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Abstract 
The composition, structure, environment of shale oil reservoirs and crude oil 
composition cause the wettability of the reservoir to show non-uniform wetting, and it 
is very difficult to analyze the wettability. Therefore, it is necessary to propose a method 
for evaluating wettability of shale oil reservoirs. Use this method to compare the test 
results of the contact angle method and the self-absorption method, and obtain the 
wettability classification boundary and the average wettability of the reservoir. The 
research results show that: shale oil reservoirs present complex wettability 
characteristics, and the contact angle reflects the distribution of the reservoir from oil-
wetting to weakly hydrophilic wetting; The shale oil reservoir wettability test method 
shows that the relative wettability index of the reservoir is distributed between -0.3937 
and 0.0930. The average wettability is neutral and partial oil wettability. The test results 
are in line with the test results of a large number of self-absorption methods on 
wettability; The core NMR transverse relaxation time T2 spectrum also reflects the flow 
characteristics of the reservoir fluid displacement and absorption process. This new 
method for testing the wettability of shale oil reservoirs provides a reliable technology 
for the subsequent development of shale oil reservoirs. 
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1. Introduction 

In 2019, China's dependence on foreign oil has reached 73.5%[1]. In order to alleviate China's energy 
security problems, new oil resources are urgently needed. The emergence of shale oil has opened up 
a new revolution in the oil industry[2,3], and has reached more than 10% of the total crude oil 
production. However, the degree of exploitation of shale oil reservoirs has been low [5]. Due to the 
development of micro- and nano-pores in shale reservoirs[6,7], there is a large capillary force[8,9], 
which  greatly affects the fluidflow process and initial fluid distribution. Wettability determines the 
direction and magnitude of capillary forces, Therefore, in order to find suitable enhanced oil recovery 
methods, it is necessary to obtain accurate reservoir wettability. 

There are three commonly used evaluation methods for reservoir wettability[10], namely contact 
angle method, self-absorption method (Amott method) and centrifugal method (USBM method). The 
wetting angle method has the characteristics of fast test velocity, convenient operation and easy access 
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to data, and is often used in laboratory tests of wettability. However, it can only reflect the local 
wettability characteristics of the reservoir, and the result has a large deviation from the actual reservoir 
wettability. The test results of the Amott method and the USBM method belong to the average wetting 
of the reservoir, which can quantitatively and qualitatively evaluate the spot wetting (non-uniform 
wetting) reservoir. However, due to the low liquid production in shale reservoirs, the reading error 
will greatly reduce the wettability accuracy. Sharma et al. [11] combined the Amott method and the 
USBM method to obtain the different wettability indices corresponding to the two, which improved 
the accuracy of the results. Xu Lin et al.[12] used the improved Amott method to obtain that the shale 
oil reservoir in Jimusar sag belongs to neutral oil wetting. In addition, nuclear magnetic technology 
has been applied to wettability evaluation at home and abroad[13-16], which can obtain reservoir 
wettability and study reservoirflow characteristics. However, for the non-uniform wetting 
characteristics of shale reservoirs, there are few relevant literature studies, and they lack accurate 
quantitative results and stable qualitative characterizations. In this paper, the Amott method, the 
USBM method and the nuclear magnetic resonance technology are combined, and the indoor physical 
model experiment is carried out. The test results of the contact angle method are compared, and a set 
of wettability test methods suitable for shale oil reservoirs are formed. flow characteristics of oil-
water two-phase in reservoirs. 

2. Testing the Wettability of Shale Oil Reservoirs by Contact Angle Method 

2.1 Testing Method 

The contact angle can directly obtain the wettability of the rock. The tested contact angle θ can be 
divided into 3 regions, namely: hydrophilic wetting, 0°≤θ<75°; neutral wetting, 75°≤θ≤105°; 
lipophilic wetting, 105°<θ≤180°. In this paper, the KRUSS DSA30S interface parameter integrated 
measurement system is used to test the contact angle of shale rock slices. 

The experimental steps are as follows: (1) Slice the shale reservoir rock (0.5mm); (2) sand the test 
surface with sandpaper of low mesh to high mesh in turn; (3) To ensure the smoothness of the sample, 
first wash off the surface dust with hydrophilic water. Then use argon ion for polishing; (4) Dry the 
sample to get the final test rock slice; (5) Put the slice on the stage to observe the contact angle. 

