocks.

Table 1. Electrical parameters of the rock samples in the survey area.

Resistivity ((2-m) Chargeability (%)
Lithology Number
Maximum  Minimum Average Maximum  Minimum Average

Marble 272 15,649 1 1478 76.4 0.1 1.8
Phyllite 112 11,083 33 1443 474 0.1 19
Granite 103 38,243 10 3394 71.8 0.1 1.1
Carbonaceous marble 2 165 84 118 54.4 249 36.8
Carbonaceous phyllite 105 1550 16 79 924 29.8 68.9
Mineralized marble 166 6284 1 83 100.0 0.1 3.6
Mineralized phyllite 161 9750 8 453 91.6 0.1 8.1
Mineralized granite 5 3150 736 1684 3.1 0.4 12
Hornstone 47 6129 471 2884 58.3 0.1 0.7
Phyllitic slate 10 34,456 3483 12,417 8.96 1.26 5.49
Gray-black limestone 15 2334 23 1196 32 57.5 42.7
Pb-Zn ore 100 4145 1 25 94.8 0.3 68.4

3. Data Acquisition and Processing

A distributed electromagnetic (DEM) system was used to collect 3D data. The DEM
consisted of a transmitter (1600 V, 100 Amp) and many multi-channel receivers (two, three
and eight channels) (Figure 4). The DEM can be used to collect full waveform data. Some
authors argue that this system is capable of detection at a great depth [4,31].

3.1. Expanding Central Gradient Array

To quickly obtain the underground electrical characteristics of the whole study area,
an expanding gradient array, which was characterized by a good signal strength and an
efficient operational approach, was used first. Using the adjoint equation method, the
sensitivity distribution of the gradient array was calculated [42]. Figure 5a shows that
the observed signals contained more deep electrical information with the increase in the
transmitting electrodes distance. In the study area, the 3D receiving array was arranged
with a 200 m line spacing and 50 m station interval. At each receiver point, two channels of
receivers were used to form L-shaped receiver dipoles (Figure 3), and the time-domain full
waveform potential difference signals in two orthogonal directions were recorded. A total
of eleven pairs of transmitter electrodes were arranged, six of which were nearly in the N-S
direction, with electrode distances (AB) of 1500 m, 2000 m, 2500 m, 3000 m, 3500 m and
4000 m. Five pairs were nearly in the E-W direction, with AB values of 2000 m, 2500 m,
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3000 m, 3500 m and 4000 m. The transmitter cycle was 16 s. Before data acquisition, all the
transmitter electrodes were buried in deep pits and sprinkled with salty water to reduce the
grounding resistivity. During the survey, we first deployed 4000 m transmitter wires in each
direction and gradually shortened the wires to achieve other layouts for the transmitter
dipoles. Compared with the pole-dipole array, moving the transmitter wires required less
time with the expanding gradient array, and every group of vector receiver dipoles could
record signals with a greater amplitude strength. Another advantage of the expanding
gradient array was that the high-sensitivity zone below the receiver electrodes did not
indicate an obvious offset. Therefore, in the field, we could draw apparent resistivity and
chargeability maps to quickly analyze the electrical characteristics of the study area.

Figure 4. The receivers of the DEM system.
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Figure 5. Sensitivity distribution of the different arrays. (a) Gradient array with AB =1 km (al) and
AB =3 km (a2); (b) pole-dipole array with AM = 0.2 km (b1) and AM = 1.5 km (b2).

In the conventional time-domain DC/IP method, the apparent resistivity is computed
by employing the geometric factor, and the apparent chargeability is determined as the
ratio of the secondary voltage to the primary voltage [43]. Based on the full waveform data,
it was possible to calculate the decoupled percent frequency effect (PFE) coefficients and
decoupled phases using a multi-parameter extraction algorithm [44]. Another advantage
of utilizing full waveform data was the ability to suppress noise by excluding individual
erroneous data points and addressing multiple superpositions [45].

Figure 6 shows the apparent resistivity and chargeability data of the expanding gra-
dient array with different transmitter electrode distances. Longitudinally, the apparent
resistivity characteristics of the 2 km transmitter electrode distances were similar to those of
4 km, but there were obvious differences in the local positions. Two main factors contributed
to these differences. First, the positions of the transmitter electrodes differed, which meant
that the data of the expanding gradient array contained the electrical information of the
transmitter electrode locations. Second, the data with longer transmitter electrode distances
contained more information about the deep electric structure. Horizontally, there were
some variations in the apparent resistivity measured in different observation directions
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from the diverse current injection directions. These variations reflected the electrical differ-
ences between “along the lines” and ‘between the lines’. As the nearly N-S direction was
more perpendicular to the strike of the geology, the apparent resistivity data obtained from
the nearly N-S-trending transmitter and receiver was more consistent with the distribution
of the lithologies and stratigraphy in the area. As shown in Figure 6, the low-resistivity zone
in the northwestern part of the survey area corresponded to the carbonaceous argillaceous
rock formations of the fourth lithologic member. The high-resistivity zone was attributed
to the carbonate and argillaceous rock formations of the third lithologic member.

