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ABSTRACT

Wettability has complex effects on the physical properties of reservoir rocks. The wettability of rocks
should be characterized accurately to explore and develop oil and gas. Researchers have studied the rock
wettability by dielectric spectra which contained abundant information. To study the rock wettability
from dielectric dispersion, four rock samples with different wettabilities were used to design an
experimental measurement flow. The relative dielectric permittivity in the frequency range of 100 Hz—10
MHz and nuclear magnetic resonance T spectra of the samples were obtained. Subsequently, the wet-
tabilities of the rocks were verified by the T» spectra. The dielectric dispersions of the samples under
different conditions were analyzed. Furthermore, the simulated-annealing (SA) algorithm was used to
invert the wettability and related parameters of the rocks by a dielectric dispersion model. The results
indicated that the dielectric permittivity of lipophilic rocks is lower than that of hydrophilic rocks, and
that the dielectric permittivity of hydrophilic rocks decreases faster as the frequency increases. The
dielectric permittivity in the high-frequency band is associated with the water content. The rock
wettability parameters obtained via inversion agreed well with the T, spectra, and the saturation index of
the rocks. The errors between the rock permittivity calculated by the inverted parameters and the
experimentally measured values were minor, indicating that rock wettability could be accurately char-
acterized using dielectric dispersion data.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

several methods for characterizing rock wettability in the labora-
tory. Typically, the Amott index method and the contact-angle

With the exploration and development of unconventional res-
ervoirs, numerous oil-wet and mixed-wet reservoirs have been
discovered, such as unconventional tight sandstone reservoirs in
the Triassic Yanchang Formation of the Ordos Basin (Feng et al.,
2017) and shale reservoirs in the Paleogene Shahejie Formation of
the Bohai Bay Basin (Hu et al., 2018). Wettability is a crucial
parameter for investigating the formation mechanism of oil and gas
reservoirs and increasing their development efficiency. Accurate
characterization of wettability is an important step in the explo-
ration and development of unconventional reservoirs. There are
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method characterize the wettability of rocks. The resistivity mea-
surements could also indicate wettability (Mungan and Moore,
1968; Newgord et al,, 2018, 2019). Nuclear magnetic resonance
(NMR) measurement is another alternative method for character-
izing the wettability of rocks (Looyestijn and Hofman, 2005, 2008;
Liang et al., 2023a, 2023b; Jia et al., 2024). Characterizations of
wettability by resistivity and NMR measurements are semi quan-
titative, and the measurement process are extremely complicated.
Also, researchers have attempted to characterize rocks’ wettability
using the dielectric spectra (Toumelin et al., 2005; Seleznev and
Habashy, 2016). Wettability controls the distribution and connec-
tivity of fluid in pores, and the pore throats between oil-wet par-
ticles are easily filled with oil, which will change the electrical
response of the porous system, thereby affecting the polarizability
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of the rock particle surface (Capaccioli et al., 2000). Thus, wetta-
bility is an essential factor that controls the dielectric dispersion of
rocks (Nguyen et al., 1999; Bona et al., 2002; Al-Ofi et al., 2017).

The preliminary research mainly focuses on qualitative analysis
of the influence of wettability on dielectric constant. Knight and
Abad (1995) measured the dielectric constants of hydrophobic
sandstone at a frequency of 1 MHz and found that the wettability
affected the dielectric constant. Bona et al. (1998) measured the
relative permittivity of the glass filters and Berea sandstone sam-
ples in the range of 100 Hz—40 MHz. The results indicated that both
the real and imaginary parts of the permittivity of a water-wet
sample were higher than those of an oil-wet sample. Additionally,
the dispersivity and loss tangent were proven to be the most
suitable parameters for distinguishing the wettability of the sam-
ples. Bona et al. (1999, 2002) and Capaccioli et al. (2000) measured
the dielectric permittivity of glasses filters, Berea sandstone and
reservoir samples and increased the maximum measurement fre-
quency to 10 GHz. The results indicated that at the same level of
saturation, the relative permittivity of water-wet samples
decreased more significantly than those of oil-wet rocks as fre-
quency increases. Also, the dielectric dispersion of rocks was
affected by the wettability over the entire frequency range and that
the dielectric dispersion mechanism in the gigahertz frequency
range was little affected by water saturation were concluded.
Nguyen et al. (1999) measured the complex permittivity of water-
wet and oil-wet unconsolidated quartz samples in the frequency
range of 0.3 MHz—1.5 GHz. The results indicated that the relative
permittivity of the oil-wet sample was lower than that of water-wet
rocks when the water saturation was very low or high. Gkortsas
et al. (2015) studied the wettability from dielectric measurements
on rocks using the Feng-Sen model (Feng and Sen, 1985). They
found the shape factor defined in the Feng-Sen model has a higher
value for mixed-wet rocks than water wet rocks. The above studies
did not characterize wettability quantitatively.

