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In order to clarify the characteristics of pore-throat in tight sandstone reservoirs in the Dibei area of the Kuqa Depression in the
Tarim Basin (Northwest China) and to make clear its impact on reservoir quality and productivity, microscopic observation and
quantitative analysis of 310 tight sandstones in the Kuqa Depression are carried out by using various methods. Microscopic
observation shows that the shapes of the pores are flat, oval, and long-narrow. A great number of throats connect the
nanoscale pores in the form of a network. Quantitative analyses including RCMP (rate-controlled mercury penetration), HPMI
(high-pressure mercury injection), NA (nitrogen adsorption), and routine and stress-dependent core analysis show that the
peak of pores radius ranges from 125um to 150 ym, and the throat radius is in the range of 1um-4 um. The throat space
accounts for about 2/3 of the total space of the tight sandstones, which is the major storage space for natural gas. The space
shape has a great influence on the reservoir seepage capacity, particularly under the condition of overburden pressure. The
pores with throat radius greater than 300 nm have free fluid, and they contribute more than 98% of the reservoir permeability.
The pore spaces with throat radius among 300 nm-52nm can release fluids by reservoir stimulation. The pore-throats with
radius < 52nm cannot release the irreducible hydrocarbon fluids. In addition, formation pressure is easy to destroy tight
sandstone reservoir. The research results will provide insights into the efficient recovery of natural gas in tight sandstones.

1. Introduction

Porosity and permeability are two major parameters for eval-
uating reservoir quality, and there is usually a good linear
correlation between them [1-4]. However, in unconventional
reservoirs (such as tight sandstone reservoir, shale reservoir,
tight limestone, and volcanic reservoir), the correlation
between porosity and permeability is not as close as that in
conventional reservoirs [5-7]. More and more researchers
have realized that the throat in the reservoir is the key factor
to affect the seepage capacity of the reservoir, and it also
determines the oil and gas production capacity of the reser-
voir [8-12]. Nelson [13] has introduced the distribution of
throat sizes in different types of rocks. Based on his measured
data, it is believed that changes in throat size have the most

significant impact on reservoir permeability. If the throat size
changes by one order of magnitude, the permeability value
will change by more than two orders of magnitude, so that
throat is a critical parameter to evaluate reservoir quality.
Pittman established a method to evaluate the quality of
low-permeability reservoir by throat size as early as 1989
and achieved good results [14]. Reservoir quality evaluation
with throat as a parameter, especially the evaluation of tight
sandstone reservoirs, is relatively scientific and effective,
and a lot of achievements have been made in related research
([14]; Lu et al,, 1997; [15]; Wen et al., 2005; [16]; Li et al.,
2007; [17, 18]; Li et al., 2012; [19]).

For the tight sandstone reservoirs, the size, distribution,
and morphology of pore-throat are closely related to reser-
voir quality [20-22]. When Deng et al. [23] carried out
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sandstone reservoir classification, they clearly pointed out
that the long and narrow fractures between grains and
quartz secondary enlarged edges have obvious control effect
on reservoir quality and oil and gas production, and this
type of fracture is very sensitive to stress.

The tight sandstone gas-bearing area of the Jurassic Ahe
Formation in the eastern Kuga Depression, Tarim Basin,
located close to the source of China’s “West to East Gas
Transmission”, is an important succession field of natural
gas supply in the future. However, the understanding of tight
sandstone gas reservoir in the Ahe Formation is still very
limited, so that many wells have damaged the reservoir in
the process of drilling or reservoir stimulation, which has
seriously affected the tight gas productivity in this area.
Therefore, it is necessary to study the microscopic character-
istics of tight reservoirs in the Ahe Formation.

The main purpose of this study is to characterize the
pore-throat of the tight sandstone reservoirs in the Dibei
area of the Kuqa Depression in the Tarim Basin (Northwest
China) and decipher the relationship between reserves and
productivity with throat based on multiproxy of quantitative
measurement. It is hoped to provide some enlightenment for
the effective exploitation of natural gas in tight sandstone.

2. Geological Setting

2.1. Tectonic Setting. The Kuqga Depression is situated at the
north edge of the Tarim Basin (Figure 1) [24]. It is a foreland
depression which was formed in the subduction and colli-
sion of the Tarim plate to the Tianshan Mountain in the Tri-
assic [25-28]. Influenced by the shallow layers of the South
Tianshan orogenic belt thrusting southward, a series of E-
W direction thrust faults are developed in the Kuqa foreland,
thrusting towards the basin [29]. The Dibei area is located in
the middle section of the Yigikelike fault belt, the north mar-
gin of the Yangxia sag in the east of Kuqa Depression, with
the characteristics of linear anticlines, faulted anticlines,
and faulted nose structures (Figure 2) [24]. The fault belts
began to thrust at the Late Miocene and continued until
now. The tectonic movements in the Jurassic and Early Cre-
taceous led to a transformation from fault propagation folds
to large-scale fault-bend anticlines in the Dibei area [30].
Compressional uplift and erosion during the Late Creta-
ceous resulted in the formation of current structural and
sedimentary features in the study area [31-33].