(ad) x (km)
S 39 3 27 31

-

TR: E-W; RE: N-S TR: E-W; RE: E-W -4

Figure 6. Apparent resistivity data from the expanding gradient array with AB =2 km (al-a4) and
4 km (b1-b4). Subfigures (c1-c4) and (d1-d4) display the apparent chargeability data for AB = 2 km
and AB = 4 km, respectively. The transmitter-receiver directions are marked at the bottom of the
figure panels. TR: current injection direction. RE: receiving direction.

3.2. Pole-Dipole Array

According to the 3D inversion results of the expanding gradient array, the zone of
interest with the characteristics of low resistivity and high chargeability was selected for the
3D tomography with the pole-dipole array (blue frame in Figure 3). The 3D receiver array
was arranged with a 50 m line spacing and a 50 m station interval. Four-channel receivers at
each location were used to form cross-shaped receiver dipoles (Figure 3). There were seven
transmitting sources inside and outside the potential zone, among which electrodes A;
through A4 were located near the four corners outside the receiver array. Electrodes As and
Ag were placed in the middle of the receiver array to increase the shallow spatial resolution,



Remote Sens. 2024, 16, 186

8of 17

x (km)
3.95

TR: A;; RE: N-S

TR: A;; RE: E-W

and electrode A7 was located in the north, 550 m from the nearest receiver electrode, to
improve the deep spatial resolution. The infinite transmitter electrode for all seven sources
was placed 5 km from the receiver array.

As shown in Figure 7, the apparent resistivity and chargeability values of the stations
were set at the midpoint of receiver electrodes M and N. However, in theory, the high-
sensitivity zone below the receiver electrodes was offset to the transmitter electrode, as
illustrated in Figure 5b. In addition, the apparent resistivity map of the pole-dipole array
did not reflect information from the same depth. The above reasons led to the difference
between the panels shown in Figure 6. Although there were differences, all of them could
reflect the NE-trending banded anomaly in the eastern area.

(32) x (km) (33) x (km) (34) x (km) (35) x (km)
3.95 4.15 3.75 3.95 4.15 3.75 3.95 4.15 3.75 3.95 4.15

TR: A,; RE: N-S
(d2)

Figure 7. Apparent resistivity and apparent chargeability data from the pole-dipole array for five
transmitter electrodes: A; (al,b1,c1,d1); A, (a2,b2,c2,d2); A3 (a3,b3,c3,d3); A4 (a4,b4,c4,d4); and As
(a5,b5,¢5,d5). TR: transmitter electrode. RE: receiving direction.

TR:AZ; RE: E-W TR: A;; RE: E-W TR: A,; RE: E-W TR: Aj; RE: E-W

3.3. D Inversion

The finite element method (FEM) was used to implement forward modeling [46]. Since
the maximum elevation difference of the survey area was less than 20 m, the influence
of the surface topography was not considered in the mesh generation. The investigated
domain was discretized into a set of hexahedral elements. We used the incomplete Cholesky
conjugate gradient (ICCG) algorithm to solve a large sparse linear equation [47].
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For the resistivity inversion problem, we minimized the following target functional
based on the regularization method.

2

O(m) = O+ A0y = [[d(1m) — dops||* + A || Won (1 — g ) ||, M

where ©; and @), are the data constraint item and model constraint item, respectively,
A is the regularization factor, m is the forward response of the current model, d,; is the
observed data and W, is the model weighting matrix containing the derivatives of the
model in three orthogonal directions. The iteration format of Equation (1) is as follows.

(FT+ AW W) Aty = 7 (dos — d(me)) = AW W (i, = 1y, ), @

My = my + Dy q, 3)

where ] is the Jacobian matrix. The regularization factor A was updated by decreasing it step
by step. The natural logarithm conductivity method was used to avoid negative resistivity
values [48]. The conjugate gradient method was employed for the rapid inversion of the
resistivity.

For the chargeability inversion problem, the linearization of the data equations was
used in our algorithm. The approximate relationship between the apparent chargeability of
the sounding point and the model chargeability is shown as follows [48,49].

