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Due to the variability of fluid properties and saturation of reservoirs, large differences in formation temperature and pressure, and
the diversity of rock and mineral compositions, the petrophysical response of reservoirs is often complex. This study explored a
new method of reservoir fluid identification and evaluation based on the complex resistivity response characteristics of sandstone
reservoirs under different measurement conditions. The complex resistivity of the five sandstone samples was measured under
normal temperature and pressure and variable pressure, temperature, and formation conditions and under different oil
saturations. Furthermore, the reservoir was comprehensively analyzed and evaluated based on the mineral composition,
porosity, and permeability parameters. The results show that the resistivity of the sandstone increases logarithmically with
pressure and oil saturation but decreases logarithmically with temperature and depth. The polarizability decreases slightly with
increasing pressure and increases slightly with increasing temperature. With increasing depth, the polarizability decreases
obviously, and with increasing oil saturation, the polarizability decreases moderately. Under different measurement conditions, the
complex resistivity data for the sandstone reservoir and the IP parameters extracted through inversion are regular. The results of
this study provide a new method for the identification and evaluation of complex reservoir fluids and have important reference value.

1. Introduction

Since the frequency dispersion of the complex resistivity of
rocks was discovered in the laboratory in the first half of
the last century [1], the complex resistivity of rocks has
become more and more widely used in various deep struc-
tures, resource exploration, and engineering geophysical
prospecting [2, 3]. Scholars in China and abroad have also
conducted extensive and in-depth research on the dispersion
characteristics of complex resistivity [4-7]. Many factors
affect the complex resistivity of rocks [8]. In recent decades,
Chinese scholars have made many achievements in the study
of the complex resistivity of rocks under simulated stratum
conditions [9]. Revil et al. [10, 11] used a new model to study
the influence of oil saturation of formation water on the
complex resistivity of oil-bearing sandstone and found that
the resistivity and the amplitude of the phase increase with
increasing oil saturation, while the imaginary component
of the complex resistivity decreases. Burtman and Zhdanov

[12] found that oil-bearing sandstone and carbonate rocks
have significant induced polarization response characteris-
tics through experiments and verified the early geophysical
application of the IP method in oil-bearing reservoir explo-
ration. By measuring the complex resistivity of artificial
sandstone with different physical properties under different
water saturation conditions and by fitting the data using
the Cole-Cole model, Jiang et al. [13] found that the fre-
quency index in the model initially decreased and then
increased with decreasing water saturation, so they pointed
out that it is expected that this index is expected to be
applied in the study of oil-water distribution in reservoirs.
Brace and Orange [14] analyzed the influence of pressure
as high as 10kb on the resistivity of 30 kinds of crystalline
rocks with great differences. It is found that porosity is the only
property that determines the high-pressure resistivity of
water-saturated rocks composed of nonconductive minerals.
Liu et al. [15] systematically summarized and analyzed the
influence of pressure and temperature on the conductivity
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FiGURrE 1: Diagram showing the distribution of the electric double layer under different wettability conditions: (a) the electric double layer
distribution under hydrophilic conditions, (b) the electric double layer distribution under lipophilic conditions, and (c) the electric double

layer at the oil-water interface [22].

and wave velocity of basalt. Li et al. [16] by measuring the
anisotropic conductivity of artificial porous sandstone samples
under pressure difference, the change of fracture parameters
caused by the differential pressure and their influence on the
anisotropic electrical conductivity of the rocks were further
analyzed theoretically. The complex resistivity of argillaceous
sandstone was tested and analyzed by Sun et al. [17] under
high-temperature and high-pressure conditions, and the influ-
ences of the salinity and depth of the rock reservoir on the
complex resistivity were obtained. Cheng et al. [18] studied
the electrical characteristics of black shale in eastern Guizhou
and identified the anisotropy of complex resistivity of the shale
and its relationship with the shale’s physical parameters.
Wang et al. [19] measured the electrical properties of rocks
under simulated high-temperature and high-pressure forma-
tion conditions and compared them with normal temperature
and normal pressure conditions. They found that the electrical
property indices measured under formation conditions were
smaller than those measured under normal temperature and
normal pressure conditions. The research objects of most pre-
vious studies were sandstone reservoirs [20], and some
scholars have predicted the properties of clastic reservoirs
using establishing models [21]. In terms of the electrochem-
ical properties of rocks, it has been found that the wettability
of the rock surface can affect the electric double layer between
two-phase media, thus affecting the induced polarization
(Figure 1) [22]. However, the subjects of the above research
were relatively singular, and they failed to comprehensively