Recently, Garcia and Heidari (2018) and Jin et al. (2020a) pro-
posed quantitative evaluation methods for wettability. Garcia and
Heidari (2018) characterized the surface permittivity of grains in
the wetting phase using the solid-liquid electric double layer the-
ory and calculated the relative permittivity of whole grains by
introducing a fractional wettability index (X\). The relative
permittivity of the fluids was calculated using the capacitance-layer
thickness, saturation, and porosity of the oil-water interface.
Finally, according to the grains and fluid phase, the relative
permittivity of fluid-filled rocks was calculated using the effective
medium model or the Hanai-Bruggeman formula. Subsequently,
Garcia et al. (2019) used a combination of downhill gradient-
descent and evolutionary methods to invert rock wettability and
water saturation. Considering the interfacial polarizability between
a pore surface and fluid, Jin et al. (2020a) established a mechanistic
model to quantify the effects of the wettability (i.e., contact angle)
of conductive particles (i.e., pyrite particles in the shale). In this
model, the wettability of conductive mineral particles of rocks are
characterized by a contact angle. The dispersion of the electrical
conductivity and permittivity in the frequency range of 100 Hz—10
MHz of the porous media were simulated numerically. The effect of
mixed wet clay minerals was considered on the basis of an existing
model (Jin et al., 2020b). The simulation was similar to previous
measurements in the range of 100 Hz—10 MHz. At approximately
1 GHz, the effect of the wettability on the permittivity was negli-
gible. However, this model considers the impact of wettability
when the rock contains conductive minerals.

In this study, we drilled rock samples from the Jurassic Yan'an
Formation in Ordos Basin, China. Rock samples with different
wettabilities and saturation levels were prepared via an experi-
mental design. The NMR T, spectra, and dielectric constant in the
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range of 100 Hz—10 MHz of rocks under different conditions were
measured. The NMR T, spectra were used to assess the rock
wettability qualitatively. And the effects of wettability and water
saturation on rock dielectric dispersion were analyzed. Based on
the dielectric dispersion model of Garcia and Heidari (2018), a
global optimization algorithm (simulated-annealing, SA) was used
to invert the wettability and related rock parameters. The rock
wettability parameters obtained via inversion agreed well with the
T, spectra, indicating that rock wettability can be accurately char-
acterized using dielectric dispersion data. Compared with tradi-
tional methods, the quantitative characterization method
established could quickly analyze the wettability of particles on the
surface inside the rock, and the measurement is easy to perform.

2. Samples and experiments

In this study, four samples were drilled from the Jurassic Yan'an
Formation in the Pengyang area of the Ordos Basin. The Pengyang
area is located in the southern Tianhuan Depression of the basin.
The studied formations focused on the Yan6, Yan8 and Yan9 oil
members of the Yan'an Formation. The lithologies of the reservoirs
are dominated by lithic feldspar sandstone with high maturity of
composition, general sorting and grinding, and strong diagenesis.
The oil accumulation of the Yan'an Formation was very complicated
(Tong, 2016). It went through the process of accumulation,
destruction, and re-accumulation, resulting in a set of complicated
wettability of reservoirs. This area has abundant well log data,
including conventional logs, NMR and dielectric logs. The reservoirs
with "abnormal” overlapping of compensated neutron and bulk
density (CNL and DEN) logs are oil-wet, and those with "normal"
overlapping of CNL and DEN logs have water-wet wettability
(Wang, 2022; Zhao et al., 2023).

The four sandstone samples were from four different wells. The
samples were labeled ZY4-34, ZY3-14, ZY2-16, and ZY5-3. Each
sample had a diameter of 25.4 mm. The original wettability of ZY5-
3 is water-wet, and the other three samples are oil-wet. ZY3-14 and
ZY2-16 were cut into two parallel samples, i.e.,, A and B, respec-
tively. Samples A were not subjected to cleaning to maintain its
wettability, whereas samples B was subjected to cleaning prior to
resistivity measurement for comparative analysis. ZY4-34 was not
cut into parallel samples, the symbols o and  were used to
distinguish the different treatments. ZY5-3 was used as a com-
parison sample, and its properties were measured after cleaning.
Table 1 presents the pre-treatment for the rock samples. The pic-
tures of ZY5-3, ZY3-14A and ZY3-14B, ZY4-34 are shown in Fig. 1.

Since the majority of the formation water type in the research
area is calcium chloride solution, to make the research more in line
with the actual geological conditions, we chose to use the CaCl,
solution. Samples ZY2, ZY5, ZY4, and ZY3 were filled with CaCl,
solution at concentrations of 3000, 6000, 20000, and 90000 ppm,
respectively. The crude oil used in the sample was extracted from
the target layer. The NMR bulk relaxation of the oil was measured.

Table 1
Pretreatment of the rock samples.

Sample Length,cm Cut Cleaning Wettability
ZY3-14A 4.57 Cut into two samples No Oil-wet

ZY3-14B 3.98 Yes Verification required
ZY4-340, 3.94 No No Oil-wet

ZY4-34B 3.94 Yes Verification required
ZY2-16A 3.12 Cut into two samples No Oil-wet

ZY2-16B 3.17 Yes Verification required
ZY5-3 3.74 No Yes Water-wet
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Fig. 1. Pictures of core samples. From top to bottom: ZY5-3, ZY3-14A and ZY3-14B,
ZY4-34.