M m dln(e)
Nai = ijl i = —Zj:i W’?ﬁ 4)

where ] is the negative value of the Jacobian matrix in the resistivity inversion, which was
calculated; ¢ is the apparent resistivity; and #; is the model chargeability. Since Equation (4)
was similar to Equations (2) and (3), we could easily implement the chargeability inversion.
Instead of the natural logarithm chargeability method, a hard constraint was used to keep
the chargeability within a reasonable range.

Mesh generation is a trade-off between the inversion accuracy and speed. In the
horizontal direction, the actual electrode coordinates were used for the grid generation,
and a node was inserted between two adjacent electrodes. In the vertical direction, the
layer thickness increased with the number of layers at a specific scale factor. The thickness
of the first layer was one-third of the minimum electrode distance and the scale factor was
1.12. The maximum depth of the inversion model was approximately 540 m. To suppress
the boundary effect, we expanded the mesh by 10 elements. A uniform half-space with the
average value of the observed apparent resistivity was used as the initial model. The initial
regularization parameter was 0.1 and decreased with the number of iterations.

4. Results and Interpretation
4.1. Expanding Gradient Array

In the inversion of expanding the gradient array data, the total number of model grids
was 105,222. The 3D inversion was performed using the L-shaped dipoles array data of all
11 transmitters. After five iterations, the fitting error of the inverted resistivity was 16.4%
and that of chargeability was 7.2%. The effective depth was 500 m.

Figure 8 shows the 3D models of the inversion results. The shallow inversion results
agreed well with the distributions of the lithologies. To further analyze the results, deep
slices were extracted at 80 m (Figure 9). As shown in Figures 8a and 9a, a NE-striking border
between the third (Jxp©) and fourth lithologic members (]xpd) cut through the whole survey
area. The carbonaceous rocks of the Jxp9, which were covered by the Quaternary system,
were characterized by low resistivity (zone (D). The local high-resistivity zones (4 and &
were related to exposed slate. The carbonate rock formation of the Jxp® showed a moderate-
to high-resistivity area overall (zone (2)). The local high- and low-resistivity anomalies were
related to lithological changes, such as the NE-trending low-resistivity belt (zone (¢) and
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@) in the Jxp®~3, which roughly coincided with phyllite. The argillaceous rock formations
in the ]xpc’2 showed a low-resistance zone (zone (3)). A change in the orientation of
the high-resistivity belt occurred near the F1 fault. As shown in Figures 8b and 9b, two
high-chargeability belts (zone (D) and (2)) were clear. Figure 8c shows the 3D morphology
of the low-resistance and high-chargeability bodies. The anomaly in the northwestern
area represented the reaction of carbonaceous rocks in the fourth lithologic member. The
anomaly in the southeastern area was related to mineralization.

Resistivity (ohm.m) Chargeability (%) & p<225Qm
-

1667 3334 5000 1 73 14 20 n>12 %

Figure 8. 3D inversion results from the expanding gradient array. (a) 3D distribution of the re-
sistivity; (b) 3D distribution of the chargeability; (c) 3D morphology of the low-resistivity and
high-chargeability bodies. In panel ¢, the low-resistivity bodies (less than 225 (3-m) are displayed
in cool colors, consistent with the color bar in panel a. The high-chargeability bodies (greater than
12%) are displayed in warm colors, consistent with the color bar in panel b. Zone (D—@) represent
resistivity anomalies.

(b)

Figure 9. The inversion results of the expanding gradient array presented as a horizontal slice along
the depth of 80 m, where (a) represents the resistivity and (b) represents the chargeability deep slices
along z = 80 m. Zone (D-(?) represent chargeability anomalies.

Figure 10a shows the geological structure along line AA’, in which the black lines and
the red polygons represent the drilling paths and ore bodies, respectively. An ore vein
with a thickness of 4.41 m was revealed at 506.59 m in the Z6 borehole. Figure 8b,c shows
the inversion results for line AA’. The 3D DC inversion results largely agreed with the
geological profile. The shape of the low-resistivity zone at 950 to 1200 m was interpreted as
the middle part of the third lithologic member. The range of the fourth lithologic member
exposed on the surface at 2300 to 2400 m was consistent with the shallow low-resistivity
zone in the resistivity profile, which extended deeper towards the south. The locations of
the low-resistivity and high-chargeability bodies were consistent with those of the known
ore veins.
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Figure 10. Slices of the 3D inversion results from the expanding gradient array along line AA’.
(a) Geological profile of line AA’ (after Yang et al., 2010a [39]); (b) resistivity profile; (c) chargeability
profile. The section along line AA’ (magenta line) is shown in Figure 3.

