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Abstract: The permeability of the fluid-bearing rock is an important parameter for reservoir prediction.
The Kozeny-Carman (K-C) formulation based on electrical measurements effectively characterizes the
permeability-resistivity relationship of rocks with a single mineral composition or high porosity. The
complex pore structure and mineral composition of compacted reservoirs affect induced polarization
(IP) characteristics, indirectly limiting the applicability of conventional electrical K-C models. The
permeability of fluid-bearing rocks is an important parameter for reservoir prediction. The theo-
retical chargeability of the modified generalized effective medium theory of induced polarization
(MGEMTIP) model includes the effects of various conductive minerals. Due to the disconnection
assumption of the disturbed medium in the MGEMTIP, there is a significant difference between the
theoretical chargeability and the measured chargeability, and the difference is a sensitive parameter of
rock permeability. A semi-empirical reservoir permeability prediction model is proposed based on the
MGEMTIP. Theoretically and experimentally, the prediction model based on MGEMTIP is compared
with the two electrical K-C models. Under the condition that the rock does not contain low-resistivity
minerals, the prediction model based on MGEMTIP is theoretically equivalent to the K-C model.
The experimental results show that this prediction model is more suitable for low-porosity and
low-permeability rocks containing low-resistivity minerals, and the prediction results can be effec-
tively restricted to the same order of magnitude. From the perspective of differences between model
assumptions and natural rocks, the prediction model provides a semi-empirical relationship between
complex mineral IP characteristics and permeability. Combined with the geological information
of the survey area, the permeability prediction model can provide a theoretical basis for reservoir
permeability prediction based on electromagnetic exploration.

Keywords: resistivity; permeability; rock physics; effective; induced polarization (IP)

1. Introduction

Geophysical exploration technologies are facing huge challenges because of the dif-
ficulty in exploration and development attributed to the complex structures and large
burial depths of unconventional oil and gas reservoirs. Petrophysical research based on
induced polarization (IP) can effectively establish the quantitative relationship between
deep unconventional reservoirs and IP parameters [1–3]. It provides a theoretical basis
for the multi-parameter inversion and reservoir evaluation of an electromagnetic (EM)
exploration method and facilitates the EM method’s detection of deep unconventional oil
and gas reservoirs and reservoir sweet spots.

Permeability is an important parameter for the evaluation of oil and gas reservoirs.
Theoretical research on the relationship between rock electrical conductivity and perme-
ability is mainly in the fields of hydrogeophysics, environmental geography, etc. [4,5]. The
accurate calculation of reservoir permeability and electrical conductivity is all dependent on
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the fine modeling of reservoir fluid space. The anisotropic characteristics of reservoir rocks
also affect the theoretical relationship between permeability and electrical conductivity on
the macroscopic level [6]. At present, research on the relationship between IP characteristics
and permeability is still based on the Kozeny-Carman (K-C) model [7]. The electrical
K-C relationship is obtained by replacing the structural parameters with the formation
factor [8–10]. Slater [5] reviewed the main research methods, discussed the limitations of
DC resistivity in predicting permeability, and proposed a permeability relational model
based on IP parameters. A large number of experiments have shown that low-frequency po-
larization in fluid-containing porous media is the result of complex electrochemical effects
such as ion migration at the mineral-fluid interface [11]. Moreover, the imaginary part of
conductivity and the surface area per pore volume have a linear relationship on a logarith-
mic scale [12–14]. The suspension diffusion model (SDM) of the electric double layer (EDL)
provides the theoretical relationship between the time constant and the equivalent particle
radius of the polarization interface [15,16]. The permeability prediction model based on the
low-frequency time constant also has a lot of experimental support [17,18]. At present, a
large number of studies on the relationship between electrical conductivity and permeabil-
ity are based on sandstone studies [19]. Actual IP exploration applications for predicting
permeability mainly focus on near-surface exploration in low-salinity conditions [20,21].

In compacted reservoirs such as shale, fluid penetration in complex pores on the
microscopic level contains multiple migration mechanisms that do not completely comply
with Darcy’s law [22]. Thus, the applicability of the K-C model is also greatly reduced. In
rocks containing low-resistivity minerals such as clay and metal, the conductive structure
includes not only pore fluid but also high-content clay that provides a large amount of
electrical conductivity with no fluidity [23]. The deep, high-salinity environment greatly
reduces the ion polarization intensity of the diffusion layer, and the low-resistivity metal
that provides a large amount of polarization is not reflected in the model based on fluid
polarization [24,25]. The polarization of rocks containing dispersed metals is closely related
to the volume fraction of metallic particles. Under the assumption that most of the surface
area of the material is related to the metal particles, metal polarization can be directly
related to rock pores and the surface area per pore volume [26,27].

The GEMTIP model is a macroscopic EM theory-derived complex resistivity (CR)
model. Compared with the Cole-Cole model, it is suitable for the study of high-dimensional
and multiphase media. It also provides a quantitative relationship between the microstruc-
ture and polarization characteristics [28]. Lin et al. [29] proposed an ellipsoidal model of
GEMTIP for calculating the anisotropic IP parameters of rocks. The MGEMTIP modified by
introducing an equivalent surface current term into the Maxwell equations can more accu-
rately characterize the theoretical relationship between model IP parameters and reservoir
parameters [30]. MGEMTIP ignores the connectivity of pores and low-resistivity minerals,
thus limiting its ability to describe reservoir petrophysical properties, but there is a good
correlation between the relative difference between the theoretical and measured charge-
ability and the rock permeability. Quantitative studies that directly consider the measured
chargeability and permeability are usually based on data but lack effective theoretical analy-
sis [31]. In the MGEMTIP hypothesis, the disturbed medium interface is disconnected, and
only impervious rocks fit this hypothesis. Low-permeability rocks are closer to impervious
rocks, and permeability can be regarded as a characterization parameter indicating the
degree of deviation between low-permeability rocks and the theoretical model.