The experimental process is illustrated in Fig. 2. Six electric re-
sistivity spectra and twelve NMR T, spectra of samples were
obtained.

The porosity and permeability were measured via the helium
method using a helium porosimeter under the China Industrial
Standard GB/T 29172-2012 for core analysis. Geospec2 (Oxford In-
struments) with a magnetic-field intensity of 2 MHz was used to
perform NMR measurements. During the measurements, the
waiting time (Tw) was set as 3s, the echo interval was 0.2 ms, the
number of echoes was 4000, and the number of scans was 64. The
method proposed by Butler et al. (1981) was used for inversion of
the T, spectra. The T, range and number of data points were set as
0.01-10000 ms and 128, respectively. The cation exchange capacity
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(CEC) was measured following the China Standard SY/T 6352-2013.
The relative permittivity of the rock was determined by measuring
the complex conductivity of the rock using an HP4294 impedance
analyzer. A schematic of the measurement is shown in Fig. 3. This
measurement is carried out under normal temperature and pres-
sure conditions, usually selecting a pressure of 1 MPa—3 MPa (Li
et al,, 2019; Wei et al., 2024). The temperature and pressure were
25 °Cand 1.01 MPa, respectively. The bipolar measurement method
was used, and the frequency range was 100 Hz—100 MHz. The rock
permittivity was calculated as follows (Borner et al., 2015; Niu et al.,
2020):

7 :oj—i—ioj (1)
0} 5
Sr—TSO ( )

where aj‘ represents the complex conductivity of the rock, S/m; oj is

Confining pressure: 1.01 MPa

Pump Metering tube

HP4294 impedance analyzer

Collecting data through a computer

Fig. 3. Schematic of the measurement system (modified after Li et al., 2019).

‘ Four core plungers, ZY3-14 and ZY2-16 are cut into two parallel samples

Dried at 90 °C, measured helium porosity

]

ZY4-340, was evacuated and saturated
with 20 g/L CaCl, solution

]

ZY3-14A was evacuated and saturated
with 90 g/L CaCl, solution

: :
i ZY2-16A was evacuated and saturated

with 3 g/L CaCl, solution

]

Complex conductivity and NMR T,
spectra of samples were measured

¥

Samples were displaced to irreducible
water state by oil

]

NMR T, spectra of samples were
measured

Oil and salt washing, dried at 90 °C,
measured helium porosity and
permeability

L 2

ZY4-34B was evacuated and saturated
with 20 g/L CaCl, solution

v

ZY3-14B was evacuated and saturated
with 90 g/L CaCl, solution

¥

ZY5-3 was evacuated and saturated
with 6 g/L CaCl, solution

2

Complex conductivity and NMR T,
spectra of samples were measured
L 2
Samples were displaced to irreducible
water state by oil
v

NMR T, spectra of samples were
measured

Fig. 2. Experimental flowchart.
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the real part of the rock conductivity, S/m; oj'f is the imaginary part

of the rock conductivity, S/m; e is the relative permittivity of
the rock; ey represents the permittivity of free space (8.854 x 1012
F/m); w represents the angular frequency, rad/s; and i is the
imaginary unit. Besides, the permittivity was also corrected by a
simple method.

As the sample without cleaning contained residual oil, the water
saturation of samples A and o had to be corrected. The correction
formula is shown as

Swr = SWA%:

(3)

where Sy represents the actual water saturation of sample A, v/v;
Swa represents the water saturation of the samples before cleaning,
v/v; ¢4 represents the porosity of the samples before cleaning, v/v;
and ¢p represents the porosity of the samples after cleaning, v/v.

3. Data processing method
3.1. Model

Garcia and Heidari (2018) proposed a dielectric dispersion
model containing the wettability. The model consisted of three
parts. The electric double layer theory of the solid-liquid interface
was used to characterize the dielectric dispersion characteristics of
water-wet rock grains. The capacitance-layer theory for oil-water
two-phase fluids was used to characterize the dielectric disper-
sion characteristics of the liquid phases. Effective medium models
(the Maxwell Garnett or Hanai-Bruggeman model) were used to
calculate the dielectric dispersion of fluid-filled rocks.

3.1.1. Characterization of dielectric permittivity of grains

Mixed-wet rocks contain water-wet and oil-wet grains. A frac-
tional wettability index X,, was introduced to indicate the pro-
portions of the oil-wet and water-wet components. When the rock
is entirely lipophilic, X,y = 0, and when the rock is entirely hydro-
philic, X,y = 1. The relative permittivity of the grains can be
expressed using the Maxwell Garnett or Hanai-Bruggeman model,
as shown as follows (Garcia and Heidari, 2018):

£g — €5C

(4)
esc + XwNg (eg — esc)

Esolid = €sc + (1 —Xw)esc

I
where Ng is the depolarization factor of the water-wet grains,
which is related to the particle shape; ¢; represents the relative
permittivity of the mineral constituent of the grains, F/m; esc rep-

resents the relative permittivity of the grains with an electric
double layer, which is calculated as

Sg — &solid —X.
— AW
Eg — EsC

(5)

[Esolid
esc

s
esc=+— 1t &

Jweg (6)

where og represents the complex surface conductivity of spherical
grains in an electrolyte, which can be calculated as

o5t (S ) ¢

where r represents the radius of the grain, pm; > ¢r and 3 g, rep-
resents the contribution of the Stern layer and the frequency-

DosT

1 +(j&)TO)C (7)
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independent contribution to the complex surface conductance,
respectively, S/m?; 7o represents the relaxation time; and c is the
Cole—Cole exponent. The parameters are calculated as follows:

ZST :ZSSTaSTngmCEC (8)

D o =2Boopg(1 — fm)CEC (9)
ezr?

