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Abstract Gas and water distribution is discontinuous in
tight gas reservoirs, and a quantitative understanding of the
factors controlling the scale and distribution of effective
reservoirs is important for natural gas exploration. We used
geological and geophysical explanation results, dynamic
and static well test data, interference well test and static
pressure test to calculate the distribution and characteristics
of tight gas reservoirs in the Hg Member of the Shihezi
Formation, Sulige gas field, Ordos Basin, northwest China.
Our evaluation system examines the scale, physical
properties, gas-bearing properties, and other reservoir
features, and results in classification of effective reservoirs
into types I, 11, and III that differ greatly in size, porosity,
permeability, and saturation. The average thickness,
length, and width of type I effective reservoirs are 2.89,
808, and 598 m, respectively, and the porosity is > 10.0%,
permeability is>10 x 107 um? and average gas
saturation is > 60%. Compared with conventional gas
reservoirs, tight gas effective reservoirs are small-scale and
have low gas saturation. Our results show that the scale of
the sedimentary system controls the size of the dominant
microfacies in which tight gas effective reservoirs form.
The presence of different types of interbeds hinders the
connectivity of effective sand body reservoirs. The gas
source conditions and pore characteristics of the reservoirs
control sand body gas filling and reservoir formation. The
physical properties and structural nature of the reservoirs
control gas—water separation and the gas contents of
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effective reservoirs. The results are beneficial for the
understanding of gas reservoir distribution in the whole
Ordos Basin and other similar basins worldwide.
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1 Introduction

The increasing use of natural gas has led to the rapid
development of unconventional gas exploration and
exploitation (Economides and Wood, 2009; Nelson,
2009; Liu et al., 2015a; Ju et al., 2018). The focus of gas
field development has shifted from medium-high-quality
reservoirs to low-quality reservoirs (Daniel and Viktor,
2015; Guo et al., 2015; Zafar et al., 2020). As such, tight
sandstone gas reservoirs have increasingly become the
focus of research (Ziarani et al., 2012; Behmanesh et al.,
2014; Abuamarah et al., 2019). China contains rich tight
gas resources. A number of large-scale, tight sandstone gas
fields have been developed in the Upper Paleozoic in the
Ordos Basin and Triassic Xujiahe Formation in the
Sichuan Basin, which have become important sites of
natural gas production (Hu et al., 2018; Li et al., 2019a,
2019b; Zou et al., 2019). In tight sandstone reservoirs with
poor physical properties (Morad et al., 2010; Abdulrauf
et al., 2019; Li et al., 2020a), there are still reservoirs with
relatively good physical properties that are economically
viable with existing development technologies (Davy
et al.,, 2007; Yuan et al., 2014; Fu et al., 2015). Such
reservoirs are termed “effective reservoirs” (Luo et al.,
2016a). For example, in the Sulige gas field of the Ordos
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Basin, field logging and gas production has shown that
effective reservoirs in the Hg Member have lower physical
property limits of 5% for porosity, 0.1 x 107 um? for
permeability, 50% for gas saturation, and < 70 API for the
gamma logging value.

The scale of an effective reservoir determines the
geological reserves of a single well (Luo et al., 2016b).
However, due to the discontinuous distribution of gas and
water in tight gas reservoirs and differences in effective
reservoir scales, it is difficult to calculate the geological
reserves of tight gas reservoirs (Jia et al., 2018). It is often
found that the estimated reserves in the initial stages of
development are larger than those found in the actual
development process (Ostensen, 1983; Shanley et al.,
2004; Morteza et al., 2015). The differences between the
proven and calculated reserves are mainly due to: 1) the
single sand bodies that were thought to be distributed
continuously between wells actually being distinct (Tye,
2004; Wang et al., 2018), with thinning and pinching
between wells resulting in a lower gas-bearing reservoir
volume; 2) multiple wells showing that the scale of the
channel sand bodies and effective reservoirs is small, the
interpolation and extrapolation of the gas-bearing sand
bodies was too optimistic, and the gas-bearing area was
initially overestimated (Liu et al., 2014); 3) strong lateral
variations in reservoir quality resulting in a reduction of the
gas-bearing reservoir volume; and 4) the full range of
reservoir evaluation parameters not being properly con-
sidered, and only including parameters such as porosity,
permeability, gas saturation, median particle size, and pore
throat radius (Zou et al., 2012; Wang et al., 2017), and not
taking into account the most important parameter i.e.,
reservoir size.