Based on the MGEMTIP and the difference in the boundary conditions and structure
of the measured rock, this paper theoretically defined the difference between the model
chargeability and the measured chargeability and their quantitative relationship with rock
permeability. It also proposed the rock permeability prediction method based on the
MGEMTIP model, analyzed the applicability and error sources of the model theoretically
and experimentally, and discussed the theoretical relationship between the MGEMTIP
permeability model and the K-C permeability model. Combining the two electrical K-C
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models, fitting and prediction of models based on low-clay samples and high-clay samples
are performed, and the advantages of the different models are discussed.

2. Methods
2.1. MGEMTIP Model

The MGEMTIP model is a CR model based on equivalent medium theory and
Maxwell’s equations. It replaces the complex multiphase medium with an equivalent
homogeneous medium containing boundary polarization, as shown in Figure 1. The
MGEMTIP redefines the equivalent conductivity in the GEMTIP model. Under the assump-
tion of an isotropic spherical perturbation, the modified CR model [30] is

ρe =
ρ0

M0

{
1 +

N

∑
l=1

ηl

[
1− 1

iωτl+1

]}−1

(1)

where M0 = 1−
N
∑

l=1
3 fl/2, ηl = 9ρ0 fl/M0(4ρl + 2ρ0), τl = rl(2ρl + ρ0)/2αl

s. ρ0 is the DC

resistivity of the background medium, and fl , ρl , rl , αl
s, τl respectively corresponds to the

volume component of the l type perturbed medium, DC resistivity, equivalent spherical
radius, surface polarization parameters, and the time constant, and the equivalent medium

chargeability is ηt =
N
∑

l=1
ηl . N is the total amount of perturbed medium. τl is
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Figure 1. The schematic diagram of the effective medium theory. A heterogeneous medium contains
many different types of perturbed media, each of which contains resistivity ρl , effective radius rl , and
surface-polarizability coefficient αl

s. The resistivity of a heterogeneous medium is equivalent to the
CR of an effective medium through the effective-medium approach.

2.2. Relationship between Permeability and Chargeability in the MGEMTIP Model

Revil and Cosenza [32] discussed the boundary polarization characteristics of the per-
turbed medium in actual rock under different distribution conditions. As shown in Figure 2,
under (a) the colloidal suspension model meeting the assumptions of the MGEMTIP, the
polarization medium provides complete polarization, including the boundary polarization
of the Stern layer and the diffusion layer. Under (b) the continuous distribution model, the
boundary polarization of the Stern layer and the diffusion layer is considered non-existent.
But the reason for this process has not been explained by a definite theory.

In fact, the difference between the theoretical chargeability ηt and the experimentally
measured chargeability ηe cannot be ignored. The strict modeling assumptions of the
MGEMTIP for disturbance bodies (spherical disturbance bodies, infinite regions, etc.)
do not apply to real rocks; the direct application of the MGEMTIP to the analysis of
microscopic rocks is extremely risky. But the MGEMTIP provides an idea; we assume
that all perturbed media are non-connected spheres (in this case, the polarization interface
can establish a simple linear relationship with the volume of the perturbed media, so the
polarization can also be determined by the volume of the perturbed media). However, the
polarization interfaces of different perturbed media (low-resistivity minerals or pore fluids)
in actual rocks deviate from the MGEMTIP to varying degrees. In the presence of multiple
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perturbation media, ηt includes all potential perturbation media and considers them equally
important, and ηe highlights the perturbed media that conform to the MGEMTIP hypothesis
(such as metallic minerals), so the difference between ηt and ηe highlights well-connected
perturbation media (pore fluids or clay minerals).
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The application results of the MGEMTIP in compacted reservoir rocks show that
ηt is always higher than ηe. The relative difference between theoretical and measured
chargeability has a strong positive correlation with permeability [30]. We analyze the
reasons from the perspectives of formula derivation and experimental observation and
summarize the main reasons for the difference between ηt and ηe:

(a) Part of the boundary does not provide polarization. Since the finite volume of the
actual rock sample is different from that in the open-domain model of the actual
exploration object, the boundary formed by part of the perturbation is in direct
contact with the insulating material (air or rubber sleeve) during the test process, and
no complete boundary of the perturbation is provided. According to Appendix A,
the chargeability difference between the infinite boundary MGEMTIP and the finite
boundary MGEMTIP is

∆η′t = ηt − η′t = ∑N
l=1 3 flγl/(2M0) = ∑N

l=1 Sout
l rl/(2VM0) ≥ 0 (2)

where Sout
l is the outer surface of the first perturbation, Sl is the surface area of the

first perturbation, γl = Sout
l /Sl is the ratio of the surface area and the outer surface,

V is the total volume of the rock, and the total surface area of all perturbations
Sout = ∑N

l=1 Sout
l is determined by the size of the core, so in determining the volume

of the perturbed medium, the bigger rl , the bigger ∆η′ will be.
(b) By approximating the rock structure, the effective boundary decreases and the equiv-

alent radius of perturbations increases. According to Appendix B, the difference
between the chargeability of the MGEMTIP of the complex perturbations and the
chargeability of the finite boundary MGEMTIP is

∆η
′′
t = η′t − η

′′
t = ∑N

l=1 Sf
lrl(1− γl)/(2VM0) ≥ 0 (3)

where Sf
l is the imaginary boundary area of the first perturbation, and the polarization

difference is mainly caused by al and Sf
l . When there is a large-scale perturbation and

the boundary is complex, the ∆η′′ t gets bigger.

