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Pore-scale heterogeneity attracts attentions in tight gas sandstone as it strongly affects the hydrocarbon deliv-
erability. However, its controls and origins remain obscure owing to the intricate physical and chemical in-
terplays in tight sandstone. Moreover, its effects on fluid propagation are rarely discussed. This paper aims to
investigate controls and origins of pore-scale heterogeneity and its impacts on fluid accessibility by integrated
experiments incorporating fractal, petrologic, and fluid accessibility analyses. The dominant tri-fractal structures
with wide fractal dimension ranges suggest intense pore-scale heterogeneities of tight sandstone. Pore-scale
heterogeneities originate from pore attributes. The heterogeneities of large-sized and medium-sized pores are
mainly determined by quantities of macropore and mesopore, respectively, while that of small-sized pore is
dominated by the size of small-micro pore and content of intercrystalline pore. The system heterogeneity is a
coupled expression of the morphology, geometry, and genesis of different-sized pores. Mineralogy and petrology
exert complex influences. The rigid grain is generally favorable for pore-scale homogeneities, but carbonate is on
opposite. Greater clay content reduces the heterogeneity of small-sized pore, increases that of medium-sized
pore, but increases that of large-sized pore before 5% and then reduces it. Greater grain size and better sort-
ing bring reductions to the heterogeneity of small-sized pore but increases to those of medium- and large-sized
pores. The heterogeneities of large-sized pore, medium-sized pore, and pore system are susceptible to pore
fillings, while that of small-sized pore is susceptible to matrix grains. The fluid accessibility differences in the
medium- and large-sized pores, affected by the pore-scale heterogeneity variations, are responsible for system
fluid mobility distinctions. The influences of heterogeneity on fluid accessibility increase with pore size but
accessibility of small-sized pore is barely not affected by its heterogeneity owing to clay hydrophillia. The Coates
model is improved by calibrating fluid accessibility and considering system heterogeneity.

1. Introduction

Tight sandstone, an unconventional reservoir with low porosity
(<10%) and ultralow permeability (absolute permeability <1 x 1073
pm?>), exhibits great hydrocarbon and geothermal potentials (Holditch,
2006; Rezaee et al., 2012; Zou et al., 2012). The traits of microscopic
structures govern the physical and chemical interplays in the natural
porous media, especially the fluid transportation and hydrocarbon
deliverability (Katz and Thompson, 1986; Tiab and Donaldson, 2004;

Dullien, 2012; Bear, 2013; Xiao et al., 2017; Qiao et al., 2020a). Char-
acterizing the extreme intricate pore structure emerges as a long-term
focus in tight sandstone (Soeder, 1984; Desbois et al., 2011; Clarkson
et al., 2012a, 2013; Wilson et al., 2014; Huang et al., 2018; Lai et al.,
2018a, 2018b). Although a plenty of parameters have been proposed to
describe the average pore attributes, including the porosity, pore size
distribution, volume, surface area, and etc. (Peng et al., 2011), chal-
lenges still present in the description of microscopic heterogeneity
owing to the failures of traditional Euclidean geometry (Soeder and
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Chowdiah, 1990; Tsakiroglou and Payatakes, 2000; Radlinski et al.,
2004; Clarkson et al., 2012b; Wang et al., 2012; Fu et al., 2017).

Fractal dimensions have been accepted to probe the geometry of
irregular objects with self-similarity (Mandelbrot, 1975; Mandelbrot
et al., 1984). It has been introduced to the hydrocarbon and geothermal
reservoirs, such as coal, shale, granite, and tight sandstone (Krohn and
Thompson, 1986; Friesen and Mikula, 1987; Yang et al., 2014; Song
et al., 2018) due to the fractal natures of pores in the natural porous
reservoirs (Katz and Thompson, 1985; Krohn and Thompson, 1986).
Pore fractal dimensions can be obtained by various techniques,
including the imaging-based analysis (Hansen and Skjeltorp, 1988;
Krohn, 1988; Peyton et al., 1994; Pan et al., 2016; Rahner et al., 2018;
Xia et al., 2019), fluid-invasion methods (Angulo et al., 1992; Li and
Horne, 2006; Li, 2010; Lai and Wang, 2015), radiation techniques (Bale
and Schmidt, 1984; Bahadur et al., 2014; Daigle et al., 2014a, 2014b;
Zhou et al., 2016; Sun et al., 2017; Zheng et al., 2018), and gas ab-
sorption analyses (Yao et al., 2008; Liu et al., 2015; Yang et al., 2016;
Yuan and Rezaee, 2019). However, the determination of fractal
dimension of tight sandstone depends on the techniques employed and is
limited by their deficiencies in the measuring the overall pore structures
(Cai et al., 2015; Ge et al., 2015; Li et al., 2017). Recently, Wu et al.
(2019) have reported that nuclear magnetic resonance (NMR) is a
promising tool in the fractal analyses of tight sandstone by comparing
the mercury intrusion porosimetry (MIP), NMR, and X-ray computed
tomography (X-CT) techniques.