2.2. Features of Tight Sandstone Gas Reservoir. More than
ten wells have drilled the tight sandstone reservoir in the
Ahe Formation (J,a) of the Lower Jurassic in the study area.
Among them, Well Yn2 has obtained high-yield industrial
gas flow, Well Yn5 is a low-yield gas well, and other wells
have different levels of oil and gas, indicating that Dibei is
an important area for oil and gas accumulation.

The reservoir of the Ahe Formation is buried in the
depth between 4500 and 5000 m and consists of channel
sandstone of the braided river delta plain. Laterally, the
sandstones are continually distributed with an average thick-
ness of 180-230 m. Vertically, the Ahe Formation can be
divided into several fining-upward sedimentary cycles. From
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bottom to top, conglomeratic sandstones of braided river
channel in flood plain facies are gradually transformed to
siltstones and mudstones of flood plain facies. Due to the
erosion of the lateral migration of the channel sandstone in
the floodplain facies, the top silt is generally absent, and
the lower part of the channel is retained, forming several sets
of incomplete cycles. The physical properties of the reservoir
are positively correlated with the sedimentary cycle; the
porosity and permeability of the coarse sandstone at the
cycle bottom are apparently better than those of the fine
sandstone at the top.

The sandstones of the Ahe Formation deposited under the
control of the provenance and sedimentary facies belts of the
southern Tianshan Mountains in the north [37-39]. The
lithology is feldspar lithic sandstone or lithic sandstone, with
moderate particle sorting properties, and mainly composed
of the coarse sandstone, conglomeratic sandstone, and
medium sandstone. The sandstone is compact and has almost
no macroscopic dissolved pores in cores, but dissolved frac-
tures and tectonic fractures are observed in several wells.

3. Samples and Methods

56 samples of 7 wells were collected from the tight sandstone
of the Ahe Formation in the study area (Figure 1). All the sam-
ples are from the depth of 4000-5000 m except for the samples
from Well Mnl in the eastern part of the study area are at the
depth of 965-1150 m. The length of the cylindrical core sam-
ples is 5-12cm, and the cross-sectional diameter is 2.5cm.
Series of matching analyses were carried out for the 56 samples
(Table 1), including thin section (CTS), scanning electron
microscope (SEM), confocal laser scanning microscope
(CLSM), rate-controlled mercury penetration (RCMP), high-
pressure mercury injection (HPMI), nitrogen adsorption
(NA), porosity and permeability analysis under normal pres-
sures (PPNP), and overburden pressures (PPOP).

Before grinding thin sections, the samples were injected
with epoxy resin of the mixture of ferrocyanide and alizarin
red under vacuum pressure, so that the pore space of sand-
stone reservoir can be clearly observed under the single
polarized light microscope, and the characteristics and con-
tent of calcite cement can be easily identified. Similarly,
when grinding laser confocal thin sections, a special
enhanced fluorescent agent was injected into the samples;
therefore, the subtle cracks which cannot be observed in
casting sections can be identified by the intense fluorescence
under laser excitation.

3.1. RCMP. RCMP (rate-controlled mercury penetration)
experiment was conducted on the ASPE-730 model equip-
ment from American Coretest Systems Company. Before
analysis, the plunger samples were washed and dried, and
the porosity and permeability were measured. Then, the
samples were immersed in mercury solution after vacuum,
the interfacial tension and contact angle were kept
unchanged, and mercury was injected into the core at a very
low constant speed (0.00005ml/min). When the pressure
reached at 900 psi (about 6.2 MPa), the experiment ended.
During the experiment, real-time monitoring and automatic
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FIGURE 1: Regional, geological, and structural map of Dibei area in Kuqa Depression, Tarim Basin, Northwestern China (modified from
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FIGURE 2: Structural section map of east Kuqa Depression.

TABLE 1: Analysis items and number of sandstone samples in the
study area.

Analysis items

Well

no.  CTS SEM CLSM RCMP HPMI NA Pg)%;nd
Yns 16 16 16 3 16 16 16
Yn2 10 10 10 10 10
Ynda 13 13 13 113 11
Ys4 8 8 8 8

Kzl 2 2 2 2

Tz2 3 3 3 3

Mnl 4 4 4 1 4

data acquisition and output were carried out by the com-
puter system. The pore structure information was obtained
according to the rise and fall of mercury pressure.

3.2. HPMI. The HPMI (high-pressure mercury injection)
experiment was carried out on the full automatic AutoPore

IV9520 mercury injection apparatus. The pore diameter is
3nm-1000 ym, and the volumetric accuracy of mercury
injection and ejection is less than 0.1 yl; the highest injection
pressure can be 414 MPa. All the samples were made into
core columns and dried for 24h before conducting this
experiment.

