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Abstract: With the aim of better understanding the tight gas reservoirs in the Zizhou area of east Ordos Basin, a total of
222 samples were collected from 50 wells for a series of experiments. In this study, three pore-throat combination types in
sandstones were revealed and confirmed to play a controlling role in the distribution of throat size and the characteristics of
gas-water relative permeability. The type-I sandstones are dominated by intercrystalline micropores connected by cluster
throats, of which the distribution curves of throat size are narrow and have a strong single peak (peak ratio >30%). The
pores in the type-II sandstones dominantly consist of secondary dissolution pores and intercrystalline micropores, and
throats mainly occur as slice-shaped throats along cleavages between rigid grain margins and cluster throats in clay cement.
The distribution curves of throat size for the type-II sandstones show a bimodal distribution with a substantial low-value
region between the peaks (peak ratio <15%). Primary intergranular pores and secondary intergranular pores are mainly
found in type-III samples, which are connected by various throats. The throat size distribution curves of type-III sandstones
show a nearly normal distribution with low kurtosis (peak ratio <10%), and the micro-scale throat radii (>0.5 pm) constitute
a large proportion. From type-I to type-IIl sandstones, the irreducible water saturation (S,) decreased; furthermore, the
slope of the curves of K./K, in two-phase saturation zone decreased and the two-phase saturation zone increased,
indicating that the gas relative flow ability increased. Variations of the permeability exist in sandstones with different pore-
throat combination types, which indicate the type-III sandstones are better reservoirs, followed by type-II sandstones and
type-I sandstones. As an important factor affecting the reservoir quality, the pore-throat combination type in sandstones is
the cumulative expression of lithology and diagenetic modifications with strong heterogeneity.
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1 Introduction

The development of unconventional oil and gas has to
some extent changed the global energy structure. Tight
sandstone gas accounts for a high proportion of China’s
unconventional gas, which plays an important strategic
role in a rapid development stage (Zou et al., 2015; Jia et
al., 2016). Different from conventional sandstone
reservoirs, tight gas sandstones have a significant feature
of low porosity and low permeability, which consist of
micro- to nanoscale pore throat systems characterized by
various types, complex structures, highly differentiated
connectivity and strong heterogeneities (Higgs et al.,
2007; Rezaee et al., 2012; Er et al., 2015; Wu et al., 2017).
The micro- to nanoscale pore throat structures directly
affect the storage space and permeability of the reservoir
(Li et al., 2017; Wu et al., 2018). In particular, the throat
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characteristic is a vital factor affecting the properties of
reservoir permeability (Xiao et al.,, 2017). Under the
constraints of the strong heterogeneities of the
microstructure and the research technology, there are few
systematic studies of pore throat structures in tight gas
sandstones and correlation studies between microstructure
and macroscopic properties of reservoir permeability
(Algiveet al.,, 2012; Xi et al, 2016). Therefore,
investigating the distribution, characteristics and
combination types of pores and throats and discussing
their influences on permeability are significant for
reservoir evaluation and understanding the distribution
and accumulation of tight gas.

The study of pore throat characteristics in tight
sandstone reservoirs has become a research focus. The
types, origin, morphology, sizes and distribution of pores
have been the focus of researchers through wvarious
methods and techniques, such as direct observation (e.g.,
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SEM and X-ray micro-computed tomography),
quantitative measurement (e.g., high pressure mercury
intrusion) and the application of fractal theory (Hu et al.,
2012; Giri et al., 2012; Bai et al., 2013; Ge et al., 2015;
Dou et al., 2017; Liu et al., 2017). Inspections through thin
-section petrography and SEM are universally used to
qualitatively or semi-quantitatively describe pore throat
structures (Pittman, 1992), which can provide information
about the shapes, sizes, positions and digenetic evolution.
In recent years, the improvements of research technology,
especially the application of RCP promote the further
study of throats. Researchers have carried out research on
the reservoir evaluation and formation mechanism through
various characterization parameters of throats (Pittman,
1992; Nelson, 2009; Deng et al., 2011; Xiao et al., 2016).
Although limitations of the lower intrusion pressure cause
RCP to be unable to measure the pores and throats that are
smaller than 0.12 pm; RCP can be used to effectively
separate pores and throats and reveal the sizes and
distribution of throats (Zhao et al., 2015; Xi et al., 2016).
Researchers often use the throat size or shape to classify
throat types. According to the size, the throats have been
divided into micropore throats (diameter less than 1 pm),
mesopore throats (diameter between 1 and 10 pm) and
macropore throats (diameter greater than 10 pm) (Nelson,
2009). Based on the shape, throats can be divided into
pore-shrinkingthroats, neck-contracted throats, slice-
shaped throats and cluster throats (Yu, 2009). The throat
types in tight sandstone reservoirs are complex and
diverse; however, few studies have studied the
characteristics and influencing factors of each kind of
throat. Therefore, the systematic study of pores and throats
to further understand the microstructure of tight gas
sandstone reservoirs is required.