Based on previous studies (Amiri et al., 2012; Jiang
et al., 2020; Li et al., 2020b), the conventional evaluation
method has many disadvantages for tight gas reservoirs
with strong heterogeneity (Zhao et al., 2009; Miller and
Shanley, 2010). Here we propose a new method for
quantitatively evaluating the scale of tight gas reservoirs.
Various macro- and micro-scale parameters of different
types are used to analyze the factors controlling the scale of
effective tight gas reservoirs, which can improve the
accuracy of reserve estimations. Natural gas reserves are
the material basis of gas field development. Reserve
calculation and evaluation is a long-term project through-
out the exploration and development stages of gas
reservoirs (Chen et al., 2015; Liu et al., 2015b). With
increasing data, it is necessary to constantly recalculate and
re-evaluate natural gas reserves. The gas-bearing area and
effective thickness are important parameters that affect the
calculation of reserves. Analysis of effective reservoir size
and distribution of tight gas provides accurate calculations
of reserves in tight gas reservoirs. This method is
also significant for optimizing single-well productivity
evaluation, formulating development technology, and

improving exploitation of tight gas reservoirs. Effective
reservoirs of tight sandstone are generally those with
relatively good physical properties, but with low porosity
and permeability (Santamarina et al., 2019; Wang et al.,
2020). Many studies have proposed evaluation parameter
systems for effective tight gas reservoirs. However, the
effective reservoir size is often neglected, but is of
significance in well pattern deployment. Accurate deter-
mination of the effective reservoir scale guides the
optimization of well spacing, which can maximize the
reserves and exploitation. If the well spacing is too
large, some effective reservoirs between wells will not be
drilled, resulting in a lower recovery rate. If the well
spacing is too small, it will increase the probability of two
wells drilling the same sand body at the same time,
increase inter-well interference, and lead to a reduction in
the cumulative gas production of a single well. The
optimization of the well pattern requires knowledge of the
reservoir geology, gas reservoir engineering, and produc-
tion dynamics.

2 Geological setting

The Sulige gas field is located in the Ordos Basin, and is
currently the largest tight sandstone gas field in China
(Fig. 1). Its proven reserves are 4.7 x 10> m’ and the
reserve abundance is ~1.5 x 10°* m’/km*. The reserve
abundance is generally low and has a planar differential
distribution. In the past five years, production of the Sulige
gas field has exceeded 220 x 10® m*/a (Zhao et al., 2013).
The Su 6 and Su 36 areas are typical blocks in the Sulige
gas field.

The Sulige gas field reservoir is generally tight and has a
large thickness of sandstone. The effective reservoirs are
coarse-grained sandstone lenses, surrounded by thickly
bedded sandstones with poor physical properties. Experi-
mental analysis has shown that the overburden perme-
ability of >85% of the samples is<0.1 x 107 um?
During sedimentation of the host rock formation, thick,
braided river sand bodies formed widely in the northern
Ordos Basin. Coal-bearing source rocks led to the
sedimentary sand bodies becoming gas-bearing, with the
degree of gas enrichment being positively correlated with
the physical properties of the sand bodies. Effective
reservoirs were developed in the coarse-grained sandstone
with better physical properties (i.e., braided river bar and
channel deposits), and their gas saturation is higher than
that of the surrounding sand bodies (He et al., 2013). The
effective reservoirs are small in scale and have poor lateral
connectivity. Effective reservoirs comprising multiple non-
connected layers overlap and are widely distributed. Two
to four effective reservoirs can be drilled in a single well.
These effective reservoirs can be distributed over tens of
thousands of square kilometers.
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Fig. 1 Late Paleozoic stratigraphy and distribution of source rocks and the Hg Member reservoir in the Ordos Basin (GR = Gamma Ray; Rt =

Resistivity).