Despite the various discussions on the fractal dimension measure-
ments, the controls and origins of fractal pores in natural porous media
remain obscure. The geometry, complexity, morphology of pores in
sedimentary reservoirs are the expressions of the coupled effects of
sedimentation and diagenesis. It suggests that the pore fractal natures
originate from the physical and chemical interactions between mineral,
fluid, and mineral-fluid (Giles and Marshall, 1986; Bjgrlykke et al.,
1989; Katsube and Williamson, 1994; Zhu et al., 2008; Lai et al., 2015;
Dou et al., 2018; Qiao et al., 2020b). Investigation of the origins and
controls of multi-fractals becomes the critical path to understand the
pore-scale heterogeneity of reservoir rock. Recent publications in shale
and coal have noticed the correlations between the fractal dimensions
and TOC, Ro, volatile content, coal macerals, and clay mineral content
(Liuetal., 2015; Jiang et al., 2016). However, the origins and controls of
the multi-fractal pores in tight sandstone remain unclear as more factors
should be taken into account owing to the complicated petrology,
mineralogy, and fluid-mineralogy interactions of tight sandstone (Ge
et al., 2015; Liu et al., 2018).

The macroscopic fluid propagation is governed by the frameworks of
microscopic pore structure (Arshadi et al., 2018; Liu et al., 2020; Wang
et al., 2021). Relating the fluid transportation properties of reservoir
rocks to their pore structures has been brought to forefront, especially in
tight sandstone and shale (Sahimi, 1993; Blunt, 1998; Aghaei and Piri,
2015). Currently, the cross-properties between the pore geometry at-
tributes (e.g. hydraulic radius, critical channel diameter, average
pore-throat size, and connectivity) and fluid transportation parameters
(permeability, fluid saturation, and fluid mobility) have been reported
(Bourbie and Zinszner, 1985; Gallegos et al., 1987; Arns et al., 2001,
2005; Daigle and Dugan, 2009; Daigle and Johnson, 2016). The impacts
of pore-scale heterogeneity on fluid flow capacity attract research in-
terest since Pape et al. (1999) and Xia et al. (2019) noticed the corre-
lations between the fractal dimension and permeability. However, the
understanding for them is still superficial.

Logically integrated investigation, including NMR, X-ray CT, casting
thin section (CTS), scanning electron microscope (SEM) and grain
analysis, incorporating fractal theory, petrology analysis, and fluid
accessibility evaluation, gives out the major objects of this paper: to
describe the pore-scale heterogeneity of tight gas sandstone in quanti-
tative, to analyze its origins and controls in terms of petrology, miner-
alogy, and pore microstructure, and to probe its impacts on the fluid
accessibility.

Journal of Natural Gas Science and Engineering 96 (2021) 104248
2. Sample information and methods
2.1. Sample information

The Shanxi Formation in the Ordos basin is characterized by tran-
sitional sediments with interbedded coal measures, mudstone, and silt-
stone layers (Tang et al., 2012; Zhao et al., 2014), of which the tight
sandstone members exhibit great natural gas potentials (Yang et al.,
2008, 2012). The sampling was conducted on the major reservoir rocks,
lacustrine lithic fine to medium sandstones, in the formation (Xiao et al.,
2005; Qiao et al., 2020c).