Sedimentation and subsequent diagenesis are the
dominant factors affecting the pore throat structures of
sandstone reservoirs (Lander and Walderhaug, 1999).
Sedimentary processes further influence the diagenesis by
controlling lithology parameters, such as grain component,
content, size, sorting and shape (Lv and Liu, 2009;
Ajdukiewicz and Lander, 2010; Yu et al, 2018). A
complicated microstructure is the result of prolonged
diagenetic modifications with the change in pore-throat
type, size and distribution (Morad et al., 2010; Lai et al.,
2015). Compaction and cementation reduce the primary
reservoir spaces and decrease the pore-throat sizes (Hill
and Collen, 1978). Dissolution that forms secondary
dissolved pores to increase the pore-throat radius improves
the physical properties (Liu et al., 2016). Therefore, the
pore-throat structure is interpreted as the result of
diagenetic evolution affected by sedimentary parameters
(Sheng et al., 2018), which means there are certain regular
patterns to be found in the study of the combination types
of pores and throats. In addition, the study is fundamental
for tight gas sandstone reservoir evaluation.

The percolation, distribution and displacement
efficiency of the fluid flow in the core is affected and
controlled by the pore-throat structure (Chalmers et al.,
2012). The irreducible water saturation in tight gas
sandstones is universally high and variable (Spencer,
1985), of which the degree affects the reservoir

exploitation mode and productivity. The exploitation of
tight gas is a process of gas-water two-phase dynamic
change; thus, investigating relative permeability has more
practical significance for tight gas exploitation. Crucial
properties in the research of gas-water relative
permeability are the capillary pressure and relative
permeability curves (Teige et al., 2006), which can be
directly obtained through laboratory experiments from
steady-state or unsteady-state techniques (Shanley et al.,
2004; Bultreys et al., 2016; Zhang et al., 2017). In tight
gas sandstones with complex and multiple-scale pore-
throat structures, the characteristics of two-phase fluid
flow strongly deviate from conventional sandstones
(Shanley et al., 2004; Bultreys et al., 2016), but the
impacts of pore-throat structures on gas-water relative
permeability have been rarely studied. Consequently, a
deep understanding of the gas-water relative permeability
response to different pore-throat combination types is
important for tight gas exploitation.

In this study, the 222 tight gas sandstone samples were
selected from Upper Paleozoic gas-bearing layers (the
third section of the Shan 2 member and the upper section
of the He 8 member) in the Zizhou area, Ordos Basin.
Porosity and permeability data were collected from the
Research Institute of Petroleum Exploration &
Development of Changqing Oilfield Company,
PetroChina. Thin-section petrography, SEM, RCP and gas
-water relative permeability tests were used to reveal the
characteristics of pore-throat and the gas-water relative
permeability of the samples. The detrital mineralogy and
pore-throat combination types of the samples were studied
based on the thin-section petrography. Nine samples were
selected for SEM, RCP and gas-water relative
permeability tests to investigate the pore throat sizes and
gas-water relative permeability in samples with different
pore-throat combination types. Furthermore, the effects of
pore-throat combination types of sandstones on the gas-
water relative permeability were analyzed. And the
diagenetic control on pore-throat combination types of
sandstones was discussed.

2 Geological Setting

The Ordos Basin, the second largest sedimentary basin
in China, is located in the central part of the China plate
(Dai et al., 2005; Tang et al., 2014; Ding et al., 2016). It
belongs to a multicyclic superimposed basin after multiple
tectonic movements during its prolonged evolution over
geological time (Yang et al, 2005). Based on the
structural characteristics and evolutionary history, it is
subdivided into six first-order structural units (Fig. 1; Ji et
al., 2010). Overlaying the Archean and Proterozoic
metamorphic crystalline rock basement, cap rocks from
the Paleozoic to Cenozoic were deposited in the Ordos
Basin, and the Upper Paleozoic is the major gas bearing
system with abundant gas exploration prospects (Li et al.,
2017).