4.2. Pole-Dipole Array

In the inversion of the pole-dipole array data, the total number of model grids was
30,420. The 3D inversion was performed using the cross-shaped dipoles array data of
all seven transmitters. After six iterations, the fitting error of the inverted resistivity was
15.8% and that of the chargeability was 8.6%. Figures 11 and 12 show the 3D electrical
structure and slices along line AA’, respectively. As shown in Figure 12¢, the chargeability
profile revealed three anomalies. At 1450 to 1600 m, the known ore veins showed an
anomalous low-resistivity and high-chargeability zone, which was similar to those shown
in Figure 10. The high-chargeability zone at 1250 to 1450 m also showed relatively low-
resistivity characteristics and was located in the extension direction of the known veins.
Therefore, this area was inferred to be favorable for mineralization, which could be used
for drilling verification. The high-resistivity and high-polarization zone at 1650 to 1800 m
may have been caused by wall rock alteration.

(b) (©

Figure 11. 3D inversion results from the pole-dipole array. (a) 3D distribution of the resistivity; (b) 3D
distribution of the chargeability; (c) 3D morphology of the low-resistance and high-chargeability
bodies. In panel ¢, the low-resistivity bodies (less than 225 ()-m) are displayed in cool colors, consistent
with the color bar in panel a. The high-chargeability bodies (greater than 12%) are displayed in warm
colors, consistent with the color bar in panel b.
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Figure 12. Slices of the 3D inversion results with a pole-dipole array along line AA’. (a) Geological
profile; (b) resistivity profile; (c) chargeability profile.

5. Discussion
5.1. Comparison between the Expanding Gradient Array and Pole-Dipole Array

Although the inversion results from the expanding gradient array data showed electri-
cal structures similar to those from the pole-dipole array data, the details differed obviously.
As shown in Figure 10c, the high-chargeability zones at 1250 to 1450 m and 1650 to 1800 m
extended to the surface, which was different from the result in Figure 12c. As shown in
Figure 5, when the transmitter-receiver separation was small, the high-sensitivity zone
was concentrated in the shallow part. With the increase in the separation, the sensitivity
of the deep part increased. For the expanding gradient array, since the minimum AB
reached 1000 m, the shallow resistivity in the inversion results was affected by the depth.
Accordingly, the pole—-dipole array with the smaller separation had the higher resolution in
the shallow part. In addition, with the same separation, the pole-dipole array was more
sensitive to the deep part, as shown in Figure 5. Figure 12b describes the more detailed
resistivity characteristics in the deep part than Figure 10b, which indicated that the former
had a greater detection depth.

However, the disadvantages of pole—dipole arrays are also obvious. In our work,
seven transmitter electrodes were used to cover an area of only 0.3 km?. Therefore, many
transmitter sources were needed to achieve the larger-scale high-resolution survey. In
addition, the signal level was very small for a large transmitter—receiver separation, which
reduced the signal-to-noise ratio of the observed data and may not have even yielded
effective data. In our work, when the transmitter electrode A; was used to inject the
current, the amplitudes of the signals recorded at several points in the southern area were
less than the minimum detectable value for the DEM receiver.

Although the vertical resolution of the expanding gradient array was poor, a small
number of transmitter sources could be used to investigate a large area. Therefore, the
expanding gradient array was suitable for seeking targets in the early exploration stage.
In the target zone, a pole-dipole array could be used for detailed investigation. In this
stage, by moving the receivers outside into the target area, arranging a denser receiver
array was easy.

5.2. Comparison between True 3D and Quasi-3D

Theoretically, when the transmitter sources are dense enough, a high-resolution geo-
electric model can be obtained. Any combination of arrays can be used for joint inversion.
However, a reasonable work layout is the trade-off among spatial resolution, detection
depth and work efficiency. The results shown in Figures 8-12 were calculated using all the
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vector observational data generated by all the transmitters. To compare the results of true
3D tomography and quasi-3D tomography, the data for the different transmitter—receiver
relations were combined for inversion, which contributed to the design of a reasonable
and efficient acquisition scheme. Taking the resistivity as an example, we performed a
comparative analysis of the 3D model and line AA’ slices. The model grid and inversion
parameters shown in Figures 13 and 14 were the same as those shown in Figures 8-11,
respectively.
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Figure 13. Inversion results using different data combinations with an expanding gradient array.
(al) is the 3D distribution of the resistivity with the nearly N-S-trending transmitter and nearly
N-S-trending receiver. (b1) is the 3D distribution of the resistivity with the nearly E-W-trending
transmitter and nearly E-W-trending receiver. (c1) is a 3D resistivity model obtained by combining
the data used in Figures 13a and 13b for inversion. (a2), (b2) and (c2) are the slices of (al), (b1) and
(1) along line AA/, respectively.

