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Abstract: Electrical exploration has become an important means of shale gas reservoir exploration
and evaluation, and is expected to play a key role in the later stages of reservoir fracturing and
development. At present, the research on the electrical response characteristics of shale gas reser-
voirs and their relationship with reservoir parameters is extensive and in-depth, but there is little
research on their complex resistivity anisotropy characteristics and influencing factors, which restricts
petrophysical modeling and reservoir parameter prediction, and reduces the reliability of shale gas
exploration and reservoir evaluation by electromagnetic methods. In this paper, shale samples from
the Longmaxi Formation and the Wufeng Formation of shale gas wells in southern Sichuan were
collected, the complex resistivity of 34 shales in bedding direction and vertical bedding direction were
measured, and the induced polarization (IP) parameters of shales were extracted by inversion. The
electrical anisotropy response characteristics under different temperature and pressure conditions
were analyzed, and the influencing factors and laws of complex resistivity anisotropy of shales
were revealed. Combined with the test results of shale porosity and permeability, the evaluation
model of resistivity, polarizability and porosity and permeability parameters was established. The
research results have formed a set of testing methods and analysis techniques for electrical anisotropy
of shale reservoirs, which are mainly based on complex resistivity parameter testing. It is helpful
to understand the electrical anisotropy characteristics of shale gas reservoirs in southern Sichuan;
this will provide the theoretical and physical basis for shale gas reservoir evaluation and fracturing
monitoring by electrical exploration.

Keywords: shale; complex resistivity; anisotropic; polarizability

1. Introduction

As a high-quality clean energy, shale gas has attracted much attention in recent years.
Many countries and regions represented by North America have successfully realized the
exploration and large-scale production of shale gas. China has also realized the effective
development of shale gas resources, and the output has continued to grow rapidly, opening
up a new energy market and optimizing the energy consumption structure [1–3]. Shale gas
has great potential in unconventional oil and gas in China. According to the evaluation
results of oil and gas resources in the 13th Five-Year Plan, the accumulated proven shale
gas resources in Sichuan Basin are 44.03 × 1012 m3, with the proven rate less than 4%,
and the exploration degree is still low [4,5]. Up to 2015, four shale gas-rich areas, namely
Fuling, Changning-Weiyuan, Zhaotong and Fushun-Yongchuan, have been discovered in
the Wufeng-Longmaxi Formation of Sichuan Basin in the south, three national shale gas
demonstration areas, namely Fuling in Chongqing, Changning-Weiyuan in Sichuan and
Zhaotong in northern Yunnan and Guizhou, have been built, and industrial development
has been successfully realized [6–9]. The main shale gas-producing horizon is the marine
shale series from the Longmaxi Formation of the Lower Silurian to the Wufeng Formation
of the Upper Ordovician [10,11].
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Electrical prospecting has the advantages of low cost and high efficiency, and can
play a key role in basin structure evaluation and deep target detection [12]. Moreover,
this method has been effectively applied to the exploration of organic-rich shale strata in
Sichuan Basin, and the effect is remarkable [13,14]. At the same time, the time-frequency
electromagnetic method is applied to the study of electromagnetic characteristics and
polarization mechanism of organic-rich shale, and the organic-rich shale series is delin-
eated [15,16]. A wide-area electromagnetic method is used to find the distribution range
of organic-rich mud shale from the Wufeng Formation of the Upper Ordovician to the
Longmaxi Formation of the Lower Silurian in the target layer of eastern Chongqing [17].
The controlled source electromagnetic method has been applied and popularized in shale
gas reservoir evaluation and fracturing monitoring in the Fuling area of Sichuan Basin [18].