The Zizhou area is located in the Yishan Slope, which is
the largest structural unit in the middle of the Ordos Basin
(Fig. 1). There are large tight sandstone gas fields
distributed in the Yishan Slope, such as Sulige and Yulin



0_°
,-“\:'\ Jz
w‘“ ——= 100
kS 0 80 km (ﬁ\
vooN
J06° 1072 JM08°  109°  110°  111° -]

624 Acta Geologica Sinica (English Edition), 2019, 93(3): 622-636
j\—’/\ &’ ﬂ;ﬂ
-
7 /3 g"
- "
{v \‘—\v,_ Beijing /,M
\‘; China
\ Ordos
ey .
=7y Basin .
WL I SCsl
! P
12 100 000 000 ; !
{
. Yimeng uplift Dongsheng K
|40 5 ng g ;]
oy
\ .U . N P f|
b Hangjingi /f [ ;
e ___ - ]
KLl Jr e Etokoqi Shenmu rJ \\
a \
rr £ Sulli,gmni.'m ‘r \
|z x @ Yulin H \
I é Wushengi o o
[38° - I = JI =
212 . i S
% | g Dingbian Zizh H ! 2:' Y
£ 2 Jingbian S
- S 12 l| 5 Il
F/ =1 .2 ..o
§ : = Wugi __\Q’QQ o Ansai : = l_,’
Wi )
£ ,'IIu‘ xian & : ;,I':' \
$ 1 1'\;"? 1 1
36° ' - o \ \
i Fuxian \ N
1 o e ey v
i Qingyang PR
- Ed
1 -
|35° "\ ",—~"“\-\\\ ;

. AN
Q10 20 30km Yanchuan ~O

IZI basin boundary boundary of tectonic units

T c
" r thickness of Shan2, 271 bay

: wel - -— ay

© . sandstone (m) - :

Fig. 1. Map showing structural units and location of the Zizhou area in the east Ordos Basin, China, and the thickness distribution in
the Shan 25 section sandstones. The 222 core samples were collected from the 50 wells in the Zizhou area.

(Cao et al., 2011; Zou et al.,, 2018). During the Late
Paleozoic, a set of coal-bearing continental clastic rocks
with multiple gas-bearing layers was deposited in the study
area: Benxi Formation (C,b), Taiyuan Formation (P;t),
Shanxi Formation (P;S), Xiashihezi Formation (PyX),
Shangshihezi Formation (P,S) and Shigianfeng Formation
(P,sh). The Shanxi Formation and Xiashihezi Formation,
which were deposited in shallow sand-rich deltas (Shan et
al., 2018) and mainly consist of sandstones, mudstones and
coals, can be divided into 2 and 4 members, respectively.

3 Samples and Experimental Methods

3.1 Samples
The third section of the Shan 2 member and the upper

section of the He 8 member are the major gas-bearing
layers of the Upper Paleozoic tight gas reservoirs in
Zizhou area. The 222 samples were collected from 50
wells in the Zizhou area (Fig. 1) for thin-section
petrography observation. The 119 samples were collected
from the third section of the Shan 2 member, and the 103
samples were collected from the upper section of the He 8
member. Based on the petrography, porosity and
permeability data of the sandstones, nine representative
samples were selected for RCP and gas-water relative
permeability experiments (Table 1). The nine samples
were collected from the nine wells in the depth interval
1992.45-2924.58 m. Samples 1, 2, 6 and 9 were collected
from the third section of the Shan 2 member, and the
others were collected from the upper section of the He 8

Table 1 Wells, depth, porosity, permeability and lithology of the nine samples in the Zizhou area

Type Samples Wells Depth (m) Porosity (%) Permeability (mD) Lithology
1 S1 Y117 2294.16 2.75 0.0167 medium-grained litharenite
I S2 Y101 2354.46 8.8 0.214 coarse-grained litharenite
I S3 M52 2116.84 7.2 0.232 coarse-grained sublitharenite
I S4 Mé62 2181.59 9.1 0.3363 coarse-grained quartz arenite
I S5 Y115 2157.58 6.46 0.4406 medium-grained sublitharenite
I S6 M56 1992.45 9.1 0.454 medium-grained sublitharenite
11 S7 Y36 2924.58 7.03 0.5534 medium-grained quartz arenite
II S8 Y87 2371.59 8.96 0.618 coarse-grained quartz arenite
111 S9 Y43 2589.19 5.9 0.892 coarse-grained quartz arenite
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member. The porosity of the samples ranges from 2.75%
to 9.1% and the permeability is in a range of 0.0167 mD to
0.8920 mD (Table 1).

3.2 Experimental methods

The 222 samples are core plugs drilled from the wells
parallel to the horizontal direction of the sandstone cores.
The samples were polished for the thin section with red
epoxy resin to highlight the pores for polarized light
microscopy observation. The thin sections were partly
stained with alizarin red for carbonate mineral
determination. The maximum resolution of the polarized
light microscopy is 0.2 um, which can effectively identify
the micron-scale and some submicron-scale pore-throats.