2.2 Test Results 

 
Figure 1. Contact angle test (a, b. represent the wettability of different droplets; c~h are the partial 

wetting angle distribution of water droplets) 
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Using the test liquids as deionized water and kerosene, the multi-regional contact angle tests were 
performed on four samples of the shale oil reservoir in the Jimusar sag respectively, as shown in 
Figure 1. 

Kerosene droplets spread on the shale slices, reflecting the oleophilic wetting of the reservoir. The 
contact angle distribution of deionized water on shale slices is wide, ranging from 50.28° to 104.55°, 
reflecting the strong heterogeneity of reservoir wettability, and it belongs to neutral wetting and 
partial hydrophilic wetting. It can be seen from Table 1 that the wettability of the reservoir is highly 
heterogeneous, which is mainly caused by the following reasons: (1) The shale oil reservoir is 
composed of both organic matter and inorganic matter [17], and the mineral rocks in inorganic matter 
are generally hydrophilic and wet, while kerogen in organic matter belongs to hydrocarbon source 
rocks and has the characteristics of lipophilic and wetting; (2) Micro and nano pores are well 
developed in the reservoir, and the organic pores at the nano scale account for a large 
proportion[18,19]; (3) The water content of the reservoir is low, generally less than 15%[20]; (4) The 
crude oil is viscous as a whole, with high content of asphaltene and colloid[21]. The polar molecules 
containing oxygen, nitrogen and sulfur atoms in the heavy components are easily adsorbed on the 
rock wall. The above crude oil results in strong wettability non-uniformity and wide contact angle 
distribution.  

 

Table 1. Contact angle distribution 

Sample serial 
number 

Average contact angle of 
kerosene / ° 

Average contact angle at deionized level (spread 
range) / ° 

1 0 82.31(72.06～90.61) 

2 0 95.44(85.47～104.55) 

3 0 55.07(62.45～50.28) 

4 0 74.39(80.28～70.64) 

 

Comparing the wetting angles of the front and back sides of the core slices, it is found that the 
heterogeneity in the longitudinal direction of the reservoir also seriously affects the test of the contact 
angle. The crude oil in the shale oil reservoir in Jimusar sag belongs to the interlayer-enriched shale 
oil[20]. The small thickness and spacing of the strata and the complex distribution of the reservoir 
rock in the vertical direction will eventually lead to the shale oil reservoir being non-uniform patchy 
wetting. 

3. Testing the Wettability of Shale Oil Reservoirs by Contact Angle Method 

3.1 Testing Method 

Accurate wettability can be obtained by combining Amott method, USBM method and nuclear 
magnetic resonance technology. Due to the development of natural fractures and micro-nano pores 
in mature shale oil reservoirs, the application effect of Amott method and USBM method can be 
greatly improved, and NMR technology can be more three-dimensional and reflect theflow 
characteristics of reservoir fluid.  The introduction can greatly reduce the reading error of Amott 
method and USBM method, and improve the accuracy of quantitative analysis. 

In recent years, low-field nuclear magnetic resonance is often used for non-destructive analysis of 
low-permeability reservoir core pore size. The transverse relaxation time T2 has the advantages of 
fast measurement velocity and can reflect the properties of rocks and fluids. The T2 signal intensity 
is often used to characterize the pore throat size of porous media. The smaller the pore throat size, the 
smaller the saturation of the water or oil phase, and the decrease in the transverse relaxation time. 
Since the magnetic field is stable and the fluid velocity is much smaller than the free flow velocity, 
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the free relaxation time and diffusion relaxation time can be ignored [22]. Therefore, the application 
of NMR technology to wettability test measurement is highly feasible. 