According to (A8) in the Appendix B

τ
′′
l = τl/(1− βl) ≥ τl (4)

where τ
′′
l and τl are the time constants corresponding to the complex perturbation and the

spherical perturbation, and βl ≥ 0 is the proportion of the invalid boundary of the sphere
approximating the complex perturbation. Compared with the time difference at the finite
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boundary of the MGEMTIP model, the time constant of the complex perturbation has an
upward trend.

(c) Limitation of the measured frequency band. According to the logarithmic form of the
time constant in Formula (2)

log(τl) = log(rl) + log(2ρl + ρ0)− log(2αl
s) (5)

The larger the perturbation medium rl in rock, the larger the time constant τl is.
Micro-research such as the SDM model also has similar conclusions [15]. The measured
chargeability obtained by the Debye decomposition algorithm is limited by the test fre-
quency and does not include polarization far away from the frequency band. Therefore, the
theoretical polarization corresponding to the large-scale perturbation cannot be measured.
Although the Debye decomposition algorithm loses the polarization of some frequency
bands in the discrete process [33], the measured chargeability is closer to the chargeability
obtained in EM exploration and effectively reduces the influence of M-W polarization and
test electrode polarization. At the same time, the DD algorithm, compared to the theoretical
model, makes better use of the data.

In summary, Figure 3 shows the schematic diagram of the MGEMTIP and the charge-
ability change with the corresponding time constant after considering various influenc-
ing factors. Thus, the theoretical chargeability and measured chargeability satisfy the
following equation

∆η = ηt − ηe = ∆η′t + ∆η′′ t + ηlow f ≥ 0 (6)

According to the above analysis, the larger the equivalent scale of the perturbed
medium in the rock, the bigger ∆η is. The perturbed medium interface in the actual rock is
directly related to the scale of the pore fluid, whether the fluid is a perturbator or a back-
ground. Therefore, the larger the proportion of large-scale structures in the fluid-porous
interface (in Figure 2, (b) structures in the rock are larger than (a) structures), the greater
the difference between the theoretical chargeability and the measured chargeability is.
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corresponding to different time constants is the total chargeability. ηt, η′t, η ′′ t, and ηe, respectively,
indicate the chargeability of the MGEMTIP model, the chargeability of the finite boundary model,
the chargeability of the finite boundary complex structure model, and the measured chargeability.
In the low-frequency band outside the actual measurement frequency band, the chargeability ηlow f
corresponding to large-scale structure still exists.
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2.3. Permeability Prediction Model

Based on MGEMTIP, the statistical correlation between theoretical and measured
porosity and permeability is analyzed [30]. Combined with the characteristics of low-
resistivity media (clay and secondary metals) in low porosity and permeability reservoirs,
we believe that the difference between the measured chargeability of the rock and the
theoretical chargeability based on the MGEMTIP can be used to evaluate the permeability
of low-porosity and permeability rocks with conductive minerals and have proposed a
semi-empirical permeability prediction model (η-prediction model)

k∗ =
a(ηt − ηe)

b

ηc
e

=
a∆ηb

ηc
e

(7)

where ηt and ηe, respectively, correspond to the theoretical chargeability and measured
chargeability of the measured rock, and a, b, c is the rock characteristic index. According
to theoretical analysis, a, b, c > 0. The characteristic index of the studied reservoir is
obtained by experimental fitting of reservoir samples. When the measured chargeability is
close to the theoretical chargeability, ηt/ηe → 1 , the permeability is k→ 0 , and the rock is
close to the theoretical state without the hypothesis of connectivity; when the measured
chargeability is extremely small, ηt/ηe → +∞ , the rock permeability is k→ +∞ , and the
rock is close to the limiting state of full connectivity (no polarization).

2.4. Applicability Analysis of the Permeability Prediction Model

The experiment was carried out with a high salinity solution, mainly for the following
reasons: (a) By saturating high-concentration electrolyte solution (NaCl > 0.5 mol/L),
saturated rocks can effectively reduce the polarization intensity of the diffusion layer [34],
which in turn highlights the polarization caused by the perturbed medium boundary. The
MGEMTIP ignores the diffusion layer polarization, and the test rock saturated with a
high salinity solution is more consistent with the MGEMTIP hypothesis. (b) According
to the deep reservoirs studied, the salinity of the high-salinity solution is closer to that
of groundwater.

Analysis of the model error in the prediction model (7) shows that the theoretical
chargeability ηt and measuring chargeability ηe may have calculation or estimation errors.
Let us consider the relative error relationship corresponding to the model

δk∗

k∗
=

b(δηt + δηe)

ηt − ηe
+

cδηe

ηe
(8)

where δηt and δηe correspond to the absolute error between the measured and estimated
chargeability and the actual chargeability. Under the condition that the error is fixed,
the error will be increased to 1/ηe. According to the above analysis, low-porosity and
low-permeability rocks containing low-resistivity minerals are suitable for Formula (7).

Theoretically, high-porosity and high-permeability rocks are not suitable for this
prediction model. The high-porosity and permeability rocks do not conform to the small
perturbation body assumption of the MGEMTIP model. When ηe is extremely small, the
measurement accuracy also easily affects the prediction results. However, this prediction
model still has a certain ability to predict high-porosity and permeability rocks. Using pure
sandstone as an example, with high-resistivity quartz minerals as the main conductive
medium and pore fluid as the main polarization medium (although the pore fluid of the
actual rock is only a conductive medium, the main polarization medium in MGEMTIP must
be a low-resistivity medium), this prediction model will have a theoretical relationship
with other electrical permeability prediction models, as we will explain further in the
Discussion section.
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3. Physics Experiment
3.1. Experimental Sample Information

