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ABSTRACT: With the recent development in exploration technology, extensive
attention has been given to the tight sandstone gas reservoirs in coal measures. As
a surface property of tight sandstone, wettability is a very important factor that
controls the distribution and transport of gas and water inside the sandstone; thus,
it plays a vital role in the sandstone gas-recovery process. In this study, a series of
tests, namely, the Amott—Harvey wettability test, contact angle test, {-potential
test, X-ray diffraction, thin-section analysis, scanning electron microscopy, and
mercury intrusion porosimetry, were conducted to investigate the basic features of
tight sandstones in coal measures and the effects of petrological characteristics,
fluid properties, the underground environment, sedimentation, and diagenesis on
the wetting behavior of sandstone. The impacts of three major forces, namely, the
structural, electrostatic, and dispersion forces, on sandstone wettability were also
discussed. The results showed that high surface roughness, high textural and
compositional maturity, low organic matter content, a strong hydrodynamic sedimentary environment, weak compaction and
cementation, high temperature, and high solution pH, as well as a low ionic concentration, enhance the hydrophilicity of the
sandstone.

1. INTRODUCTION

As a fundamental physical property, wettability is a major factor
controlling the distribution, flow, and location of fluids (gas,
crude oil or brine) in reservoir rock. Usually, hydrophilic

rock is still a very challenging problem because the surfaces of
sandstone rocks are complicated mixtures of minerals, where the
rock properties are determined by a delicate interplay of many
different effects.'> In our project, we directly performed tests

reservoir rock means that the wetting fluid can be imbibed
spontaneously into the rock by displacing the nonwetting fluid.
Wettability could significantly affect the oil or gas recovery from
sandstone reservoirs.””

Wettability is generally considered to be determined by the
interface interactions between the sedimentary rocks and the
fluids existing within the pores; thus, rock surface and fluid
properties are mainly discussed and explored in this work.
Regarding rock surface properties, it was reported that the
surface chemical composition (surface contamination, mineral
composition, and content) and microgeometric structure (pore
size distribution, porosity, permeability, and surface roughness),
as well as the static and dynamic interface properties, greatly
contribute to sandstone wettability.” Regarding fluid properties,
wetting-alternation mechanisms, including pH change, acid/
base interactions, ion binding, and polar interactions, reportedly
affect surface charge at liquid—liquid or solid—liquid inter-
faces."”'' Changes in the geological environment of these
reservoir rocks, such as the sedimentary environment, may also
be an influencing factor in sandstone wettability and will be
discussed in this work.

Although a considerable amount of attention has been
focused on wettability research, understanding the wettability of
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using tight sandstone samples obtained from coal measures
rather than just using one or several minerals to investigate the
wettability of sandstone.'*™"*

The coal measures in Ordos Basin have the following
characteristics: Sandstones have a large cumulative thickness
but small monolayer thickness. In addition, there are many types
of source rocks with fairly high organic content that produce a
significant amount of hydrocarbon gas. Included in this group
are a vertically cyclic combination of coal seams, mudstones or
shales, and sandstones as well as coexisting coal, coalbed gas,
shale gas, and tight sandstone gas.19 All of these characteristics
make sandstones a good source for gas exploration and
development. With the recent development in gas exploration
technology, tight gas has already been used as an important

. 20-23
replacement for conventional natural gas. The sandstone
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Figure 1. Sandstone sampling information.
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wettability studies in the Ordos area mostly focus on the oil
reservoir of the Upper Triassic Yanchang Formation. Scholars
found that oil-bearing sandstones in Yanchang Formation were
mixed wet, and it can be explained that there are a lot of chlorites
in the sandstone, which adsorbed polar compounds and mostly
became oil-wet. There are few studies on the wettability of
carboniferous-Permian tight gas reservoir sandstones.”"*”
Considering that the wettability and its influencing factors
play a vital role during the process of water flooding in the
development of gas reservoirs, we carry out this research for
providing guidance for subsequent industrial applications.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. Sandstone Sampling Information. As shown in
Figure 1a, 29 tight sandstone samples were collected from the
Linxing-Shenfu area located in the northeast section of Ordos
Basin, China. The samples are distributed within the Benxi,
Taiyuan, and Shanxi Formations of Upper Paleozoic with depths
of 1700—2100 m, as shown in Figure 1b.

2.2. Experimental Methods. 2.2.1. Petrology and Pore
Structure Characterization. For sandstone petrology and pore
structure characterization, X-ray diffraction (XRD, D/max-2600
X-ray diffractometer, Rigaku) tests were performed to obtain the
sandstone mineral composition and content, thin-section
analysis (DM4S00P optical microscope, Leica) and scanning
electron microscopy (SEM, Quanta 4S0FEG, FEI) were used to
characterize the sandstone microstructure and morphology, and
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mercury intrusion porosimetry (MIP, AutoPore IV Mercury
Porosimeter) tests were performed to obtain its porosity and
permeability. These tests were carried out in the experimental
center of CNOOC (China National Offshore Oil Corporation).