70 = IMkgTBsy (10)

where z represents the valence of the counterions; S5y and (g
represent the ion mobilities in the Stern and Gouy-Chapman layers,
respectively, m?/sV; agr and «g are coefficients related to the ge-
ometry of the Stern and diffuse layers, respectively; pg represents
the grain density, g/cm?; fin is the fraction volume of counterions
present in the Stern layer; CEC represents the cation exchange ca-
pacity, C/kg; e represents the elementary charge (1.60 x 10~° C); M
is a correction term for the diffuse layer to the dielectric dispersion;
and kg is the Boltzmann constant (1.38 x 1072 m?kg/s’K).

3.1.2. Characterization of relative permittivity of fluids

The characterization of relative permittivity of the fluids was
similar to those of the grains. The Maxwell Garnett model (or
Hanai-Bruggeman model) was used to calculate the effective
permittivity of the fluids (Garcia and Heidari, 2018):

EHC.C — Ew
ew + SwNucc(encc — ew)

(11)

&fluid = ew + (1 —Sw)ew

where S, represents the water saturation, v/v; ey represents the
relative permittivity of water, which is calculated using the method
proposed by Stogryn (1971); Nycc is the depolarization factor
associated with the hydrocarbon phase; and eyc ¢ represents the
effective permittivity of the hydrocarbon phase, which can be
calculated as

. . 2(1 —v)ec + (1 + 2v)eyc
HCC= 5 2 e + (1 — v)epnc

(12)

Here, ec represents the permittivity of the inner layer at the
hydrocarbon-water interface, F/m; eyc represents the permittivity
of the bulk hydrocarbon phase, and v represents the volume frac-
tion of the capacitance layer relative to the hydrocarbon phase,
which can be respectively calculated as

N
eHe =2 +Jwi£ (13)
3
u:(1 —ﬁ) (14)
o

where, oy represents the conductivity of the hydrocarbon, S/m; h
represents the thickness of the inner layer, nm; and ry represents
the radius of the hydrocarbon droplet, pm.

3.1.3. Characterization of relative permittivity of fluid-filled rocks
The Maxwell Garnett model (or Hanai-Bruggeman model) was

used to calculate the effective permittivity of fluid-filled rocks

combining grains and fluids (Garcia and Heidari, 2018):
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Esolid — €fluid

(15)
efluid + PNf <€solid - Eﬂuid)

er = £fluid + (1 — @)equid

where ¢ represents the porosity, v/v; N is the depolarization factor
associated with the fluid phase.

The model considers the effects of the grain phase, fluid phase,
and physical structure on the relative permittivity of rocks and
accurately characterizes the dielectric properties of reservoir rocks
in the frequency range of 100 Hz—10 MHz.

The objective function fin this paper was defined as

~ 2
[In(dm) — In(d)||,

f=100 x (16)

where dp, represents the measured value, d represents the value

calculated by the model; |- H% represents the L, norm.
It reduced the impact of multiple orders of magnitude differ-
ences in permittivity in this frequency range on calculations.

3.2. SA algorithm

To avoid solutions falling within a local range, a global simulated
annealing algorithm was selected in this study. The SA algorithm
had various applications in the field of geophysics, such as well
logging, gravity and electromagnetic data inversion. Zhou et al.
(2021) proposed a method for extraction of wave slowness of
array acoustic logging components based on SA algorithm. Prasad
(1999) and Xu et al. (2023) applied the SA to electromagnetic
data inversion. Netto and Dunbar (2019), and Jiang and Wang
(2024) used this algorithm to inverse the subsurface parameters
by gravity data. Chen et al. (2011) used the nonlinear SA method to
achieve joint inversion of magnetotelluric and seismic data, effec-
tively improving the stability of the solution. The SA algorithm is
based on the operation rules of the hill-climbing algorithm, which
is similar with the natural annealing of crystals. The process in-
volves heating an object to a sufficiently high temperature and
cooling it gradually. During the cooling process, the particles
gradually transform from disordered to ordered, reaching equilib-
rium at each temperature until the ground state is attained at room
temperature. The algorithm has a time-varying probability of
accepting new solutions and approaches zero in the search process
to avoid falling into a local optimal solution. Fig. 4 shows a flow-
chart of the SA algorithm.