3.3. NA. The NA (nitrogen adsorption) experiment was car-
ried out by using the QUADRASORB SI specific surface area
and porosity analyzer made by American Quanta Chrome
Company. The pore diameter measuring range of the instru-
ment is 0.35-400 nm. Before the experiment, the samples
were vacuum pretreated at 150°C for 24 hours, and then,
the high-purity nitrogen (with purity higher than 99.999%)
was used as adsorbate to measure nitrogen adsorption
capacity under different pressures at -195.8°C. Taking the
relative pressure as X-axis and adsorption capacity of unit
sample weight as Y-axis, nitrogen adsorption-desorption
isothermal lines were drafted. According to the two BET
constant formulas, the BET straight line graph with relative
pressures between 0.05 and 0.35 was drawn to obtain the



specific surface area of the samples. The BJH (Barrett-Joy-
ner-Halenda) method was applied to calculate the desorp-
tion branch of the nitrogen adsorption isothermal line to
obtain the pore size distribution.

The variation law of the porosity and permeability along
with the overburden pressures can be found out by the
porosity and permeability analysis under net overburden
pressures; therefore, the true value in formation conditions
can be simulated. It is very important for tight sandstone
gas reservoir with strong stress sensibility. The pressure of
the reservoir in the study area is 82 MPa, and the simulated
test pressure scope of the instrument is among
2.1~67.6 MPa. Affected by the instrument performance, the
maximum net overburden pressure is 55 MPa. The experi-
ment process was recorded by measuring the porosity and
permeability at one point every 5MPa. We can infer the
characteristics of porosity and permeability from the varia-
tion of porosity and permeability with pressure.

4. Results

4.1. Micro-Observation Characters of Reservoir Spaces

4.1.1. Microscope. It is found that the shape and distribution
of pores are obviously influenced by the microfractures. The
dissolved pores are mainly developed along the microfrac-
tures (Figures 3(a) and 3(b)). The pore profiles are elongated
elliptic, and their long axis directions are coincident with the
extension directions of the microfractures (Figure 3(b)).
Some dissolved pores can form macropores with the long
axis perpendicular to the fracture due to dissolution expan-
sion (Figure 3(a)). Another manifestation of pores affected
by microfractures is “clustering development of micro-
pores”, that is, the dissolved micropores “clustered” to form
a dissolution band (Figure 3(c)). Under the microscope, the
micropores near the center of the band develop intensively,
while the number of micropores far away from the center
of the band decreases and gradually becomes isolated. How-
ever, some microfractures do not play a role in the dissolu-
tion of pores. These fractures are characterized by clean
and free of impurities, parallel distribution of several frac-
tures, large opening width of fractures (0.15~0.5mm), and
concave convex confrontation on both sides of fractures
(Figure 3(d)).

The pore morphology of the Ahe Formation can be clas-
sified into three types: (1) short-axis pores: the pores are
nearly round with smaller length/width ratio (Figure 3(a));
(2) long-axis pores: the pores are in apparently flat oval
shape (Figure 3(b)), and the length of the long axis is 3 to
10 times of the short axis; (3) lamellar pores: the pores are
in long-narrow lamellar shape (Figure 3(d)). The major pore
shapes in the study area are long-axis pores and lamellar
pores.

The results of cast thin section show that the primary
pores of tight sandstone reservoir in Ahe Formation (J,,)
are not developed, and the secondary dissolution pores are
scattered and isolated, with small pore radius (50 ym-
150 yum) and poor connectivity between pores. The inter-
granular muddy dissolution micropores are well developed,
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followed by intergranular dissolution pores. Microfractures
occupy the main pore space in some samples, and they are
also one of the important types of reservoir space in the
study area.

4.1.2. SEM. It can be clearly seen under SEM that the parti-
cles are filled with clay minerals of different shapes; among
them, the hair and needle-like illite are the most developed
(Figure 4(a)), which is symbiotically filled with the page-
like kaolinite and filled between or within the particles
(Figures 4(a) and 4(b)). Three types of pore-throat features
can be identified: (1) pore-throats between particles and clay
minerals, with a long-narrow shape (Figures 4(c) and 4(d)),
and the width is between 2 ym and 5 ym. This kind of pore-
throat is very common here. (2) Intercrystalline pores,
mainly formed by secondary quartz overgrowth
(Figure 4(e)) or developed in kaolinite (Figure 4(f), with
pore diameter of about 10 um). (3) Dissolved fractures in
feldspar: the fractures are flat and discontinuous distributed
along the joint surfaces of feldspar (Figures 4(g) and 4(h)).
SEM observation results show that the areas displayed by
dyeing agent in casting thin sections are not entirely pores;
most of them are the adsorption color after being filled by
clay minerals. The actual gas storage space is the intergran-
ular pores of the clay minerals, so a more precise definition
of the pore should belong to the throat. It is precisely
because these clay minerals filled in the grain adsorb the
dye, which is mistakenly regarded as the pore space (casting
color) under the microscope, resulting in the face ratio value
under the casting thin section generally larger; thus, the res-
ervoir space of the rock is mistakenly estimated. It can be
seen from Figure 4(f) that almost 90% of the pore space is
filled by kaolinite and illite. Most of the reservoir spaces in
Dibei gas reservoir are micropore-throats.