The nine samples are ~6 cm long and ~2.5 cm in
diameter. Each core plug was divided into four parts, of
which three parts with lengths of ~0.5 cm, ~0.5 cm and ~4
cm were for SEM, RCP and gas-water relative
permeability experiments, respectively. The residual part
was polished for the thin section. To further observe the
nanometer-scale and submicron-scale pore-throats, high-
resolution SEM imaging of 3 nm was performed on the
gold-coated and dried sample surfaces using an FEI
Quanta TM 250 in the Advanced Analysis and
Computation Center of the China University of Mining
and Technology. RCP and gas-water relative permeability
experiments were performed in the Petroleum Exploration
and Development Research Institute, Langfang branch,
China. RCP was tested at the rate of 0.00005 ml/min in an
ASPE-730 mercury porosimeter following the Chinese
standard Q/SY DQ1526-2012, in which the maximum
intrusion pressure is 900 psi, corresponding to a pore-
throat radius of 0.12 um. However, due to errors in the
sample preparation, only seven samples were chosen for
the gas-water relative permeability experiment. The gas-
water relative permeability experiment was performed in
an HBXS-2 relative permeameter using the unsteady-state
method following the Chinese standard GB/T 28912-2012.
The water phase permeability (K,) was measured first
after saturating the dried core with formation water and
then displacing the water with gas under rate-controlled
pressure.

4 Results

4.1 Detrital mineralogy

Point counting of 222 thin-sections reveals that the
sandstones is mainly quartz arenites (36%) and
sublitharenites (57%) according to Folk’s classification
scheme (Folk, 1980), with an average composition of
Qss.ssFo.16R11.26 (Fig. 2). The samples are feldspar poor and
lithic rich. Point counting data show that the most
common lithic are metamorphic fragments (av. 4.94%),
altered fragments (av. 2.42%) and volcanic fragments (av.
1.59%). The sandstones are primarily medium-to coarse-
grained and moderately to well-sorted. The grain contacts
are mostly linear to concavo-convex contacts.

4.2 Reservoir quality
The sandstones in the Zizhou area with porosity ranging
from 0.68% to 6.4% and permeability ranging from

0.0088 mD to 1.5492 mD (only seven samples are >1
mD). Thus, the sandstones are documented as typical tight
reservoirs. Figure 3 shows the positive correlation
between the plug porosity and permeability.

4.3 Pore-throat combination types

The pores of the samples observed in thin-section and
SEM analysis were classified into four types: (a) primary
intergranular pores referring to original depositional
spaces between detrital grains, (b) secondary intergranular
pores consisting of the partial dissolution of detrital grains
along grain margins and the partial to pervasive
dissolution of tephra as intergranularmatrix, (c) secondary
intragranular pores consisting of a selective dissolution of
grain interior and grain-mold dissolution showing
characteristic outlines of the precursor grains, and (d)
intercrystalline micropores in clay minerals referring to
kaolinite, illite-smectite, illite and chlorite. The throats
observed in samples were divided into pore-shrinking
throats, neck-contracted throats, slice-shaped throats and
cluster throats based on the shape according to the
classification adopted from Yu (2009) (Fig. 4).

In previous studies, it has been reported that there is a
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Fig. 2. QFL detrital composition of the samples in the
Zizhou area plotted on Folk's (1980) ternary diagram.
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Fig. 3. Plot showing the relationship between the plug
porosity and the permeability of the samples in the Zizhou
area.
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certain regular pattern of various pores in sandstones (Liu
et al., 2018). Based on the thin-section observation of the
222 samples, we found there are three pore-throat
combination types in tight gas sandstones in the Zizhou
area (Table 2), and variations in the reservoir quality exist
in sandstones with different pore-throat combination
types. Figure 5 shows the porosity and permeability
distribution of three types of sandstones, and the
differences in the permeability distribution is significant,
indicating the reservoir quality of type-III sandstones are
better (permeability > 0.3 mD), followed by type-II
sandstones (0.1 mD < permeability < 0.5 mD) and type-I
sandstones (permeability < 0.3 mD).

The type-I samples are dominated by intercrystalline
micropores connected by cluster throats (Table 2).
Intercrystalline micropores observed by thin section and
SEM analysis mainly occur in clay minerals of authigenic
or altered origin, which cannot be clearly distinguished
from the throats (Figs. 6a, b, ¢) (Xiao et al., 2017). These
throats were classified into cluster throats characterized as
microscale, cross-capillary and complicated (Yu, 2009).