TaBLE 1: Basic information about rock samples.

iir:;ier Core number Lithology Porosity Permeability (mD)
1 Sample 01  Sandstone 12.90% 2.8550
2 Sample 02 Sandstone 13.38% 3.8997
3 Sample 03  Sandstone 10.14% 0.8549
4 Sample 04  Sandstone 8.60% 1.3839
5 Sample 05  Sandstone  9.16% 0.8186

discuss the complex resistivity response characteristics of
rock samples from multiple angles. There are limitations in
the research conducted on some unconventional reservoirs
[23]. Therefore, by measuring and analyzing the complex
resistivity response and polarizability of five sandstone sam-
ples under multiple measurement conditions, this study pro-
vides a more valuable reference for fluid identification and
the evaluation of complex reservoirs.

2. Rock Samples and Experimental Methods

2.1. Experimental Rock Samples. Five sandstone reservoir
samples from the Huabei Oilfield were used as the experi-
mental basis in this study. The basic information about these
samples is presented in Table 1.

The rock samples were numbered sample 01, sample 02,
sample 03, sample 04, and sample 05 (Figure 2). From the
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FIGURE 2: Mineral compositions of rock samples.
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FIGURE 3: Schematic diagram showing the principle of the complex resistivity measurements.
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FIGURE 4: Amplitude and phase of complex resistivity of sandstone samples under normal temperature and pressure conditions: (a) complex

resistivity amplitude curve and (b) complex resistivity phase curve.

basic porosity and permeability information for the rock
samples and the distribution of their mineral compositions,
it can be seen that the porosity and permeability of the
experimental rock samples vary slightly. In terms of their
mineral compositions, the proportion of quartz is relatively
large, and the contents of plagioclase, calcite, dolomite, and

potassium feldspar are different. The clay contents of the five
rock samples are similar.

2.2. Complex Resistivity Measurement System. An Autolab
1000 and a 1260A impedance analyzer were used to measure
the complex resistivity of the rocks. The equipment can
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FIGURE 5: (a—e) The amplitude and phase curves of the complex resistivity of samples 1, 2, 3, 4, and 5 under variable pressures, respectively.
The left column shows the complex resistivity amplitude curves, and the right column shows the complex resistivity phase curves.

simulate formation temperatures of up to 120°C and forma-
tion pressures of up to 70 MPa. It can accurately obtain the
complex resistivity parameters of the core samples in the fre-
quency range of 0.01 Hz to 1 MHz, and the low-frequency
range of the complex resistivity is expanded by using the
low-frequency characteristic of the 1260A impedance ana-
lyzer, which is more effective for the observation of the
induced polarization [24]. The amplitude and phase of the
complex resistivity, with frequencies of 0.01 Hz-10,000 Hz,
of the five sandstone samples from the Huabei Oilfield were
measured under normal temperature and pressure, variable
temperature, variable pressure, and deepening conditions
and also under different oil saturations. A schematic dia-
gram of the equipment is shown in Figure 3.

2.3. Measurement Conditions and Complex Resistivity Model

2.3.1. Measuring Conditions

(1) Variable Pressure. The sample was saturated with 1%
Nacl (10,000 ppm) solution and tested at 35°C under differ-

ent pressure conditions. Due to the low pore pressure of
5MPa, the formation pressure difference was simulated by
changing the confining pressure. The experimental confin-
ing pressure ranged from 10MPa to 70 MPa, and the test
interval was 10 MPa. After the pressure was increased, the
measurements were conducted after the sample became stable.

