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Abstract

Water injection is an effective method for developing low permeability sandstone reservoirs. In the process of water flooding,
reservoir damage can occur due to clay mineral content changes and it will significantly affect oil production. There are few
investigations on the changes in clay mineral content and the degree of reservoir damage after injecting the water into low
permeability sandstone reservoirs with different permeabilities and lithologies. In this study, low permeability natural cores
from different lithological strata were collected from 4 wells in the Daqging sandstone reservoir, and clay mineral components
and contents were measured through X-ray diffraction. Changes in the clay mineral content were determined after water injec-
tion. The reservoir damage mechanism by clay mineral migration was determined by analyzing scanning electron microscopy
(SEM) images after water injection. Meanwhile, the porosity and permeability of the cores were tested after water injection,
and the degree of reservoir damage in different lithological strata was determined. The clay mineral content ranges from 6.78
to 14.14% in low permeability sandstone cores and declines by 49.73% after water flooding. Illite, chlorite and illite/smectite
mostly decrease, and kaolinite decreases the least. Due to the large particle size of kaolinite, kaolinite migration will block
the pore-throats and cause formation damage after water flooding. In argillaceous siltstone and siltstone, kaolinite particles
blocking pore-throats are very serious, and the permeability decreases greatly by 21.87-36.89% after water injection. With
increasing permeability, the permeability decreases greatly after water injection. The findings of this study can help to better
understand the mechanisms of formation damage after injecting water into low permeability sandstone reservoirs.
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Introduction

In petroleum reservoirs, the maximum oil recovery of natu-
ral drives is only 20-60% (Zhou et al. 2019), and it is much
lower in low permeability reservoirs (Zheng et al. 2009).
There are enormous low permeability resources around
the world. In China, low permeability reservoir resources
account for more than 40% of the total resources. Most low
permeability reservoirs are developed by injecting water
(Wang et al. 2019c). In low permeability reservoirs, the
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pore-throat radius is much smaller than that of high per-
meability reservoirs (Zhou et al. 2018; Zhang et al. 2017).
Moreover, the start-up pressure gradient is large in low per-
meability reservoirs (Li et al. 2016), and the recovery effi-
ciency is low in water injection development (Demirel 2005;
Wang et al. 2019b; Peng et al. 2006). In addition, formation
damage occurs more easily in low permeability sandstone
reservoirs, and the formation damage includes water sen-
sitivity damage, acid sensitivity damage, alkali sensitivity
damage and velocity sensitivity damage. The water-sensitive
minerals are chlorite-montmorillonite, illite, chlorite, and
white mica, which can expand, disperse and migrate in the
pores and pore-throats (Wang et al. 2019a). The acid-sensi-
tive minerals are chlorite, ferrodolomite, hematite, glauco-
nite, pyrite, white mica, limestone, dolomite, anorthite and
clay minerals, which can react with HC1 and HF, generating
chemical precipitation (Baker et al. 1993). Alkali-sensitive
minerals include potash feldspar, soda feldspar, plagioclase
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and clay minerals, which can react with alkalis, generating
silicate precipitation (Ma et al. 2016). The velocity-sensi-
tive minerals are kaolinite, illite and white mica, which can
disperse and migrate in pores and pore-throats, blocking
the pore-throats (Kamal et al. 2019). Clay minerals are an
important component of low permeability sandstone reser-
voirs. Clay mineral components and contents will change
due to the development of long-term water injection (Jiang
et al. 2012; Strand et al. 2007), and they influence the micro-
scopic porous structures and microscopic seepage charac-
teristics in low permeability reservoirs. Some clay minerals
are damaged during injection water development (Cosenza
et al. 2014; Yue et al. 2011; Jain et al. 2016). The destroyed
clay mineral particles are dispersed and are able to migrate
with the injected water. Some clay mineral particles are
produced in the water and crude oils in the oil wells, and
others accumulate in micropores or throats (Grude et al.
2015; Stiick et al. 2013; An et al. 2016; Meng et al. 2015;
Sadhukhan et al. 2007). Because the pores and pore-throats
are small in size, clay mineral migration will influence the
porous structure and seepage characteristics (Reuvers and
Golombok 2009; Law et al. 2015; Wang et al. 2019d). Cur-
rently, there are many studies on formation damage after
water flooding and how to reduce formation damage in low
permeability sandstone reservoirs (Olayiwola and Dejam
2020). However, few studies have examined the change in
clay mineral content for reservoirs with different permeabili-
ties. Few studies have provided a quantitative analysis on the
degree of reservoir damage after water flooding for different
lithologic reservoirs, and there is limited knowledge about
the damage caused by clay minerals from water injection in
low permeability sandstone reservoirs. To investigate the
formation damage after long-term water flooding in a low
permeability sandstone reservoir, first, different lithologi-
cal cores were collected from 4 wells in a low permeability
sandstone reservoir of the Daqing Oilfield. X-ray diffrac-
tion and SEM were adopted to determine the changes in