The pores in type-Il sandstones dominantly consist of
secondary dissolution pores and intercrystalline
micropores (Table 2), and the proportion of secondary
intragranular pores is relatively high. Throats found in
type-1I sandstones mainly occur as two states: slice-shaped
throats along cleavages between the rigid grain margins
and cluster throats in clay cement (Table 2).

Secondary intragranular pores observed in samples have
the characteristics of isolated distribution and poor
connectivity (Fig. 6d). Due to the low dissolution degree,
the content of secondary intergranular pores is low and the
radius is small. Moreover, the dissolved spaces were
generally filled with authigenic clay minerals during the

T~ 7~

pore pore pore ) pore
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neck-contracted throat

Fig. 4. Throat classification plot adopted from Yu (2009).
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diagenetic period (Fig. 6e). The throats occur as slice-
shaped with the filling of euhedral quartz and as cluster
throats with the filling of clay minerals (Figs. 6e, f).

Primary intergranular pores and secondary intergranular
pores are mainly found in type-III samples (Table 2), and
the throat types are various. The pores were generally
connected by slice-shaped throats occurring as cleavages
between the rigid grain margins with radii of 2 um (Figs.
6h, 1). Occasionally, pore-shrinking and neck-contracted
throats with radii ranging from 3 pm to 4 um (Fig. 6h) are
visible in secondary intergranular pores due to the strong
dissolution. In addition, the cluster throats occurred with
radii ranging from 0.5 pm to 2 um when the clay minerals
filling in the pores (Figs. 61, 1). As tephra-dissolution pores
are well developed in samples with strong dissolution, the
throats are present mainly in three forms: (1) pore-
shrinking throats with the largest radius of 29 um; (2) neck
-contracted throats between grains in point contact with
the radius of 10 um; (3) slice-shaped throats between
grains in line and concave-convex contact with radii
ranging from 5 um to 15 um (Figs. 6j, k).

4.4 Pore-throat size and distribution

Nine samples were selected as representative of three
pore-throat combination types for RCP test. The pore
types and thin-section porosity of the nine representative
samples are shown in Fig. 7. The sizes and distribution
curves of the pore, throat and pore-throat radius ratio
obtained from the RCP data of the nine samples are shown
in Fig. 8 and Fig. 9. The pore radius distribution ranges of
the samples are quite different; however, the average pore
radii tend to have an interval of 127.3—-181.38 um with
smaller differences (Fig. 8). The average throat radii of the
samples range over one order of magnitude from 0.3 to 6.5

- 7

pc

e

pore

Ik

slice-shaped throat cluster throat

60

(b) EType -1
OType -11

BType -111

40

K]
KRR

KX,
R

o
-

;
(A
Pavatal

RS
o,
22

TR
K

Frequency distribution (%)
e,

L
Y,

(o
bats

L
4
2y,

i

0.3-0.5
Permeability (mD)

<0.1

Fig. 5. Plot showing the distribution of porosity and permeability of sandstones with different pore-throat combination types in

the Zizhou area.



Li et al. / Pore-throat Combination Types and Gas-water Relative Permeability Responses of Sandstones in Ordos Basin 627

Fig. 6. Photomicrographs showing the pores and throats in sandstones in Zizhou area.

(a) Intercrystalline micropores occur in illite with cluster throats (S1); (b) Intercrystalline micropores occur in kaolinite with cluster throats (S3); (c)
From SEM, kaolinite occurs as booklets and vermicular aggregates with cluster throats (S3); (d) Secondary intragranular pores occur with poor connec-
tivity (S6); (e) The slice-shaped throats occur along cleavages between the rigid grain margins and cluster throats occur in clay cement (S6); (f) From
SEM, the altered illite with honeycomb-like pores generally fills the secondary intergranular pores (S5); (g) Secondary intergranular pores with good
connectivity (S7); (h) Primary intergranular and secondary intergranular pores occur at larger sizes (S9); (i) The slice-shaped throats occur in cleavages
between the rigid grain margins, which change to be cluster throats due to the cementation of kaolinite (S9); (j) Tephra in sandstone are strongly dis-
solved and form dissolution pores with various types of throats (S8); (k) Neck-contracted and slice-shaped throats occur between grains in sandstone
(S8); (1) Authigenic kaolinite and quartz with euhedral-granular texture filling in the intergranular pores (S8).

pm (Fig. 8).

