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In order to identify and evaluate reservoir wettability, so as to select suitable
mining methods to improve oil recovery, wettability evaluation through one-
dimensional (1D) and two-dimensional (2D) nuclear magnetic resonance (NMR)
technology combined with physical simulation experiments was carried out in
this study, and the feasibility of the experimental method was verified by contact
Angle method. According to the principle of hydrophilic inorganic content
and hydrophobic organic content of shale, the wettability can be evaluated
through vacuum self-imbibition oil and self-imbibition water physical simulation
experiments combined with 1D NMR technology, that is, total water absorption
can be considered as inorganic content, organic content can be obtained by
subtracting total water absorption from total oil absorption, and adsorbed oil
content can be obtained by subtracting pore volume from total oil absorption.
In addition to the wettability measurement by contact Angle method to verify
the experimental method, the occurrence ratio of adsorbed oil can also be
verified twice by 2D NMR spectrum. The results show that the error between the
proportion of adsorbed oil measured by 2D NMR spectrum and that measured
by self-imbibition method is within 4%. In the saturated oil-bound water state,
the bound water is within the relaxation interval of 1<T1<10 ms and 1<T2<10 ms,
and the oil signal is within the relaxation interval of T1>10 ms and T2>10 ms. And
the relaxation time of aqueous phase moved to the right compared with that in
the saturated water state, the interaction force between water and the pore wall
was weakened, showing the characteristics of free fluid, and the rock sample
became oil-wet, which was consistent with the wettability results measured by
contact Angle. Therefore, the wettability of rock samples can be evaluated by 1D
NMR technique combined with vacuum imbibition method, or by analyzing the
changes of NMR spectra of aqueous phase in completely saturated water and
saturated oil-bound water.
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1 Introduction

Wettability is one of the important parameters to evaluate
reservoir characteristics, and the evaluation of rock wettability
is very important for the selection of reservoir development
mode, the degree of recovery, the distribution of remaining oil
and the enhancement of oil recovery (Anderson William et al.,
1986; Zhuang et al., 2017; Lin et al., 2020; Gu et al., 2021). The
development of micropore throat and mineral composition of shale
oil reservoir are complicated, so the research on the new method
of reservoir wettability identification is of great significance for the
exploitation of shale oil reservoir (Guo et al., 2020; Huang et al.,
2021; Xiao et al., 2021). Since the 1930s, domestic and foreign
scholars have proposed a variety of methods to analyze wettability,
among which qualitative analysis methods include low temperature
electron scanning method, Wilhelmy dynamic plate method,
relative permeability method, capillary pressure measurement
with microporous membrane technology and wettability method
(Wu et al., 2001). Quantitative analysis methods include contact
Angle measurement, Amott method, USBM method, automatic
imbibition method, NMR relaxation method, etc (Donaldson et al.,
1969; Anderson, 1986; Yan, 2001; Liang et al., 2019). The current
research is mainly based on quantitative method. Among them,
the surface roughness, surface heterogeneity and molecular surface
imbibition of rock sample during contact Angle measurement will
cause hysteresis in the measurement process. The Amott method
is suitable for measuring the mean wettability of the core, and the
measured results are close to the actual condition of the reservoir, but
not sensitive when it is close to neutral wettability. USBM method
and imbibition method are the most commonly used methods
to evaluate wettability in laboratory experiments. USBM method
cannot determine whether the rock sample belongs to fractional
wettability and mixed wettability. The automatic imbibition method
not only has a long experimental period, but also cannot be used
in logging technology. Nuclear magnetic resonance (NMR), as
an efficient, non-destructive and rapid technology for measuring
fluid and its distribution, is not only widely used in laboratory
core analysis, but also an important geophysical logging method.
Some scholars also use this technology to evaluate the wettability
of reservoir rocks (Looyestijn and Hofman, 2006; Sun et al., 2012;
Li et al., 2015). Howard (1998) established the relationship between
the relaxation movement of saturated water, water saturation
and wettability based on the 1D NMR T2 map under different
water saturation. Fleury and Deflandre, (2003) defined 1D NMR
wettability index to evaluate the wettability of rock samples based
on the surface area of oil and water philicity. However, 1D NMR
evaluation method needs to completely separate the relaxation
information of oil phase and aqueous phase. With the development
of 2D NMR technology, diffusion-relaxation (D-T2) and T1-T2
2D maps have become important tools to interpret and evaluate
the type and distribution of reservoir fluids. Minh et al. (2015)
established a wettability characterization method based on D-T2
atlas, but this method is difficult to apply to shale oil reservoirs
with very short relaxation component information. At present,
there are few studies on the evaluation of wettability of shale oil
reservoirs using T1-T2 2D atlas. Therefore, the representative cores
in Qinghai and Jilin blocks were took as the research object in this
study, and 1D and 2D NMR evaluation methods were combined.