2.2.2. Sandstone Wettability Measurement. Sandstone
wettability measurements were obtained through the Amott—
Harvey test and contact angle measurement. These two methods
are generally used to fully determine the rock wetting behavior
toward water or oil. They are discussed as follows:

2.2.2.1. Standard Amott—Harvey Test. The Amott—Harvey
method is a widely accepted testing technique to measure the
wettability of sandstone rocks. These tests were also performed
in the experimental center of CNOOC. The water used was a 30
g/L CaCl, solution, mimicking the isomineralization under-
ground water, while the oil was a synthetic oil with a density of
0.7755 g/cm3 and a viscosity of 1.0562 mPa/s ™" at 25 °C. Four
displacement tests were conducted at 30 °C, and the wettability
index (I) can be calculated as follows”

Vou Va
I=W, - W,= -
‘/01 + ‘/02 le + Vw2 (1)

where W, W,, V, V,, V1, and V,,, represent the water index,
oil index, the volume of oil for spontaneous displacement of
water (mL), the volume of oil for the forced displacement of
water (mL), the volume of water for the spontaneous
displacement of oil (mL), and the volume of water for the
forced displacement of oil (mL), respectively.
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The wettability index (I) can be used to reflect the water-
wetting behavior of sandstone. A sandstone is considered as
strongly water-wet when I is between 0.7 and 1.0, while it is
considered to be moderately water-wet when 0.3 < I < 0.7 and
weakly water-wet when 0.1 < I < 0.3.2

2.2.2.2. Contact Angle Measurement. This method was
used to reflect the change in the sandstone hydrophilicity with
different surface roughness. These tests were carried out in the
laboratory of material engineering, China University of Mining
and Technology. Sandstone was cut into three small samples
with a thickness of 1 cm and a diameter of 2.5 cm. Then, the
surfaces of the samples were initially polished with coarse
sandpaper, and each sample was finished with #600, #1500, and
#2000 sandpaper (Matador, Germany), respectively. An FTA-
200 dynamic contact angle analyzer was utilized to measure the
contact angle between the sandstone sample and the water
droplet. Five tests were performed on each sample surface and
an average value was obtained. The schematic of the
experimental setup is shown in Figure 2.

I Micro pipet

Light source

Angle
Camera

Figure 2. Schematic of the experimental setup used for contact angle
measurement.

2.2.3. Experiment on the Influence of Fluid and Temper-
ature. The fluid present in the sandstone pores significantly
affects the rock wetting behavior. To find out how it works, a
series of Amott—Harvey tests and contact angle measurements
were conducted varying the liquid type, salinity, pH, and
temperature to explore the impacts of these factors on the
wettability of tight sandstone and they are discussed as follows.

2.2.3.1. Liquid Temperature. The Amott—Harvey tests were
performed on six representative samples by adjusting the water
bath temperatures to 30, 40, and 60 °C while keeping other
testing parameters constant.

2.2.3.2. Liquid Type, Salinity, and pH. The Amott—Harvey
tests and contact angle measurements were performed on these
six sandstone samples by varying the liquid type (CaCl,,
NaHCO,), salinity (CaCl, concentration of 0, 3, and 30 g/L),
and pH (5, 7, 8.5).

2.2.3.3. {-Potential Measurements. A NanoBrook ZetaPlus
analyzer (Brookhaven) was used to obtain the electrostatic
repulsion forces of sandstone particles under different pH values.
The sandstone samples were ground into very fine particles and
then suspended in 200 mL of a NaCl solution at a concentration
of 107> mol/L. The pH range investigated was from 3 to 10 with
a step increase of 1 unit and an equilibration time of 5 min for
each measurement. These measurements were performed in the
laboratory of mining and materials engineering, McGill
University.

3. RESULTS AND DISCUSSIONS

3.1. Standard Amott—Harvey Test Results. The
wettability of 29 sandstone samples through the Amott—Harvey
method is listed in Table 1. As shown in Table 1, the wettability

Table 1. Sandstone Wettability through the Standard Amott—
Harvey Method

sample  water index  oil index wettability index

no. (ry) (r,) I=r,—r, wettability

1 0.90 0.27 0.63 moderately water
wet

2 0.77 0.50 0.27 weakly water wet

3 0.88 0.19 0.69 moderately water
wet

4 0.92 0.20 0.72 strongly water
wet

S 0.86 0.14 0.71 strongly water
wet

6 0.83 0.23 0.60 moderately water
wet

7 0.90 0.18 0.72 strongly water
wet

8 0.70 0.45 0.25 weakly water wet

9 0.94 0.31 0.63 moderately water
wet

10 0.83 0.08 0.75 strongly water
wet

11 0.75 0.45 0.30 weakly water wet

12 0.88 0.19 0.69 moderately water
wet

13 0.89 0.20 0.69 moderately water
wet

14 0.64 0.40 0.24 weakly water wet

15 0.67 0.38 0.29 weakly water wet

16 0.89 0.14 0.75 strongly water
wet

17 0.71 0.43 0.28 weakly water wet

18 0.73 0.42 0.31 moderately water
wet

19 0.94 0.23 0.71 strongly water
wet

20 0.83 0.11 0.72 strongly water
wet

21 0.73 0.45 0.27 weakly water wet

22 0.86 0.14 0.71 strongly water
wet

23 0.67 0.40 0.27 weakly water wet

24 0.91 0.12 0.79 strongly water
wet

25 0.83 0.10 0.73 strongly water
wet

26 0.88 0.17 0.72 strongly water
wet

27 0.67 0.40 0.27 weakly water wet

28 0.71 0.50 0.21 weakly water wet

29 0.75 0.50 0.25 weakly water wet

indexes of these samples range from 021 to 0.79. These
sandstone samples generally have high water-wet indices
(average 0.81) and low oil-wet indices (average 0.29), which
indicates that the affinity of sandstones to water is stronger than
that to oil. Based on the criteria in Section 2.2.2.2, they are all
considered to be water-wet, which is in agreement with previous
studies.'” Overall, 38% of the sandstones are strongly water-wet,
24% are moderately water-wet, and 38% are weakly water-wet.