3 Methods

Numerous studies have investigated the scale of braided
river reservoirs (John and Peter, 1997; Bersezio et al.,
2007) using a variety of methods, including investigations
of modern sedimentation (Hooke, 2003; Lunt et al.,
2013), field geology (Labourdette, 2011), and well
logs (Bridge and Tye, 2000). However, the scale of
these studies is mainly at the level of a single sand body,
which corresponds to the scale of an isolated composite
sand body. Based on dynamic and static data, we quantified
the scale of braided river effective reservoirs in the
H8 Member of the Shihezi Formation in the Sulige
gas field. This was achieved by integrating data
from numerous wells and the results of interference
and static pressure testing, which mainly yielded thickness
and areal extent data for different types of effective
TeServoirs.

3.1 Sandstone distribution characterization

Multiple wells enable geological and geophysical data to

be used to undertake reservoir correlations between wells.
Reservoir connectivity at a certain well spacing and
reservoir size can be examined by statistical analysis.
The effective reservoir thickness can be determined from
rock electrical properties (Smith et al., 2006), and effective
reservoir size can be estimated from the width or length/
thickness ratio of sedimentary bodies observed in the field
(Martin, 2006; Guo et al., 2017).

3.2 Interference well testing

The interference well test is an important method of
assessing the degree of reservoir connectivity between
wells. This test uses a pair of wells, one of which is the
“excitation well”. Varying the operational conditions of the
excitation well during well testing changes the formation
pressure in the “observation well”. During testing, the
observation well is shut down and a downhole pressure
gauge is used to record the changes in formation pressure.
The reservoir connectivity between wells can be assessed
by analyzing the pressure variations in the observation
well(s).
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3.3 Static pressure test

Some wells in the study area have been in production for
several years. If the effective reservoirs in new wells are
connected with those of adjacent older wells, the
production of the older wells will reduce the formation
pressure in the infilled wells (Ji et al., 2019). The average
pressure coefficient of the Hg Member is ~0.82. The depth
of the formation can be used to infer the original formation
pressure. For example, the original formation pressure of
the Hg Member in the Su 6 area is ~30 MPa, and the
pressures of several infilled wells remain close to this
value, which shows that the infilled wells are not connected
with the adjacent older producing wells.

4 Results
4.1 Sandstone distribution characterization

The braided river sand bodies of the Hg Member are up to
tens of meters thick and laterally continuous over tens of
square kilometers. The effective reservoir is the gas-
bearing part of the sand body. Braided river bar and
channel deposits form the effective reservoirs in the Hg
Member. Core calibration logging was used to identify the
intervals of gas-bearing sand bodies. The main gas-bearing
sand body comprises medium—coarse-grained sandstone
with cross bedding and a massive, gravel-bearing, coarse-
grained sandstone. The effective reservoirs are thin,
dispersed, and have a uniform thickness (1.5-5.0 m;
average = 2-3 m). The total effective reservoir thickness
formed by vertical stacking of multiple individual sand
bodies is 3—6 m. The average effective reservoir thickness
in a well is positively correlated with the number of
effective single sand bodies intersected by drilling. Field
outcrops in Liulin and Hancheng, Shanxi Province, of the
target strata in the Sulige gas field were described,
analyzed, and compared. The thickness and lateral extent
of the medium—coarse-grained and massive gravel-bearing
coarse-grained sandstone facies in bar and channel
deposits were determined. Due to the various interbeds
developed in a braided river sedimentary system, the scale
of a single effective gas-bearing sand body is small (up to
300 m), and the lateral extent of effective reservoirs in
some areas is < 100 m. According to these field observa-
tions, the sand bodies have a width/thickness ratio of 40—
80 and, as such, the effective reservoir extent in the Sulige
gas field is 60—400 m and the effective reservoir length is
90-1200 m, given the 1.5-3.0 length:width ratio of the
braided river sand bodies.

Due to the increasing number of gas wells in the Sulige
gas field, the well spacing has reduced from 1600 to 800 m,
or even 400 m. This has led to the estimated scale of single
sand bodies becoming smaller, which means the effective
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reservoir is highly heterogeneous, poorly connected, and
smaller scale than originally thought.