4.1.3. CLSM. Confocal laser scanning microscope (CLSM)
can make up for the shortcomings of traditional polarizing
microscope and scanning electron microscope to obtain
high-definition and high-resolution images. What is more,
it can clearly display and quantitatively count the
micropore-throat by adding special fluorescent agent to the
thin section [11, 40, 41]. Thus, CLSM has obvious advan-
tages in the study of tight reservoir. In this study, the frac-
tures and pores (especially the tiny throats) that are hardly
observed in traditional casting thin sections are readily iden-
tified by using CLSM (Figure 5). The results show that the
main reservoir spaces are microdissolution pores, and a
small amount of intergranular macropores are developed.
The throats are important reservoir spaces that should not
be ignored and there is a close connection between pores
and throats in the reservoir. The throat is distributed in net-
work and communicated with nanopores, thus forming a
tight reservoir oil and gas storage and transportation system.

4.2. Quantitative Measurements of Reservoir Space. The
throat diameters of sandstone, tight sandstone, and shale
are very different [13]. Therefore, different techniques are
needed for further research.
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F1GuRre 3: Thin sections of photomicrographs showing microscopic features of Dibei tight sandstone reservoirs in Ahe Formation. (a) Well
Ynb5, J,a, brachy pores: the pores are intersected by fractures and are nearly in rounded shape. (b) Well Yn2, J,a: the pores are developed in
flat and long-axis shape. (c) Well Yn4, Ja: the secondary dissolved micropores are developed in clustering and banding form. (d) Well Yn5,
J,a: the microfissures are nearly parallel with bigger openness, without impurity between fissures.

4.2.1. Rate-Controlled Mercury Penetration. The RCMP has
an obvious advantage in evaluating pores and throats, espe-
cially for tight sandstone reservoir, which can effectively
reflect the number, size, and distribution characteristics of
pores and throats [42, 43]. Compared with conventional
mercury penetration technique, the RCMP can inject mer-
cury into rock pores at very low and constant rate (generally
0.00005 ml/min). By detecting the pressure fluctuation dur-
ing the mercury penetration, the RCMP can separate pores
and throats in rocks; thus, the detection results can provide
the capillary pressure curves of pores and throats and obtain
the rock microstructure characteristic parameters such as
pore radius distribution, throat radius distribution, and
radius ratio of pore-throat distribution.

The throat saturation values of the tight sandstone sam-
ples (except for sample Yn5-3) in the Ahe Formation are obvi-
ously higher than the pore saturation values (Table 2), which is
quite different from the analysis results of conventional sand-
stone reservoirs. The saturation values of pores of conven-
tional sandstone reservoirs are higher than those of throats,
which may be caused by the development of microfractures.
Figure 6 shows the distribution feature of the throats and
pores in sample Yn5-2 with RCMP. It can be seen that the
main peak value of the throat radius is 1 ym, and the main
peak value of the pore radius is among 125~150 ym.

4.2.2. High-Pressure Mercury Injection. In conventional mer-
cury penetration analysis, the mercury injection pressure is
generally less than 50 MPa, and the minimum throat radius
that mercury can enter is about 0.01 yum. However, the
throat radius value in tight sandstones is widely distributed,
with a minimum of 10nm [13]. Hence, the conventional
mercury penetration data cannot truly reflect the distribu-
tion feature of throats in reservoirs. The maximum injection
pressure of HPMI can reach as high as 400 MPa; therefore, it

can be used to approximately reflect the whole distribution
scope of the throats.

In view of the fact that there are many fractures in the
sandstone samples, the high pressure can easily damage the
samples during the injection process. Therefore, 200 MPa
of the mercury injection pressure was selected in this study.
The minimum throat radius under 200 MPa pressure is
3.7nm, which is basically close to the size of the oil and
gas molecules. The data of 27 samples shows that the average
mercury injection saturation is 67.2%, and the maximum
mercury injection saturation is 87% (Figure 7). Though they
are apparently higher than that reflected by conventional
mercury penetration data, it is still unable to achieve 100%
mercury injection saturation. The main reason is that there
are invalid pores in the sample, and the throats which con-
nected by these pores are much smaller, or these pores are
isolated from the throats and fail to communicate with the
pore-throat network. However, these invalid pores still
occupy part of the pore volume, so that the pores cannot
be fully filled by mercury penetration. Such deficiency can
be overcome by the combination of HPMI and nitrogen
adsorption techniques to comprehensively obtain the
unavailable pore space volumes in samples.

4.2.3. Nitrogen Adsorption Isotherm Analysis. The NA test
method can make up for the shortage of other analysis and
test on the observation of micropore and can focus on the
distribution characteristics of throat radius below 100 nm;
thus, it has a good effect on identifying the micropore and
throat features in tight reservoirs [44, 45].