The shale reservoir rocks in southern China are rich in metallic minerals and low in
porosity and permeability, which meet the applicable requirements of the prediction model.
We selected two sets of high-clay rocks (with a clay content above 15%) and low-clay rocks
(with a clay content less than 5%) for experiments. The high-clay rocks included shale and
sandstone, and the low-clay rocks included sandstone, limestone, and dolomite. One set of
samples is used to fit the model parameters, and the other set is used only for prediction.
The clay content affects the main conducting medium of the equivalent medium, so we
fit them separately. The rock structure and conducting mineral composition information
are shown in Table 1. The fitted high-clay rocks include 11 reservoir samples with a small
range of permeability (0.01 mD–1 mD) due to high clay content. The fitted low-clay rocks
include 6 reservoir samples and 3 high-permeability artificial sandstones with a wide
range of permeabilities (0.01 mD–1000 mD). Fractures along the bedding direction were
generated in part of the shale during the saturation process. When the measured direction
is parallel to the fracture direction, permeability is abnormally high (such as W4). However,
since this structure is a case of theoretical analysis in Figure 2b, it was not removed as
an abnormal sample. The predicted high-clay rocks include 12 reservoir samples, and
the predicted low-clay rocks include 1 reservoir sample and 3 high-permeability artificial
sandstones with a wide range of permeability (0.001 mD–1000 mD). The results of dry
resistivity measurements (resistivity amplitude measured after drying at 80 ◦C for 24 h, at
1 Hz) show that high-component clay forms a conductive channel with better conductivity
in the rock and has a lower dry resistivity. Figure 4 is a diagram of the rock composition.
The experiment mainly focuses on the high-conductivity minerals in the rock, mainly the
content of clay and pyrite. High-resistivity minerals (HRM) are considered to provide no
electrical conductivity, while artificial sandstone has no low-resistivity components.

We tested 36 rock samples for the CR, porosity, and permeability at a pressure of
10 MPa and a temperature of 40 ◦C, these samples are cylinders 1 inch in diameter and
4~5 cm long. The test frequency range is 10−2 ~104 Hz, saturated with 4% NaCl electrolyte
solution, and the solution resistivity is 0.114 ohm-m under the test environment.

Table 1. Physical property information of rock samples.

No. Lithology Porosity/%
Permeability Dry Resistivity Conductive Mineral Experimental

Project/mD /ohm-m Clay/% Pyrite/%

2-1-17 Sandstone 3.50 0.0230 5.70 × 102 30 0

Fitting samples
with high clay

2-1-20 Sandstone 2.20 0.0750 2.50 × 103 19.7 0
201-6 Shale 5.40 0.4850 5.90 × 102 27.8 2.2
205-5 Shale 5.90 0.3810 9.40 × 102 36.5 3.7

WY-44V Shale 3.80 0.0400 8.50 × 102 30.8 0.9
WY-45V Shale 1.50 0.0350 8.30 × 103 25.7 0.8
WY-46V Shale 2.10 0.0300 7.80 × 102 38.5 3.1
WY-47V Shale 1.30 0.0500 1.00 × 104 28.4 0.8
WY-49V Shale 1.20 0.0580 2.30 × 104 23.9 1
WY-50V Shale 1.00 0.0660 3.40 × 104 20.3 0.8
WY-52V Shale 2.40 0.0270 1.10 × 103 26.5 0.7

2-1-10 Limestone 0.33 0.0420 3.10 × 106 2 0

Fitting samples
with low clay

2-1-14 Limestone 0.57 0.0300 1.40 × 106 1 0
2-1-18 Dolomite 1.40 0.1100 1.30 × 106 1.5 3.1
2035-7 Limestone 4.00 0.5440 7.30 × 103 7 0

2035-12 Limestone 5.40 0.1180 2.30 × 107 2 0
YH-2 Dolomite 2.97 1.2100 2.20 × 105 1.3
AS-2 Sandstone 7.75 3.4500 8.16 × 106 0 0
AS-4 Sandstone 12.84 87.5000 1.08 × 107 0 0
AS-5 Sandstone 18.36 326.0000 1.11 × 107 0 0
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Table 1. Cont.

No. Lithology Porosity/%
Permeability Dry Resistivity Conductive Mineral Experimental

Project/mD /ohm-m Clay/% Pyrite/%

W1 Shale 4.84 0.1100 1.80 × 103 52 0

Predicted
samples with

high clay

W2 Shale 5.42 0.3160 1.28 × 103 52.4 4.5
W3 Shale 5.26 0.6260 3.61 × 103 27.6 3.4
W4 Shale 4.36 3.9900 2.24 × 103 25.6 5.4
W5 Shale 4.21 0.1310 4.39 × 103 30.3 2.9

XWX1-1 Sandstone 9.93 0.8019 4.23 × 102 23.5 0
XWX1-2 Sandstone 2.22 0.0712 1.26 × 104 19 0

XWX2A-1 Sandstone 7.88 0.2643 1.44 × 104 18.6 2.3
XWX2A-2 Sandstone 5.53 0.3578 4.22 × 102 25 0
XWX3-1 Sandstone 0.86 0.0045 9.91 × 104 26.3 0
XWX6-3 Sandstone 6.72 0.8354 8.31 × 102 23.7 0
XWX8-1 Sandstone 8.74 0.9193 1.45 × 104 13.8 0

LJ1-4C Limestone 0.18 0.0010 1.36 × 105 0 5.7 Predicted
samples with

low clay

AS-6 Sandstone 15.80 247.0000 9.57 × 106 0 0
AS-7 Sandstone 16.50 331.4000 1.25 × 107 0 0
AS-8 Sandstone 9.70 12.6000 7.64 × 106 0 0
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3.2. Theoretical Chargeability and Measured Chargeability

The estimation of the theoretical chargeability ηt requires an equivalent medium con-
forming to the MGEMTIP model. In actual rocks, the construction of an equivalent medium
needs to determine the spatial relationship between various conductive minerals and pore
fluids, combined with mineral components, and comprehensively realized by scanning elec-
tron microscopy (SEM). Mineral composition analysis, dry resistivity testing, and scanning
electron microscopy are effective means to accurately construct an equivalent medium.