(2) Variable Temperature. The samples were saturated with
1% NaCl (10,000 ppm) solution and tested at different tem-
peratures, a rock confining pressure of 60 MPa, and pore
pressure of 5MPa. The temperature ranged from 40°C to
100°C, and the test interval was 10°C. After the temperature
was increased, the measurements were conducted after the
sample became stable.

(3) Stratigraphic Conditions. The samples were saturated
with 1% NacCl (10,000 ppm) solution, and the tests were con-
ducted under simulated formation conditions. The simu-
lated burial depths were 1000 m, 1500 m, 2000 m, 2500 m,
and 3000 m. Based on the relationships between depth and
temperature and pressure under formation conditions, the
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FIGURE 6: (a—e) The amplitude and phase curves of the complex resistivities of samples 1, 2, 3, 4, and 5 under variable temperature
conditions, respectively. The left column shows the complex resistivity amplitude curves, and the right column shows the complex

resistivity phase curves.

experimental conditions for simulating the corresponding
formation depth were achieved by changing the temperature
and pressure simultaneously. The relationships between
depth and temperature and pressure under formation condi-
tions are as follows:

T=14+0.03(H - 20), (1)

P.=pgH=10"x2.6x9.8 x H=0.02548H, (2)

where T is the temperature (°C), H is the formation depth
(m), P, is the confining pressure (MPa), p is density (g/
cm?), and g is the acceleration due to gravity (m/s).

(4) Variable Oil Saturation. The rock samples were displaced
by oil under the condition of saltwater saturation, and the
complex resistivities of the rock samples were measured
under different oil (or water) saturation conditions.

2.3.2. Complex Resistivity Model. The Cole-Cole model
describes the change in a rock’s resistivity with frequency.
Pelton [25] confirmed that the Cole-Cole model can be used
to describe the change in a rocK’s resistivity with frequency,
which laid a foundation for studying the IP effect. The
expression is as follows:

where p(w) is the complex resistivity (Q2-m); p, is the
direct current (DC) resistivity (Q2-m), m is the polarizabil-
ity, 7 is the time constant (s), and c is the frequency cor-
relation coefficient. Based on the single Cole-Cole model,
scholars have proposed other models through continuous
improvement and development, such as the Dias model,
the Debye model, and the multiple and compound Cole-
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Cole models. In this paper, the double Cole-Cole model is

adopted:
)

7 == [~ ] |
(4)

1+ (iwr) )"

where m,, 7, and ¢; and m,, T,, and ¢, are the spectrum
parameters of the IP effect and electromagnetic effect,
respectively. In this paper, the spectrum parameters (p,,
m,, 7,, and ¢;), which reflect the characteristics of rock’s
induced polarization, are mainly studied [26].

3. Complex Resistivity Data under Different
Measurement Conditions

3.1. Normal Temperature and Pressure Condition. The
amplitude of the complex resistivities of the five sandstone
samples measured under normal temperature and pressure
conditions was 17Q-m to 43 Qm (Figure 4). The ampli-
tude of the complex resistivity gradually increased with
decreasing frequency, which is consistent with the real

resistivity data. The curve changes greatly in the high-
frequency and low-frequency regions. That is the absolute
value of the phase suddenly increases with increasing fre-
quency in the high-frequency region, while the absolute
value of the phase initially decreases and then increases
with decreasing frequency in the low-frequency region.
Based on the mineral composition and physical property
information for the rock samples, it was found that the
resistivity amplitudes of the rock samples with smaller
porosities and permeabilities were larger. Among the min-
eral components, the clay minerals had a large influence
on the resistivities of the rock samples. Sample 5 had the
lowest clay content, a weak formation water adsorption
capacity, and a small porosity and permeability, and thus,
it had the largest resistivity amplitude of all of the rock
samples. In the phase spectrum curve of the complex resis-
tivity, there is a peak in the low-frequency region and a
peak in the high-frequency region, and the peak in the
high-frequency region is mainly a manifestation of the
Maxwell-Wagner interface polarization. This study investi-
gated the characteristics of low-frequency electric polariza-
tion, which are closely related to the double electric layer
between the rock particles and pore fluid.
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FiGure 10: (a—e) The inversion results of the complex resistivity for samples 1, 2, 3, 4, and 5 under different temperature conditions,

respectively.