The results of nitrogen adsorption and desorption iso-
therms (Figure 8) show that the distribution status and
shape of the pores and throats can be qualitatively evaluated
by the shape of the adsorption isotherm. According to the
classification of International Union of Pure and Applied
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FIGURE 4: Scanning electron microscope photomicrographs showing pore space and morphology of minerals filled in space in the Ahe
Formation of Dibei area. (a) Yn2, ]y, 4538.31 m: intergranular fibrous illite and smectite mixed layers. (b) Yn5, J,y, 4562.8 m: kaolinite
in book-like form and illite in hair-like form. (c) Yn5, J,y, 4562.8 m: pores and fissures between lamella biotite and chlorite minerals. (d)
Yn5, ]y, 4562.8 m: long-narrow fissures between grains. (e) Yn, J,a, 4851.8 m: intercrystalline pores between secondary quartz crystals. (f
) Ys4, Jla, 3981.6 m: kaolinite and illite filling between grains in thin sections under SEM. (g) Yn5, J;a, 5007.1 m: the dissolved
micropores in feldspar are developed along joint seams. (h) Yn5, J,a, 4775.23 m: flat fissures are formed by corrosion along joint seams
in feldspar.
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FIGURE 5: Scanning laser confocal microscope photomicrographs showing slot pore characteristics in the Ahe Formation of Dibei area. (a)
Well Yn2: clear structural fractures. (b) Well Yn2, J,a: corroded bands with clustering tiny corrosion pores. Tiny pores are clear. (c) Well
Yn5, J,a: a thin section image of scanning laser confocal microscope, showing connected throats and corroded pores in network style.

TaBLE 2: Result of rate-controlled mercury penetration in the study area.

No. Yn5-1
Gasometry porosity (%) 9.30
Gasometry permeability (10~ ym?) 1.06
Apparent rock density (g/cm?) 242
Bulk volume of rock sample VB (cm®) 1.77
Pore volume of rock sample VP (cm?) 0.16
Penetrated mercury saturation in throat (%) 26.70
Penetrated mercury saturation in pore (%) 10.08
Total penetrated mercury saturation (%) 36.78

Yn5-2 Yn5-3 mnl-1
6.96 8.18 19.65
0.293 11.030 14.360
249 2.44 2.12
341 4.48 1.88
0.24 0.37 0.37
25.44 28.29 41.02
10.89 29.48 23.18
36.33 57.77 64.20

Chemistry (IUPAC), the form of the adsorption isotherm of
the Dibei reservoirs is type IV. The adsorption isotherm is
different from the desorption isotherm, and the hysteresis
loop can be seen. A platform can be observed in the area
with high P/P, value (greater than 0.4), and it ends up with
the isotherm upward. This type of isotherm indicates that
the samples in this area are chiefly medium pores (the diam-
eters of the medium pores are between 2 and 50 nm, accord-
ing to the classification of IUPAC). The pores in this order
cannot be observed in other analytical methods.

4.2.4. Routine and Stress-Dependent Core Analysis. It is very
important to evaluate the influence of pore-throat morphol-
ogy on tight gas reservoir quality under formation pressure,
because low-permeability reservoirs are very sensitive to the
confining pressure [23, 46]. The permeability values mea-
sured under normal pressures cannot truly reflect the reser-
voir seepage capacity under formation pressure [16]. Related
statistics show that the permeability under overburden pres-
sures is only 1/10 of that under normal pressure. The sand-
stone samples of the gas reservoir in Dibei area also show
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that the permeability value under overburden pressure is
much smaller than that under normal pressures. However,
there is a great difference in the variation trend of permeabil-
ity of different samples under the overburden pressure.

Figure 9 shows that the permeability values of the sam-
ples in type II and III under overburden pressure (50 MPa)
are almost less than 0.1 mD, which is 1-2 orders of magni-
tude lower than that under normal pressures, while the per-
meability values of the loose samples in type I did not
change. On the contrary, the porosity value of the loose sam-
ples in type I decreases obviously under overburden pres-
sure, while that of the samples in type II and III has no
obvious change. Dibei tight gas reservoir is dominated by
type II reservoir, followed by type III reservoir.

4.3. Pore-Throat Morphology of Tight Sandstone Reservoirs.
Primary pores in the tight sandstone of the Ahe Formation
are not well developed under the microscope. The dissolved
pores are generally distributed in isolation, with the pore
radius of 50 to 150 ym, and the connectivity of intercrystal-
line pores is poor. The main dissolution pores are the inter-
granular dissolution pores, followed by the intragranular
dissolution pores, which are developed in feldspar grains
and volcanic debris grains. Microfractures occupy the main
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pore space of some samples and are also one of the main res-
ervoir space types in this area.

The hysteresis loop of nitrogen adsorption test (Figure 8)
can reflect the features of sample pore-throats. It can be
divided into four types, and different types reflect different
morphological features of the pore-throat. According to
the hysteresis loop (desorption curve), there are two major
types of pore morphology in the samples. (1) inkbottle-
shaped pores with small caliber and wide body, and the big
pore-throat is unfavorable for gas seepage and (2) pores in

plate and flat shape; this type of sample is generally com-
posed of flake particles, such as clay or clustered micropores.
This conclusion is consistent with the morphological fea-
tures previously observed intuitively, indicating that the
tight reservoirs in the study area are mainly composed of
micropore in intergranular clay minerals, followed by the
long-narrow and flat throats.