Of course, the first step of exploration is to master the petrophysical response char-
acteristics of shale gas reservoirs. Marine organic-rich shale usually has the response
characteristics of low resistance and high polarization, and pyrite is the main reason for the
high polarization of shale [19,20]. At the same time, the complex resistivity of shale is also
affected by salinity, total organic carbon (TOC), mineral composition, pore structure, forma-
tion temperature and pressure, etc. [21–23]. Other test and research results show that the
resistivity and polarizability of shale IP parameters are related to the TOC, pyrite content
and brittleness index of shale, which provide the physical basis for shale gas exploration
and evaluation [24,25]. In recent years, more and more research has been conducted on the
complex resistivity characteristics of shale, and some important achievements and consen-
sus have been achieved. However, the induced polarization response mechanism of oil and
gas still needs to be further studied. The anisotropy of the earth’s internal media exists
objectively and cannot be ignored. A large number of petrophysical experiments show that
shale reservoirs have strong anisotropy and complex geophysical responses, which cannot
be ignored in the interpretation of electromagnetic exploration data, due to the influence
of the sedimentary environment (stress change, mineral composition, etc.), hydrocarbon
maturity, fractures and other factors [26–28]. The complex resistivity anisotropy of shale
lays a foundation for the study of the relationship between IP parameters and reservoir
parameters, and also provides the physical basis for shale gas electromagnetic exploration
and data interpretation [29,30].

Based on the black shale of a shale gas well in southern Sichuan, this paper measured
the complex resistivity of shale under different temperature and pressure conditions,
revealed the anisotropic response characteristics, influencing factors and laws of shale
complex resistivity, established the evaluation model of resistivity, polarizability and
porosity and permeability parameters, and analyzed and discussed the electrical anisotropy
characteristics of reservoir shale, which provided the physical basis for shale gas reservoir
evaluation and fracturing monitoring by electrical exploration.

2. Collection and Preparation of Rock Samples

The research block is located in Gongxian County and Junlian County, Yibin City,
Sichuan Province, next to Changning shale gas block, and the structural block is located
in the southern edge of the low and steep fold belt in Tai ‘ao, Sichuan Province. It mainly
deposits marine and continental sedimentary assemblages, and marine black shale is the
main gas source rock in the exploration area. The target strata of this study are the Wufeng
Formation of the Upper Ordovician and the Longmaxi Formation of the Lower Silurian,
which mainly develop shallow water-land shelf facies and deep water-land shelf facies,
with large thickness, high organic carbon abundance and good preservation. The location
of sampling wells is shown in Figure 1.

The shale samples are from a shale gas well in southern Sichuan Basin; information
on rock samples is shown in Table 1. The target horizon of the study area is the southern
marine shale, and the main source rock strata are the Silurian Longmaxi Formation and
the Ordovician Wufeng Formation, all of which are black shale with high TOC content
and rich brittle minerals, so they are favorable dessert areas for shale gas exploration and
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development. According to the geological and geophysical data of the exploration area, the
target shale of the Longmaxi Formation and Wufeng Formation has a resistivity range of
30–50 Ω·m, which belongs to a low resistivity layer.
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Table 1. Information on shale gas well rock samples.

No. Number Depth (m) No. Number Depth (m)

1 V-3 2385.46–2385.73 18 H-22 2481.09–2481.39
2 H-3 2385.46–2385.73 19 V-23 2481.92–2482.22
3 V-5 2388.16–2388.43 20 H-23 2481.92–2482.22
4 H-5 2388.16–2388.43 21 V-30 2489.48–2489.77
5 V-12 2469.77–2470.07 22 H-30 2489.48–2489.77
6 H-12 2469.77–2470.07 23 V-31 2490.28–2490.55
7 V-13 2471–2471.28 24 H-31 2490.28–2490.55
8 H-13 2471–2471.28 25 V-39 2498.44–2498.75
9 V-14 2472.19–2472.45 26 H-39 2498.44–2498.75

10 H-14 2472.19–2472.45 27 V-47 2507.40–2507.67
11 V-15 2472.93–2473.22 28 H-47 2507.40–2507.67
12 H-15 2472.93–2473.22 29 V-49 2509.22–2509.50
13 V-16 2473.72–2473.97 30 H-49 2509.22–2509.50
14 H-16 2473.72–2473.97 31 V-50 2510.38–2510.65
15 V-21 2480.34–2480.64 32 H-50 2510.38–2510.65
16 H-21 2480.34–2480.64 33 V-51 2511.42–2511.69
17 V-22 2481.09–2481.39 34 H-51 2511.42–2511.69

In the sample number, H represents that the drilling direction of the rock sample
is horizontal (bedding direction), and V represents that the drilling direction of the rock
sample is a vertical bedding direction. The coring direction and schematic diagram are
shown in Figure 2.
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3. Complex Resistivity Experiment and Parameter Inversion of Shale
3.1. Complex Resistivity Test Method

In the experiment, Autolab1000 is combined with impedance analyzer 1260A, and the
frequency range of complex resistivity is expanded by using the low frequency characteristic
of 1260A. This time, the quadrupole method is used for observation. The measurement
principle is shown in Figure 3, and the measurement frequency is 0.01 Hz~10 Hz. The
experimental measurement temperature and pressure conditions are shown in Table 2.
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Table 2. Temperature and pressure of complex resistivity experiment.