Firstly, fifty cylindrical plugs with lengths and diameters of
approximately 5.00 cm and 2.50 cm, respectively, were drilled from the
fresh cores. They included the fine, medium, and coarse lithic sand-
stones and covered the majority of the types of the reservoir rocks. The
samples underwent an impurity and residual hydrocarbon removal,
followed by a 48-h drying under a temperature of 120 °C before the tests.
The porosity and permeability were measured by a CMS-300 core in-
strument in the State Key Laboratory of China University of Petroleum
-Beijing (CUPB), of which the gas expansion and pressure transient
(confining pressure of ~1.5 MPa) were employed to probe the helium
porosity and permeability (Klienkenberg-corrected) under the environ-
ment temperature of 20 °C, respectively. After the measurements, a
sample selection that covered the major porosity and permeability
ranges of tight gas sandstone in the formation was done with reasonable
intervals in order to guarantee the sampling representativeness and
provide a solid data basis. Thirteen representative samples were chosen
from the fifty specimens (Table 1).

2.2. Experiments

2.2.1. Experimental process

A logically integrated experimental process was performed on the
thirteen representative samples. The procedure obeyed the principles
that all of the tests were conducted on same specimens and non-
destructive analyses were priority to the destructive experiments in
order to eliminate the sampling differences and to avoid destructive
effects, respectively. Therefore, the X-ray CT analysis was firstly per-
formed on the pretreated samples, followed by the NMR tests involving
the saturated and centrifuged measurements. After that, thin slices were
cut from the plugs and prepared for the CTS and SEM observations. In
the last, parts of the samples were mechanically dispersed for the grain
size measurement. The details of each experiments involved will be
introduced in the following section.

2.2.2. Experiments

The X-ray CT was performed on core plugs using the Zeiss Xradia
Versa-510 Micro-CT instrument in the State Key Laboratory of CUPB.
The scanning set a voltage of 100 Kv, a current of 90 pA, an exposure
time of 2.0 s, and a resolution of 3.0 pm under an environment tem-
perature of 20 °C and a humidity of 40-50%. It guaranteed a good
penetration with transmitted photon numbers greater than 6000 and
high-quality imaging with few noises. Grayscale image reconstruction
was done on the original scanning data employing the Zeiss Recon-
struction Software, of which hundreds of grayscale hexadecimal to-
mography images were acquired. Filtering, segmentation, pore
separation, and pore network modelling (PNM) aiming to obtain the
detailed information of the pore system were performed on the tomog-
raphy images using FEI AVIZO 9.0.1. The processing principle, meth-
odology, and flow have been thoroughly explained by Qiao et al.
(2020c¢) and Dong and Blunt (2009).

NMR analysis was then conducted on the same specimens by
employing the Recore-04 low-field NMR spectrometer with a resonance
frequency of 2.38 MHz. The test had an echo time of 0.15 ms, a waiting
time of 2 s, scanning times of 32, and an echo number of 5000. The first-
time NMR measurements were conducted after the samples were
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Table 1
Petrology and texture of the samples.
Sample Depth Porosity (%) Permeability (mD) average grain size (pm) Sorting Roundness Sorting coefficient Skewness
1 2642.58 3.222 0.312 84.79 good medium 2.58 1.59
4 2706.00 7.549 0.670 171.94 medium medium 2.19 1.93
5 2686.80 5.777 0.187 152.83 poor medium 1.99 2.08
6 2578.53 13.044 0.820 121.58 good good 2.00 1.98
8 2751.60 1.050 0.041 101.15 poor poor 2.06 1.97
11 2408.97 1.336 0.415 92.14 poor medium 2.35 1.80
12 2433.86 4.487 1.966 196.78 poor medium 2.39 1.78
15 2584.00 4.645 0.343 167.24 medium medium 2.19 1.92
20 2685.60 5.049 0.669 116.62 good good 2.13 1.92
23 2575.45 7.489 0.557 101.53 medium medium 2.39 1.65
25 2347.30 0.106 0.012 119.08 poor good 2.34 1.82
26 2768.20 7.048 0.135 136.79 medium medium 2.14 1.92
27 2786.65 2.250 0.119 141.61 medium poor 2.10 1.97
vacuumized and saturated with brine solution for 48 h. The experiments
were performed at a temperature of 20 °C, an atmospheric pressure, and Log(Sy) = (3 = Dy)LogT> — (3 = Dy) LogTamax @

an environment humidity of ~40%, following the testing standard of
China SY/T 6490-2014. The second-time NMR measurements were
performed after the saturated samples had been centrifuged at a cen-
trifugal force of 300 psi for 1 h in the high-speed centrifuge (temperature
of 20 °C and environment humidity of ~40%). Carr-Purcell-Meiboom-
Gill sequence was adopted to obtain the relaxation time of the satu-
rated and centrifuged specimens, of which the saturation and centrifu-
gation Ty spectrums were acquired.