4.4. Pore-Throat Sizes and Distribution in Tight Sandstones.
Rate-controlled mercury penetration (RCMP) and high-
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pressure mercury injection (HPMI) are effective methods for
analyzing pore-throat radius from different perspectives. It
can be concluded from the result of RCMP that the throat
radius in tight sandstones is mainly distributed in the range
of 0.4-2 ym (the main peak is at around 1 ym), and the pore
radius is distributed in a wider scope of 75-350 ym (the main
peak is among125-150 ym) (Figure 6). The peak value of the
pore-throat ratio ranged from 40 to 150 ym. They are gener-
ally represented as the shape of small caliber with wide body.
The average pore-throat radius distribution reflected by
the HPMI testing (Figure 10) shows that the peak of the
pore-throat radius is around 0.324 ym, and most pore-
throats radii are smaller than 2um. To carry out HPMI
and NA tests for the same sample, taking the data of two
methods in the same coordinate system for mapping, it
can well reflect the widest range of the pore-throat radius
distribution in the tight sandstone samples. Figure 11 shows
the average pore-throat radius distribution graph by match-
ing the data of HPMI and NA of 27 samples. The NA testing
results show that abundant micropores with radius smaller
than 50 nm are still developed and their total pore volume
accounts for more than 15% of the total pore volume.

5. Discussion

5.1. Throats Are the Major Storage Spaces for Tight
Sandstone Gas Reservoir. RCMP data of four samples shows
that the throat radius of the reservoirs in Dibei area ranges
from 1pum to 4 um (Figure 11(a)), and the peak ratios of
pore-throat radius range from 40 to 150 (Figure 11(b)).
The average mercury injection saturation of gas reservoirs
is 48.77%, in which the average mercury injection satura-
tions of pores and throats are 18.4% and 30.37%, respec-
tively. Thus, throats contribute more than 60% of the total
gas spaces. The throats not only play the role of connecting
the pores and throats but also are the major reservoir spaces
in tight gas reservoirs. It is obviously different from the cog-
nition that pores are the major reservoir spaces in conven-
tional reservoirs.

According to the pore radius calculation formula (BJH),
the pore radius distribution scope and pore volumes of the
samples in nitrogen adsorption test are obtained
(Figure 11). The volumes of the pores with 2-50 nm account
for more than 14.3% of the total pore volume. Under the
HPMI condition, 40% of the pore-throat volume cannot be
measured. Even if it is assumed that the adsorption test
can identify the total connected throat volume, nearly 30%
of the pores still cannot be identified by existing technology,
which is considered as the isolated and invalid pores in sam-
ples. According to the NA test results of 56 samples, the
throat volumes below 50 nm account for about 45% of the
total porosity, micropores (<2nm), and mesopores (2-
50nm), and ineffective pores occupy 64% of the pore
space [47].

5.2. The Effect of Throat Morphology on Reservoir Seepage
Capacity. Pore-throat morphology is an important parame-
ter for reservoir evaluation. Some researchers have
attempted to study the characteristics of complex pore struc-
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ture by fractal geometry theory [48, 49]. In fact, pore-throat
morphology is random and disordered, and accurately,
descriptions remain uncertain. In this study, pore-throat
morphology can be distinguished by the curves of the
adsorption and desorption in nitrogen adsorption test,
which is a comprehensive reflection of all pore-throat mor-
phology (Figure 8). The radius ratio of the connecting
pore-throat and the length/width ratio of pores (or throats)
are used to simply characterize the pore-throat morphology
(Figure 11(b)). Figure 11(a) shows the percentage of the
throats with different radius in the samples. It does not dis-
play the shape of the pore-throat, but only the size of the
throat. The wider the curve is, the larger the throat exists
in the sample. Figure 11(b) shows the distribution range
and frequency of the ratio of pore radius to throat radius,
which represents the shape of the pore-throat. The larger
the ratio is, the more asymmetric the pore-throat is, such
as the inkbottle-shaped pore-throat (with small caliber and
wide body). The smaller the ratio is, the more regular the
shape of pore-throat is, such as oval and round shape. When
the ratio is about 100, the pore-throat is flat and slender
strip.

The peak of the pore-throat ratio in sample mn1-1 with
permeability value of 14.36 mD is located in the horizontal
coordinates of 40. With the decrease of permeability, the
pore-throat ratio corresponding to the peak increases gradu-
ally. It can be seen that the primary peak is 150 when the
permeability is 0.29 mD (sample Yn5-2). Therefore, the pri-
mary peak position of the pore-throat ratios is closely related
to the permeability value, indicating that the permeability is
not only affected by pore-throat size, but also by pore-throat
morphology, although it can be seen from Figure 11(a) that
the permeability value has a certain correlation with the
throat size of the reservoir; for example, the larger the per-
meability value of the sample, the larger the proportion of
the large throat. The morphology of pore-throat reflected
by the ratio of pore-throat is the indicator of reservoir seep-
age ability. The effect of the throat on the seepage capacity is
only shown as the slippage effect of gas when the throat
radius is small, resulting in smaller permeability value [50].
However, it is the ratio of pore-throat, that is, the shape of
pore-throat, that really reflects the seepage capacity of
reservoir.