According to the model relationship of ηt, the construction method of the equivalent
medium is relatively rough. The conductive medium and the polarized medium in the rock
minerals are selected (proving that the conductivity of polarized media is much higher than
that of conductive media), and the spatial relationship between the two media is analyzed
in combination with different lithologies

ηt = ∑
l

9 fml/2 (9)

where fml is the relative volume fraction as follows

fml =


fl/ fm φ(m, l) = 1

fl φ(m, l) = 0
0 φ(m, l) = −1

(10)

where m is the conductive medium, l is the perturbed medium, and φ(m, l) is the spatial
correlation function between the two media. Figure 5 shows the spatial relationship
between clay minerals and pyrite particles. Clay in the shale and the secondary pyrite
satisfy the φ(m, l) = 1, and the other conductive media and perturbed media are assumed
to be spatially uncorrelated, and satisfy the φ(m, l) = 0.
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Figure 5. SEM of reservoir shale. The secondary pyrite particles in clay minerals are aggregated, and
the particles as a whole are about 0.01 mm in scale.

The measured chargeability ηe is analyzed through experimental data, and the the-
oretical chargeability ηt is estimated based on the MGEMTIP and rock composition. The
saturated rock test and analysis results are shown in Table 2. Saturation resistivity ρs and
ηe are obtained by the Debye decomposition method [35].

When constructing the equivalent medium, we distinguish between low-clay rocks
and high-clay rocks. We choose clay as the main conductive medium for high-clay rocks
and select high-resistivity minerals as the main conductive medium for low-clay rocks.
Further fitting and prediction are also based on these two different equivalent media.
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Table 2. Rock test and analysis results.

No. ρs(Ω·m) ηe

Main Conductive
Medium Main Polarization Medium Spatial

Correlation
ηt

Medium Vm Medium Vn

2-1-17 66.42 9.49% Clay 28.95% Solution 3.50% 0 15.75%
2-1-20 44.02 4.37% Clay 19.27% Solution 2.20% 0 9.90%
201-6 25.79 5.33% Clay 26.30% Pyrite 2.08% 1 35.61%
205-5 19.24 7.20% Clay 36.50% Pyrite 3.48% 1 42.93%

WY-44V 20.37 10.22% Clay 29.63% Pyrite 1.15% 1 17.53%
WY-45V 132.24 10.15% Clay 25.31% Pyrite 0.69% 1 12.26%
WY-46V 69.52 28.61% Clay 37.69% Pyrite 3.23% 1 38.57%
WY-47V 138.89 8.23% Clay 28.03% Pyrite 1.09% 1 17.43%
WY-49V 168.93 11.95% Clay 23.61% Pyrite 1.19% 1 22.59%
WY-50V 194.76 10.08% Clay 20.10% Pyrite 0.59% 1 13.30%
WY-52V 44.18 9.61% Clay 25.86% Pyrite 0.88% 1 15.28%

2-1-10 2134.65 5.13% HRM 97.68% Solution/Clay 2.32% 0 10.46%
2-1-14 2878.45 5.60% HRM 98.44% Solution/Clay 1.56% 0 7.04%

2-1-18 594.43 15.18% HRM 94.06% Solution/Clay/
Pyrite 5.94% 0 26.71%

2035-7 78.65 4.94% HRM 89.28% Solution/Clay 10.72% 0 48.24%
2035-12 42.77 2.29% HRM 92.71% Solution/Clay 7.29% 0 32.81%

YH-2 131.18 1.44% HRM 95.77% Solution/Clay 4.23% 0 19.04%
AS-2 18.06 6.77% HRM 92.25% Solution 7.75% 0 34.88%
AS-4 1.04 2.89% HRM 87.16% Solution 12.84% 0 57.77%
AS-5 0.26 2.83% HRM 81.64% Solution 18.36% 0 82.64%

W1 16.99 4.57% Clay 49.48% Solution 4.84% 0 21.78%
W2 12.27 5.89% Clay 49.56% Pyrite 4.50% 1 40.86%
W3 24.17 7.09% Clay 26.15% Pyrite 3.40% 1 58.51%
W4 28.94 7.56% Clay 24.48% Pyrite 5.40% 1 99.25%
W5 45.09 7.97% Clay 29.02% Pyrite 2.90% 1 44.96%

XWX1-1 25.01 6.61% Clay 23.50% Solution 9.93% 0 44.69%
XWX1-2 51.57 5.63% Clay 19.00% Solution 2.22% 0 9.99%

XWX2A-1 23.69 2.58% Clay 18.60% Solution 7.88% 0 35.46%
XWX2A-2 21.44 3.76% Clay 25.00% Solution 5.53% 0 24.89%
XWX3-1 818.59 3.62% Clay 26.30% Solution 0.86% 0 3.87%
XWX6-3 39.84 2.74% Clay 23.70% Solution 6.72% 0 30.24%
XWX8-1 193.20 3.68% Clay 13.80% Solution 8.74% 0 39.33%

LJ1-4C 16946.92 24.90% HRM 94.13% Solution/Pyrite 5.87% 0 26.41%
AS-6 6.46 8.36% HRM 84.20% Solution 15.80% 0 71.10%
AS-7 1.66 5.05% HRM 83.50% Solution 16.50% 0 74.25%
AS-8 8.34 7.54% HRM 90.30% Solution 9.70% 0 43.65%

For low-clay rocks with high porosity and permeability, this equivalence relationship
is unreasonable (solution is more likely to be the dominant conducting medium), but
therefore the difference between ηe and ηt is also larger, indicating that these rocks have
greater permeability. When the porosity is greater than 22.3%, ηt will exceed 1. There is a
theoretical relationship between the ηt in the MGMETIP model and the chargeability ηcc in
the Cole-Cole