clay mineral content after water flooding. Then, the reser-
voir damage mechanisms induced by the clay minerals were
analyzed. Finally, the degree of damage in the different litho-
logical strata is discussed, as shown in Fig. 1. It can provide
insight into water injection development in low permeability
sandstone reservoirs.

Materials and methods
Materials

The low permeability sandstone reservoirs of Daqing Oil-
field were investigated and natural cores from 4 wells were
used in this study. These natural cores represent argillaceous
siltstone, siltstone and fine sandstone, respectively. Data
from the cores are listed in Table 1. The cores were cylin-
drical and were @2.5 X 10 cm in size. To prevent hydration
expansion of clay minerals, formation water flooding dis-
placement was simulated, and the salinity of the simulated
formation water was 8200 mg/L.

Experimental instruments
An HW-4A double thermostat, an ISCO pump, a Welch1402

vacuum pump, X-ray diffraction, scanning electron micros-
copy, and a gas permeability tester were used in the study.

Experimental methods
X-ray diffraction test of clay mineral contents
Experimental steps of the X-ray diffraction test include:

(1) Natural cores were dried for 24 h at 60 °C, and some
samples were collected for X-ray diffraction analysis.

Fig. 1 The general overview of
the investigation
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Table 1 The lithology,

. Core Number  Lithology Cored well Depth (m) Porosity (%)  Permeability
well, dep.tl.l, porosity, and (10—3 pmz)
permeability of the natural cores

#3 Argillaceous siltstone ~ M7-1-J33 964.0-964.8 20.7 4.8
#14 Argillaceous siltstone ~ M1-D3-J323  985.3-986.5 20.1 6.9
#19 Argillaceous siltstone ~ M1-D3-J323  943.0-944.0 212 10.7
#20 Siltstone M7-1-J33 1006.8-1007.6  22.1 14.6
#23 Siltstone M7-1-J33 1005.6-1009.1  21.2 18.7
#24 Siltstone M1-D3-J323  1041.6-1045.0 234 24.5
#28 Fine sandstone M1-D3-J323  1047.4-1049.9 227 36.8
#30 Fine sandstone M7-1-J33 991.5-994.7 22.8 42.1
#31 Fine sandstone M7-1-133 998.8-1004.0 24.1 54.1

These samples were crushed and ground to fine parti-
cles with particle sizes lower than 40 pm.

(2) Particles smaller than 10 pm were extracted from the
samples through free settling. After an equivalent
amount of corundum was added, subsamples were col-
lected to test the contents of different minerals through
an X-ray diffraction meter.

(3) The remaining part of the samples were transferred into
a suspension liquid. Samples with particle sizes smaller
than 2 pm were extracted, and the suspension was cen-
trifuged to settle the clay minerals.

(4) Distilled water was added to the centrifuged clay miner-
als, and the mixture was mixed evenly. The mixture was
then coated onto a glass slide and air-dried, and natural
orienteering slices (N slices) were made. Diffraction
spectra of the N slices were tested.

(5) N slices were saturated in an ethanediol stream for 8 h,
forming ethanediol saturated slices (EG slices). Dif-
fraction spectra of the EG slices were tested.