The initial parameter vector Xo must be estimated before the
algorithm is executed, which significantly affects its rate of
convergence. In this paper, the initial temperature parameter was
set as 200 °C, and the number of iterations at each temperature was
150 °C. The Metropolis criterion was used as the probability func-
tion for accepting the new solutions. The probability is expressed as
(Metropolis et al., 1953)

f(Xnew) — f(Xo1q)
kBT
where xpew is the new solution generated by disturb; x4 is the
previous solution; kg is the Boltzmann constant and T represents
the temperature (°C) of the object, which gradually decreases from
the initial value when the algorithm is executed. A random value
ran between 0 and 1 is compared with the probability P. If P > ran,
the perturbed solution is accepted as a new solution; otherwise, it
is rejected. According to the Metropolis criterion, when the tem-
perature T decreases as the number of iterations increases, the

P:exp(— (17)
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probability of an unsatisfactory perturbation solution being
accepted as a new solution decreases to 0.

After each sample was inverted, the relative permittivity was
recalculated using the inverted parameters, and the relative error e;
was defined to test the effectiveness of the inversion.

e :Z“Oglo(dm) — IOglo(d)l % 100%

; >~ I0g10(dm) (18)

4. Results
4.1. Measured physical parameters of samples

The measured parameters for the sample are presented in
Table 2. After cleaning, the porosity of the samples was between
14.78% and 17.57%, whereas the permeability was between 100 and
300 mD, except for sample ZY3-14B. The porosities of samples ZY2-
16A and ZY2-16B differed significantly, indicating that the residual
oil contents of these samples were high, whereas those of samples
ZY3-14 and ZY4-34 were low. The conductivities of different solu-
tions varied significantly and were used to determine the relative
permittivity of the aqueous solution.

4.2. Wettability analysis based on NMR T, spectra

Studies have clarified the basic principle of NMR for indicating
rock wettability (Looyestijn and Hofman, 2005; Kuang et al., 2020).
The explanation will not be repeated here. Fig. 5 show the T,
spectra of the four samples measured under different conditions.
The symbols “WS” and “OD” denote the water-saturated and oil-
displaced states, respectively. According to Zhao et al. (2023),
samples ZY4-34, ZY3-14, and ZY2-16 were preliminarily identified
as oil-wet rocks, and ZY5-3 was identified as a water-wet sample.

The peak value of T, in the saturated state of sample ZY4-34a
was greater than 1000 ms, whereas that after oil displacement was
approximately 300 ms. This indicated that the rock has oil-wet
surfaces, the T, relaxation of the water-saturated sample was pri-
marily contributed to the bulk relaxation of water, and the T,
relaxation of the rock after oil displacement was primarily
contributed to the surface and bulk relaxation of oil. ZY4-34f
exhibited similar characteristics after cleaning, but the peak value
of To-WS was slightly lower than that of ZY4-3404. The T>-OD peak
value of ZY4-34 was slightly higher than that of ZY4-34q, indi-
cating that the sample remained oil-wet after the cleaning. For
sample ZY3-14A before cleaning, the T, in the OD state was shifted
forward compared with that in the WS state, indicating its oil-wet
property. However, owing to the low permeability of this sample,
the T, peak value was lower than that for ZY4-34. After cleaning,
the T» distribution in the OD state for sample ZY4-34B was shifted
backward compared with that in the WS state, indicating that the
wettability of the rocks was changed after the cleaning, and that the
samples changed from oil-wet to water-wet.

Sample ZY2-16A contained a significant amount of residual oil,
which filled approximately 50% of the total pores. After pressuri-
zation and saturation, the peak value on the right side of the NMR
T, spectrum was approximately 1000 ms, and the peak value on the
left side corresponded to that of the residual oil signal. After oil
displacement occurred, the peak on the right side disappeared,
indicating that the sample was oil-wet. The peaks on the right side
for ZY5-3 in the OD and WS states were close, and they were
positioned close to that corresponding to the bulk relaxation of oil,
indicating that the oil in the sample underwent bulk relaxation, and
that the sample was water-wet.
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Fig. 4. Flowchart of the SA algorithm.

Table 2

Physical properties of the rock samples.
Sample Por,% Perm,mD  Sw,Vv/v ow,S/m CEC,C/kg pg, g/cm?
ZY3-14A 1435 | 0.97 9.15 1800 2.65
ZY3-14B 14.78 9.11 1.0
ZY4-340, 15.04 |/ 0.88 297 380 2.65
ZY4-348 1715 27297 1.0
ZY2-16A 891 | 0.51 0.49 385 2.64
ZY2-16B 17.57 277.7 1.0
ZY5-3 17.62 164.76 1.0 0.80 1956 2.64