By comparing the pore-throat shapes of type I, II, and III
samples, it is considered that the main reason for the differ-
ences of porosity and permeability under overburden pres-
sure is the closure effect of the long-narrow and flat
throats, followed by the blockage effect of clay minerals on
the throats. The porosity of the samples in type I under nor-
mal pressure is bigger than 15%, mainly developing big-
radius pores (their diameters are generally among 0.2-
0.5mm), with smaller length/width ratios (about 1). The
relationship between grains is point contact or line contact,
and the grains in some samples are suspended. Due to the
development of pore space, the change of grain framework
under overburden pressure results in the decrease of pore
space and porosity. However, there is still plenty of seepage
space among the grains, and the decrease of seepage capacity
of fluid is much limited. For the type II samples of tight
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FiGure 11: Distribution of throat radius and ratio of pore-throat radius for tight sandstones of different porosity-permeability properties.

sandstone, the decrease of pore spaces in reservoirs under
overburden pressure is mainly reflected in the closure effect
of the long-narrow and flat micropore-throats or compres-
sion into narrower pore-throat. For the total pore-throat
space, the decreased volume may be smaller, but for the
seepage capacity of pore-throats, the decrease of the space
can directly result in the closure of the throat and the
increase of the fluid slippage effect, which seriously affects
the fluid seepage capacity. Therefore, the long-narrow space

with large pore-throat ratios in reservoirs has apparent influ-
ence on reservoir quality.

In tight sandstones, the reservoir quality is relatively sen-
sitive to clay minerals and the existence of clay minerals can
seriously block the microthroats. For the reservoir of this
long-narrow pore-throat type in this area, the clay minerals
aggravate the plugging of pore-throat and seriously hinder
the flow of fluid. There are lots of muddy matrices in type
III samples. The matrix is mainly primary clay minerals.
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The pseudo matrix phenomenon occurred during the pro-
cess of compaction can seriously reduce the pore spaces.
Improper modification measures in the drilling may aggra-
vate the blockage of the throats. Due to the strong acid sen-
sitivity of the reservoir in this area, the later acid fracturing
process is easy to cause reservoir pollution, thus missing
the discovery of the gas layers. At present, the nitrogen dril-
ling technology can effectively protect the reservoirs in the
Dibei area, so that the discovery rate and drilling success rate
of gas layers during later period are significantly improved.

5.3. Determination of Cutoff Value of Throat Radius. Throat
radius is the key factor for controlling gas seepage capacity
in reservoirs. The fluids in different throat radius intervals
have great differences of flow modes and seepage capacity.
The results of HPMI experiments show that the pore spaces
with the throat radius > 0.3 ym in tight sandstone samples
contribute more than 98% of the fluid permeability. If 98%
of the fluid flow capacity is taken as the free flow space of
reservoir throats [51], then 0.3 ym throat radius is the min-
imum value of free fluid pore space. When the throat radius
in reservoirs is greater than 0.3 ym, the fluids in the space
can be naturally produced without external force, and this
part of gas corresponds to the natural gas production during
the exploitation of tight sandstone reservoirs.

As the space with radius larger than 0.3um is in a
small proportion, the porosity and permeability of the
tight gas reservoirs are low, and the gas productivity under
natural condition is very limited. Therefore, it is necessary
to stimulate the reservoirs, such as fracturing, to improve
the productivity of single well. In the process of stimula-
tion, the reservoir throats are actually widened, so that
the gas bounded in the smaller throat in the early stage
can be released to form productivity. Further detailed
studies are still needed to determine whether the throats
with radius smaller than 0.3 um can be entirely stimulated
into actual production capacity. In this study, the mini-
mum movable fluid pore radius (i.e., the lower limit of
throat radius for reservoir stimulation) in reservoirs can
be determined by a nuclear magnetic centrifuged labora-
tory experiment.

Centrifuged experiment for the brine-saturated samples
can be used to calibrate the T2 cutoff value of the movable
fluid in tight sandstones [52]. In this paper, the magnetic
resonance experiments under various centrifugal conditions
were carried out, and it found that with a gradual increase of
centrifugal force, the movable water in water-saturated sam-
ples was gradually expelled. When the centrifugal force
reached 2.75MPa, there is almost no difference (or very
small difference) between the T, spectrogram curve and
the spectrogram curve at 2.42 MPa. Thus, it can be con-
cluded that 2.75MPa is the limited value of the movable
water that can be expelled from tight sandstones by centrif-
ugal force. This means that the throat radius corresponding
to 2.75MPa is the minimum throat radius for the movable
fluid in samples (Figure 12). As there is capillary force bal-
ance between porous medium and water when the water is
subjected to centrifugal force, it is necessary to convert the
interaction between water and capillary into that between
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cores of tight sandstone in Dibei area.

gas and capillary. The capillary force formula in porous
medium is as follows:

2
p= e, (1)

where P, is the capillary force in porous medium (MPa). p is
the interfacial tension between gas and water, which is 72 N/
m under normal condition. 6 is the wetting angle, being 0°
for gas-water centrifuge. r is the pore-throat radius (mm).

According to Equation (1), the corresponding throat
radius is 0.052um under the centrifugal condition of
2.75MPa. Thus, it can be considered that the pore space
with throat radius among 0.3-0.052 ym in tight sandstone
reservoirs can be converted to be movable fluid after recon-
struction, and 0.052 ym is the cutoff value of working mov-
able fluid.