The reason why all of these sandstones are water-wet can be
attributed to the kerogen type of the source rock in the coal
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measures where the sandstones are located. Initially, all
sandstones were water-wet prior to the injection of oil and gas
because they were deposited in rivers, lakes, or marine-
continental transitional environments.” For tight sandstone in
oil reservoirs, the source rock is the mudstone or shale, which
was formed in a deep-water environment (ocean or deep lake)
and is rich in type I and type II kerogen. For tight sandstones in
coal measures, the source rock is the coal, mudstone, or shale,
which is deposited in the environment far away from deep water
and is rich in type III kerogen. After being heated by geothermal
energy, a significant amount of oil and gas was produced from
type I and type II kerogen, while only gas was produced from
type III kerogen. In the first case, the migration and
accumulation of oil would drive its polar end to absorb on the
sandstone pore surface, followed by the exposure of the
hydrocarbon end, resulting in the transformation of sandstone
to oil-wet.”**® In the second case (our case), the gas would be
transported into the sandstone to drive away most of the original
pore water. However, some water would be retained by capillary
forces in the finer pore spaces or as films on pore surfaces,
keeping the sandstone water-wet.”

3.2. Contact Angle Test Results. When the samples were
cut from sandstones with a diamond saw, the surfaces needed to
be polished flat prior to the contact angle tests. The higher the
sandpaper model number, the smoother the polished sandstone
surface, and thus the lower the surface roughness. The results of
contact angle tests are listed in Table 2.

Table 2. Results of Contact Angle Tests

sandpaper model number

sample no. #600 #1000 #2000
1 18.19 19.24 22.61
2 27.04 28.56 38.88
3 18.94 25.94 28.60
4 24.49 25.19 27.28
S 25.68 2791 28.53
6 32.75 33.00 33.69
7 17.81 18.72 19.25
8 20.87 23.06 29.33
9 17.68 18.47 27.81
10 27.39 27.55 28.05
11 22.54 38.40 41.03
12 19.41 27.35 27.99
13 14.56 15.54 27.52
14 24.32 26.37 33.59
15 42.09 4222 43.86
16 23.38 23.54 23.87
17 32.33 36.61 37.26
18 35.11 35.98 42.68
19 21.37 21.83 22.74
20 13.00 13.17 17.50
21 23.63 25.18 29.90
22 17.87 22.44 26.06
23 57.66 77.15 83.77
24 14.44 15.76 17.20
25 16.69 19.94 23.40
26 18.49 21.20 21.68
27 27.38 28.17 30.51
28 27.95 28.92 34.65
29 35.81 42.68 49.45

The results show that the contact angles of all of the sandstone
samples are less than 90°, further indicating that they are all
water-wet. The two tables above yield this conclusion: in
general, with the increase in the wettability index, the contact
angle is decreased. When the wettability indices are between 0.1
and 0.3 (weakly water-wet), 0.3 and 0.7 (moderately water-wet),
and 0.7 and 1.0 (strongly water-wet), the corresponding contact
angles are approximately between 80 and 40, 40 and 25, and 25—
10°, respectively. With the increase in the surface roughness of
sandstones (decrease in the sandpaper model number), the
contact angles between water and the sandstone surface
decrease, indicating that the hydrophilicity of the sandstone
increases. This can be explained as follows: as the roughness of
the sandstone surface increases, its surface becomes more
undulating, and a larger number of polar chemical bonds are
exposed on the surface of the sandstone per unit area, which
increases the sandstone surface energy and enhances water
molecule attraction. Thus, the sandstone surface shows stronger
hydrophilicity.”**’

3.3. Impacts of Sandstone Properties on Wettability.
3.3.1. Impacts of Mineral Components and Contents.
Through XRD analysis, the minerals in the sandstone are:
quartz, illite, kaolinite, chlorite, K-feldspar, albite, pyrite, calcite,
siderite, and ankerite. The quartz range is 46.2—87.1% with an
average value of 66.7%. The clay mineral contents are as follows:
illite content 0.8—29.8% with an average value of 14%, kaolinite
content 0.3—21.5% with an average value of 5.5%, and chlorite
0.1—15.1% with an average value of 1.1%. The feldspar content

is 1.6—15.1%, with an average value of 3.7%.
It is generally considered that the sandstone wettability is

determined by surface forces in the thin films between solid—
liquid surfaces, in which structural, dispersion, and electrostatic
forces are the three main components.”””” The surface
composition of sandstone mainly affects the magnitude of
structural forces; they are the short-range forces between
hydrophilic surfaces in water, and these forces arise from the
energy needed to dehydrate interacting surfaces, which contain
polar species.””~** A larger number of these bonds with a higher
polarity result in a higher sandstone surface energy when the
sandstone surface interacts with water films, resulting in higher

sandstone hydrophilicity.
Among these minerals, quartz, illite, and kaolinite show very

strong water-wetting behavior. This can be explained as follows:
Quartz (SiO,) has a diamond structure with one silicon atom