Firstly, physical simulation experiments of vacuum self-imbibition
oil and vacuum self-imbibition water of rock samples were carried
out based on hydrophilic inorganic pores and hydrophobic organic
pores of shale, and the experimental results were analyzed by 1D
NMR technology. 2D NMR and contact Angle method were used
to verify the experimental results. Secondly, the 2D NMR spectra
and changes of aqueous phase in fully saturated water and saturated
oil-bound water state were analyzed, and the experimental results
were also verified by contact Angle method. In this way, 1D and
2D NMR analysis methods for evaluating reservoir wettability can
be established.

2 Experimental

This study always follows the standards of experimental testing
of shale oil (Li et al., 2019).The two different methods for evaluating
the wettability of rock reservoirs established in this study are
based on different principles. Firstly, the principle of evaluating the
wettability of rock reservoir by vacuum imbibition method is that
inorganic pores are hydrophilic and organic pores are hydrophobic.
Therefore, the experiment was carried out under the condition
of vacuum self-imbibition, mainly aiming at the oil content of
inorganic pores and organic pores under the condition of vacuum
self-imbibition to judge the wettability of rocks. Therefore, the
vacuum pressure used in this experiment was not large, which was
0.1 MPa pressure. If the pressure was too large, it is not possible to
determine whether the oil or water entering the core is immersed
under pressure or because of wettability, which affects the analysis
of the experimental results.

Secondly, the principle of judging the wettability of rock
reservoirs by 2D NMR is that the NMR spectra of water phase
in saturated oil state move to the right compared with that in
fully saturated water state, and the wettability of rock samples can
be rapidly evaluated by analyzing the NMR spectra and changes
of water phase in fully saturated water and saturated oil bound
water state. Therefore, the experiment was carried out under the
condition of pressure saturation, and the wettability of the rock was
qualitatively and quickly judged by the nuclear magnetic resonance
T1 maps of the water phase in the two states of completely saturated
water and saturated oil-bound water in the core.

2.1 Samples

Ten shale samples were selected to carry out experimental
research, rock samples No. 1 to No. 6 were carried out vacuum
self-imbibition oil and self-imbibition water physical simulation
experiments, and rock samples No. 7 to No. 10 were carried out
oil flooding physical simulation experiments after saturated water.
Samples No.1 to No. 6 were selected from the Qinghai shale
oil cores in Qaidam Basin, and the reservoir mainly developed
in the paleogene saline lacustrine shale reservoir. The “two-
stage” continuous and efficient hydrocarbon generation of the
low-abundance shale in the saline lacustrine basin provided the
hydrocarbon generation basis for oil and gas enrichment. The high
carbonate mineral content and low clay mineral content, as well as
the development degree of the striated structure laid the foundation
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TABLE 1 Core physical property parameters.

No. Block Length/cm Diameter/cm Porosity/% Permeability/mD Experimental categories

1 Qinghai 3.836 2.471 13.362 0.0311

Wettability evaluation of 1D NMR

2 Qinghai 4.271 2.476 6.133 0.0018

3 Qinghai 3.844 2.481 8.758 4.7961 (Fracture)

4 Qinghai 3.662 2.481 5.953 0.0006

5 Qinghai 2.857 2.478 6.241 0.0006

6 Qinghai 3.682 2.473 4.325 0.0009

7 Jilin 4.727 2.534 2.026 0.0010

Wettability evaluation of 2D NMR
8 Jilin 4.429 2.561 2.599 0.0010

9 Jilin 4.954 2.548 1.607 0.0030

10 Jilin 6.437 2.538 3.350 0.1390

FIGURE 1
Oil flooding experimental device.