For example, for wells S6 and S38-16-4, the original
well spacing was 1621 m, but wells S38-16-3, S6-J4, and
S6-J14 have been subsequently drilled. Four gas-bearing
sand bodies are present in the S6 well, and three gas-
bearing sand bodies are present in the S38-16-4 well. The
width of the sand body is apparently > 1500 m. Sub-
sequent data from the new wells confirmed that the
effective reservoir size is small, with a lateral extent
of <400 m. The No. 2 sand body in well S6 is connected
with the No. 2 sand body in well S38-16-3, and the
corresponding gas-bearing sand body at this depth is
missing in well S6-J4, which indicates that the No. 2 sand
body in well S6 is not connected with the No. 2 sand body
in well S38-16-3. Thus, the lateral extent of this effective
reservoir is < 800 m (Fig. 2).

4.2 Interference well testing

Many interference well tests have been undertaken to
calculate the size of effective reservoirs in the Sulige gas
field. In 2013, an interference test of five well groups was
carried out in the S36-11 area using S36-2-21 as the
excitation well (Fig. 3). Two well groups experienced
interference, indicating that S36-2-21 is connected with the
S36-J2 and S36-J6 wells. Well S36-2-21 was placed into
operation on December 17, 2007. The daily gas production
was ~1.96 x 10* m*/d, casing pressure was 13.4 MPa, and
cumulative gas production was 4382.3 x 10* m® during the
interference test. The S36-J1 and S36-2-21 well intervals
were not connected, as the pressure rose during the test.
The connected S36-J2 and S36-2-21 sand bodies are in the
lower part of Hg,* (Fig. 4), and the effective reservoir
width is > 560 m (i.e., the well spacing). Well S36-2-21
only intersected Hg,', which is not the same sand body as
in wells S36-J4 and S36-J5 (i.e., Hg,?). It can also be
determined from the pressure recovery time that wells S36-
J2 and S36-J6 are connected to well S36-2-21. Compared
with the other wells, the pressure recovery times of S36-J2
and S36-J6 were only 65.03 and 64.96 d, which is much
shorter than the other wells (Table 1). In wells S36-J4 and
S36-2-21, there is a facies change at the top of Hg,?, and
the effective reservoir continuity is poor. Wells S36-J5 and
S36-2-21 intersected the top of Hg,%, which is not the same
single layer (Fig. 4), and the effective reservoir connectiv-
ity is poor and less than the well spacing (737 m).

4.3 Static pressure tests

Numerous static pressure tests have been undertaken to
calculate the size of effective reservoirs in the Sulige gas
field. In 2013, eight infilled wells (S36-J1 to S36-J8) were
subjected to a static pressure test. The test results showed
that the pressure of the S36-J7 well (29.41 MPa) is normal
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Fig. 2 Distribution of tight gas effective reservoirs in a densely drilled area of Su 6 (see Fig. 1 for location).

Table 1 Interference well test data for the S36-2-21 well block
Well name Recovery test days Pressure recovery/MPa

Day 1 Day 66 Day 67 Day 109
S36-J1 108.13 18.77 18.95 18.95 19.00
S36-J2 65.03 21.12 20.98 / /
S36-J4 108.64 21.16 21.65 21.71 21.94
S36-J5 108.12 17.83 18.05 18.08 18.23
S36-J6 64.96 23.09 22.74 / /

and, in the remaining seven wells, is significantly lower
than the original formation pressure (29-31 MPa). This
shows that the static pressure disturbance occurs over a
(300-500) m x (300-400) m well grid, and thus the

effective reservoir extent is > 500 m. The production of
well S36-3-20 has had an obvious effect on well S36-J8,
indicating that the effective reservoir is connected between
these two wells, with an extent of >431 m. Well S36-J7
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(29.41 MPa) had no static pressure disturbance, and thus
the effective reservoir extent towards well S36-3-20
is <350 m (Fig. 5).