covalently bonded with four oxygen atoms. The following
reactions may occur when the fractured surface composed of the
highly reactive undercoordinated silicon and oxygen bonds

makes contact with water films>>
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Mineral wettability depends on the surface energy of the
mineral. A strong polarity of the covalent bond or ionic bond
broken on the mineral surface or a high number of broken bonds
and the unsaturated bond strength will bring a high mineral
surface energy. When encountering with water, the polar bonds
on the surface of the mineral form chemical bonds with H" and
OH" in the water and further form hydrogen bonds with water
molecules. The stronger the structural force, the higher the
hydrophilicity of the mineral surface. As shown in Reactions 2—
S, the interior of quartz (SiO,) has a silicon—oxygen tetrahedron
structure, and the Si—O bond is broken on the surface. These
residual bonds have high polarity and can interact with water
molecules to produce silanol groups (Si—OH). The adjacent
silanol groups can be further dehydrated to form siloxane bonds
(Si—O-Si); alkane alcohol groups can also form hydrogen
bonds with water molecules. It is the structural force between
the broken bond on the quartz surface and the water that makes
quartz highly hydrophilic.

For kaolinite (Al,[Si,O;0](OH)s), the polar bond energy on
the surface caused by the hydrogen bonds and the broken Si—O
and Al-O bonds is very high, which causes the high
hydrophilicity of this mineral.”® For illite
(K,_.(H,0),{AL[AlSi;0,,](OH),_,(H,0),}), the appearance
of the hydrogen bond, K* ionic bond, and a larger number of
broken Si—O and Al—O bonds on its fractured surface causes
higher bond energy and hydrophilicity.

Other minerals such as pyrite and calcite exhibit weak to
moderate water-wetting behavior, as they have weaker polar
bonds. The effects of different minerals on wettability were
investigated for all 29 samples after they were classified into
three types, based on their hydrophilicity (strongly, moderately,
and weakly water-wet). The mineral content and the
corresponding wettability index (I) obtained through the
Amott—Harvey method were averaged for each sandstone
type, and are shown in Figure 3.

Figure 3 shows that the amounts of different minerals affect
sandstone wettability. Although they are all water-wet minerals,
pyrite, carbonate, and clay minerals negatively affect sandstone
hydrophilicity, while quartz has a positive effect, and this was
confirmed by other work.*>"%” Based on our 29 samples, the
range and average content of each mineral for these three types
of sandstones are listed in Table 3.

3.3.2. Impact of Organic Matter. As shown in Figure 4, the
main feature of tight sandstones in coal measures is that they are
rich in organic carbon.

It was found that strongly hydrophilic sandstones contain
much less organic matter than weakly hydrophilic sandstones.

0.8
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S 0.6
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= |
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> |
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Figure 3. Relationship between the average mineral content and the
wettability index for sandstone.

Most strongly hydrophilic sandstones do not contain organic
matter (Figure 4a), while a few contain small amounts of coal
fragments or the carbonaceous mudstone strip (Figure 4b). The
average area ratio of organic matter on the core for these strongly
hydrophilic sandstones is 0.2%, while the range is from 0 to
0.7%. These strongly hydrophilic sandstones are usually the
middle part of the thick sandstone layer, which are light-gray
coarse and medium grain sandstone. The carbonaceous
mudstone strip sandwiched in the sandstone reflects the
intermittent drop of hydrodynamic force in the strongly
hydrodynamic sedimentary environment.

The moderately hydrophilic sandstones contain coal frag-
ments (Figure 4c) and the carbonaceous mudstone strip (Figure
4d), they are mostly gray coarse and medium-grained sand-
stones, and they are darker than strongly hydrophilic sandstones.
The average area ratio of organic matter on the core is 1.4% with
a range of 0.5—3.3%.

Weakly hydrophilic sandstones generally have a high amount
of organic matter, with an average surface area of 4.5%, so the
rock has the darkest color. Among these there are two types of
sandstone, one is gray-black fine sandstone with a large amount
of the carbonaceous mudstone strip (Figure 4e), where the area
of organic matter can reach 5.5—10.0%, and the other one is dark
gray medium fine sandstone with more various carbonaceous
fragments (Figure 4f), where the organic matter accounts for 1—
4.4% of the total area. These weakly hydrophilic sandstones are
generally in the top section of sandstone layers, and they are
often adjacent to carbonaceous mudstone or coal beds. The
large number of thin layers of mudstone sandwiched in the
sandstone reflects the overall weak and turbulent hydro-
dynamics of the sedimentary environment.

It should be noted that organic carbon is similar to coal in the
contact angle (around 60—70°), Therefore, the rich organic
carbon in the sandstone can reduce its hydrophilicity; especially,
when a large amount of finely dispersed organic carbon and fine
sand particles is uniformly mixed to form a gray-black sandstone,
the contact angle of the sandstone will be significantly increased.
This can explain why sample 23 has a much higher contact angle
than others.