for the reservoir transformation of the shale reservoir (Liu et al.,
2018; Zhang et al., 2021; Song et al., 2022; Li et al., 2023). Rock
samples No. 7 to No. 10 were selected from Jilin shale oil cores in
Songliao Basin. Shale oil in Songliao Basin is significantly different
from shale oil in saline lake basin in terms of mineral composition,
physical characteristics, oil content and mobilization, especially
its stratified structure and bedding structure are very developed,
so the occurrence mechanism and transportation mechanism of
shale oil in pore and fracture system are also relatively complicated
(Zeng et al., 2022; Feng et al., 2023; Zhou, 2023). The core physical
property parameters are shown in Table 1. For the pore structure,
wettability and other physical parameters of cores 1–6 will be
affected after the completion of the first saturated water and
saturated oil experiment, so it is not suitable to continue the second
experiment.Therefore, cores in two blocks were selected to carry out
two different experiments.

2.2 Method

Nuclear magnetic resonance (NMR) is a phenomenon in which
some nuclei with spin magnetic moments absorb electromagnetic
waves of a specific frequency under the action of an external
magnetic field, thereby changing the energy state. When NMR
technology is applied in petroleum exploration and development,
physical properties and fluid parameters such as reservoir
permeability, porosity, oil saturation and percentage of movable
fluid can be quickly obtained through NMR testing of rock samples.
As a non-destructive and reliable technology, NMR can characterize
the type of fluid in tight reservoirs, and the whole testing process
has almost no damage to the cores. Compared with 1D NMR
technology, 2D NMR technology can also separate the water and
oil signals and quantitatively and intuitively analyze the reservoir
occurrence state. When measuring core NMR spectra, whether 1D

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2024.1287221
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Yao et al. 10.3389/feart.2024.1287221

FIGURE 2
(Continued).

or 2D, the core sample needs to be placed in a magnetic field and
the nuclear spin resonance is excited by applying a radio frequency
pulse. The signal strength at different T2 times is then obtained
by measuring the decay of the nuclear spin signal. In this study,
1D and 2D NMR analysis methods are combined with physical
simulation experiments to establish two analytical methods for
evaluating reservoir wettability.

2.3 Experimental device and procedure

2.3.1 Wettability evaluation of 1D NMR
2.3.1.1 Experimental principle

Passey et al. (2011) believe that organic pores are hydrophobic,
while inorganic pores are hydrophilic. Sang et al. (2018) and
Gong et al. (2020) believe that when water or oil is sucked into
the hydrophilic pipe, the capillary pressure is consistent with the
direction of fluid flow. Under the action of capillary pressure, both

FIGURE 2
(Continued). NMR T2 spectra of oil and water absorption in
rock samples.

water and oil can be adsorbed into the hydrophilic pipe. The higher
the capillary pressure, the greater the imbibition power. When the
oil is sucked into the hydrophobic pipe, the capillary pressure is still
the driving force. However, when the water touches the hydrophobic
pipe, the capillary pressure becomes the resistance, and the higher
the capillary pressure, the greater the resistance. Therefore, even
under vacuum conditions, water cannot be sucked into the organic
pores. When calculating, the vacuum self-imbibition water volume
can be regarded as inorganic content, the difference between the
vacuum self-imbibition oil volume and the vacuum self-imbibition
water volume is the organic content, and the difference between
the vacuum self-imbibition oil volume and the pore volume is the
absorbed oil volume. The pore volume can be calculated according
to the calculation of the pores measured by helium gas. Based on the
research of Sang et al. (2018), the following innovations are made
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TABLE 2 Content proportion of rock samples.