Measuring Condition Temperature (◦C) Confining Pressure (MPa) Pore Pressure (MPa)

normal temperature and
pressure 25 0 0

stratigraphic conditions 85 55 20

3.2. Complex Resistivity Model

For mineralized rocks, its basic structural unit can be simplified to the structure shown
in Figure 4a, and its equivalent circuit is shown in Figure 4b.
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(a) Basic structure; (b) equivalent circuit.

The structural unit includes pore channels blocked by electronically conductive min-
eral particles and unblocked pore channels. R1 in the equivalent circuit diagram represents
the resistance of the solution in the unblocked pore channels, R2 represents the sum of the
resistance of the solution in the blocked pore channels and the resistance of the electronic
conductor. The parallel combination of complex impedance (iωX)−c and R3 represents
the interface impedance between the electronic conductor and the ionic solution. The
expression of the equivalent circuit complex impedance under this model is:

Z(ω) =
R1

[
R2 +

R3
1+ R3(iωX)c

]
R1 + R2 +

R3
1+ R3(iωX)c

, (1)

Because:

τ = X
(

(R1 + R2)R3

R1 + R2 + R3

)1/c
, (2)

Therefore, by combining Equations (1) and (2), Equation (1) can be simplified as:

Z(ω) = Z(0)
[

1 − m
(

1 − 1
1 + (iωτ)c

)]
, (3)

This is called Cole-Cole impedance expression; Z(0) represents the impedance at zero-
frequency, m is the polarizability, τ is the time constant, and c is the frequency correlation
coefficient, which is called the Cole-Cole parameter. The unit of Z(0) is Ω, the unit of τ is
s, and m and c are dimensionless. K.S.Cole and R.H.Cole first proposed the above model
to describe the spectrum characteristics of complex dielectric constant, so it is called the
Cole-Cole model. Pelton et al. borrowed a similar equivalent circuit to study the IP effect of
rocks and carried out experimental measurements on rock and ore samples, describing the
spectrum characteristics of the complex resistivity of rocks [31]. The Cole-Cole expression
of complex resistivity can be obtained according to Equation (3):

ρ(ω) = ρ0

[
1 − m

(
1 − 1

1 + (iωτ)c

)]
, (4)

where ρ0 is the zero-frequency resistivity, and m, τ and c are the polarizability, time constant
and frequency correlation coefficient, respectively.

4. Results Are Discussed with Analysis
4.1. Porosity Measurement Results

In the experiment, the porosity and permeability are measured by the FYHK-2A rock
overburden porosity and permeability testing system.

Porosity and permeability are important factors affecting the complex resistivity of
rock samples. After the preparation of columnar shale samples, first wash oil, wash salt
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and dry, and then measure porosity and permeability. The measurement results of porosity
and permeability are shown in Table 3.

Table 3. Measurement results of shale porosity and permeability.

No. Number Permeability (10−3 µm2) Porosity (%) No. Number Permeability (10−3 µm2) Porosity (%)

1 V-3 0.029 3.9 18 H-22 1.781 4.9
2 H-3 0.29 3.9 19 V-23 0.023 5.7
3 V-5 0.028 4.5 20 H-23 0.066 6.3
4 H-5 0.104 4.2 21 V-30 0.033 6.9
5 V-12 0.004 3.5 22 H-30 3.88 6.3
6 H-12 0.219 4.4 23 V-31 0.005 6.6
7 V-13 0.055 4 24 H-31 0.031 6.2
8 H-13 0.099 3.9 25 V-39 0.021 6.7
9 V-14 0.064 3.9 26 H-39 1.97 7.8

10 H-14 1.91 4.2 27 V-47 0.021 5.6
11 V-15 0.004 3.9 28 H-47 0.07 5.1
12 H-15 0.074 3.8 29 V-49 0.005 5.5
13 V-16 0.008 3.8 30 H-49 1.704 6.9
14 H-16 4.41 3.9 31 V-50 0.001 6.6
15 V-21 0.003 5 32 H-50 0.55 6.5
16 H-21 0.089 4.6 33 V-51 0.0028 6.6
17 V-22 0.017 4.9 34 H-51 1.43 5.9