3.3.3. Impacts of the Sedimentary Environment and
Sandstone Texture. Controlled by the sedimentary environ-
ment, the mineral composition, texture (including grain size),
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Table 3. Average Content of Each Mineral for These Three Types of Sandstones

sandstones

strongly water-wet

minerals range (%) average (%)
quartz 63—87 724
clay minerals 5-25 18.2
carbonate minerals 1-9 3.1
pyrite 0-2 0.9

moderately water-wet weakly water-wet

range (%) average (%) range (%) average (%)
55=77 69.7 46—69 58.5
10-25§ 18.8 15-3S 24.0
2—10 3.7 2—-30 9.0
1-2 1.1 1-20 33

d

f

Figure 4. Organic matter in sandstones with different wettabilities: (a) sample S, strongly hydrophilic, and no organic matter; (b) sample 10, strongly
hydrophilic, and a small amount of carbonaceous mudstone strip; (c) sample 1, hydrophilic, and rich in a continuous thin coal fragment layer; (d)
sample 12, hydrophilic, and sandwiched with carbonaceous mudstone strip and mudstone; (e) sample 11, weakly hydrophilic, a large amount of
carbonaceous mudstone strip, and rich in dispersed organic matter; and (f) sample 23, weakly hydrophilic, a large amount of carbonaceous mudstone

strip, and rich in dispersed organic matter.

porosity, permeability, and hydrophilicity of sandstone are a set
of indicators with internal correlation. The details are presented
as follows:

As shown in Table 4, the sandstone sample has a porosity
ranging from 1.20—9.50% and a permeability ranging from 0.002
to 4.324 X 1073 um?® These values mean that the sandstones
serve as the gas reservoir with very low porosity and
permeability. In general, with an increase in the porosity,
permeability is also improved, as shown in Figure S, because
better pore development brings better pore—throat connectiv-
ity. The porosity and permeability are greatly affected by the
sandstone grain size. Figure 6 shows the positive effect of grain
size on porosity (Figure 6a) and permeability (Figure 6b). It
should be noticed that sample 23 represented an out-of-range
point, considering there are a lot of dispersed organic matters
and some microfractures in this sample. During sampling or
experiment, the weak points in the sandstone tend to expand
along the original small cracks, and this change was enhanced by
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soft organic matter. The development of fractures significantly
enhances the sandstone permeability, despite that the porosity
of sandstone is low. This phenomenon is rare in the tight
sandstones from the study area.

In addition, the strongly water-wet sandstones are found to
have a higher porosity (4.01—9.50%, avg.: 6.28%) than those of
the moderately water-wet sandstones (3.49—9.40%, avg.:
5.51%) and weakly water-wet ones (1.20—6.50%, avg.: 3.90%).
The relationship between the porosity and the wettability index
for these 29 of sandstones is shown in Figure 7.

In general, the increase in the porosity will bring a higher
wettability index. In the wettability experiment, the large
porosity provides a large space for water storage; meanwhile,
due to the high permeability and good pore—throat con-
nectivity, the water can be smoothly drawn into the pores. In this
way, the sandstone with large porosity and large permeability
can absorb water continuously, with a large hydropathic index
and high hydrophilicity. This positive correlation between
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Table 4. Sandstone Porosity and Permeability Results
Obtained through MIP Tests

sample porosity  permeability = sample porosity  permeability
no. (%) (1073 pum?) no. (%) (1073 pm?)
1 4.75 0.028 16 5.13 0.040
2 3.82 0.017 17 2.32 0.003
3 5.90 0.009 18 6.42 0.085
4 5.81 0.008 19 4.01 0.008
N 4.51 0.006 20 9.50 0.055
6 3.50 0.007 21 6.50 0.051
7 6.30 0.033 22 4.80 0.007
8 6.06 0.035 23 2.30 4.324
9 9.40 0.037 24 9.30 0.050
10 4.57 0.030 25 4.88 0.103
11 1.20 0.002 26 8.48 0.183
12 3.49 0.007 27 3.90 0.005
13 S.13 0.040 28 4.75 0.003
14 3.80 0.004 29 1.90 0.004
15 6.31 0.102
104
® Sample 23
K 13
£
n:"
=] .
2 0.1
3
©
o
E 0.014
[
o
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Figure 5. Positive relationship between the sandstone porosity and
permeability.

hydrophilicity and porosity and permeability is very favorable for
gas reservoir exploitation. As the hydrophilicity, porosity, and
permeability of sandstone increase, water enters the sandstone
more easily during the water flooding process. Consequently,
more gas is displaced, and the gas recovery of the tight gas
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Figure 7. Relationship between the porosity and the wettability index.

reservoir is improved. In addition, tight sandstone with high
porosity and permeability generally has a higher gas content
because it can provide a larger space for reservoir gas. Thus, the
gas production of this type of tight sandstone is higher.

It should be noted that the relationship between the porosity,
permeability, particle size, and wettability of sandstone can be
traced back to the sedimentary period of sandstone. It is
discussed as follows:

The sandstone formed in the strongly hydrodynamic
sedimentary environment has a coarse particle size, good
separation, high quartz content, and fine particles such as clay
are washed away by the water flow. Therefore, the sandstone has
high porosity, high permeability, and good pore—throat
connectivity. This sandstone is often light-colored coarse-
medium-grained quartz sandstone or detrital quartz sandstone.
In the Amott—Harvey experiment, under the attraction of
hydrophilic minerals, water was sucked into the sandstone.
Because the pores penetrate well, they can inhale a large volume
of water at a fairly fast speed; thus, the sandstone exhibits a large
water-wetting index. At the same time, the sandstone has poor
oil absorption capacity and low oil-wetting index since the
minerals are hydrophilic.