Field observations and interference and static pressure
test data were used to analyze the lengths and widths of
100 effective reservoirs (Fig. 6). For instance, there are 13
wells in the S36-2-21 wellblock. According to the plane
distribution diagram of various types of effective reservoirs
in H8, '~ layer of S36-2-21 wellblock, effective reservoirs
are developed in all wells except well S36-2-22. Wells that
develop type Il effective reservoirs are S36-J2, S36-J5 and
S36-3-J19. Wells that develop type 1 effective reservoirs
are well S36-2-21, S36-3-20 and S36-J8. The rest 6 wells
all develop type Il effective reservoirs. It accounts for
46.15% of the total number of wells. Type II effective
reservoirs are the most common type of reservoir. The

effective reservoir size in the Sulige gas field is relatively
smaller than a conventional gas reservoir. The length and
width of effective reservoir type I is > 700 m and > 500 m,
respectively. The length and width of effective reservoir
type II are 400-700 m and 200-500 m, respectively, and
for the type 111 effective reservoir are < 400 m and < 200 m
(Fig. 7). Type II and III effective reservoirs account
for > 70% of all the effective reservoir.

Statistical features of the type I, II, and III effective
reservoirs were calculated, including the average thick-
ness, length, width, porosity, permeability, and gas
saturation. The average thickness, length, and width of
effective reservoir type I are 2.89, 808, and 598 m,
respectively, with porosity > 10.0%, permeability > 10 X
107 um? and a gas saturation of ~60%. The average
thickness, length, and width of effective reservoir type Il



Chao LUO et al. A quantitative study of the scale and distribution of tight gas reservoirs 463

S$36-3-19
GR/API RY/Q.m

S36-J7
GR/API RYQ.m

S$36-3-20

$36J8  [s5m
GR/API Rt/Q.m

GR/API Rt/Q.m

[ Isand body [ Effective reservoir

Fig. 5 Schematic cross-section showing the results of static pressure testing.

- Type I effective

reservoirs

Type 11 effective
reservoirs

Type 111 effective
reservoirs

Fig. 6 Planar distribution of different types of effective reservoirs in the single layer Hg, ! of the $36-2-21 well block.

are 2.13, 537, and 386 m, respectively. The average
porosity is 7.5%—10.0%, average permeability is 1.0 x
10°-10 x 107 pum? and average gas saturation is 55%—
60%. The average thickness, length, and width of the type
III effective reservoir are 1.58, 357, and 149 m,
respectively. The average porosity is 5.0%—7.5%, average
permeability is 0.1x 107°-1.0 x 10~ um?, and average gas
saturation is 50%—55% (Table 2).

5 Discussion
5.1 Scale of the sedimentary system

Reservoir formation in the Sulige gas field was affected
by strong compaction, cementation, dissolution, and

diagenesis, which profoundly changed the reservoir (Fan
et al., 2014). Due to sedimentary and diagenetic controls,
the effective reservoirs are highly dispersed and comprise
high-permeability units within a generally low-permeabil-
ity lithology. The effective reservoirs are mainly isolated,
although a few are vertically superimposed and locally
horizontally connected. The effective reservoirs are coarse-
grained sandstones from the middle and lower parts of
river bar and channel deposits. Coarse-grained sandstone
facies, such as those at the bottoms of channels and in
bars, experienced strong hydrodynamic conditions, have
good sorting, and are relatively pure in terms of lithology.
Due to the high content of rigid grains, such as quartz,
primary pores can be preserved during deep burial, which
result in relatively good reservoir connectivity. The
primary pores were enhanced by later dissolution, which
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Table 2 Properties of type I, II, and III effective reservoirs

Effective reservoir {\verage Average A\./erage Porosity/% Perm7e3abi1i3/ Gas saturation
type thickness/m length/m width/m (<10~ /um ™) 1%

I 2.89 808 598 >10.0 >10.0 > 60.0

I 2.13 537 386 7.5-10.0 1.0-10.0 55.0-60.0
I 1.58 357 149 5.0-7.5 0.1-1.0 50.0-55.0

provided a pathway for fluid migration. Therefore, the
typical size of river channels and bars had a control on the
scale of these effective reservoirs. According to Miall
(2006), distributary channels and bars form composite
sand bodies (i.e., a single channel belt). The scale of a
single channel belt can provide a clearer understanding of
the sizes of distributary channels and bars (Skelly et al.,
2003).