Theoretically, as long as the throat radius in reservoirs is
larger than that of the gas, it can be used as the gas storage
space. In fact, due to the existence of bound water in the
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TaBLE 3: Calculation parameters and results of tight sandstone gas reserves in Dibei area.

Gas-bearing area  Net thickness Net porosity =~ Gas saturation ~ Volume Geologic gas reserves Recoverable gas reserves
(km?) (m) (%) (%) factor (10°m’) (10° m’)
35.2 102.1 6.7 63 0.00267 568.2 284.1

reservoir, the water film of the irreducible water can block
the pore-throats and prevent the invasion of the gas.

When the pore-throats are blocked by the bound water,
the throat radius which is equal to the thickness of the
bound water film on the two walls is the low limit of the
throat radius for natural gas injection, so the thickness of
the bound water film can be used as the low limit of the
pore-throat radius for natural gas injection [53]. The for-
mula for the thickness of bound water film is as follows:

S .
d;=71420 % | (2)
A xp

where d; is the bound water film thickness (0.1 nm). ¢ is the core
porosity (%). S,,; is the bound water saturation (%). A is the spe-
cific surface area of core (m?/g). p is the core density (g/cm”).

Figure 13 is the distribution graph of bound water film
thickness calculated by Equation (2) of 42 cores in this area.
The major bound water film thickness in pore-throats is
about 5nm. Thus, 5nm can act as the lower limit for gas
charging in tight reservoirs.

Figure 14 shows the distribution range of throat radius
and the percentage of pore volume occupied by different
throat radius in tight sandstone reservoirs. The free fluid
pore volume with throat radius that exceeds 300nm
accounts for 21% of total pore volume. The storage space

with throat radius among 300-50 nm that can be recon-
structed to obtain movable fluid accounts for 15% of total
pore space. The reservoir space of irreducible fluid with
low-limit throat radius among 50-5nm for gas charging
accounts for 19% of total pore space. The isolated and inva-
lid pore space accounts for 45%.

5.4. Calculation of Geological Reserves and Recoverable
Reserves. The calculation of tight gas reserves is based on
the following formula:

1
GC=0.01><Ag><h><(D><Sgl.><B—W, (3)

where G, is the total geological reserves of condensate gas
(10°m’). A o is the gas-bearing area (km?). h is the average effec-
tive thickness (m). @ is the average porosity (%). S gi 1S the initial
gas saturation (%). By; is the original gas volume factor.

The calculation parameters of reserves in the study area
are shown in Table 3. According to Equation (3), the geolog-
ical reserves of natural gas in this area can be calculated to be
568.2 x 108 m’. The recoverable reserves are 284.1 x 10* m*
by the classification method and 50% of other gas parame-
ters of the basin.

Table 4 shows the geological reserves and recoverable
reserves of natural gas calculated by using the gas-bearing
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interval of throat in Figure 14. Compared with Table 2, the
geological reserves of natural gas decreased by 12.7% to
496.01 x 108 m®, but the recoverable reserves increased by
15.87% to 329.17 x 10® m?, of which the natural gas produced
without transformation was 189.39 x 10® m?, and the produc-
tion increased by 139.79x 10°m® after transformation.
Therefore, for tight sandstone gas reservoir, fracturing is very
necessary.

6. Conclusions

Various methods are used to characterize the pore-throat of the
tight sandstones in the Kuqa Depression, and the relationship
between reserves and productivity with throat is discussed.
The main conclusions drawn from this thesis are as follows:

(1) The sandstone gas reservoirs in the Dibei area are
tight, with high matrix content and abundant clay
minerals. The major reservoir spaces are long-
narrow and flat pore-throats and the clay mineral
intergranular micropores

(2) The throat radius in reservoirs is mainly distributed
between 1 and 4 pum, and the throats account for
nearly 2/3 of spaces of the tight sandstones. The
shape of the pore-throat directly affects the produc-
tion capacity of the reservoir

(3) The pores with throat radius greater than 300 nm
have free fluid, and they contribute more than 98%
of the reservoir permeability. The pore spaces with
throat radius between 300 nm and 52nm can expel
fluids by stimulation. The pore-throats with radius
< 52 nm cannot release the irreducible hydrocarbon
fluids even if they have been charged with hydrocar-
bons, and they are inefficient pore-throats. Such
pore-throats account for 65% of the tight sandstone
reservoirs in the Dibei area

(4) Under the formation pressure, the tight sandstone
reservoir with long-flat pore-throat is easy to have
the closure of the throat and the compression circu-
lation space, which makes the seepage capacity
decrease sharply. In addition, the clay minerals in
pore-throats can lead to more serious blocking effect,
which hinders the fluid seepage

(5) According to the pore-throat distribution character-
istics of tight sandstone reservoir, the calculation of
tight gas geological reserves and recoverable reserves
is carried out. There are some differences between
this calculation result and the conventional calcula-
tion result, which is reflected in the reduction of geo-
logical reserves by 12.7% and the increase of
recoverable reserves by 15.87%
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