ηcc =
ηt

1 + ηt
(11)

Only in terms of formula, when the ηt is small, the difference between ηt and ηcc is
not large; even if ηt exceed 1, ηcc will not exceeds 1. So formally, the establishment of the
Formula (9) is still feasible.
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4. Results and Discussion
4.1. Fitting Relationship

Fitting and predictive analysis were performed based on 36 samples in the experiment.
Figure 6 shows the relationship between measured permeability and the relative charge-
ability difference of rock samples. The relative chargeability difference δ = (ηt − ηe)/ηe
is calculated according to Table 2. From a larger data range, although the fitting degree
R2 = 0.5392 is reduced (R2 = 0.8892 for 6 samples in Tong et al. [30]), the positive corre-
lation between the relative polarizability difference and the measured permeability still
exists. The data distribution also indicates that Formula (7) has a better fitting relation-
ship. Compared with the relative chargeability difference δ, Formula (7) adds 1 degree of
freedom, which can better match the data relationship. We also compare Formula (7) with
the two electrical K-C relationships used in [19], and having the same degree of freedom
allows us to better compare the fitting and prediction effects.
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The two electrical K-C relationships are

k∗ =
a

Fbσ′′ c
(12)

and
k∗ =

a
Fbmc

e
(13)

where a, b, c is the fitting parameter, F, σ′′ , me respectively, correspond to the rock formation
factor, the imaginary part of the low-frequency (1 Hz) conductivity, and the normalized
chargeability, where F = (1−ηcc)ρs/ρw and me = ηcc/ρs. The IP parameters required by
the model are shown in Table 3.

Table 3. Electrical K-C model parameters of test samples.

No. F σ
′′ me(mS/m)

2-1-17 517.55 11.5221 1.6323
2-1-20 366.77 8.1300 1.0921
201-6 211.22 17.2002 2.4788
205-5 155.18 22.1860 4.0711

WY-44V 158.51 31.5545 5.4056
WY-45V 1041.73 5.5821 0.7590
WY-46V 502.12 7.9912 3.1579
WY-47V 1118.21 3.5422 0.5801
WY-49V 1305.63 4.7706 0.6958
WY-50V 1530.63 3.5658 0.5247
WY-52V 351.57 14.2435 2.0736
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Table 3. Cont.

No. F σ
′′ me(mS/m)

2-1-10 17659.59 0.1741 0.0257
2-1-14 23601.09 0.1397 0.0219
2-1-18 4471.45 1.7568 0.2402
2035-7 645.38 5.2304 0.7891

2035-12 362.71 9.1927 0.7271
YH-2 1126.95 0.9363 0.1428
AS-2 148.17 20.2161 3.4935
AS-4 8.86 371.2225 26.9525
AS-5 2.23 1867.0926 104.8977

W1 142.32 14.3595 2.5664
W2 101.51 23.6047 4.5197
W3 197.77 17.5357 2.7247
W4 235.79 16.7108 2.4150
W5 366.06 11.4582 1.6260

XWX1-1 205.90 0.7644 2.4675
XWX1-2 428.40 0.3601 1.0310

XWX2A-1 202.57 0.3506 1.0630
XWX2A-2 181.25 0.4065 1.6862
XWX3-1 6930.47 0.0128 0.0426
XWX6-3 340.21 0.2538 0.6682
XWX8-1 1634.67 0.4037 0.1837

LJ1-4C 125430.11 0.0052 0.0110
AS-6 52.37 8.4709 11.8593
AS-7 13.87 12.0579 28.8854
AS-8 68.09 1.9752 8.3591

The objective functions used in the fitting of the three predictive permeability models
are

min(
N

∑
n=1

[log(kn)− log(k∗n)]
2) (14)

where kn is the measured permeability, k∗n is the theoretical permeability, and N is the total
number of samples. The coefficient of determination R2 and geometric mean error D are

R2 =

N
∑

i=1
[log(k∗i )]

2

N
∑

i=1
[log(k∗i )]

2 −
N
∑

i=1
[log(k∗i )− log(ki)]

2
(15)

and

D =
1
N

N

∑
i=1
|log(k∗i )− log(ki)| (16)

Figure 7 shows the fitting results of all experimental samples by three prediction
models, indicating that the three methods have little difference in fitting the overall data
(R2 ≈ 0.8). The overall fit cannot show the difference between the three prediction models.
Fitting some samples and predicting other samples can better highlight the differences in
the prediction models.

4.2. Prediction Results

According to the construction of the equivalent medium of the MGEMTIP model, the
predicted rocks are divided into high-clay and low-clay samples, and three model fitting
formulas are used to predict and analyze the high-clay and low-clay predicted samples.
Table 4 and Figure 8 are the prediction model and the prediction result.
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Figure 8. Prediction results of three models based on (a) high-clay predicted samples and (b) low-clay
predicted samples; (a) the three prediction models based on high clay rocks have poor prediction
results for low clay rocks (D > 1), while the η-prediction for high clay samples is best (D = 0.2825 );
(b) the η -prediction model based on low clay rocks has a worst prediction result for low clay rocks
(D = 1.0238 ) and a best prediction result for high clay rocks (D = 0.6677 ).

Table 4 shows that the η-prediction model has the best coefficient of determination
(R2 = 0.8613) for high-clay samples and the worst coefficient of determination (R2 = 0.7915)
for low-clay samples. The permeability range of high-clay samples is relatively narrow, and
the coefficient of determination is relatively low. Consistent with the theoretical analysis, the
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low-clay samples containing a large number of high-permeability samples are too different
from the constructed equivalent medium, and the MGEMTIP’s applicability is limited.

Figure 8 indicates that the η-prediction results are the best for high-clay samples,
regardless of whether the model is based on high-clay samples (D = 0.2825) or low-clay
samples (D = 0.6677). The η-prediction has limited applicability to low-clay samples,
especially high-permeability samples.