A single channel belt can be investigated from field
outcrops, well correlations, three-dimensional seismic
data, and empirical formulae (Nazari et al., 2019).
Although three-dimensional seismic data exist for the
Sulige gas field, it is of limited resolution, and thus the well
correlation and empirical formulae methods were used to
determine the scale of the single channel belts in the target
strata. The key factor in determining the horizontal
distribution of the channel by well correlation is to
determine the boundary of the channel belt. The main
features that indicate the boundary of the channel belt are:
1) overbank mudstone deposits; 2) abandoned channel
sediments; 3) differences in sedimentary cycles; and
4) elevation differences in the channel sand bodies. In
well S13, the overlapping river facies are easily identified
in a single well using the above features. When examining
the channel sand body in the E-W direction, for which the
well spacing is 300-500 m, the channel width is estimated
at 662—1663 m and the paleocurrent directions are mainly
N-S. Therefore, a single channel crosses 2—5 wells.
Subsequently, the sand bodies of the connected channel

belt can be identified in the adjacent wells. Therefore, the
sand bodies of a given channel belt should have an
approximate width in the N-S direction (Fig. 8).

Bridge (1993) presented formulae (Egs. (1) and (2))
linking the minimum width (W y;i,) and maximum width
(Wepmax) of a single braided belt to the average single
channel full bank depth (%,). These formulae were verified
by studies of field outcrops. We used these empirical
formulae to predict the width of a single braided belt. The
average single channel full bank depth (/,) was calculated
from the single channel full bank depth (4q) (Eq. (3)). The
average depth of a single channel in the Sulige area is
~10 m. The estimated depth of a single channel is 3.3-7.7
m (average= 5.5 m). The calculated width of a single
braided belt is 500-3100 m, and the average is ~1637 m.
Therefore, it is difficult to form bars and channels with a
scale of up to tens of kilometers in a braided belt system,
which limits the scale of effective sand bodies that form
during diagenesis.

Weomin = 59.9,"%, (1)
Weomax = 192h,"%7, )
h, = 0.55hy, 3)

where /1, is average single channel full bank depth, m; /4 is
single channel full bank depth, m; Wy, iS minimum
width, m; Wepmax 18 maximum width, m.



Chao LUO et al. A quantitative study of the scale and distribution of tight gas reservoirs

465

S36-0-13 S36-0-14 S36-0-17 S36-0-19 / S36-0-21 S36-0-22 S36-0-23 S36-0-24 S36-0-25
® i Loog8 Ly
7 L L {
S13 S36-1-20 S36-1-21 S36-1-23
$36-2-17 S36-J12 S36-1-19 S$36-1-22  S36-1-23A
S {
S36-2-17/ S36-2-17 S36-2-17 S36-2-25
S36-J5 S36-J6
c
¢ (25
S36-4-17 S36-4-18  S36-4-19 S36-M20 S36-4-21 S36-J31
\N
—=\ 1 q M fE 3
= —p ;
0 750 m 1500 m S36-5-15 S36-5-25
GR/API  Rt{Q.m Y B
i } ISm , >
Sand body River boundary

Fig. 8 Sedimentary system boundaries in the Sulige gas field.

5.2 Impacts of interbeds on the scale of tight gas reservoirs
The Sulige gas field contains a typical sandy braided facies
reservoir of a tight gas field. Many horizontal wells have
also been drilled in this area and have intersected various
types of interbeds. The geometrical characteristics of each
type of interbed are different and their relationships are
complex. The presence of interbeds results in poor
connectivity and a complex distribution of effective
reservoirs. Field geology and modern sedimentary studies
(Best et al., 2006) indicate numerous types of interbedded
reservoirs are present in the Hg Member, including
overbank mud, interbar mud, silt layer, abandoned river
channel, and gully deposits, which divide the effective
reservoirs into smaller parts. A cross-section of connected
wells from S36-3-19 to S36-J8 shows that interbeds are
developed at different levels between sand bodies and
inside single sand bodies in each well. The thickness range
of effective single sand bodies in a single well is mainly 2—
5 m, with a width/thickness ratio of 40-80. The effective
reservoir width in most cases ( > 80%) is < 650 m and the
length is <1000 m. The general lateral extent of the
effective reservoirs is 300 m (Fig. 9).