(6) Ethanediol-saturated slices were placed at a constant
temperature of 500 °C for 3 h and then cooled to room
temperature naturally. High-temperature slices were
created and the corresponding diffraction patterns were
tested.

(7) The relative contents of clay minerals were analyzed by
an X-ray diffraction analysis instrument.

Testing the porosity and permeability
before and after water flooding

The permeability and porosity of the natural cores were
determined after being saturated in simulated formation
water at 45 °C. Then, water was injected into the natural
cores at a rate of 0.15 mL/min. The accumulative injected
water was 100 PV (pore volume). The permeability of
the cores was tested, and the porosity was measured after
cleaning.

Clay mineral contents after water injection

During water development in low permeability sandstone
reservoirs, clay mineral changes are important factors that
cause reservoir damage (Sameni et al. 2015). Before and
after injecting the water, the clay mineral contents of the
natural cores were tested by X-ray diffraction, and the
results are shown in Table 2. Changes in clay minerals
in the different lithological cores were analyzed, and the
results are shown in Table 3 and Figs. 2, 3 and 4.
According to the experimental results, the low perme-
ability sandstone reservoir in the Daqing Oilfield contains
4 clay minerals: illite, kaolinites, chlorite and illite/smec-
tite formations, and the illite and chlorite contents are the
highest. When the permeability ranges from 4.8 x 1073
to 54.1 x 1073 um?, the total clay mineral content ranges
from 6.78 to 14.14%. The clay mineral content decreases
with increasing permeability. After injecting the water,
the clay mineral contents decreased by 49.73% on aver-
age, which indicates partial clay mineral migration out
of cores with water injection. The contents of illite, illite/
smectite formation and chlorite decrease, mostly due to
their small grain size. The contents of illite, illite/smec-
tite formation and chlorite decrease by 57.48, 55.50 and
48.22%, respectively, after injecting the water. As the grain
size of kaolinite is larger than that of the other clay miner-
als, most kaolinite particles cannot pass through the pore-
throat channels with the injected water, and most kaolin-
ites cannot flow out with fluid. After injecting the water,
the content of kaolinite decreased by 32.56% on average.
For the different lithological cores, the permeability and
porosity increase from the argillaceous siltstone to the fine
sandstone, and the kaolinite content is reduced to a greater
extent after injecting water. The porosity and permeabil-
ity of the argillaceous siltstone are the lowest, and the
radii of the rock pores and pore-throat channels are the
smallest. The content of kaolinite decreases by 17.80%
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Table 2 The variation in clay content after water injection
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6.87

14.14

0.48
0.30
0.32
0.18
0.57
0.70
0.30
0.31
0.28

1.53
1.06
1.43
0.25
1.27
0.86
0.66
0.36
0.31

1.91
1.39
1.82
0.93
1.91
1.41
1.53
1.32
1.42

3.85
2.69
3.62
3.45
291
2.51
2.53
2.37
241

1.10
2.29
1.32
0.81
1.01
0.92
0.89
0.96
0.89

1.31
2.62
1.81
1.35
1.50
1.42
1.67
1.75
1.68

3.38
1.09
2.81
1.12
0.68
1.13
1.15
1.42
1.24

46
84
52

7.

Argillaceous siltstone

#3

5.08
6.25
3.04
4.17
4.16
3.87
4.01
3.83

9.19
13.37

2.

Argillaceous siltstone

#14
#19
#20
#23
#24
#28
#30
#31

6.

Argillaceous siltstone

8.53
8.32
7.50
7.37
6.91
6.78

3.48
2.64
2.71
2.51
243
2.38

Siltstone

Siltstone

Siltstone

Fine sandstone

Fine sandstone

Fine sandstone

after injecting the water, indicating that most kaolinite
accumulates in the pores and pore-throats. The radii of
the pores and pore-throats of the siltstone are higher than
those of the argillaceous siltstone. The content of kaolinite
decreases by 35.92% after injecting the water. Since the
radii of the pores and pore-throats in the fine sandstones
are higher than those of in the argillaceous siltstone and
siltstone, the contents of kaolinite decreased significantly
by 46.47% after injecting the water, indicating that most
kaolinites migrate out of the cores with the injected water.