4.3. Effect of wettability on permittivity

Fig. 6 shows the relative dielectric curves of samples ZY3-14 and
ZY4-34 with different wettabilities in the saturated state. When the
sample was saturated with water, the wettability of ZY3-14A was
oil-wet, and the water saturation S,y was 0.97. As indicated by the
NMR T, spectra above, the wettability of ZY3-14B have changed to
water-wet after cleaning. At frequencies lower than 10 kHz, the
relative permittivity of the water-saturated water-wet sample
exceeded that of the water-saturated oil-wet sample (Fig. 6(a)).
Meanwhile, the change rate of the relative permittivity of the
water-wet sample at frequencies lower than 1 MHz exceeded that
of the oil-wet sample. This is because the rock wettability controls
the connectivity of water in pores at low frequencies, resulting in
different polarizability at the interface between the rock and fluids.
Due to the different conductivity between rock particles, oil phase,
and water phase, charge accumulation occurs at the solid-fluid or
fluid-fluid interface, resulting in polarization. The degree of charge
accumulation affects the strength of the interface polarization ef-
fect. In terms of wettability, the electrical conductivity of oil is low,
and the accumulated charges on the surface area of the oil phase at
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the solid-liquid interface of oil wet rocks are very small, resulting in
weak interface polarization effects. In fact, the interface polariza-
tion effect of oil wet rocks is only partially affected by the polari-
zation effect of hydrophilic interfaces. Therefore, the dielectric
permittivity of oil wet rocks at low frequencies is lower than that of
water wet rocks. Although samples ZY4-340 and ZY4-34f were
both oil-wet, ZY4-34f was slightly more water-saturated (Fig. 6(b)).
The S,y values of the two states were 88% and 100%, respectively.
When the wettability change was insignificant, the difference be-
tween the declining slopes of the relative permittivity of the sam-
ples in the two states at frequencies lower than 10 kHz was small.

At frequencies higher than 10 kHz, the change characteristics of
the permittivity differed between the two rock samples. The rela-
tive permittivity of ZY3-14A exceeded that of ZY3-14B, in contrast
to the low-frequency characteristics. The relative permittivity of
ZY4-340, and ZY4-34f were consistent, possibly owing to the dif-
ferences in the water contents of the samples in the two states.
When the rock was utterly saturated, no oil-water interface
emerged, and the Maxwell-Wagner-Sillars polarizability did not
occur; the relative permittivity of the sample containing oil
(ranging between 10 kHz and 1 MHz) might be slightly higher than
that of the water-saturated sample (Nguyen et al., 1999). This could
be concluded the relative permittivity of the sample at higher fre-
quencies are mainly attributed to porosity and water saturation,
and less affected by wettability.

4.4. Verification of inversion algorithm for dielectric model

To test the inversion algorithm, we assumed a set of parameters
with five different Xy, values to calculate five relative permittivity
curves within the band of 100 Hz—10 MHz. The X, value was set as
0.1,0.3, 0.5, 0.7, and 0.9, while the other parameters were fixed. The
assumed parameters are presented in Table 3. We added 10%
Gaussian noise to the five modeling curves, as shown in Fig. 7. For
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Fig. 5. T, spectra of the four samples measured under different conditions. (a) NMR T, spectra of ZY4-34. o and B denote non-cleaned and cleaned samples, respectively. The T,
peaks of this sample in the OD state were shifted to left compared with those in the WS state, indicating that oil-wet surfaces existed in the pores. (b) NMR T, spectra of ZY3-14.
Samples A and B were non-cleaned and cleaned, respectively. The T, spectra for sample A in the OD state was shifted to the left compared with that in the WS state. The T, spectrum
for sample B in the OD state was shifted to the right compared with that in the WS state. Sample A was oil-wet, whereas sample B have changed to be water-wet. (¢) NMR T, spectra
of ZY2-16A. This sample was not subject to cleaning. The main T, peak for the sample in the OD state was shifted to the left side compared with that in the WS state, indicating that
the sample was oil-wet. (d) NMR T, spectra of ZY5-3. The main T, peaks for the sample in the OD and WS states were close and were positioned close to the bulk relaxation of oil,

indicating that the sample was water-wet.
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Sample ZY4-34.

the assumed cases with X,y = 0.1 and 0.3, the permittivity curves
when the frequency was less than 10® Hz were significantly lower.
When the wettability becomes more water-wet, i.e. Xy, > 0.5, the
sensitivity of the relative permittivity to wettability decreases with
an increase in water-wet ratio. This makes the three curves for
Xw > 0.5 have a small degree of separation.
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We used the SA algorithm to process the synthesized curves.
During the inversion process, the porosity, saturation, water con-
ductivity, CEC, and grain density are known. The thickness of the
inner layer h is meaningless if the hydrocarbon conductivity is O,
which is because the electric charges are not accumulated at the
hydrocarbon-water interface. In addition, z represents the valence
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Table 3
Assumed values for modeling the permittivity.
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Parameter Symbol Unit Assumed values
Ion mobility in the Stern layer Bst m?/sV 5.2e°
lon mobility in the Gouy—Chapman layer 8o m?/sV 52e8
Coefficient associated with the geometry of the Stern layer asT / 1.5
Coefficient associated with the geometry of the diffuse layer Qg / 4
Radius of the grains r um 90
Depolarization factors for hydrocarbon, fluid, and grains Nuc,c, N, Ng / 1/3
Radius of the hydrocarbon droplets To um 1
Thickness of the inner layer h nm 2
Fraction of counterions present in the Stern layer fm / 0.95
Valence of the counterions z / 2
Correction term M / 1
Permittivity of the grains eg F/m 4.5
Density of the grains Pg g/cm? 2.65
Cation exchange capacity CEC C/kg 385
Water saturation Sw \\% 0.35
Porosity ¢ vlv 0.25
Effective conductivity of the solution ow S/m 11
Effective conductivity of the hydrocarbon THC S/m 0