The pore radius distribution curves look similar with
approximate peak centers (Fig. 9a). However, the throat
size and pore-throat radius ratio distribution curves exhibit
significant differences (Figs. 9b, 9c). The differences in
the accentuation of pore-throat radius ratio are related to
the throat properties, implying that the characteristics of
the throat might be the key factor controlling the

heterogeneity of the microstructure in tight sandstones.
The distribution curves of the ratio of pore size to throat
size show a substantial inverse correlation with the throats
(Fig. 9¢). For example, when the peak value of the throat
radius (6.5 um) is larger in sample 5, the value of the pore-
throat radius ratio (55.36) is smaller. This fact proves that
throat size plays a dominant role in the pore-throat
structure.
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Table 2 Summary of pore-throat combination types in sandstones in the Zizhou area

Pore-throat
combination

Gas-phase relative

Throat radius
distribution curves

Reservoir quality

Swo

Diagenetic alteration

Thin-section photography Common lithology

Throat types

Pore types
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Fig. 7. Pore types and thin-section porosities estimated for
each sample.
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Fig. 8. The min-average-max radius of the pore and throat
derived from the RCP data of the nine samples.

Figure 10 shows the throat radius distribution curves
derived from the RCP of nine samples. There are
significant differences in throat radius, size range and
central tendency of the three types of sandstones. Type-I is
represented by sample 1, 2 and 3, and the curve
distribution is narrow with high single kurtosis (>30%)
(Fig. 10a). The peak in the type-I curves corresponds to
cluster throats in sandstones with radii ranging from 0.2
pm to 0.5 um. Type-II is represented by sample 2, 3 and 4,
of which the curves show a bimodal distribution with a
substantial low-value region between the peaks (Fig. 10b).
The percentages of the peaks are less than 15%. The left
peak of type-II curves corresponds to the cluster throats
with radii ranging from 0.2 pm to 0.5 um and the right
peak corresponds to slice-shaped throats with radii larger
than 0.5 um. There are multiple types of throats with the
larger size in type-IIl sandstones. Type-III is represented
by sample 7, 8 and 9, of which the curves are in a nearly
normal distribution with low kurtosis (10%), larger spread
and better continuity (Fig. 10c). And the micron-scale
throat radii (>0.5 um) occupy a large proportion in type-III
curves.

4.5 The gas-water relative permeability
Seven samples were chosen as representative of three
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(a) Pore radius distribution curves; (b) throat radius distribution curves; (c)
pore-throat ratio distribution curves.

pore-throat combination types for the gas-water relative
permeability experiment. The basic data of the samples
show that the S;,, decreases and the range of the two-phase
saturation zone increases from type-I sandstones to type-
III sandstones (Table 3).

The gas-water relative permeability curves of the
samples are shown in Fig. 11. The water-phase relative
permeability curves are similar with concave shapes.
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Fig. 10. The three types of throat radius distribution curves of
the nine samples. The shapes of the curves show the different
characteristics, such as size range and central tendency.

However, there exhibit significant differences in the
curves of gas-phase relative permeability: (1) the curves of
the type-I samples are in an approximately linear shape
(Fig. 11a); (2) the curves of the type-II samples are
concave at high water saturation and tend to a line with the
decrease in water saturation (Fig. 11b); (3) the curves of
the type-III samples are concave (Fig. 11c).
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Fig. 11. Gas-water relative permeability curves obtained
from the experimental data of the seven samples.

5 Discussions

5.1 Effects of pore-throat combination types on the gas-
water relative permeability
The differences in the gas-water relative permeability
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Fig. 12. Curves of K, /K, in the two-phase saturation
zone obtained from the experimental data of the seven
samples.

response to sandstones with three pore-throat combination
types can be shown in the curves of K,/K, in the two-
phase saturation zone (Fig. 12). The value on the X-axis
corresponding to the left end point of the curve is Sy, and
the length of the curve projected to the X-axis is the range
of the two-phase saturation zone. The slope of the curve
indicates the gas-phase flow ability under the influence of
the water phase: the smaller the slope is, the stronger the
gas-phase flow ability is. The results show that from type-
I to type-Ill sandstones, the S, decreased and the two-
phase saturation zone increased; furthermore, the slope of
the curves decreased, indicating that the gas relative flow
ability increased.