No. Pore volume/mL Oil imbibition
volume/mL

Adsorbed oil/mL Inorganic
content/mL

Organic
content/mL

1 2.457 7.367 4.910 7.174 0.193

2 1.261 3.492 2.231 2.830 0.662

3 1.627 5.986 4.360 2.826 3.161

4 1.053 3.544 2.491 1.416 2.129

5 0.859 2.594 1.735 1.630 0.965

6 0.765 2.350 1.586 1.848 0.503

in this paper. Firstly, the calibration equation of the signal strength
and volume of the fluid NMR is established by 1D NMR, which is
more accurate than the experimental results of oil absorption/water
absorption obtained by the burette method adopted by Sang.
Secondly, the feasibility of this experimental method was verified by
2D NMR and wetting Angle measurement. The calculation method
is shown in Eqs 1–3.

Ei,w = Ein (1)

Where, Ei,w represents NMR signal of the total imbibition water.
Ein represents NMR signal of inorganic content.

Ei,o—Ei,w = Eor (2)

Where, Ei,o represents NMR signal of total oil imbibition. Eor
represents NMR signal of organic content.

Vi,o—Vp = Vad,o (3)

Where, Vi,o represents the total oil imbibition volume, mL.
Vp represents for pore volume, mL. Vad,o represents the adsorbed
oil volume, mL.

2.3.1.2 Experimental apparatus
According to the experiment of vacuum self-imbibition oil and

vacuum self-imbibition water, it mainly includes vacuum device and
NMR instrument. The 1D NMR instrument used is Recore-04 core
NMR analyzer. The main test parameters are: echo interval time
is 300 μm, echo number is 1,024, scan times are 64, wait time is
3,000 ms, gain is 50.The density and surface tension of the simulated
oil were 0.80 g/cm3 and 25.98 mN/m at room temperature. The
configuration of formation water is in accordance with laboratory
standards: 10,000 salinity brine should be combined with 1L water,
4.49 g Nacl2, 4.49 g Kcl, 0.77 g Cacl2, and 0.51 g Mgcl2.

2.3.1.3 Experimental procedure

(1) The rock samples No.1 to No. 6 were placed in a drying oven
and dried at 110°C for 24 h.

(2) Core porosity was measured by helium, core permeability
was measured by nitrogen, and water drop Angle measuring
instrument was used to measure the contact Angle between
core and water.

(3) By roughly calculating the capillary resistance of shale core
through the capillary force formula, it can be found that
the core can be saturated under the pressure of negative
pressure of 0.1 MPa, and the nuclear magnetic resonance
curve of the core hardly changes after saturation to 24 h.
So the rock samples No.1 to No. 6 were vacuumed and
saturated with 140,000 ppm of formation water for 24 h
(the formation water with 140,000 salinity was selected to
simulate the salinity of formation water in Qinghai shale field),
and 1D NMR T2 spectrum of the saturated water samples
were measured.

(4) The rock samples after saturated water were replaced in a
drying oven and dried at 110°C for 24 h.The dried rock sample
was vacuumed with saturated oil for 24 h, and the 1D and
2D NMR T2 spectra of the rock samples after saturated oil
were measured.

2.3.2 Wettability evaluation of 2D NMR
2.3.2.1 Experimental principle

The bound water will be distributed on the surface of fine
pore throat or large pore throat of the rock samples with strong
hydrophilicity after saturated oil, while the non-wetting oil phase is
distributed in the middle of pore throat, and the interaction force
between the oil phase and the pore throat surface is very weak.
According to the NMR surface relaxation principle, the stronger
the interaction force between hydrogen-containing fluid and the
pore throat surface, the shorter the relaxation time, and vice versa
(Yang et al., 2019; Xiao et al., 2020). Therefore, the non-wetting oil
phase is distributed in the part with a longer relaxation time, while
the wetting aqueous phase is distributed in the part with a shorter
relaxation time. When the sample is oil-wet, the wettable oil phase
is distributed on the pore throat surface and the force with the
larger pore throat surface is stronger, which inevitably leads to the
relaxation time of oil phase is shortened and the relaxation time
of aqueous phase is longer. Macroscopically, the NMR spectra of
aqueous phase in saturated oil state shifted to the right compared
with that in completely saturated water state. Based on the above
principles, the wettability of rock samples can be rapidly evaluated
by analyzing the NMR spectra and changes of the aqueous phase in
the state of completely saturatedwater and saturated oil boundwater.
In addition, T1 and T2 can reflect the interaction force between the
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FIGURE 3
(Continued).

fluid and the pore throat surface. The T1 and T2 correlation could
be represented by Eqs 4, 5.