The brine solution was removed from the sample after two-times
NMR tests. Then the samples underwent a second-time 48 h drying at
a temperature of 120 °C. Thin slices were cut from the dried samples,
which were grinded to thin sections with thickness of ~0.3 mm and thin
slices with thickness of ~1 mm, respectively. Thin section impregnated
by blue resin was observed by a FEI polarized microscope. Dozens of
micrographs were collected, in which the mineral contents and pore
types and constituents were estimated by point counting. SEM was
performed on the polished and golden-coated thin slices using an FEI
Quanta 200 scanning electron microscope with highest resolution of 1
nm. A series of images were collected from the secondary electronic
imaging to observe the pore morphology and interstitial fillings. Grain
size analysis followed the observation, parts of the dried samples were
mechanically dispersed in a quartz mortar after they had been soaked in
the 10% HCl solution for 48 h under normal temperature and pressure. A
Malvern 3000 laser diffraction instrument was used in the measurement,
of which the grain sizes were obtained on the basis of the mathematical
relationships between the intensity of the laser diffraction and grain size.

2.2.3. Application of fractal theory

According to the fractal principle, the number of pores with radii
greater than r- N(r) are positively correlated with pore radii, which can
be described as N(r)oar™, where the Dy is the fractal dimension (Ge
et al., 2016; Li et al., 2017). The fractal relationship can be described as
P(r) = Cr%~! since the density function of pore radii P(r) has been
introduced (Zhang et al., 2007). Accordingly, the fractal correlation

between the cumulative volume fraction of pores less than r-Sy and r can
T

3-D;
be expressed as Sy = (ﬁ) (Daigle et al., 2014a, 2014b; Zhao et al.,

2017; Zhang et al., 2020). On the basis of the relationship between r and
To (Coates et al., 1991; Daigle et al., 2014a; Dillinger and Esteban,

Tomax

3-Dy
2014), the fractal relationship can be converted to Sy = ( Iz ) s

which can be transformed to Eq. (1) by taking logarithm on both sides.
Therefore, the fractal dimensions can be derived by employing the NMR
Tz spectrum, of which the Dy of the pores in the certain ranges of sizes
can be obtained by the slope k of the linear segments on the double
logarithmic plots of Sy against T, and equals to 3-k (Lai et al., 2018).

3. Results
3.1. Reservoir quality, petrology, and mineralogy

The porosities and permeability of the thirteen selected samples are
in the range 0.1-13.1% (avg. 4.85%) and 0.012-1.966 mD (avg. 0.480
mD), respectively. They are poorly correlated. The measurements
confirm the poor reservoir qualities of Permian Shanxi tight sandstone.
The variations of porosity and permeability in reasonable intervals
among the thirteen samples guarantee their representativeness in the
study area (Table 1).

Complicated grain textures are identified in the lithic quartz and
lithic tight sandstone samples, with medium to good rounding, poor to
good sorting, and fine to coarse grain sizes (Fig. 1 A-D, Fig. 2 A, B). The
samples share similar bimodal grain size distributions with left and right
peaks spanning the range 1-2.25 ¢ and 5-6 ¢, respectively, and similar
cumulative grain size distributions (Fig. 2 A, B, Table 1). However, the
wide ranges of medium grain sizes between 84.79 and 196.78 pm sup-
ported the observation. According to the Folk standard (Boggs and
Boggs, 2009), the calculated sorting coefficients are in the range
2.00-2.58 (avg. 2.21) and skewness is in the range 1.59-2.08 (avg. 1.87)
(Table 1), also agreeing with the observations. The varied textures of the
thirteen samples confirm the representativeness of the sampling.

Point counting estimation on the CTS micrographs gives out the
mineralogy of the samples (Table 2), which are dominated by quartz and
rock fragments, followed by clay and carbonate. Feldspar is volumetri-
cally minor owing to the extensive dissolution resulted by organic acid
and CO; fluid injection during the period of organics maturity. The
quartz content is in the range 48.55-76.25% (avg. 66.84%), showing
positive correlations with porosity and permeability. The rock fragment
content ranges from 10.25 to 36.48% with an average of 21.33%,
negatively correlated to the porosity and permeability (Fig. 2 C and D).
The clay content is in the range 0.8-7.25%, exhibiting poor relationships
with petrophysical properties. The carbonate and feldspar contents are
minor, which are in the range 1-6.42% and 1-6.16%, respectively. The
carbonate content exhibits negative correlations with the porosity and
permeability (Fig. 2 C, D). The varied contents of different minerals
suggest the differences in the mineralogy of the samples.