4.2. Complex Resistivity Test Results

The complex resistivity of 34 shales was measured under the conditions of normal
temperature and pressure, and then under high temperature and pressure. The amplitude
and phase of resistivity are shown in Figures 5–8.
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Figure 5. Amplitude and phase diagram of shale resistivity in H direction at normal temperature and
pressure. (a) resistivity amplitude; (b) phase.
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The measurement results show that the amplitude of resistivity increases monotoni-
cally with the decrease of frequency, and the amplitude of phase changes complicatedly
with the decrease of frequency. It can be seen that shale shows different degrees of induced
polarization effect; especially with the increase in depth, the shale has high TOC and pyrite
content in the gas-producing horizon, and its IP characteristics are more intense. On the
whole, the resistivity amplitude of the rock samples in the H direction is smaller than that
of the rock samples in the V direction. Of course, the shale resistivity will also be affected
by factors such as fractures.

4.3. IP Parameter Inversion Result

According to the Cole-Cole model, the induced polarization parameters are extracted
by inversion, and the results are shown in Tables 4 and 5. Two induced polarization
parameters, the zero-frequency resistivity and polarizability, are emphatically analyzed and
studied. According to the inversion results, the resistivity in the vertical bedding direction
(V direction) is larger than that in the bedding direction (H direction). In addition, the
resistivity of shale under high temperature and pressure is lower than that under normal
temperature and pressure, while the polarizability under high temperature and pressure is
higher than that under normal temperature and pressure.

Table 4. Inversion results of core IP parameters under normal temperature and pressure.

No. Number ρ0 (Ω·m) m (%) No. Number ρ0 (Ω·m) m (%)

1 V-3 153.72 8.44 18 H-22 20.96 17.16
2 H-3 24.79 13.5 19 V-23 134.7 17.42
3 V-5 184.75 7.97 20 H-23 15.38 17.57
4 H-5 23.71 13.7 21 V-30 127.14 14.62
5 V-12 140.45 12.99 22 H-30 16.79 17.08
6 H-12 29.26 16.56 23 V-31 107.18 16.33
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Table 4. Cont.

No. Number ρ0 (Ω·m) m (%) No. Number ρ0 (Ω·m) m (%)

7 V-13 136.01 12.58 24 H-31 15.97 16.56
8 H-13 36.18 17.87 25 V-39 117.28 13.16
9 V-14 186.98 11.2 26 H-39 8.73 15.55
10 H-14 36.81 16.52 27 V-47 73.98 17.99
11 V-15 151.87 10.8 28 H-47 17.47 15.41
12 H-15 37.43 16.51 29 V-49 109.32 15.25
13 V-16 165.32 13.16 30 H-49 9.63 16.36
14 H-16 42.97 16.69 31 V-50 60.45 20.19
15 V-21 143.16 15.88 32 H-50 9.63 16.36
16 H-21 24.04 16.96 33 V-51 43.52 18.2
17 V-22 127.45 14.94 34 H-51 7.9 14.32

Note: ρ0 is zero-frequency resistivity, m is polarizability.

Table 5. Inversion results of core IP parameters under high temperature and pressure.

No. Number ρ0 (Ω·m) m (%) No. Number ρ0 (Ω·m) m (%)

1 V-3 64.73 17.76 18 H-22 19.86 28.37
2 H-3 23.57 19.83 19 V-23 52.61 26.03
3 V-5 77.78 21.53 20 H-23 18.14 25.76
4 H-5 21.64 22.09 21 V-30 53.96 24.74
5 V-12 46.16 14.66 22 H-30 16.75 28.46
6 H-12 29.79 24 23 V-31 50.74 19.13
7 V-13 52.39 14.15 24 H-31 16.48 27.23
8 H-13 30.09 20.08 25 V-39 52.08 18.08
9 V-14 96.51 17.3 26 H-39 9.61 24.61
10 H-14 39.42 19.63 27 V-47 27.46 24.21
11 V-15 57.63 25.34 28 H-47 14.4 17.34
12 H-15 29.33 18.3 29 V-49 14.87 26.25
13 V-16 46.81 14.46 30 H-49 6.1 15.46
14 H-16 45.28 17.66 31 V-50 14.77 19.49
15 V-21 51.97 15.95 32 H-50 7.64 20.05
16 H-21 25.78 34.05 33 V-51 13.79 23.29
17 V-22 48.14 19.01 34 H-51 5.94 16.94

Note: ρ0 is zero-frequency resistivity, m is polarizability.