1
T2
= 1
T2B
+ 1
T2s
+ 1
T2D
= 1
T2B
+ ρ S

V
+
D f(γGTE)2

12
(4)

1
T1
= 1
T1B
+ 1
T1s
= 1
T1B
+ ρ S

V
(5)

By comparing formula (6), (7), it can be found that when
the relaxation time of the fluid is ignored, the transverse
relaxation time is still affected by the diffusion relaxation time,
and the surface relaxation characteristics between the fluid
and the pore throat surface cannot be accurately reflected,
while the longitudinal relaxation time is not affected by the
diffusion relaxation time. Therefore, T1 relaxation time is more
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FIGURE 3
(Continued). Contact Angle of 6 rock samples.

suitable for the study of surface relaxation to characterize the
strength of the force between the fluid and the pore throat
surface. Based on the research of Xiao et al. (2021), this paper
verifies the feasibility of the experimental method by measuring
the contact Angle.

2.3.2.2 Experimental equipment
The bound water experiment was established based

on vacuum pressurized saturated water and oil flooding,
which mainly included vacuum pressurized device, ISCO
displacement pump, manual pump, core holder and 2D NMR
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TABLE 3 Contact Angle Measurement results of rock samples.

No. Porosity/% Permeability/mDContact
Angle

Wettability

1 13.36 0.031000 46.4° Super
hydrophilic

2 6.13 0.001800 59.5° Hydrophilic

3 8.76 4.800000 111.2° Weakly oil wet

4 5.95 0.000600 119.2° Weakly oil wet

5 6.24 0.000610 90.0° Neutral

6 4.33 0.000870 66.6° Hydrophilic

instrument, as shown in Figure 1. The 2D NMR analyzer
used in the experiment is Geospec produced by Oxford,
United Kingdom. The selected measurement parameters are
consistent with 1D NMR.

2.3.2.3 Experimental procedure

(1) The rock samples No.7 to No. 10 were placed in a drying oven
and dried at 110°C for 24 h.

(2) Core porosity was measured by helium, core permeability
was measured by nitrogen, and water drop Angle measuring
instrument was used to measure the contact Angle between
core and water.

(3) The rock samples No.7 to No. 10 were vacuumed and
saturated with 30,000 ppm of formation water for 24 h (the
formation water with 30,000 salinity was selected to simulate
the salinity of formation water in Jilin shale field). After that,
the cores were saturated under pressure of 16 MPa for 24 h,
and 2D NMR T2 spectrum of the saturated water samples
were measured.

(4) The rock samples after saturated water were placed in the core
holder to carry out the physical simulation experiment of oil
flooding until the water was no longer produced, and the cores
after flooding were carried out the pressurized saturated oil
experiment.

(5) The cores in saturatedwater and saturated oil boundwater state
were analyzed in contrast by 2D NMR spectra.

3 Result and analysis

3.1 Wettability evaluation of 1D NMR

Figures 2A–F are 1DNMRT2 spectra of vacuum self-imbibition
oil and vacuum self-imbibition of rock samples No. 1, 2, 3, 4, 5 and 6,
respectively.The calibration equation of fluidNMR signal amplitude
and volume was established. The correlation between signal and
volume is shown in formula 6, 7.

Vi,o = 0.000129×Ei,o (6)

FIGURE 4
(Continued).

Vi,w = 0.000124×Ei,w (7)

Among them, Vi,w represents the total imbibition
water volume, mL.

According to formula (1)–(3) and (6), (7), quantitative analysis
of the occurrence content of rock samples No. 1 to No. 6 was
conducted, as shown in Table 2. The inorganic content of No. 1
to No. 2 and No. 5 to No. 6 is greater than the organic content,
with the average inorganic content accounting for 79.98% and the
average organic content accounting for 20.05%. Due to the nature
of hydrophilic inorganic content and hydrophobic organic content
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FIGURE 4
(Continued). 2D NMR spectra of rock samples after vacuum
saturated oil.

of shale, samples No. 1 to No. 2 and No. 5 to No. 6 are hydrophilic.
According to the proportion of inorganic and organic content, the
hydrophilicity of samples No. 1 to No. 2 and No. 5 to No. 6 is
ranked as No. 1, No. 2, No. 6 and No. 5 in descending order. The
organic content of rock samples No. 3 to No. 4 is higher than the
inorganic content, with the average organic content accounting for
56.45% and the average inorganic content accounting for 43.55%.
The samples tend to be weakly oil-wet. The total adsorbed oil
content of rock samples is higher than that of free oil, the average
proportion of adsorbed oil is 68.02%, and the average proportion of
free oil is 31.98%.