The sandstone formed in the weakly hydrodynamic environ-
ment has a fine particle size and a low quartz content. A large

151

Porosity (%)

T T T
0.4 0.6 0.8
Average grain size (mm)

(a)

Permeability (10°um?)

104
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14
(]
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Figure 6. Effects of average sandstone grain size on (a) porosity and (b) permeability.
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Table S. Summary of Characterizations of Sandstones from Figure 8

hydrodynamic
type sedimentary environment force physical characteristics hydrophilicity
1 barrier bar, the main body of the subaqueous distributary channel strong coarse particle size, high quartz content, low clayand  moderately to
(excluding the top and bottom part% , and the sand flat organic matter content, and high porosity strongly
hydrophilic
2 mixed flat, river mouth bar, subaqueous natural levee, and weak finer grain size, lower quartz content, higher clayand ~ weakly hydrophilic
interdistributary bays organic matter content, and lower porosity
100 4 °
\.__o\
*—0—0 ®  —mParticle size (mm)
X ~&— Quartz content (%)
T —A— ~A-— Clay content (%)
- ' —y— Wettability index
\/ Porosity (%)
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Figure 8. Relationship between the sedimentary environment and sandstone parameters.

amount of heterogeneous clay and organic matters is mixed and
deposited, blocking the pores, resulting in low porosity and
permeability of the sandstone. It forms gray-black fine-grained
debris sandstone with a large amount of carbon-bearing
mudstone stripes. In the Amott—Harvey experiment, because
the pores were blocked, only a small amount of water was sucked
into the sandstone, showing a lower water-wet index; also,
because of the high organic matter content, the sandstone
enhanced oil absorption capacity, showing a slightly higher oil-
wet index; eventually, this sandstone shows a lower wettability
index and weak hydrophilicity. Therefore, various sedimentary
environments control the composition and structure of the
sandstone through hydrodynamic conditions, thus affecting the
wettability of the sandstone.

In the study area, the sedimentary environment in the Benxi
Formation and Taiyuan Formation is a sea-land transitional
facies, and the Shanxi Formation is a shallow water delta
environment. The sandstones of the Benxi Formation are
formed in sedimentary microfacies such as barrier bars, sand
flats, and mixed flats. The sand bodies of Taiyuan and Shanxi
Formations are mainly formed in sedimentary microfacies such
as shallow delta subaqueous distributary channels, river mouth
bars, and subaqueous natural levees. A small amount of thin
sandstone can be formed in the interdistributary bay. Based on
information such as petrological characteristics, sedimentary
structure, and logging, we analyzed the sedimentary microfacies
of each sample. Then, the relationship between sedimentary
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microfacies and sandstone parameters was established, as shown
in the figure below.

Table 5 describes summarized conclusions of the findings
from Figure 8.

It should be noted that sandstone hydrophilicity weakens in
sequence in the following sedimentary environment: barrier
bars, main bodies of subaqueous distributary channels, sand
flats, subaqueous natural levees, river mouth bars, mixed flats,
and interdistributary bays. The influencing factors of sandstone
wettability mainly rely on the material basis of sandstone such as
the composition and structure rather than the depositional
environment. Therefore, the influencing factors of wettability in
different depositional environments may be comparable.

3.3.4. Impact of Diagenesis and Mineral Occurrence.
Under a microscope, a sandstone generally consists of three
components: particles, interstitial materials, and pores. The thin-
section analysis of the sandstone lithology is shown in Figure 9.

Figure 9 illustrates that the sandstones in the study area were
mainly litharenite (58.6%), with some lithic quartz arenite
(24.1%), feldspathic litharenite (13.8%), and a small amount of
quartz arenite (3.4%). Figure 10 shows the mineral occurrence
and texture of sandstones through microscopy and SEM
analysis.

As shown in Figure 10a, the clastic particles are mainly quartz,
along with lithic fragments that were composed of low-grade
metamorphic carbonaceous argillaceous slate and sericite
phyllite. The interstitial materials between the particles are
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I- quartz arenite;

II- feldspathic quartz arenite;
III- lithic quartz arenite;

IV- arkose;

V- lithic arkose;

VI- feldspathic litharenite;
VII- litharenite

1/3

F. % 3 1 R, %

Figure 9. Ternary plot showing the sandstone lithology where Q, F, and
R represent quartz, feldspar, and rock fragment, separately.

mud matrix, followed by ankerite (Figure 10a,b); quartz
overgrowths (Figure 10c); carbonate minerals (calcite, siderite),
pyrite, and book-like authigenic kaolinite (Figure 10e); and
authigenic quartz crystal and filamentous authigenic illite
(Figure 10f). The particles are subangular to subrounded,
moderately to well sorted with porous cementation. Figure 10c,d

also reveals that the pores in sandstone are dominated by
interparticle, intraparticle, and moldic dissolution pores, with a
diameter ranging from 0.01—0.60 mm. Some subordinate
residual primary intergranular and intercrystalline pores (Figure
10e,f) can also be seen. The pore throats generally have sheet-
like, bending-flake-like or tubular geometry.

Based on Figure 10, we can explain why minerals behave
differently with regard to sandstone wettability although they are
all water-wet. The occurrence of minerals has a certain influence
on the wettability of sandstone. Generally, quartz exists as the
main rigid skeleton particles; a higher quartz content will result
in more pore spaces for water to be absorbed into sandstone. An
increase in the quartz content will enhance the sandstone water-
wetting behavior. Meanwhile, pyrite, clay, and carbonate
minerals exist as interstitial materials, blocking pore spaces
and thus, preventing water from infiltrating the sandstone. An
increase in the value will deteriorate the sandstone water-wetting
behavior.