Figure 9 is the intersection diagram of zero-frequency resistivity, porosity and per-
meability at normal temperature and pressure. The resistivity decreases with the increase
of porosity, but the shale porosity in H and V directions shows little difference. The hor-
izontal permeability is higher than the vertical permeability, and the resistivity in the
horizontal direction is lower than 40 Ω·m as a whole. In the zero-frequency resistivity and
permeability diagram, the V direction data are in the upper left corner, with an average
value of zero-frequency resistivity of 127.25 Ω·m and an average value of permeability of
0.019 × 10−3 µm2. H direction data are in the lower right corner, with an average zero-
frequency resistivity of 22.21 Ω·m and an average permeability of 1.099 × 10−3 µm2.
Generally, the average resistivity decreases with the increase in permeability. Therefore, the
resistivity and permeability parameters of shale have strong directionality, which cannot
be ignored in the process of reservoir evaluation.
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Figure 9. Intersection diagram of zero-frequency resistivity, porosity and permeability at normal
temperature and pressure. (a) Zero-frequency resistivity and porosity; (b) zero-frequency resistivity
and permeability.

4.4. Anisotropic Feature Analysis
4.4.1. Anisotropy Coefficient

The heterogeneity and anisotropy of rock are common phenomena, and are also
important components of petrophysical research at present. The resistivity measurement
direction of the sample includes two directions, a vertical bedding direction (direction
perpendicular to plane A) and a bedding direction (direction perpendicular to plane B and
C); the schematic diagram of resistivity measurement directions in different directions and
the real samples of coring rock samples are shown in Figure 10. In the research process of
this paper, the vertical bedding direction (ρa direction) and the bedding direction (ρb or ρc)
are considered in the coring direction.
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where ρn is the resistivity in the vertical direction and ρt is the resistivity in the horizontal
direction. Therefore, according to the schematic diagram of Figure 10, the anisotropy
coefficient of shale can be defined as:

λ =

√
ρa
ρb

or λ =
√
ρa
ρc

, (6)

ρa—resistivity in vertical bedding direction, ρb, ρc—resistivity along bedding
direction.

4.4.2. Analysis of Heterogeneity of Porosity and Permeability of Shale

Porosity and permeability parameters are two important parameters for shale gas
reservoir evaluation. The results in Figure 11 show that the porosity in the V and H
directions of reservoir shale is basically the same, and the average ratio of the two directions
is 0.988, close to 1. However, the average ratio of the permeability along the bedding
direction to the vertical bedding direction reaches 35, indicating that the permeability is
directional.
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4.4.3. Influence of Temperature and Pressure on Electrical Anisotropy Coefficient of Shale

Under different temperature and pressure conditions, the distribution of complex
resistivity anisotropy coefficients of shale is shown in Figure 12, and the complex resistivity
parameters of shale from Wufeng Formation to Longmaxi Formation in southern Sichuan
show strong anisotropy. The average resistivity anisotropy coefficient is 6.1 at normal
temperature and pressure and 2.4 at high temperature and pressure. Therefore, it shows
that the pores or fractures of shale are closed under the conditions of high temperature and
pressure, which weaken its resistivity anisotropy. The average anisotropy coefficient of shale
polarizability is 0.86 at normal temperature and pressure and 0.90 at high temperature and
pressure, which is slightly increased, but both are close to 1.0, indicating that the anisotropy
of polarizability is relatively weak.
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4.4.4. Influence of Electrical Anisotropy of Shale on Actual Exploration

The electrical anisotropy of underground media is objective and universal. In recent
years, the phenomenon of anisotropy has been paid more and more attention, and it has
many applications in prospecting, the petroleum industry and so on. For example, through
the study of resistivity anisotropy, it can be linked with the development direction of
underground faults and the dominant position of in situ stress accumulation in order to
understand the underground situation. Shale gas reservoirs usually have good stratification
and obvious anisotropy, so it is feasible to apply resistivity anisotropy to shale gas reservoir
exploration.