5.3 Gas source conditions influence to reservoir saturation

Upper Paleozoic strata in the Sulige gas field are mainly
Carboniferous and Permian coal-bearing and marine
carbonate source rocks at the top of the Benxi, Taiyuan,
and Shanxi formations (Li et al.,, 2020b). They all
contributed to hydrocarbon generation. The hydrocarbon
generation intensity in most areas is 12 x 10%-28 x 108
m’/km®. Previous studies have shown that natural gas in
the Sulige gas field mainly accumulated close to source,
forming the main reservoir of the Hg Member.

The gas source conditions affect the reservoir gas filling,
which is related to the filling energy and pressure. The
source—reservoir pressure variation of a simulation experi-
ment on the Sulige tight gas reservoir showed that a tight
reservoir, with a permeability of < 1.0 x 10~ um?, has an
obvious intake pressure threshold, and the reservoir would
only begin to inflate when the source—reservoir pressure
difference reached a certain value. However, the source—
reservoir pressure cannot be balanced immediately after
intake, due to the tight, low permeability reservoir. With
increasing gas pressure, the rate of reservoir gas infilling
accelerates, and the pressure difference between the source
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and reservoir decreases gradually until the balance pressure
is reached. The lower the reservoir permeability, the higher
the threshold pressure and source-reservoir balance
pressure. As such, a tighter reservoir requires more
rigorous filling conditions with higher filling energy and
pressure (Xu et al., 2017). In contrast, gas saturation curves
of rock samples with different permeabilities after filling at
different pressures indicate that when the pressure reaches
the threshold pressure, the gas saturation is low. With
increasing gas source pressure, the gas saturation gradually
increases, and the growth rate decreases over time. The
poorest type of reservoir has low permeability (e.g., 0.029
x 107 um?) and cannot form an effective reservoir because
the gas saturation does not exceed 30% after final filling.
With better reservoir physical properties, the probability of
gas saturation reaching the effective reservoir increases
after filling. In general, gas saturation with a reservoir
permeability of 10 x 10 pm? can be > 60% (Fig. 10).
At the end of reservoir gas filling, the effective reservoir
often shows macroscopic variations in gas—water distribu-
tion and gas production characteristics. Due to migration
and accumulation, areas with high hydrocarbon generation
intensity are mostly gas-enriched, and areas with low
hydrocarbon generation intensity are mostly gas—water
reservoirs. The Sulige gas field has a surrounding
hydrocarbon generation intensity of 16 x 10® m*/km?,
and has gas reservoirs in its central region and gas—water
reservoirs in its western and northern regions. The gas
reservoir development in the S6 well area (central region),
which has higher hydrocarbon generation intensity, is
markedly better than in the western region. Gas—water
reservoirs are more common in the area of weak
hydrocarbon generation in the west, and there are almost
no pure gas reservoirs in the S43 well area, which has the
weakest hydrocarbon generation intensity. Gas test results
show that in the western area of the Sulige gas field, where
the intensity of hydrocarbon generation decreases from 24

x 10® m*/km? in the south to 14 x 10® m*/km? in the north,
the water production of the gas wells increases gradually
and the gas production decreases. In the S43 well area,
where the intensity of hydrocarbon generation is the
weakest, water production is generally higher than that of
surrounding wells.

5.4 Reservoir physical properties control on gas—water
separation

Given the insufficient hydrocarbon generation intensity in
the Sulige gas field, the high-permeability sand bodies
were conducive to the accumulation of natural gas.
However, due to the overall low hydrocarbon generation
intensity, natural gas would have become dispersed and
filled the thick homogeneous sand bodies at relatively low
saturation levels. The gas enrichment processes of tight
reservoirs and reservoir properties indicate that for gas
accumulation in high-quality sand bodies, with a low shale
content and good physical properties, the initial pressure of
gas filling is low, the migration resistance is small, and the
gas saturation becomes high (Fig. 11). Conversely, sand
bodies with a high shale content and poor physical
properties mostly develop low gas saturation after filling,
and gas—water co-layers, gas—water layers, or dry layers
are mainly developed. The development of gas—water
layers and the scale of the effective reservoirs in the Sulige
gas field are obviously related to differences in reservoir
physical properties. With a sufficient gas supply, the sand
bodies with better physical properties have higher gas
saturation and productivity, whereas the sand bodies with
poor physical properties have higher water saturation and
lower gas productivity (Rashid et al., 2015; Nazemi et al.,
2019). With weak hydrocarbon generation intensity, high-
permeability reservoirs with a low displacement pressure
become preferentially filled to form pure gas reservoirs.
Gas and gas—water layers are typically developed adjacent
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to each other due to the large and abrupt changes in
reservoir physical properties. Reservoirs formed of more
pure lithologies that are porous and permeable form pure
gas reservoirs, whereas the remaining sand bodies contain
gas—water.