It should be noted that under a microscope, most sandstones
in the study area are as shown in Figure 10a,b; it can be seen that
the pores are generally not developed, and they are generally
poorly connected and are occluded by detrital or authigenic clay
minerals or strong carbonate cement.

This kind of strong compaction generally exists in tight
sandstones of coal series, and it has a great influence on the
wettability of sandstones. There are a lot of argillaceous slate and
mud matrix mixed with dispersed organic matter in the
sandstone (Figure 10a). Clay and organic matter are both

—
2oom, 8

Figure 10. Mineral occurrences and textures of sandstone through microscopy and SEM analysis: (a) sample 7, plane-polarized light, 12.5X, Q: quartz,
R: rock fragment, and Ank: ankerite; (b) sample 17, plane-polarized light, and 50X; (c) sample 20, plane-polarized light, and 12.5X; (d) sample 6, SEM
image, and 800X; (e); sample 10, SEM image, 2400X, and K: kaolinite; and (f) sample 21, SEM image, 1600X, and I: illite.
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Table 6. Amott—Harvey Test Results Performed under Different Water Bath Temperatures

main mineral composition

wettability index (I)

sample no. quartz feldspar siderite ankerite clay minerals 30 °C 40 °C 60 °C
3 67.7 7.0 4.6 17.0 0.69 0.72 0.73
6 58.3 6.5 1.1 13 32.0 0.60 0.67 0.70
9 69.2 2.0 3.1 22.6 0.63 0.69 0.71
14 S1.6 8.2 13.2 2.0 23.2 0.24 0.28 0.32
20 64.3 1.8 1.1 29.8 0.72 0.74 0.75
24 87.1 1.8 4.8 0.79 0.80 0.81
fine-grained and lighter minerals, which are easily mixed ] .
together and deposited when the hydrodynamic force is 081 « “ K
weakened. This weak argillaceous slate and mud matrix form a 0.7 i
highly deformable organic clay under strong compaction, filling ]
the entire pores, greatly reducing the porosity in the sandstone, x 0.6 é
and the overall hydrophilicity of the sandstone becomes poor. It 3
is because clay minerals are associated with organic matter and i 0.5
have the function of blocking pores, so the higher the clay =
content in the sandstone, the weaker the sandstone hydro- 8 04
s . . . .1 = < No.24
philicity. This also explains why clay is a strong hydrophilic %» o e No 20
mineral, but the clay mineral content in sandstone is inversely 7 / = No. 3
proportional to the hydrophilicity. 0 2_' A No.9
Various ions in the mudstone are transported into the ' ® No.6
sandstone by underground water and deposited to form R P vl N_o' 114
carbonate cement. The bottom of the subaqueous distributary 25 30 35 40 45 5 55 60 65 70

channel facies caused a large amount of mudstone debris in the
sandstone due to erosion, and the top of the subaqueous
distributary channel facies brought a large proportion of muddy
texture in the sandstone due to the decrease in the hydro-
dynamic force. This caused a large number of pores to disappear
(Figure 10b). Although this part of the sandstone may still have a
coarser particle size, it is weakly hydrophilic due to the
disappearance of pores. In the thin sandstone (fine grain) or
the top (medium grain, fine grain) and bottom (coarse grain) of
the thick sandstone, because of strong carbonate cementation,
the sandstone is often weakly hydrophilic.

3.4. Impacts of Sandstone Fluid Properties on
Wettability. Unlike the structural forces discussed in the
previous section, the sandstone fluids mainly affect the
sandstone wettability through the dispersion force and electro-
static force. Generally, the dispersion force is a result of the van
der Waals interaction between the molecules of the liquid and
the solid surface, and the electrostatic force results from the
osmotic pressure caused by the excess counterions present in the
liquid interlayer to satisfy the electroneutrality condition.*®
Thus, the effects of fluid temperature and other properties,
including brine type, salinity, and pH, on sandstone wettability
are explored.

3.4.1. Impacts of Temperature. Six representative samples
were selected out of these 29 sandstone samples to test the effect
of temperature change on wettability. Amott—Harvey tests were
performed under three different water bath (30 g/L CaCl,
solution) temperatures. The results are listed in Table 6.

The relationship between temperature and wettability for
these six sandstone samples is also illustrated in Figure 11.

As shown in Figure 11, with an increase in water bath
temperature, the wettability index of the sandstone increases,
and the increase is almost linear. There is also an inconspicuous
trend: the higher the temperature, the lower the increase in
hydrophilicity. It was also noticed that below 60 °C, sample 14
changes from weakly water-wet to moderately water-wet.
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Temperature (°C)

Figure 11. Relationship between temperature and wettability.