TABLE 4 Occurrence state content proportion of saturated oil
rock samples.

No. Porosity/% Permeability/
mD

Proportion
of free
oil/%

Proportion
of

adsorbed
oil/%

1 13.36 0.031000 27.46 72.54

2 6.13 0.001800 22.06 77.94

3 8.76 4.800000 17.70 82.30

4 5.95 0.000600 38.67 61.33

5 6.24 0.000610 33.00 67.00

6 4.33 0.000870 29.11 70.89

In order to verify the feasibility of the experimental method, the
contact Angle between rock samples No. 1 to No. 6 and water was
measured, as shown in Figure 3. Figure 3A–F shows water contact
Angle of rock samples No. 1, 2, 3, 4, 5, and 6, respectively. Generally
defined as water wetting when Ø<75°. When 75°<Ø<105°, it is
neutral wetting. When Ø>105°, it is oil wet.

As can be seen from Table 3, the contact angles of rock samples
No. 1, No. 2, No. 5 and No.6 are 46.4°, 59.5°, 90.0° and 66.6°
respectively, and the hydrophilicity is ranked as No. 1, No. 2,
No.6 and No. 5 in descending order. The contact Angle of rock
samples No. 3 to No. 4 is about 110°, which tends to be weak
oil wet. The above results are consistent with those of 1D NMR
wettability analysis.

In addition, the oil saturated state of samples No. 1 to No. 6 was
measured by 2D NMR. Figures 4A–F show the 2D NMR spectra of
saturated oil in rock samples No. 1, 2, 3, 4, 5, and 6, respectively.
Quantitative analysis of 2D NMR results was conducted, and the
results were shown in Table 4.

As can be seen from Table 4, the average proportion of free oil
of samples No. 1 to No. 6 is 28%, that of adsorbed oil is 72%. The
error between the data measured by 2D NMR and that measured by
vacuum imbibition method of Table 2 is within 4%. Therefore, the
new experimental method is feasible.

3.2 Wettability evaluation of 2D NMR

According to the 2D NMR spectra of rock samples No. 7 to
No. 10 in saturated water and saturated oil-bound water in Figure 5.
Figures 5A,C,E,G are 2D NMR spectra of saturated water in rock
samples No. 7, 8, 9, and 10, respectively; Figures 5B,D,F,H are 2D
NMR spectra of saturated oil-bound water in rock samples No. 7,
8, 9, and 10, respectively. It can be seen that in saturated water
state, the longitudinal relaxation time T1 of rock sample is mainly
distributed between 1 and 250 ms, and the transverse relaxation
time T2 is mainly distributed between 1 and 250 ms, with T1/T2
values ranging from 1 to 100. Some T1/T2 values exceed 100. After
oil flooding, due to the larger pore throat radius, the smaller the
capillary resistance. So the oil preferentially occurs in the large pore
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FIGURE 5
(Continued).

throat during oil flooding.Therefore, the long relaxation in the upper
right corner of T1-T2 2D spectrum corresponds to the oil peak
(T2>10 ms, T1>10 ms). The relaxation time of 1< T2<10 ms and 1<
T1<10 ms corresponds to bound water peak.The T1/T2 values of the

FIGURE 5
(Continued). 2D NMR spectra of saturated water and saturated oil
bound water state of rock samples.

two peaks are different, the value of the oil peak ranges from 0.01 to
70, and the value of the bound water ranges from 0.1 to 7.