3.2. Variable Pressure Conditions. According to the data for
the five sandstone samples measured under different pres-
sures, the amplitude of the complex resistivities of the tested
samples increases with increasing pressure, but the shape of
the frequency spectrum curve does not change significantly
(Figure 5). This is consistent with the fact that the complex
resistivity increases with decreasing frequency under normal
temperature and pressure conditions. The phase curves also
exhibit large changes in the low-frequency band and the
high-frequency band, and the amplitude of the absolute
value of the phase appears in the low-frequency band.

The variation characteristics of the complex resistivity
amplitude with pressure are closely related to the pore struc-
ture of the rock, and the temperature remains unchanged.
With increasing pressure, the contact between the particles
in the rock becomes closer and closer, and the pore structure
changes (i.e., the pores become smaller), which even leads to
the closure of some of the pores, and the communication
between pores is blocked, thus affecting the migration of
the conductive particles in the pore fluid and resulting in a
decrease in the conductivity of the rock and an increase in
the resistivity.

3.3. Variable Temperature Conditions. Based on the mea-
surements collected at different temperatures, the amplitude
of the complex resistivity decreases with increasing tempera-
ture, and the amplitude of the complex resistivity decreases
more with increasing temperature in the lower-temperature
range than in the high-temperature range (Figure 6). The phase
curve shows that the absolute value of the phase increases
with decreasing frequency in the low-frequency band, and
there is a strong change in the high-temperature band.

The temperature mainly affects the complex resistivities
of the rock samples by affecting the velocity of the conduc-
tive particles in the pore fluid. With increasing temperature,
the conductive particles in the fluid (i.e., ions, electrons, and
other conductive media) in the rock pores move faster,
which leads to an increase in the conductivity and a decrease
in the resistivity of the rock sample.

3.4. Different Simulated Depth Conditions. The complex
resistivity data for the sandstone measured under different
simulated depths show that the amplitude of the complex resis-
tivity decreases gradually with increasing depth (Figure 7).
Under other measurement conditions, the amplitude of the
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FIGURE 11: (a-d) The inversion results of the complex resistivity of samples 1, 2, 3, and 5 for different simulated depths, respectively.

complex resistivity changes gently with the frequency, while
the spectrum curve of the complex resistivity amplitude at
different depths exhibits a relatively large change in the
low-frequency region, and the amplitude of the complex
resistivity increases with decreasing frequency. With increas-
ing simulation depth, the temperature and pressure both
increase, while the resistivity amplitude decreases, which indi-
cates that within the experimental conditions tested in this
study, the effect of the temperature on enhancing the conduc-
tivity by increasing the velocity of the conductive particles is
greater than that of the pressure on decreasing the conductivity
by compressing the pores. The phase value initially decreases
and then increases gradually with increasing frequency.

3.5. Different Saturation Conditions. According to the mea-
sured data, under different oil saturation conditions, the
amplitude of complex resistivity gradually increases with
the increase of oil saturation (Figure 8). On the other hand,
the phase curve shows that the amplitude of the low-
frequency band changes greatly, and the absolute value of
the phase gradually increases with the decrease in frequency.

4. Results and Discussion

According to the complex resistivity data measured under var-
ious conditions, the low-frequency band (0.01 Hz-100 Hz)
was used for the inversion. We extracted four IP parameters,
namely, the DC resistivity (p,), polarizability (m,), time con-
stant (7,), and frequency correlation coefficient (¢;) [27],
and we vigorously analyzed the influences of the different con-
ditions on the resistivity and polarizability of the sandstone.

4.1. Inversion Results under Different Pressure Conditions.
According to the inversion results, under different pressure
conditions, the resistivity of the five sandstone samples
increases logarithmically with increasing pressure, while
the polarizability decreases to some extent with increasing
pressure (Figure 9). As the pressure increases, the rock par-
ticles become closer together, the pore structure changes,

and the fluid in the pores is squeezed out, resulting in a
reduction of the electric double layer on the surface of the
rock particles and a reduction of the surface area where the
IP effect can occur, and thus, the polarizability decreases to
some extent.