Figure 13a shows a decreasing trend in the S, of
sandstones with an increase of average radius of pore and
throat. Additionally, the correlation with throat radius is
stronger. Wu et al. (2016) proposed that water adsorbed on
flat surfaces of large pores and capillary held water in
small pores or in corners of large pores can be reclassified
as irreducible water when pores are considered to be
capillary tubes in porous rocks. The previous study
suggested that the thickness of irreducible water in pores
is mainly controlled by wettability and roughness of the
pore surfaces (Meybodi et al., 2011; Kibbey, 2013). Luo et
al. (2015) also proved the S, is associated with
hydrophilicity and pore-throat structures (size and
connectivity) of the rocks, and the higher value indicates
stronger hydrophilicity, smaller radius and more
complicated pore-throat structures. The combination type
of intercrystalline micropores and cluster throats in type-I
sandstones may be the reason for the high Sy, The

Table 3 Characterization parameters obtained from the gas-water relative permeability experiment of seven samples

Type Samples Porosity (%) Kg(mD) Ky (mD) Sy (%)  Ki (Swo)(mD) S (%I? _If(':” D) Range of two-phase saturation zone (%)
1 S2 8.8 0.214 0.0003 69.47 0.1745 87 0.03 23.38
1 S3 7.2 0.232 0.0146 49.82 0.7393 85 0.15 23.96
I S4 7.8 0.3363 0.0476 46.01 0.6434 71 0.16 42.87
I S5 7.2 0.4406 0.0233 46.99 0.7322 76 0.07 26.70
I S6 9.1 0.454 0.0364 34.57 0.5729 65 0.08 37.68
11T S7 7.1 0.5534 0.0217 36.95 0.6397 61 0.1 51.82
111 S9 4.7 0.892 0.0392 10.12 0.7721 54 0.11 81.25

Note: K,, gas permeabilities; K,,, water permeabilities; S, irreducible water saturation; Kiy(Syo), gas relative permeabilities at irreducible water saturation; Sy,
water saturation at the point where the gas relative permeabilities and water relative permeabilities are equal.
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Fig. 13. The relationship between Sy,, the range of the two-phase saturation zone and the average radius of pore and throat.

connectivity; thus, the water phase had a larger influence
on the gas-phase flow. As a result, the gas-phase relative
permeability increased at a constant speed with the
decrease in water saturation in both the gas-single-phase
and two-phase saturation zone (Fig. 11a). In type-II and
type-III samples, the major channel, such as primary
intergranular pores and dissolution pores, was occupied by
the water phase when the water saturation was high and
would be first displaced by the gas phase due to the larger
size and good connectivity. Along with the gradual
connection and expansion of the pore-throat network, the
slope of the gas-phase relative permeability curve
gradually increased (Figs. 11b, c¢). However, there are also
more intercrystalline micropores and cluster throats in
type-II samples, which would be occupied by the water
phase with the decrease in water saturation. The residual
water had a larger influence on the gas relative
permeability, which caused the slope of the gas-phase
relative permeability curve is difficult to increase (Fig.
11b). Thus, the curves of the type-II samples tend to a line
with the decrease in water saturation.

5.2 Diagenetic control on the pore-throat combination
types

The diagenesis and porosity evolution analysis of the
sandstones with three pore-throat combination types in the
Zizhou area indicate that the major diagenesis affecting
porosity evolution history of sandstones are compaction,
dissolution and cementation. Moreover, the content of the
primary pores reserved after compaction plays a dominant
role in the later dissolution and cementation, which is
determined by the composition of the detrital grains in
sandstones. The porosity evolution of three types
sandstones is summarized in Fig. 14, which proves that the
pore-throat combination type in sandstones is the
cumulative expression of diagenetic modifications with
strong heterogeneity.

Type-1II samples are mainly coarse-grained quartz
arenites (Fig. 15). Due to the high content of rigid grains
(Fig. 16a), sandstones can effectively resist compaction
and keep the primary pores reserved. The primary

intergranular pores provide the main channel for the
migration of pore water (Surdam et al., 1989; Barth and
Bjerlykke, 1993), which is beneficial to form the
secondary intergranular pores. Slice-shaped throats
occurred along cleavages between the rigid grain margins.
The rigid grains observed in the samples consist of quartz
and volcanic rock fragments, between which the cleavages
are regular and easily enlarged into fractures, thus forming
slice-shaped throats (Fig. 61). Quartz overgrowth generally
occurs around detrital quartz grains (Pittman and
Lumsden, 1968), and the throats can remain in the form of
slice-shapes in this case (Fig. 16b). Nevertheless, slice-
shaped throats were not observed between the detrital
grains tightly cemented by quartz. Synsedimentary tephra
fills the original intergranular spaces, which can form
large dissolved pores due to the subsequent strong
dissolution. When the tephra is almost completely
dissolved in samples, pore-shrinking throats and neck-
contracted throats occurred, with large throat sizes (Figs.
6j, k). However, the decrease in the throat size and the
change in the throat shape occur when the cement fills the
dissolution pores in the subsequent diagenetic evolution.