With the emphasis of oil and gas exploration and development in China gradually
shifting to unconventional and steep structures in front of the mountain, the evaluation
of reservoir anisotropy is particularly important. Anisotropy refers to some physical
parameters of rock, such as acoustic velocity, electrical conductivity, permeability, etc. Its
numerical value is directional; that is, the results measured in different directions are
different. The grain structure arrangement in the rock, external temperature and pressure
are the main reasons for the anisotropy, and its structural scale can range from a few
microns to tens of kilometers.

The resistivity anisotropy system of shale is mainly related to the layered structure of
shale, with good connectivity of pores parallel to the layered structure and poor connectivity
of pores perpendicular to the layered structure. Saturated shale takes pore fluid as the
main conductive body, so the resistivity decreases with the pore size increasing. Because
of the layered structure of shale, the distribution of fluid channels in rocks has obvious
directionality and demonstrates obvious anisotropy of the pore structure. Pressure and
temperature also have influence on the resistivity of the sample, compressing and closing
pores, thus increasing rock resistivity. Temperature rise will reduce the resistivity of fluid,
thus reducing the resistivity of rock. There is a noticeable difference between the geoelectric
field generated by the anisotropic medium and the geoelectric field generated by the
isotropic medium, which leads to a great deviation in the interpretation of the observed
data and even makes it difficult to explain them. Therefore, electrical anisotropy is one of
the physical properties that must be considered in geological structure and natural energy
exploration, and it is also one of the factors that affect the detection results. It is of great
significance to find out the internal situation of underground structures and solve some
puzzles in field exploration.
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5. Conclusions and Cognition

The shale resistivity of the Nanwufeng Formation and Longmaxi Formation is obvi-
ously anisotropic.

Through testing and analyzing the complex resistivity, porosity and permeability
of shale in the Wufeng Formation and Longmaxi Formation in southern Sichuan in two
orthogonal directions (vertical bedding V and along bedding H), the following conclusions
and understandings are obtained:

(1) In the middle and low measurement frequency band, the cores in shale gas wells
show different degrees of induced polarization characteristics. The amplitude and phase
curve of shale complex resistivity in two directions are basically the same, but the amplitude
of complex resistivity is obviously anisotropic, and the amplitude of complex resistivity in
V direction is significantly larger than that in H direction.

(2) There is a small difference between the porosity in H direction and V direction of
shale, but the permeability in H direction is much larger than that in V direction, which
indicates that the permeability parameters have obvious directionality and show strong
anisotropy, which is different from the porosity.

(3) The resistivity parameters of shale show strong anisotropy. The average resistivity
anisotropy coefficient is 6.1 under normal temperature and pressure and 2.4 under high
temperature and pressure, while the average polarization anisotropy coefficient is 0.86
under normal temperature and pressure and 0.90 under high temperature and pressure,
indicating that the resistivity has strong anisotropy and the polarization is relatively weak.
In addition, the pores and fractures of shale contract under conditions of high formation
pressure, which leads to the weakening of conductivity in H direction, the decrease in
the resistivity anisotropy coefficient and the slight increase in the polarization anisotropy
coefficient. Therefore, in the process of shale gas reservoir exploitation, the influence of
reservoir pressure sensitivity and anisotropy on productivity cannot be ignored.

(4) The horizontal layered structure of shale reservoir leads to the strong heterogeneity
and anisotropy of shale, and the fracture system has the characteristics of strong pressure
sensitivity and anisotropy, which make the process of shale gas development and reservoir
reconstruction extremely complicated. Therefore, the study of shale gas reservoir perme-
ability anisotropy and shale electrical anisotropy has important guiding significance for
improving the exploration and development effect of shale gas reservoirs.

Based on the shale complex resistivity experiment, this study has formed a set of testing
methods and analysis techniques for electrical anisotropy of shale reservoirs. Combined
with the analysis of two important reservoir parameters, porosity and permeability, it is
found that shale resistivity and permeability parameters have strong anisotropy, which
should be paid attention to in the process of reservoir evaluation. At the same time,
the research results are helpful to understand the anisotropic characteristics of complex
resistivity of shale gas reservoirs in southern Sichuan, and lay a foundation for shale gas
reservoir evaluation and fracturing monitoring by electrical exploration.
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