 

 
Figure 2. Flow chart of a new method for wettability testing of shale oil reservoir 

 

The experimental steps are as follows: (1) The core is evacuated with a vacuum pump (the ultimate 
vacuum degree is 0.2 Pa), and then saturated with kerosene under the reservoir temperature and 
pressure, and aged for 20 days, the core is restored to the original state of the reservoir and reaches 
the wetting balance  condition. Then carry out nuclear magnetic scan to record the integral area A1; 
(2) Immerse the oil-saturated cores in heavy water (shielding the hydrogen signal in the water) to 
perform self-absorption and oil drainage. When the volume change reading is stable for 6 hours 
continuously, perform NMR scanning to obtain the integral curve area A2; (3) Low-velocity heavy 
water flooding until no oil is produced for 30min, nuclear magnetic scanning is performed to obtain 
the integral curve area A3; (4) Immerse the core in kerosene for self-priming oil drainage. When the 
volume change reading is stable for 6 hours, carry out nuclear magnetic scanning to obtain the integral 
curve area A4; (5) Low-velocity oil flooding until no water is produced for 30 minutes continuously, 
conduct nuclear magnetic scanning to obtain the integral curve area A5. The test flow is shown in 
Figure 2. 

Each physical parameter was successively calculated through Equations (1) to (10). Finally, 
wettability index AI of Amott method, USBM method and nuclear magnetic resonance (a new method 
for shale reservoir wettability testing) was calculated through Equation (11). The wettability results 
were derived from Table 2. 

 

 ΔS1=(A1-A2)/A1   (1)

 ΔS2=(A2-A3)/A2  (2)

 ΔS3=(A4-A3)/A4   (3)

 ΔS4=(A5-A4)/A5 (4)

 𝑊 = (A1-A2)/(A1-A3) (5)

 𝑊 = (A4-A3)/(A5-A3) (6)
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 𝐼 = ΔS1/(ΔS1+ΔS2) (7)

 𝐼 = ΔS3/(ΔS3+ΔS4) (8)

 𝑊 = lg
(A5-A4)

(A2-A3)
 (9)

 I=𝑊 − 𝑊  (10)

 AI=𝐼 − 𝐼  (11)

 

In the Equations: △S1 is the decrease percentage of water absorption oil discharge, △S2 is the 
decrease percentage of water displacement, △S3 is the increase percentage of oil absorption 
displacement, △S4 is the increase percentage of oil displacement, A1~A5 is the integral area of 
nuclear magnetic T2 spectrum obtained by experimental steps (1)~(5), Ww is the water wettability 
index of USBM method, Wo is the oil wettability index of USBM method, Iw is the water wettability 
index of Amott method, Io is the oil wettability index of Amott method, W is the wettability index of 
USBM method, I is the wettability index of Amott method, AI is the wettability index of Amott 
method, USBM method and nuclear magnetic resonance combination method. 

 

Table 2. Wettability criterion 

relative wettability index W relative wettability index I/AI 

(-∞,0) 0 (0, ∞) 
[-1.00,-
0.10) 

[-0.10,0.10] (0.10,1.00] 

oil 
wetting 

neutral 
wetting 

water 
wetting 

oil  

wetting 
neutral 
wetting 

water 
wetting 

3.2 Test Results 

3.2.1 Wettability 

After shielding the hydrogen signal of water, the nuclear magnetic energy of the core accurately 
reflects the distribution of the experimental oil in the pore throats of various sizes, and theflow 
distribution characteristics of crude oil in the shale oil reservoir in the Jimusar sag can be obtained 
from the microscopic. According to the integral area of the T2 spectrum at each experimental stage, 
the wettability indices W, I and AI of the USBM method, the Amott method and the new method can 
be accurately calculated by entering the equations (1) to (11), and get the final wettability result. 

 

Table 3. Wettability results of core nuclear magnetic test 

Core number Ww Wo Iw Io W I AI wettability 

1 0.0468 0.5848 0.0452 0.3635 0.3674 0.5380 0.3183 Oil wetting 

2 0.3775 0.9294 0.3540 0.2610 0.7524 0.5519 0.0930 Neutral wetting 

3 0.2743 0.2988 0.2576 0.6513 0.0032 0.0245 0.3937 Oil wetting 

4 0.3344 0.3880 0.3193 0.3583 0.0823 0.0536 0.0390 Neutral wetting 

 