Based on the principles of section 2.3.2, the NMR T1 spectra
of the aqueous phase in the state of completely saturated waterand
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FIGURE 6
NMR T1 spectra of aqueous phase in different state.

saturated oil-bound water in rock sample No. 7 to No. 10 were
compared and analyzed, as shown in Figure 6. Figures 6A–D show
the T1 NMR spectra of saturated water and saturated oil-bound
water in rock samples No. 7, 8, 9, and 10, respectively. It can
be seen from the figure that the signal amplitude of the short
relaxation part of the four rock samples after oil flooding was
significantly reduced (1–10 ms), and the overall signal of the NMR
T1 spectra shifted to the right. This phenomenon shows that after

FIGURE 7
Contact Angle between rock sample and water before and after oil
flooding.

oil flooding, the strength of the force between water and the
pore throat wall is obviously weakened, reflecting the relaxation
characteristics of free fluid. Therefore, the four rock samples show
hydrophilic characteristics before oil flooding, and the overall oil-
wet characteristics after oil flooding.

In order to further verify this result, the contact Angle between
four rock samples and water before and after oil flooding was
measured. Cores No. 8 and No. 9 were taken as representative cores,
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as shown in Figure 7. Figures 7A,C respectively show the water
contact angle between of rock samples No. 8 and No. 9 before oil
flooding. Figures 7B,D are the water contact angle of rock samples
No. 8 and No. 9 after oil flooding. The contact angles between rock
samples No. 7 toNo. 10 andwater before oil flooding are 40.4°, 66.6°,
22.3° and 30.4°, respectively, while the contact angles between rock
samplesNo. 7 toNo. 10 andwater after oil flooding are 120.4°, 128.9°,
122.0° and 128.0°, respectively. The rock samples were water-wet
before oil flooding and turned to oil-wet after oil flooding, which
is consistent with the results obtained by T1-T2 NMR evaluation.
Therefore, the wettability of reservoir rock samples can be evaluated
effectively bymeasuring T1-T2NMR spectra in completely saturated
water and saturated oil-bound water, and analyzing the changes of
the NMR spectra in the two states of water phase.

4 Conclusion

In this study, two kinds of physical simulation experimental
methods for evaluating reservoir wettability were established
by using vacuum self-imbibition oil and self-imbibition water
combined with 1D NMR technology, or by analyzing the NMR
spectra and changes of aqueous phase in the state of completely
saturated water and saturated oil bound water. The following
conclusions were obtained.

(1) By vacuum self-imbibition analysis, it is found that the
inorganic content of samples No. 1 to No. 2 and No. 5 to
No. 6 in Qinghai is higher than the organic content, with
the average inorganic content accounting for 79.98% and the
average organic content accounting for 20.05%. The samples
are hydrophilic and the hydrophilic properties are ranked as
No. 1, No. 2, No. 6 and No. 5 from strong to weak. The organic
content of rock samples No. 3 to No. 4 is higher than the
inorganic content, with the average organic content accounting
for 56.45% and the average inorganic content accounting for
43.55%. The rock samples tend to be weakly oil-wet, and the
results of wettability determination by contact Angle method
are consistent with those by self-imbibition method.

(2) The average proportion of adsorbed oil is 68.02% and the
average proportion of free oil is 31.98%. After the self-
imbibition oil was measured by 2D NMR technology, the
average proportion of free oil was 28%, and the average
proportion of adsorbed oil was 72%. The error between the
data measured by 2D spectrum and that measured by self-
imbibition method was about 4%. Therefore, it is feasible to
evaluate the reservoir wettability by self-imbibition method
after two verification.

(3) After oil flooding, the signal amplitude of the short relaxation
part of the four Jilin rock samples decreased significantly
(that is, the water signal of 1–10 ms), and the overall
signal of the NMR T1 spectrum shifted to the right.
It shows that the strength of the force between water
and the pore throat wall is obviously weakened after oil
flooding, which reflects the relaxation characteristic of free
fluid. Therefore, the four rock samples showed hydrophilic
properties before oil flooding and oil-wet properties after
oil flooding, which was consistent with the wettability
results determined by contact Angle method. Therefore, the

wettability of rock samples can be rapidly evaluated by
analyzing the NMR spectra and changes of the aqueous phase
in the state of completely saturated water and saturated oil
bound water.
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