1E+6
1E+5
1E+4 \
1E+3

1E42 5

Relative dielectric permittivity

1E+1 4

1E+0 —TTT
1E+2

T T T

1E+3 1E+4 1E+5 1E+6 1E+7 1E+8

Frequency, Hz

Fig. 7. Modeling curves for different X,, values. For X,, < 0.5, the permittivity curves
when the frequency is < 10° Hz are lower.

of the counterions, which is 2 for CaCl, by definition. The range of
the partition coefficient f, is narrow, with values of 0.95 for NaCl
and 0.94 for KCI (Revil and Leroy, 2004); in this study, it was 0.95.
Furthermore, M is a correction term accounting for the influence of
the diffuse layer, equal to 1 for low salinity and 3 for high salinity
(Niu and Revil, 2016). The radio of hydrocarbon droplets is
commonly in the range of 1-10 um. For each of the five cases, we
assumed rp to be 1 and 10 pm for calculating twice. The results
indicated that the difference between the two X, values was less
than 0.01. Those parameters are not sensitive to the fractional

Table 4
Assumed and inverted values for comparison.

wettability X,y. Therefore, in addition to X, the parameters for ion
mobilities, i.e., 8¢ and @1 for the Gouy-Chapman and Stern layers;
the geometric coefficients of the dual layers, i.e., ast and asg; and
the depolarization factors for grains, hydrocarbon, and fluids
should be inversed.

Table 4 presents the assumed and inverted parameter values.
For each parameter, the inverted value varied, but the average of
the inverted values (five times) was close to the assumed value.
Fig. 8 shows a comparison of the assumed and inverted X,y values,
which agreed well, confirming the effectiveness of the inversion
algorithm.

4.5. Characterization of wettability

To quantitatively characterize the wettability of each sample in
different states, the relevant parameters of the four samples were
inverted using the SA algorithm based on the dielectric dispersion
model. The partial input and output parameters of the inversion
were close to those ranges described in the above section. The
radius of the hydrocarbon droplets ry was assumed to be 1 um; its
effect on X,y is minor.

Table 5 presents the parameter values obtained via inversion.
The ion mobility of the electric double layer includes those of the
Stern and diffuse layers. The ion mobilities of the two layers can
differ by two orders of magnitude. Although the ion mobilities for
samples A and B (or o and B) differed, the corresponding parameter
values were close. No oil droplets were observed in samples ZY3-
14B or ZY4-34 after cleaning and water saturation. Thus, the
relevant parameters of the oil phase were not vital to the model.
The grains, oil and water droplets were spherical; thus, the inverted
depolarization factors were between 1/3 and 2/3. The inverse
parameter values were substituted into the model to calculate

Parameter Unit Assumed value Set range Maximum Minimum Average (five times)
Bst m?/sV 5.2e79 0.1e 9-10e~° 6.2e7? 1e® 5.6e9

8o m?/sV 5.2e8 0.1e78-10e"8 6.9e8 1.2¢78 48e8

ast / 1.5 0.1-5 1.62 134 1.49

ap / 4 0.1-5 4 33 3.82

r um 90 1-100 929 80 89.9

enc.c / 13 0.3-0.7 0.44 0.31 0.36

N¢ / 1/3 0.3-0.7 0.40 0.33 0.34

Ng / 1/3 0.3-0.7 0.41 0.33 0.35
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permittivity curves for comparison with the measured values, as
shown in Figs. 9 and 10. The error between the calculated and
measured values was small, and the defined relative errors were all
<10%, as shown in Table 5. In addition, the X,y range for each sample
was narrow; thus, the uncertainty of X,y was small.

According to the inverted X,y values, sample ZY3-14A was oil-
wet, and sample ZY3-14B after cleaning was water-wet. The Xy,
values of ZY4-34a and ZY4-34p were 0.39 and 0.41, respectively.
The results indicate that cleaning changed the wettability to
different degrees (Feng et al., 2017; Liang, 2019), which is consistent
with the findings of the NMR T, spectra analysis.

For comparison, the relevant parameters of rock samples ZY2-

Table 5
Inversed parameters of the samples (uncertainty of X,y is < 0.01).
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16A and ZY5-3 were inverted, as shown in Table 5. Fig. 11 pre-
sents a comparison between the experimental and calculated
values for samples ZY5-3 and ZY2-16A. The water saturation (S,y) of
sample ZY5-3 after cleaning was 100%. The depolarization factor of
the oil phase and other relevant parameters did not affect the rock's
relative permittivity, and the X, value was 0.99. The S, of ZY2-16A
was approximately 51%, and the X,y was 0.15. Therefore, the frac-
tional wettability index X,y obtained from the inversion of the two
rock samples was consistent with the wettability results based on
the NMR T, spectra. In addition, the relative permittivity of the
water-wet ZY5-3 sample decreased more rapidly than that of the
oil-wet ZY2-16A sample, which is consistent with the analysis
above.