This phenomenon can be explained as follows: in the rock—
brine system, the interfacial tension at the solid—liquid interface
is a result of van der Waals interactions. With an increase in
temperature, the liquid surface tension is reduced at a much
higher rate than the solid surface tension, as the increased
thermal vibrations of water droplets weaken the van der Waals
interaction.”®*” This was confirmed by our results, showing that
an increase in temperature from 30 to 60 °C results in a decrease
in the surface tension of a 30 g/L CaCl, solution from 69.37 to
60.25 mN/m. Meanwhile, the solid—liquid interfacial tension
also decreases, causing better affinity of solid to liquid; thus, the
hydrophilicity increases. It should also be noted that with an
increase in temperature, the hydrophilicity of sandstone
containing higher amounts of clay minerals also increases at a
higher rate. This is because the van der Waals interaction
between water and clay minerals is stronger than that between
water and quartz.*’

3.4.2. Impacts of Fluid Type, Salinity, and pH. Amott—
Harvey tests and contact angle measurements were performed
on several samples by changing the fluid type, salinity, and pH
while keeping all other parameters constant. These factors
mainly affect sandstone wettability through electrostatic
interactions.

3.4.2.1. Impacts of Fluid Type and Salinity. The contact
angles between sandstone and water, NaCl, NaHCO;, CaCl,,
and MgCl, solutions were measured. The concentrations of the
solutions were all 30 g/L. The results are shown in Figure 12.

It can be seen that for all 10 samples, compared with water, all
salt solutions result in a larger contact angle and lower
hydrophilicity; at the same mass concentration, calcium and
magnesium ions increase the contact angle and decrease the
hydrophilicity, compared with sodium ions. To further explore
the cause of different wetting behaviors, the impacts of different
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concentrations of CaCl, on sandstone wettability are shown in
Figure 13.
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Figure 13. Impacts of CaCl, salinity on wettability.

It can be seen that with an increase in salinity, the
hydrophilicity decreases. The phenomena that were observed
in Figures 12 and 13 can be explained as follows: the water film
absorbed on the rock surface was strongly influenced by the
electrostatic potential at the solid—liquid interface. The ionic
strengths of NaCl, NaHCO,;, CaCl,, and MgCl, solutions
increase, in turn, under the same concentration, while the ionic
strengths of 0, 3, and 30 g/L CaCl, solutions increase, in turn.
Increasing the ionic strength in the solution (that is, increasing
the ion concentration and valence) makes the thickness of the
electric double layer thinner, that is, a more concentrated
solution of counterions realizes the charge balance between the
electric double layer and the electrostatic charge on the mineral
surface in a shorter distance. This leads to thinning of the water
film, which results in lower hydrophilicity of the solid surface.*’

3.4.2.2. Impacts of pH. To investigate the effects of pH on
sandstone wettability, Amott—Harvey tests were performed
using a 3 g/L CaCl, solution at three different pH values (S, 7,
8.5). The results are shown in Figure 14.

Figure 14 shows that, in general, an increase in pH
corresponds to a relatively small increase in sandstone
wettability. This agrees with many other works."'~* Tt is
believed that a change in pH brings a change in electric charge.
Thus, {-potential tests were performed to further explore the
change in the electrostatic repulsion between the sandstone
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Figure 14. Impacts of fluid pH on sandstone wettability.

particle double layers under different pH values. Here, samples
14, 20, and 24, as well as pure quartz, were tested. Quartz was
selected because it is the major component of sandstone. The
tests were performed at pH values from 3 to 10. The result is
shown in Figure 15.

pH
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Figure 15. {-Potential curve as a function of pH.

As can be seen from Figure 15, under the test condition, the {-
potential is always negative; this is because the quartz tested
always has negative charges on its surface. Furthermore,
generally, an increase in pH corresponds to an increase in the
{-potential, which means that the electric charge increases.
Thus, the thickness of the water film that the solid surface can
support by the larger-magnitude electrostatic potentials also
increases.**> The greater the thickness of the water film, the
stronger the hydrophilicity.”® This further supports the results
found in Figure 14. Therefore, an alkaline liquid should be used
in the process of water flooding to improve gas recovery.

4. CONCLUSIONS

Three conclusions can be presented from this study and they are
listed as follows.

(1) Tight sandstones in coal measures are water-wet with the
following physical characteristics. In general, it has low
porosity and permeability with small and poor-connected
pores and throats. The reservoir rocks are mainly
litharenite and lithic quartz arenites with low composi-
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tional maturities and moderate textural maturities. The
strongly water-wet coarse-grained quartz arenite and lithic
quartz arenite, often with high porosity, permeability, and
gas content, are the preferred target for the exploration of
a tight sandstone gas field.

(2) Microscopically, the sandstone wettability is directly
controlled by the combination of three surface forces,
including structural force, electrostatic force, and
dispersion force, between solid and liquid. It is found
that the sandstone surface structure and compositions
mainly affect the structural force. The dispersion force is
mainly affected by the temperature, and the solution
salinity and pH contribute most to the electrostatic force.
More quartz, higher surface toughness, higher temper-
ature, as well as lower fluid salinity and higher pH, result in
improved water-wetting behavior for sandstones.

(3) The sedimentary environment and diagenesis control the
wettability of sandstone by controlling the mineral
composition, organic matter content, and structure of
sandstone. The sandstone deposited in the strong
hydrodynamic barrier bar, the main body of the
subaqueous distributary channel (excluding the top and
bottom part), and the sand flat are mostly moderately to
strongly hydrophilic. Sandstones deposited in weak
hydrodynamic forces such as the river mouth bar,
subaqueous natural levees, mixed flats, and interdistribu-
tary bays are generally weakly hydrophilic. The strong
organic clay compaction and carbonate cementation
greatly reduce the hydrophilicity of sandstone.
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