As shown in Table 3, the wettability index of the four cores reflects that the shale oil reservoirs in 
Jimusar Sag belong to neutral and oil-partial wettability reservoirs. Compared with previous 
wettability tests of shale oil reservoirs in lucaogou formation in jimusar sag (table 4), the test results 
are consistent with the results of a large number of previous experiments [12,24]. The three wettability 
indexes AI, W and I obtained by the new method have good accuracy. 
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Table 4. Relative wettability index comparison 

Relative wettability index Wettability 

-0.3937≤AI(New method)≤0.0930 
Oil wetting to neutral wetting non-uniform 

distribution 

-0.7524≤W(USBN method)≤0.0823 Oil-wet to water-wet non-uniform distribution 

-0.5519≤I(Amott method)≤-0.0245 
Oil wetting to neutral wetting non-uniform 

distribution 

-0.2316≤Relative wettability index(Amott 
method)[12]≤0.297 

Oil wetting to weak water wetting non-uniform 
distribution 

-1.00≤Relative wettability index(Amott 
method)[24]≤0.00 

Oil wetting to neutral wetting non-uniform 
distribution 

3.2.2 Core Nuclear Magnetic Analysis 

Table 5. Core pore distribution 

Core number Small pore(%) Medium pore(%) Large pore(%) 

1 57.0837 31.3925 11.5238 

2 83.2332 16.7623 0.0045 

3 37.3711 57.1444 5.4845 

4 53.8322 38.5620 7.6058 

 

The lateral relaxation time T2 spectrum distribution of cores 1-4 was shown in Figure 3 during each 
experimental process of measuring wettability index by Amott method, USBM method and nuclear 
magnetic resonance technology. In this paper, NMR spectra are defined as three pore sizes, which are 
small pores (T2<1ms), medium pores (1ms < T2 <10ms) and large pores (T2>10ms). Under the 
condition of 100% saturated kerosene, rock samples 1, 3 and 4 have typical bimodal structure, and 
rock sample 2 is approximately single-modal structure. In addition, there are more small and medium 
pores in the four cores, and the area and height of the left peak are larger than that of the right peak, 
indicating that the pore volume of small and medium pores is much larger than that of large pores. 
Core pore distribution is shown in Table 5. 

In the process of oil absorption and drainage, the core mainly takes the lead in oil drainage and oil 
intake from small pores and middle pores. This is mainly due to the imbibition process, capillary 
force as imbibition force, and the smaller the aperture, the greater the capillary force. When the pore 
size increases to a certain value, the capillary force can be ignored, which directly leads to a 
significant decrease in the amount of leachate in the large pore compared with that in the small pore. 
So the effect of pore imbibition is best. In the process of water displacement and oil displacement, 
water or oil has external displacement power, so water or oil will preferentially enter large pores and 
form dominant channels. Because of the non-uniform wettability of reservoir core and the average 
wettability of reservoir core is neutral and oil-partial wettability, the effect of oil-absorbing and oil-
flooding is far worse than that of oil-absorbing and oil-flooding. This is mainly due to the influence 
of wettability on capillary force, which affects the characteristics of core imbibition andflow. 

According to the analysis of flow characteristics, the more micro/nano pore content in rock core, the 
greater the amount of dialysis liquid, the more favorable Amott method, USBM method and nuclear 
magnetic resonance technology combination method to characterize wettability. 
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Figure 3. Core transverse relaxation time T2 spectrum 

4. Summary 

(1) The contact Angle test can only test the local wettability of the reservoir, but cannot reflect the 
wettability of the whole reservoir. And the test results are seriously affected by reservoir structure 
and reservoir environment. The average result of contact Angle reflects that the wettability of shale 
oil reservoir is seriously non-uniform, and the overall wettability of shale oil reservoir is oil-wet and 
weak water-wet, and the error is serious. 

(2) Based on the characteristics of shale oil reservoir, a method suitable for precise wettability 
qualitative and quantitative testing of shale oil reservoir is proposed: Amott method, USBM method 
and nuclear magnetic resonance technology are combined. The test results show that shale oil 
reservoir of Lucaogou Formation in Jimusar Sag is neutral and oil-wet, which conforms to a large 
number of previous experimental results. 

(3) A new wettability testing method can be used to observe the flow characteristics of shale oil in 
reservoir. Due to the large capillary force in shale oil reservoir, imbibition mainly occurs in small 
pores andflow mainly occurs in large pores. 
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