Type-II samples are mainly coarse-grained
sublitharenites (Fig. 15). Compared with quartz arenites,
the content of ductile grains (e.g., schist, phyllite, argillite,
mudrock and mica) in sublitharenites is relatively high
(Fig. 16a). During compaction, the rearrangement and
deformation of ductile grains lead to substantial loss of
primary porosity (Lundegard, 1992). Restricted migration
of pore water results in weak dissolution and near-
precipitation of dissolved products (Giles et al., 1990).
The sandstones mainly form secondary intragranular pores
and a small amount of secondary intergranular pores, and
the dissolved pores are generally filled with quartz and
clay mineral cement. Due to the weak dissolution and
strong cementation, the types of throats depend on the
types of cement. The throats occur as slice-shaped with the
filling of euhedral quartz and as cluster throats with the
filling of clay minerals (Figs. 16b, 6e).

Type-1 samples are mainly medium-grained
sublitharenites (Fig. 15). Sandstones have experienced
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Fig. 14. Porosity evolution history of sandstones with three pore-throat combination types in Zizhou area. Data are obtained
from thin-section petrography observation of 222 samples. The original porosity of well-sorted sandstone in the study area

is assumed to be 40% (Houseknecht, 1987).

micropores increase the specific surface areca of the
reservoirs and a smaller pore-throat radius will block the
gas-phase flow, which have caused the higher S, in type-I
sandstones. Conversely, the water mainly exists in the
movable form in the center of the large pores (Kumar et
al., 2009; Kibbey, 2013); thus, Sy, is lower in type-1I and
type-111 sandstones with larger pores and throats.

The range of the two-phase saturation zone is positively
correlated with the average radius of pore and throat (Fig.
13b). The fact that multi-phase flows in rocks are
controlled by the pore geometry and the gas-water spatial

distribution has been proved in the previous study
(Anderson, 1987., Jerauld and Salter, 1990; Nicholl et al.,
2000). Due to the differences in gas-water spatial
distribution caused by various pore-throat types, the water-
phase had different intensities of the interference effect on
the gas-phase for the three types of samples, which caused
the differences in the gas-phase flow ability. Thus, the
curves of the gas-phase relative permeability have
different slope characteristics. In type-I sandstone, water
was mainly distributed in the intercrystalline micropores
and cluster throats with smaller sizes and poor
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strong compaction due to the high content of ductile grains
(Fig. 16a). The loss of primary pores is not conducive to
the migration of pore water, and the rare occurrence of
dissolved pores in sandstones indicates that the
contribution of dissolution to sandstones is minor. Clay
minerals formed during cementation provide
intercrystalline micropores, which are the main types of
sandstones (Fig. 16b). The sizes and shapes of the cluster
throats located in intercrystalline micropores are
controlled by clay minerals. Kaolinite and illite mainly
occur as cement filling in the pores and throats, which
have two origins: altered from tephra and authigenically
crystallized from meteoric water. Finely laminated illite
observed in thin sections indicate an altered origin
generally occurring with honeycomb-like pores in SEM
(Fig. 6f), whereas authigenic illite has fibrous, hair-like
characteristics with small and cross-capillary throats
(Tianet al., 2013; Zhao et al., 2016). Kaolinite occurs as
booklets and vermicular aggregates with crystals stacked
in diverse directions (Fig. 6¢), in which the pores are
unclear to distinguish from throats. The sizes of the cluster
throats in altered kaolinite are small due to the compact

stack of fine crystals from rapid crystallization (Fig. 6c).
Authigenic kaolinite with a euhedral-granular texture
iscommonly scattered in the pores with large pore sizes
and large throat sizes. (Fig. 6f). A variety of clay minerals
present in the sandstones make the pore-throat structure
more complicated.

6 Conclusions

(1) Thin-section petrology observation revealed three
pore-throat combination types in tight gas sandstones in
the Zizhou area. Variations in the permeability exist in
sandstones with different pore-throat combination types,
which indicate type-IIl sandstones are better reservoirs,
followed by type-II sandstones and type-I sandstones.

(2) RCP results show that there are significant
differences in throat radius, size range and central
tendency of the three types of samples, indicating pore-
throat combination types play the controlling role in the
throat size distribution in sandstones.

(3) The pore-throat combination types in sandstones
have important impacts on the gas-water relative
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permeability. From type-I to type-III sandstones, the Sy,
decreased and the two-phase saturation zone increased,;
furthermore, the slope of the curves decreased. The results
indicate that the interference effect of water-phase on gas-
phase decreased and the gas relative flow ability
increased.

(4) The pore-throat combination types in sandstones are
the cumulative expression of lithology and diagenetic
modifications with strong heterogeneity. The content of
the primary pores reserved after compaction plays a
dominate role in the later dissolution and cementation,
which is determined by the composition of the detrital
grains in sandstones.
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