3.2. Pore type, morphology, and geometry

Five pore types are identified in the samples, including the primary
intergranular pores (P-interG), dissolution intergranular pores (D-
interG), dissolution intragranular pores (D-intraG), intercrystalline
pores (InterC), and micro fractures (MF) (Fig. 1A-D). The P-interGs
commonly show regular shapes with long dimensions ranging from
dozens to hundreds of microns (Fig. 1 A). The D-interGs are spaces
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Fig. 1. Petrology and pore types of tight
gas sandstone observed by CTS. (A)
Fine-grained lithic quartz sandstone
with plane viewed porosity dominated
by primary intergranular pores. (B)
Medium-grained lithic quartz sandstone
with plane-viewed porosity dominated
by dissolution intergranular pores and
micro fractures. (C) Medium-grained
lithic quartz sandstone with plane-
viewed porosity dominated by dissolu-
tion intragranular pores. (D) Medium-
grained lithic sandstone with plane-
viewed porosity dominated by inter-
crystalline pores. (Note that P-interGs,
D-interGs, D-intraGs, InterCs, and MCs
separately refer to primary intergran-
ular pores, dissolution intergranular
pores, dissolution intragranular pores,
intercrystalline pores, and micro frac-
tures. Q and RF refers to quartz and rock
fragment, respectively).
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Fig. 2. Grain size, mineralogy, and reservoir quality of tight gas sandstone. (A) The cumulative grain size distributions, (B) normalized grain size distributions, (C)
histograms for the mineral constitutes, and (D) porosity and permeability plots.
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Table 2

Mineralogy of the tight sandstone samples.
Sample  Quartz Feldspar Rock fragment Clay Carbonate

(%) (%) (%) (%) (%)

1 68.30 1.00 28.90 0.80 1.00
4 76.50 4.75 10.25 8.00 0.50
5 76.25 4.16 11.26 5.33 3.00
6 71.80 3.00 14.60 6.80 3.80
8 68.60 6.16 16.60 3.60 5.04
11 59.00 5.50 28.00 5.00 2.50
12 73.30 4.33 11.30 6.74 4.33
15 73.00 2.50 14.50 7.25 2.75
20 60.16 2.33 32.50 2.21 2.80
23 70.00 1.0 19.00 8.50 1.50
25 48.55 5.55 36.48 3.00 6.42
26 53.00 4.75 34.00 6.75 1.50
27 70.50 2.00 20.00 6.00 1.50

generated from the dissolution along the edges between the intergran-
ular spaces and mineral particles, having similar long dimensions with
P-interGs but irregular shapes (Fig. 1 B). The two types of pores can be
classified as intergranular pores in location (Fig. 3). The D-intraGs
originated from the dissolution inside the particles show smaller long
dimensions ranging from several microns to dozens of microns, exhib-
iting zigzag pore shapes and irregular orientations (Fig. 1 B and C). The
InterCs are tiny spaces between the clay aggregates (e.g. kaolinite, illite,
and chlorite) with widths of hundreds of nanometers, whose appear-
ances are determined by the aggregate arrangements (Fig. 1 D). The D-
intraGs and InterCs belong to intragranular pores in location (Fig. 3).
The MFs are slit pores with tiny widths of several microns and lengths of
hundreds of microns, which may run through the grains and connected
the pores. Four kinds of pore systems are identified employing the pore
system classification criterion proposed by Qiao et al. (2020b) (Fig. 3,
Table 3), including the intragranular pore dominant (IntraPD), micro
fracture dominant (MFD), intergranular pore dominant (InterPD), and
mixed pores systems (MP). The classification shows that the samples are
dominated by InterPD and MP systems, followed by IntraPD one (Fig. 3).