4.2. Inversion Results under Different Temperature Conditions.
According to the inversion results of the complex resistiv-
ity data for the five sandstone samples under different
temperature conditions, the resistivity of the sandstone
samples decreases logarithmically with increasing tempera-
ture, while the polarizability increases with increasing tem-
perature (Figure 10).

As the test temperature increases, the movement speed
of the conductive particles in the pore fluid of the rock
increases, which increases the conductivity and decreases
the resistivity. However, when the temperature increases to
a certain level, the rock particles thermally expand, and the
pore structure is affected, which reduces the variation trend
of the resistivity curve.

4.3. Inversion Results at Different Depths. According to the
inversion results, when the IP parameter information about
the rock samples is extracted from under simulated stratum
conditions, the resistivity of the rock samples decreases
logarithmically with increasing depth, while the polarizabil-
ity decreases to a great extent with increasing depth
(Figure 11). Generally, with increasing formation depth,
the temperature and pressure of the reservoir rock increase.
The above experimental results show that the polarizability
decreases with increasing pressure and increases with
increasing temperature. However, when the depth increases,
the polarizability decreases when the temperature and pres-
sure increase simultaneously, indicating that the influence of
the pressure on the polarizability is greater than that of the
temperature. This is mainly reflected in the fact that the
influences of the porosity and pore structure on the polariz-
ability are greater than the influence of the temperature. Of
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FIGURE 12: (a, b) The inversion results of the complex resistivity of samples 1 and 5 under different oil saturation conditions, respectively.

course, there are many factors affecting the polarizability,
and only the temperature and pressure are considered here.

4.4. Inversion Results under Different Saturation Conditions.
The inversion results for the rock samples under different oil
saturation conditions show that with increasing oil satura-
tion, the resistivity increases logarithmically, while the polar-
izability decreases overall (Figure 12). As the oil saturation
increases, the pore fluid is gradually replaced by the dis-
placement oil, resulting in a gradual increase in resistivity.
Through comparative analysis of the complex resistivity
data under different measurement conditions, it was found
that the complex resistivity value under each measurement
condition increases or decreases logarithmically, that is,

y=alnx+b.

()

The absolute value of coefficient a reflects the speed of
the logarithmic change; that is, the larger the absolute value
of a is, the greater the influence of the measurement condi-
tions on the resistivity is. Based on the above-described
experimental data, it was found that the burial depth has

the greatest influence on the resistivity, followed by temper-
ature and finally pressure.

5. Conclusions

(1) Complex resistivity data for reservoir rocks were
obtained by measuring the complex resistivity of sand-
stone samples under various conditions, such as nor-
mal temperature and pressure conditions, variable
temperature conditions, different depths (simulated
formation conditions), and different oil saturations;
and the influences of the different measurement con-
ditions on the induced polarization characteristics of
the sandstone reservoir were determined

(2) Based on the inversion of a complex resistivity model,
the IP parameters under different measurement con-
ditions were extracted. Through analysis, it was found
that the resistivity increases logarithmically with
increasing pressure, decreases logarithmically with
increasing temperature, decreases logarithmically
with increasing depth, and increases logarithmically
with increasing oil saturation. Depth has the greatest
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influence on resistivity, followed by temperature and
pressure. The polarizability decreases slightly with
increasing pressure and increases slightly with increas-
ing temperature, but the amplitude only changes
slightly. In addition, the polarizability decreases obvi-
ously with increasing depth, and the overall polariz-
ability decreases with increasing oil saturation

(3) The study of the complex resistivity characteristics of
sandstone reservoirs under different measurement
conditions is helpful for analyzing the electrical
response characteristics of sandstone reservoirs from
multiple angles and provides more comprehensive
basic data for fluid identification and the evaluation
of complex reservoirs. Currently, the lithology of
the reservoir rocks tested is relatively simple. In
future research, additional rock samples from differ-
ent regions and with different lithologies will be
tested to improve the research on the complex resis-
tivity characteristics of the reservoir rocks
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