Table 4. Fitting model parameters and prediction results of the three prediction models.

Prediction Model
Fitted

Samples
Model Parameters Coefficient of

Determination R2

Geometric Mean Error D

a b c Low-Clay High-Clay

k∗ =
a(ηt − ηe)

b

ηc
e

High-clay 0.0580 0.8136 0.8983 0.8613 1.1887 0.2825
Low-clay 5.1725 1.9503 0.5212 0.7915 1.0238 0.6677

k∗ =
a

Fbσ′′ c
High-clay 3.27 × 106 2.1705 1.9321 0.6015 1.1237 1.6848
Low-clay 3.72 × 104 1.5361 0.5382 0.9581 0.6773 1.1681

k∗ =
a

Fbmc
e

High-clay 4.12 × 103 1.6994 1.2995 0.6180 1.2440 0.5491
Low-clay 1.14 × 103 1.1445 0.1652 0.9547 0.8327 0.9795

σ′′ - prediction results show that the prediction of high clay samples has obvious
deviations and is generally high. The high clay content reduces the formation factor F, but
the imaginary part of the low-frequency (1 Hz) conductivity σ′′ does not reflect the clay
polarization (the clay particles are smaller, and the frequency of polarization is higher).
In contrast, the deviations of the me-prediction for high clay samples are small, even in
prediction models based on low clay samples. While high clay reduces F, me also increases
due to the polarization formed by the clay (me can be seen as the average of σ′′ over a
frequency band). The effects of clay on conduction and polarization cancel each other out,
making me-prediction more effective.

From the prediction results, the η-prediction model is more beneficial to eliminate the
influence of low-resistivity minerals (clay or metal minerals) on the permeability prediction.
However, the model is easy to be distort when predicting high porosity and permeability
samples, so the prediction model based on MGEMTIP is more suitable for low porosity and
permeability reservoirs.

4.3. Relationship with K-C Model

The main polarization medium is a pore solution, and low-resistivity minerals are in
the η- prediction model for low-clay samples. If the rock does not contain low-resistivity
minerals, the model has a certain theoretical relationship with the K-C model. The K-C
model based on the capillary model is

k =
φr2

αT
(17)

where φ is the porosity of the rock, r is the equivalent pore radius, α is the form factor, and
T is the pore tortuosity. When the rock uses pore fluid as the main polarization medium,
and the high permeability rocks that satisfies ηt/ηe >> 1, Formula (7) combined with
Formula (9) satisfy

k∗ =
a∆ηb

ηc
e
≈ aηb

t
ηc

e
= a

(
9
2

)b
ρs
−c φb

mec ∼
φb

σ′′ c
∼ φb

Sporc ∼ φbrc (18)

where Spor is the surface area per unit pore volume. A large number of studies have
shown that Spor and σ′′ have positive correlation [12–14], and in the capillary model
Spor = 2hπr

hπr2 = 2
r (h is the capillary length). The pore structure that causes polarization
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usually does not satisfy the capillary assumption. ∆η can be regarded as a correction to ηt,
reducing the influence of the pore structure that causes polarization.

4.4. Application of the Permeability Prediction Model

The η-prediction model based on the MGEMTIP has a certain locality, and the col-
lection of geophysical logging data and the laboratory core test of the reservoir area are
essential to constructing an effective equivalent medium. Compared with the two electrical
K-C models, the η-prediction model has certain advantages in the prediction of low porosity
and low permeability reservoirs because it fully understands the structural characteristics
of reservoir rocks in the investigated area. EM exploration alone cannot effectively translate
electrical parameters into reservoir physical properties. Combining geological lithology,
seismic stratification, and logging data, the equivalent medium structure of the survey
area was constructed to obtain the theoretical chargeability ηt. Combined with logging
saturation and experimental study correction, the exploration data provides measured
chargeability ηe of the survey area in saturated brine. The characteristic index a, b, c can be
obtained from the experimental data of the survey area. Substituting a, b, c, ηt, and ηe into
the prediction formula allows the permeability of the surveyed area to be calculated. Both
experiment and theory are carried out for rocks with saturated brine, and the IP character-
istics of samples with unsaturated brine have not been analyzed, which makes it difficult
to correct actual unsaturated strata and limits the application of this method. However, the
η-prediction model is still suitable for research areas with high brine saturation. In fact,
the η-prediction model has some potential for deep geothermal fracturing monitoring or
enhanced oil recovery engineering.

5. Conclusions

The chargeability based on the MGEMTIP is different from the measured chargeability
in the reservoir rock. The main reasons for the difference in chargeability are the limitation
of measurement frequency and the structural deviation between the model hypothesis and
the reservoir rock. Based on the positive correlation between the chargeability difference
and the measured permeability, the η-prediction model based on MGEMTIP is proposed.

The applicability of the η-prediction model is analyzed theoretically and experimen-
tally. Theoretical analysis shows that although the η-prediction has a theoretical correlation
with the K-C model, the η-prediction is not suitable for high porosity and high permeability
rock permeability prediction due to the failure of the equivalent medium theory. Experi-
mentally, both the fitting and prediction results show that, compared with the two electrical
K-C models, the η-prediction model is suitable for low porosity and permeability rocks
containing low-resistivity minerals, and the prediction results can be effectively constrained
within the same order of magnitude (D < 1).