The wide Ty ranges (0.1-10000 ms) and varied T distribution pat-
terns including the unimodal, bimodal, and right-skewed bimodal pat-
terns of the saturated samples (Fig. 4), indicate wide pore size ranges
and differed pore constitutes in tight gas sandstone. The unimodal dis-
tribution pattern is characterized by a single peak in the range 0.1-100
ms, suggesting the dominant porosity contribution of small pores. This

0 0.2

04 06 0.8 1
Intergranular pores

L:intragranular pores dominant system II: microfractures dominant system
I1I: intergranular pores dominant system IV: mixed pore system

Fig. 3. Pore system types of the tight gas sandstone classified by the trian-
gle charts.

Table 3

Constitutes of pore types in the tight sandstone samples.
Sample  P-interG (%)  D-interG (%)  D-intraG (%) InterC (%)  MF (%)
1 38.0 10.0 1.0 5.0 46.0
4 41.0 28.0 16.0 5.0 10.0
5 2.0 51.0 31.0 13.0 3.0
6 70.0 15.0 8.0 7.0 0
8 3.0 28.0 39.0 30.0 0
11 1.0 21.0 11.0 38.0 29.0
12 49.0 29.0 8.0 7.0 7.0
15 3.0 35.0 10.0 11.0 41.0
20 13.0 21.0 12.0 13.0 45.0
23 26.0 36.0 29.0 9.0 0
25 11.0 33.0 16.0 36.0 4.0
26 26.0 31.0 8.0 25.0 10.0
27 4.0 49.0 5.0 25.0 17.0

Note that P-inteG, D-interG, D-intraG, InterC, MF refer to primary intergranular
pore, dissolution intergranular pore, dissolution intragranular pore, intercrys-
talline pore, and micro fractures, separately.

pattern is common in the IntraPD samples with low porosity and ultra-
low permeability (Figs. 3 and 4, Table 1). A secondary peak emerges in
the range 100-1000 ms in the bimodal distribution pattern, indicating
the increasing porosity contributions of InterGs and MFs (Fig. 4 C). The
peaks shift to the ranges of 1-1000 ms and amplitudes of the right peaks
increase evidently in the right-skewed bimodal distribution patterns,
suggesting the porosity is dominated by the InterGs and MFs (Fig. 4 D).
The samples with bimodal distribution patterns are generally charac-
terized by greater porosity and permeability and their pore systems are
dominated by MP or InterPD systems (Table 1). With increasing
permeability, the peaks of the Ty distributions show an increasing trend
and their patterns change from unimodal to right-skewed bimodal
(Fig. 4 B-D). However, some exceptions occur, some samples with low
permeability have relative great Ty peaks and bimodal distributions.
This is probably attributed to the presences of MFs.

Fig. 5 displays the three dimensional X-ray CT grayscale images and
binary color-labelled images, showing the spatial distribution and
location of pore spaces extracted from the rock matrix. The pore system
of sample 11 with low porosity and ultralow permeability is dominated
by irregular tiny pores and characterized by disperse spatial distribution
(Fig. 5 E). Moreover, the large intergranular pores in it have irregular
shapes with rough surface owing to the pore fillings (Figs. 4 B, Fig. 5 E).
The pore constituents agree with the unimodal T, distribution pattern.
The proportions of large pores rise evidently in the sample 6 and 12 and
their pore systems exhibit regular pore shapes and connected spatial
distributions (Fig. 5 F and G). There are a few amounts of tiny IntraGs in
the system, which may serve as short channels bridging the InterGs. MFs
show their appearances in the samples, having tabular shapes and may
connect plenty of pores. They dramatically enhance the pore connec-
tivity. However, the large pores and MFs become dominant in sample 1,
resulting in right-skewed bimodal Ty distribution pattern (Figs. 4 D,
Fig. 5 H).

The volume fraction and quantity frequency distributions of the pore
diameter in Fig. 6 suggest wide pore sizes ranging from 5.0 to 800 pm
and varied contents of different-sized pores in tight gas sandstone.
Similarity can be discovered when the volume fraction distributions are
classified according to the T, distribution patterns. The Samples 5, 8, 11,
and 25 with unimodal T, distribution are characterized by left-skewed
volume fraction distribution patterns with pore sizes in the range
5-400 pm and average pore diameters between 10.85 and 13.69 pm
(Fig. 6 A). The curves become fluctuated in samples with bimodal T,
distributions (e.g. samples 4, 6, and 12). The evident proportional in-
creases in the interval of 200-600 pm on the curves confirm the growing
porosity contributions of InterGs and MFs (Fig. 6 B). Their average pore
diameter increases to 12.74-14.51 pm. When it comes to the samples 1
and 20, the peaks move to the range 300-800 pm and average pore
diameter rises to 15.66 pm, indicating the dominant roles of the InterGs
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and MFs in their pore system (Fig. 6 C). However, the quantity frequency
distributions of the samples are predominantly characterized by unim-
odal distribution patterns with peaks between 15 and 20 pm, suggesting
high similarities in pore quantity of tight gas sandstone (Fig. 6 D).