Formation damage mechanisms by clay
minerals

The distribution and the forms of clay minerals in the pores
and pore-throat channels were observed by SEM after inject-
ing the water. The microscopic damage mechanism of clay
minerals was analyzed after injecting water into low perme-
ability sandstone cores. The microscopic formation damage
mechanism of clay minerals includes illite assembly on the
core surface, kaolinite blockades in the pores and pore-throat
channels and chlorite blockades in the pores and pore-throat
channels.

(1) Ilite assembling on the surface of the cores.

[llite is the most common clay mineral cement in
sandstone. It has one of the most complex morphologic
changes in clay minerals. According to SEM observa-
tions, most illite is flaky and adheres to particle sur-
faces within the cores before water injection. The parti-
cle size of illite is uneven, ranging from 0.15 to 2.5 pm,
and has irregular edges, as shown in Fig. 5. After long-
term injection of water, approximately 50% of the illite
migrates out of the cores with the injected water, and
a small amount assembles on the pore-throat surfaces.
This causes fluid flow in the channel to decrease.

(2) Kaolinite blocks pores and pore-throats.

Kaolinite often fills the pores of sandstones and
aggregates in book and worm-like structures. The grain
size of kaolinite generally ranges from 1.0 to 6.0 pm.
After long-term injection of water, some kaolinite falls
off from the clastic particles and is broken into pieces,
where it will then flow with the fluid into the pores
and pore-throat channels. This easily causes pores and
pore-throat blockages, as shown in Fig. 6. Due to the
small radius of pore-throat channels in argillaceous silt-
stone and siltstone, blockages by kaolinite particles are
very serious after water injection. In contrast, kaolin-
ite blockages of the pore-throat channels is less in fine
sandstone due to the large radii of the channels.

(3) Chlorite blocks pores and pore-throats.
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Table 3 The variation in clay content for different lithological cores after water injection

Lithology Illite content (%) Kaolinite content (%) Chlorite content (%) Illite/smectite content  Total clay content
(%) (%)
Original ~ After water Original After water Original After water Original After water Original After
injection injection injection injection water
injection
Argillaceous siltstone  5.61 243 1.91 1.57 3.39 1.71 1.34 0.37 12.23 6.07
Siltstone 2.94 0.98 1.42 0.91 2.96 1.42 0.79 0.48 8.12 3.79
Fine sandstone 2.44 1.27 1.70 0.91 2.44 1.42 0.44 0.30 7.02 3.90

Fig.2 Changes in the argil-
laceous siltstone after water
injection

Fig.3 Changes in the content of
siltstone after water injection

a Before water injection b After water injection
According to SEM observations, chlorite is willow- by the water, and a small amount of the particles are
shaped and adheres to particle surfaces or fills pores blocked in the pores and throats, as shown in Fig. 8.
as aggregates. The grain size of chlorite is generally
smaller than 0.8 pm, as shown in Fig. 7. After inject- There is a low content of illite/smectite formation in the

ing the water, nearly 50% of the chlorite is washed out ~ rocks, and most illite/smectite formations adhere to clastic
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Fig.4 Changes in the fine
sandstone content after water
injection

Fig.5 Illite assembled on parti-
cle surfaces

particle surfaces as thin films. The illite/smectite formation
content changes slightly after injecting the water, and it is
not a major cause of blockages in the reservoir. Therefore,
kaolinite blockages in the pores and pore-throat channels
are the principle cause of formation damage by clay min-
erals after water injection in low permeability sandstone
reservoirs. Kaolinite blockages will be more serious in
argillaceous siltstones and siltstone formations than in fine
sandstones.

Degree of reservoir damages after water
injection

Porosity and permeability were tested after injecting the
water, and the results are shown in Table 4. A comparison
of permeability changes in different lithological cores is
shown in Fig. 9.