The η-prediction model is a semi-quantitative relationship between rock permeability
and chargeability that depends on accurate modeling of the rock equivalent medium. The
applicability of this prediction model to actual reservoirs is still being explored. The η-
prediction model combining geological, seismic, and logging data is beneficial to reservoir
permeability prediction based on EM exploration and has certain application potential in
geothermal fracturing monitoring and enhanced oil recovery engineering.
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Appendix A

In the equivalent medium model established according to Figure A1, the equivalent
conductivity is [30]

σ̂e = σ̂b +
〈

m̂0
v

〉
V0

+
N

∑
l

1
V

{
Vl

〈
m̂l

v

〉
Vl
− Sl

〈
m̂l

s

〉
Sl

}
(A1)

where σ̂b is the background conductivity, m̂0
v and V0 correspond to the structure tensor

and background volume of the background medium, m̂l
v and m̂l

s correspond to the struc-
ture tensor and surface structure tensor of the perturbed volume numbered l, Sl , and
Vl correspond to the effective surface area and volume of the perturbation numbered l,
〈A〉V = 1

V
t

V
A(r)dv, and 〈A〉s = 1

S
s

S
A(r) · n(r)n(r)ds are the spatial average and the

surface normal average, respectively.
The space of the rock sample in the laboratory, unlike exploration, is limited, and the

outer boundary area cannot be ignored compared with the inner boundary area. Therefore,
it is necessary to consider that part of the perturbation boundary is at the outer boundary
and will form the outer boundary of the rock by contact with air or rubber bands and
other high-resistivity bodies during the test. For any perturbation l, its boundary area
Sl = Sin

l + Sout
l consists of an inner boundary and an outer boundary, formulated as

γl = Sout
l /Sl . When its outer boundary conditions contact the high-resistivity medium and

the corresponding boundary conditions satisfy λout
l = 0, then,

〈
m̂l

s

〉
Sl
=

Sout
l
Sl

〈
m̂l

s

〉
Sout

l

+
Sin

l
Sl

〈
m̂l

s

〉
Sin

l

=
Sin

l
Sl

〈
m̂l

s

〉
Sin

l

= (1− γl)
〈

m̂l
s

〉
Sin

l

(A2)

When it is substituted in the one-dimensional model, the equivalent conductivity of
the finite-space medium is obtained

σ′e = σ0

1 +
N

∑
l=1

3 fl
σl − σ0 − λl

rl
σ0σl(1− γl)

2σ0 + σl + 2 λl
rl

σ0σl

 (A3)

where σ0 is the background resistivity and σl , fl , λl , and rl are the conductivity, composition,
interface chargeability factor, and radius of the perturbation numbered l, respectively. With
substituted parameters, the formula is converted into the resistivity in the Cole-Cole model

ρ′e =
ρ0

M′0

{
1 +

N

∑
l=1

η′l

[
1− 1

iωτ′ l+1

]}−1

(A4)

The chargeability is

η′l =
fl

M′0
(

9ρ0

4ρl + 2ρ0
− 3γl

2
) ≈ fl

M0
(

9ρ0

4ρl + 2ρ0
− 3γl

2
) (A5)

where M′0 = 1−
N
∑

l=1
3 fl(1− γl)/2; in case of small volume disturbance, M′0 ≈ M0. The

time constant τ′l is consistent with that in the unbounded MGEMTIP model.

Appendix B

For the effective electrical properties of real rocks, we considered the existence of non-
spherical perturbed media k. For the applicability of the MGEMTIP model, a series of sphere
models kl (l = 1 · · · nk, nk correspond to all perturbed media that satisfy ∑

k
nk = N, which is

the number of perturbed spheres of the overall model) need to be used to approximate the
non-spherical model. The approximation steps are shown in F-1. At every step, a sphere
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is added (satisfying rkl
> rkl+1

), gradually approximating the structure of the perturbed
medium from the interior of the perturbation. Since the rock structure is not infinitely

small, it is considered that at the step numbered nk, the total volume is
nk
∑

l=1
Vkl
≈ Vk.

The total boundary of spheres increases as the number of spheres increases, and at the
step numbered m, all sphere boundaries are divided into real boundaries and imaginary

boundaries Skl
= Sr

kl
+ Sf

kl
. The true boundary is

nk
∑

l=1
Sr

kl
≈ Sk, formulated as βkl

= Sf
kl

/Skl
.

Different from the boundary conditions of finite space, the imaginary boundary not only
satisfies the change of boundary conditions λf

kl
= 0, but also affects the calculation of the

surface area of the perturbation.
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Figure A1. A step diagram of a spherical perturbed medium approximating a complex perturbed
medium.

For any sphere kl of the perturbed medium k at the step numbered nk of the MGEMTIP
model, the effective area is Sr

kl
= (1 − βkl

)
Skl

, which is less than the surface area of the
sphere Skl

. When the perturbation is a sphere, the equivalent radius rl in Formula (A3) can
be expressed as rl = 3Vl/Sl . When we substitute the complex perturbation in the finite
boundary medium, the equivalent conductivity is

σ
′′
e = σ0

1 +
N

∑
l=1

3 fl
σl − σ0 − λl(1−βl)

rl
σ0σl(1− βl)(1− γl)

2σ0 + σl + 2 λl(1−βl)
rl

σ0σl

 (A6)

With substituted parameters, the formula is converted to the resistivity form in the
Cole-Cole model

ρ
′′
e =

ρ0

M′′
0

{
1 +

N

∑
l=1

η
′′
l

[
1− 1

iωτ
′′
l +1

]}−1

(A7)

Then, the chargeability is

η
′′
l =

fl

M′′
0

[
9ρ0

4ρl + 2ρ0
− 3γl

2
− 3βl(1− γl)

2

]
≈ fl

M0
(

9ρ0

4ρl + 2ρ0
− 3γl

2
− 3βl(1− γl)

2
) (A8)

where M′0 = 1−
N
∑

l=1

3
2 fl(1− γl)(1− βl). In case of small volume disturbance, M′0 ≈ M0.

The time constant is obtained as follows

τ
′′
l =

rl(2ρl + ρ0)

2αl
s(1− βl)

= τl/(1− βl) (A9)
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