3.3. Pore-scale heterogeneity

According to the fractal theory, the pores sharing similar fractal
characteristic should follow a linear correlation on the double loga-
rithmic plots of cumulative volume fraction of the pores (¢.) against Ty
(illustrated by eight samples, e.g. sample 8, 4, 1, and etc.) (Fig. 7). The
fractal curve is not a single line but can be broken into several segments
at certain Ty values (namely, fractal inflection points (FIP)), which
agrees with the multi-fractal behaviors of low permeability sandstone.
The results show that the tight sandstone is dominated by tri-fractal
structure, followed by bi-fractal structure (Lai and Wang, 2015; Xia
et al., 2019). The fractal dimensions for different-sized pores can be
derived using the slopes of the linear segments, which can be divided
into Dy, Dy, and D3 from the shorter to longer Ty domains (Fig. 7,
Table 4). The D; ranges from 0.34 to 0.93 (avg. 0.58), much smaller than
2, implying the small-sized InterCs and IntraGs do not follow the fractal
model described in Eq. (1). However, the values could be used to
describe the heterogeneity of these small-sized pores (Amaefule et al.,

1993; Gao and Li, 2016; Li, 2010). The Dy is in the range 2.09-2.62 (avg.
2.39), suggesting the medium-sized D-interGs and MFs follow the fractal
principle. The differential value between the maximum and minimum
values (0.53) is smaller than that of D; (0.58), indicating that the pores
are more self-similar with increasing size. The D3 increases to the range
2.72-2.97 (avg. 2.90), suggesting the large-sized P-interGs and
D-interGs are more self-similar. The bi-fractal structure presents in the
unimodal and bimodal T, distributions but disappears in right-skewed
bimodal Ty distribution (Fig. 7). The fractal dimensions show
decreasing trends from the unimodal to right-skewed bimodal T dis-
tribution patterns with average D; decreasing from 0.70 to 0.47, average
D, from 2.45 to 2.16, and average D3 from 2.96 to 2.78. As the fractal
dimension value is positively correlated with heterogeneity degree (Li,
2010; Wang et al., 2018), it can be inferred that the tight sandstone
dominated by IntraPD system with unimodal T distribution is charac-
terized by strongest pore-scale heterogeneity. The samples dominated
by InterPD and MFD systems with right-skewed bimodal T distributions
have more homogeneous structures (Fig. 7 G and H).

3.4. Fluid accessibility

The significant amplitude differences between the saturation and
centrifugation Ty spectrums in Fig. 8 exhibit the fluid accessibility of the
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Table 4

Pore fractal dimensions of the tight sandstone samples obtained from NMR.
Sample D, D, D3 Davg
1 0.60 2.09 2.72 1.80
4 0.34 2.22 2.83 1.76
5 0.43 2.60 2.97 2.00
6 0.41 / 2.86 1.63
8 0.63 / 2.97 1.80
11 0.83 2.29 2.93 2.02
12 0.43 2.63 2.93 2.01
15 0.45 2.61 2.93 2.00
20 0.80 2.24 2.85 1.96
23 0.56 / 291 1.73
25 0.93 2.47 2.96 2.12
26 0.65 2.34 2.92 1.97
27 0.47 2.52 2.93 1.97

Note that Dq, Do, D3 are the fractal dimensions for small-sized pore, medium-
sized pore, and large-sized pore, respectively. D,y is the average value of D,
D,, and Ds.

pores of certain sizes. The accessible fluid saturation of the whole pore
system of tight sandstone can be calculated using Eq. (2), which is be-
tween 8.39 and 43.87% (avg. 23.69%). The fluid accessibilities show
evident differences among the samples. The samples 5, 8, 11, and 25
with unimodal Tj distributions patterns are characterized by low fluid
accessibilities with accessible saturations between 8.39 and 17.08%
(avg. 12.2%). Samples 4, 6, 12 and etc. with bimodal Ty distributions
exhibit better fluid accessibilities with accessible saturation ranging
from 16.33 to 40.24% (avg. 25.19%). The accessible saturations rise to
the range of 39.28-43.87% (avg. 41.58%) in samples 1 and 20 with
right-skewed bimodal T distributions (Fig. 8).