In the early stages of reservoir formation, the gas source
conditions and reservoir quality have a large influence on
the formation of gas reservoirs, and the role of tectonism is
relatively minor (Bjerlykke, 2014; Landry et al., 2016;
Ghanbarian et al., 2020). However, in the later stages of
reservoir transformation, the role of tectonism becomes
more important. The gas-rich “sweetspot” area with
relatively complete gas—water differentiation and a large
effective reservoir formed due to multi-stage tectonic
modification. However, the “sweetspot” area is small in
scale. The gas reservoirs located in structures with a low
overall amplitude lack sufficient structural control, mean-
ing that most wells produce both gas and water. This is
because gas and water differentiation is controlled by the
structural characteristics of the gas reservoir, and the Hg
Member reservoir has low permeability and is only weakly
fractured. The structural range needed to form a pure gas
cap is related to the reservoir conditions. The worse the
pore throat condition and capillary force of a reservoir, the
higher the gas—water transition zone, and a larger structural

range is required to form a gas cap. In contrast, better
reservoir physical properties require a smaller structural
range to form a gas cap. As such, structural deformation is
negatively correlated with reservoir physical properties. A
capillary force test on type I, I, and III reservoirs allows
the gas column height corresponding to the gas—water
difference in various reservoirs to be calculated from the
relationship between the J function (Eq. (4)) and water
saturation (Eq. (5)). The results show that when the
porosity is > 10%, the structural range required for
complete gas—water differentiation is >95 m. When the
porosity is between 7.5% and 10%, the structural range
required for complete gas—water differentiation is > 270 m.
When the porosity is between 5% and 7.5%, the gas
reservoir needs a structural range of ~385 m for complete
gas—water differentiation (Fig. 12). In the Sulige gas field,
the structural range is < 200 m, which is why gas—water is
generally produced.

pr, [k
1= ocos 0\/%’ @)

S, = ae”, (5)

where P, is capillary pressure, Pa; o is interfacial tension,
mN/m; 6 is wetting angle, © ; S, is water saturation, %;
a, b are constants; K is permeability, x 107 um? ¢ is
porosity, %.

6 Conclusions

1) The effective reservoir size of tight gas is relatively
small, and the effective single sand body thickness, length,
and width are 1-5, 200-500, and 400—700 m, respectively.
Compared with conventional gas reservoirs, tight gas
effective reservoirs are small in scale and have low gas
saturation.

2) Due to sedimentary and diagenetic controls, the
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effective reservoirs are highly dispersed and comprise
high-permeability units within a generally low-permeabil-
ity lithology. Sedimentary processes are the primary cause
of the small scale of the effective reservoirs.

3) The effective reservoirs often exhibit macroscopic
variations in gas—water distribution and gas production
characteristics. Due to migration and accumulation, areas
with high hydrocarbon generation intensity are mostly gas-
enriched, and areas with low hydrocarbon generation
intensity are mostly gas—water reservoirs.

4) Under weak hydrocarbon generation intensity condi-
tions, high-permeability reservoirs with a low displace-
ment pressure become preferentially filled to form pure gas
reservoirs. Gas and gas—water layers typically develop
adjacent to each other, due to the large and abrupt changes
in reservoir physical properties.

5) Degraded pore characteristics and a lower capillary
force in the reservoir result in a higher gas—water transition
zone, and thus a larger structural range is required to form a
gas cap. The type I, II, and III reservoirs have different
gas—water separation heights. The structural ranges
required for complete gas—water differentiation are > 95,
> 270, and 385 m.
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