Many studies suggest that the Archie's saturation index n value
of oil wet rocks is higher than that of water wet rock's (Sweeney
and Jennings, 1960; Anderson, 1986; Moss et al., 1999; Mao et al.,
1997). Generally, the n value of hydrophilic rocks is around 2,
while the n value of lipophilic rocks is mostly between 2.5 and 10,
with an extensive range of variation. Mungan and Moore (1968)
established a quantitative linear relationship between the n
values and the wettability of rocks using two sets of samples, which
indicate the n values are affected by wettability. However, for the
low-permeability samples, the resistivity could not accurately
quantitatively reflect the rock wettability because the n values in
this type of samples are affected by pore structure and wettability
(Fengetal, 2017; Han et al., 2022). Fig. 12 presents a crossplot of the
n values versus the fractional wettability index X,,. Notably, n was
obtained experimentally from the same batch of samples used by
Zhao et al. (2023). As shown, n decreased as X,y (for the water-wet
surface) increased, and the correlation between these two indices
was strong. The sample ZY3-14B with n = 2.45 is determined to be
water-wet, which is because the permeability is low. The afore-
mentioned results indicate that the X,, derived from the dielectric
dispersion model is suitable for characterizing rock wettability, that

Samples Bsr, m2/sV 8o, mM2[sV ast aso R, m Ng Nicc N¢ Xw Relative error (ro = 1 pm)
ZY3-14A 1.1e7° 6.2e8 0.113 1.727 1.9e7° 0.667 0.442 0.333 023 3%
ZY4-340, 1e710 1.71e8 0.739 1917 1.5e7° 0.667 0.660 0.333 0.39 8%
ZY3-14B 9.1e" 10 8.9e8 0.058 1.155 2.0e7° 0.667 / 0.333 0.99 9%
7Y4-34p 2.01e 10 1.8e78 0.662 1.138 1.5e~> 0.61 / 0.362 0.41 6%
ZY2-16A 5¢ 10 2.2e°8 0.11 1.77 9.0e> 0.333 0.332 0.333 0.15 3%
ZY5-3 2.1e710 5.2e8 0.114 1.212 298¢ 0.333 / 0.333 0.99 5%
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Fig. 9. Comparison between experimental (red dashed lines) and calculated (blue lines) values for samples ZY3-14A and ZY3-14B, which were non-cleaned and cleaned,

respectively. The measured and calculated values agree well. (a) ZY3-14A. (b) ZY3-14B.
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the inversion results are effective.
5. Discussion

Three physical methods were used to characterize the rock
wettability qualitatively and quantitatively: NMR spectroscopy,
dielectric dispersion measurements, and resistivity measurements.
NMR spectra measured both in the laboratory and in boreholes can
be used to indicate wettability. Those measured in boreholes can be
qualitatively indicative. Because the NMR T, spectra are affected by
the pore structure and pore fluids, they should be measured in
different states to obtain helpful information regarding wettability.
Regarding the resistivity, the saturation index n-values are
commonly used to indicate the wettability in conventional reser-
voir rocks. Except for sample ZY3-14B, the samples studied had
medium-high porosity and permeability, and the saturation index
is primarily affected by the wettability. The inverted X, from low-
frequency dielectric dispersion was consistent with the saturation
index.

Although the rock wettabilities obtained from the three physical
methods were strongly correlated, the dielectric model has too
many uncertain parameters, and the imaginary parts of dielectric
spectra were not considered in this study. It is imperative to
improve or develop new models for characterizing the wettability
of more complex rocks. Additionally, no traditional direct mea-
surements were used to assess rock wettability in this study. In the
future, the wettability should be measured using the traditional
Amott index method, to evaluate further the effectiveness and
reliability of the dielectric spectra for characterizing rock
wettability.

6. Conclusions

A set of experimental schemes for obtaining rocks with different
wettabilities was designed, and the dielectric and NMR T, spectra of
lipophilic rocks were measured. Samples whose peak values of the
T, spectra in the oil-displaced state were shifted left compared with
those in the water-saturated state were characterized as oil-wet,
whereas those whose peak values of the T, spectra in the oil-
displaced state were shifted right or were not shifted compared
with those in the water-saturated state were characterized as wa-
ter-wet.

At frequencies below 10 kHz, the relative dielectric permittiv-
ities of rocks with different wettabilities differed significantly, and
the permittivities of the water-wet samples exceeded those of the
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oil-wet samples. The dielectric permittivities of the water-wet
samples within the frequency range of 100 Hz—1 MHz declined
more rapidly than those of the oil-wet samples.

According to the Garcia and Heidari dielectric dispersion model,
Xw and other parameters were inverted using an SA method. The
error between the modeling permittivities obtained using the
inversion parameters and the experimental measurements was
insignificant, indicating that the proposed method can be used to
invert the dielectric dispersion data.

The Xy was consistent with the NMR T, spectra and Archie
saturation index n, indicating that the dielectric dispersion can be
used to characterize rock wettability accurately.
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