Jielase cllall aly .
ﬁ%ﬁmuq mm @ Springer

The porosity of the cores changes slightly after injecting
the water, while the permeability declines significantly after
injecting the water. The degree of formation damage by the
clay minerals decreases with increasing permeability. For-
mation damage is the most serious for cores with permeabili-
ties smaller than 10 x 107> um?. In the different lithological
cores, the grain size of argillaceous siltstone is the smallest,
and the formation damage is the most serious after inject-
ing the water. The average permeability is 7.47 X 10> um?
before injecting the water, and it decreases by 32.93% after
injecting the water. The grain size of the siltstone is moder-
ate, and the formation damage is moderate after injecting the
water. The average permeability is 19.27 x 10~ um? before
injecting the water, and it decreases by 23.37% after inject-
ing the water. The grain size of the fine sandstone is the
largest, and the formation damage is the lowest after inject-
ing the water. The average permeability is 44.33 x 107> um?
before injecting the water, and it decreases by 17.45% after
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Fig.6 Kaolinite blockages in
intergranular pores

Fig. 7 Chlorite adhered onto
particle surfaces before water
injection

injecting the water. Therefore, water injection causes great
damage to low permeability sandstone reservoirs of differ-
ent lithologies. Before selecting and adjusting the injection
scheme, it is necessary to conduct core damage experiments
to evaluate the degree of damage in reservoirs caused by
clay minerals.

Summary and conclusions

(1) The low permeability sandstone reservoir in the Daqing
oilfield contains 4 clay minerals: illite, kaolinites, chlo-
rite and illite/smectite formations. The clay mineral
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Fig.8 Chlorite blockages in intergranular pores after water injection

Table 4 Porosity and permeability before and after water injection

2)

3)

content ranges from 6.78 to 14.14%. The clay mineral
content decreases with increasing permeability.

After water injection, the content of clay minerals
decreases by nearly 50%. The contents of illite, illite/
smectite formation and chlorite decrease the most.
Since the grain size of kaolinite is large, most kaolin-
ite particles cannot pass through the pores and throats
channels, and most cannot flow out of the cores with
the fluid. The kaolinite content decreased by 32.75%
after water injection. Kaolinites will migrate and block
the pore-throats, which will lead to formation damage.
Kaolinite blockages are more serious in argillaceous
siltstones and siltstones than in sandstones.

After injecting the water, the porosity changes slightly,
and the permeability is greatly reduced. With increas-
ing permeability, the degree of formation damage by
clay minerals decreases. After injecting the water, the

Core number Lithology Porosity (%) Permeability (10~3um?)
Before water ~ After water ~ Change rate (%) Before water ~ After water ~ Reduction
injection injection injection injection percentage
(%)
#3 Argillaceous siltstone 20.7 20.6 -0.48 4.8 3.2 33.26
#14 Argillaceous siltstone 20.1 20.2 0.50 6.9 4.4 36.89
#19 Argillaceous siltstone 212 21.4 0.94 10.7 7.6 28.64
#20 Siltstone 22.1 21.9 -0.90 14.6 11.2 23.58
#23 Siltstone 21.2 21.3 0.47 18.7 14.1 24.65
#24 Siltstone 234 23.2 —0.85 24.5 19.1 21.87
#28 Fine sandstone 22.7 22.9 0.88 36.8 29.0 19.54
#30 Fine sandstone 22.8 22.9 0.44 42.1 342 18.68
#31 Fine sandstone 24.1 24.3 0.83 54.1 46.5 14.12
50 ¢ 50 B Before injecting water

= B After injecting water

S 40 40 ¢

& o. Ni

§ 30 t 5 30

g 20 ¢ ¢ £ 20 |

% 10 * é 10

) =

0 S 0 . .
0 10 20 30 40 50 60 Argillaceous siltstone  Siltstone Fine sandstone

Permeability(x 10~ pm?)

Lithology

a The permeability curve and reduction percentage. b The permeability change in different lithological cores

Fig. 9 Comparison of permeabilities in different lithological cores before and after water injection
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permeabilities of argillaceous siltstone, siltstone, and
fine sandstone decrease by approximately 32.93, 23.37
and 17.45%, respectively.
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