For the expanding gradient array, we mainly focused on the difference in the current
injection direction. As shown in Figure 13a, the inversion results with the nearly N-S-
trending transmitter and nearly N-S-trending receiver mostly reflected the longitudinal
information and a lack the transverse information. Although the shallow resistivity charac-
teristics shown in left panel of Figure 13a agreed well with the geological structure, the slice
(right panel of Figure 13a) showed a lower vertical resolution, with only the features in the
top 150 m being imaged. The inversion results with the nearly E-W-trending transmitter
and nearly E-W-trending receiver mainly reflected the transverse information. Figure 13a,b
displays the resistivity characteristics along a single direction, that is, quasi-3D tomography
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(Figure 13c). The data used in Figure 13a,b were combined to invert the resistivity model,
including ‘along the lines” and ‘between the lines” information. Compared with those
shown in Figure 13a,b, the resistivity model shown in Figure 13c was more consistent with
the geological structure. In the profile, the low-resistivity anomaly caused by the ore veins
showed further downward stretching. The vertical and horizontal resolutions were further
improved by using the inversion of all the sounding points from all the transmitter sources
(Figure 8).
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Figure 14. Inversion results using different data combinations with the pole-dipole array.
(al) and (b1) are the resistivity inversion results of the nearly S-N-trending and E-W-trending data,
respectively. (a2) and (b2) are the slices of (al) and (b1) along line AA’, respectively.

For the pole-dipole array, the differences caused by the receiver direction were an-
alyzed. We inverted the data received along the nearly N-S and E-W directions inde-
pendently (Figure 14). The inversion results using the data measured along the nearly
N-5-trend were more consistent with the geological setting than those of the nearly E-W-
trend. At depths of 1700 to 1900 m, the inversion results of the nearly E-W-trending data did
not well depict the low-resistivity anomaly caused by the fourth lithologic member. Com-
pared with the inversion results from single-direction data, the electrical structure described
by the vector data was more detailed and better corresponded to the geological structure.

The inversion results of both arrays showed that true 3D acquisition had obvious ad-
vantages over quasi-3D acquisition. The vector observation data based on multi-directional
transmitters can be used for the high-resolution tomography of real geoelectric models.
Arranging L-shaped or cross-shaped vector receiver arrays to record data is advisable. In
addition, because the data of the vertical trend showed a better detection effect, larger
density dipoles can be arranged in this direction.

6. Conclusions

In our case, a distributed acquisition system was used to implement 3D resistivity and
chargeability tomography to search for new deep and peripheral ore bodies of Huaniushan,
China. We used expanding gradient and pole—dipole arrays to implement 3D data acquisi-
tion. Based on the Gauss—Newton algorithm, the 3D resistivity and chargeability data were
inverted to generate a 3D geoelectric model. The conclusions are as follows.
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(1) By using DC/IP 3D tomography technology, we obtained a high-resolution geoelectric
model of underground media. The inversion results from the two arrays showed
good agreement with the distribution of the geological formations, fault locations
and borehole data. The NE-striking low-resistivity and high-chargeability body
delineated in the southeast was related to mineralization, which provided data for
further mineral evaluation.

(2) The true 3D data acquisition technology had obvious advantages over the quasi-3D
approach. To realize true 3D tomography, establishing transmitter sources with differ-
ent injection directions and collecting vector signals at sounding points was necessary.
Using L-shaped or cross-shaped dipole arrays for data acquisition was reasonable.

(3) While the true 3D inversion in this study demonstrated better results compared
to the pseudo 3D inversion, isotropic inversion algorithms may not be suitable for
situations with pronounced anisotropy, leading to the inversion of data misfit. The
next step involves the development of a 3D inversion algorithm that incorporates
anisotropic resistivity to obtain a more accurate 3D resistivity model reflective of the
actual geological conditions.

(4) When designing an acquisition scheme, the spatial resolution, signal-to-noise ratio,
maximum detection depth and field efficiency should be considered comprehensively.
Although the vertical resolution of the expanding array was poor, its signal strength
and field efficiency were good, and this method could be used to determine the target
in the early exploration stage. The pole—dipole array had a high spatial resolution,
but it needed densely spaced transmitters, which was more suitable for detailed
investigation. To improve the cost/benefit ratio, a large spacing could be used along
the strike of the geological structures.
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