foﬂwal(TZ)q(TZ) _ j;JTmmfz(Tz)d(TZ)
Jo" fi(T2)d(T2)

Sy = x 100% @)

where the S; is the fluid accessible saturation, %; fi (T2) and fo(T2) are
the functions showing the amplitudes at certain T, value on the satu-
ration Ty spectrums and on the centrifugation Ty spectrums,
respectively.
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The FIPs on the fractal curves provide an excellent way to evaluate
the fluid accessibilities of pores in certain size ranges on the Ty spec-
trums. Accordingly, the accessible saturations of small-sized, medium-
sized, and large-sized pores can be separately expressed by Egs. (3)-(5),
and their accessibility contributions are obtained employing Eq. (6).
Inaccessible proportions, ratios between covering areas of centrifuga-
tion spectrums to those of saturation spectrums in certain Ty ranges of
different-sized pores, are derived using Egs. (7)-(9).

_ Iy A(T)d(T) = [ f(T2)d(T)

s, 100% (3)
T A(T)d(T) g
T o
Sy = St (Tz)dz(v,Tz) n PIND) o 4
7, Ji(T2)d(T2)
Tonas (T
s,:f“ AT = J” AIL)AT) (5)

S FT2)d(T)

whereS;, S, and S; separately represent the fluid accessible saturations
of small-sized, medium-sized, and large-sized pores; T; and T, are the
transverse relaxation times corresponding to the FIP; and FIP; between
small-sized and medium-sized pores, and medium-sized and large-sized
pores, respectively.

S
C =2 x 100% (6)
S

where C is the accessibility contribution of certain-sized pores, S, is the
fluid accessible saturation of certain-sized pores.
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Fig. 8. Fluid accessibilities of tight gas sandstone samples evaluated by the saturated and centrifuged T, spectrums (Note that the yellow and blue areas represent the
inaccessible proportion and accessible proportion of pores, respectively. The red lines mark the fractal inflection points. Swi, Swe, and Sws separately represent the

accessible proportions of the small-sized, medium-sized, and large-sized pores).
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where R;, Rim, and Ry are the inaccessible proportions for the small-
sized, medium-sized, and large-sized pores, separately.

The fluid accessibility parameters suggest best fluid accessibility of
large-sized pores in tight sandstone, with accessible saturation in the
range 3.19-38.86% (avg. 16.40%), accessibility contributions ranging
from 29.59 to 96.56% (65.73%), and inaccessible proportions between
8.00 and 83.00%. The medium-sized pores have moderate fluid acces-
sibilities, which have accessible saturations in the range 4.93-23.83%,
accessibility contributions of 14.46-58.96%, and inaccessible pro-
portions of 67.00-94.00%. However, the small-sized pores are charac-
terized by poor fluid accessibility with most of them are disconnected
(inaccessible proportions between 0.92 and 1.26). The accessible satu-
rations and accessibility contributions are below 2.5% and 15%,
respectively. Notably, abnormality occurs in some samples, of which the
small-sized pores have inaccessible proportions >1 and negative
accessible saturations. The transportation of movable water from rela-
tive large pores to the tiny pores under the centrifugation pressure is
probably responsible for this phenomenon, which is likely determined
by the strong hydrophilia of clay minerals and connectivity of InterCs.
The accessible saturations and accessibility contributions of medium-
and large-sized pores show descending trends from the right-skewed
bimodal to unimodal T, distribution patterns, while their inaccessible
ratios exhibit opposite trends. Negative accessible saturation values of
small-sized pores generally present in right-skewed bimodal T, distri-
bution samples owing to their relative good pore connectivity. The re-
sults indicate that the fluid accessibilities of tight gas sandstone are
dominated by large-sized pores, followed by medium-sized pores. Dif-
ferences in the fluid accessibilities of large- and medium-sized pores are
responsible for the fluid accessibility distinctions of different tight
sandstone samples (Fig. 8).
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4. Discussion
4.1. Origins and controls of pore-scale heterogeneity

The fractal structures of tight sandstone are various. The fractal
dimension variations of certain-sized pores and pore systems among the
samples suggest the significant differences in the pore-scale heteroge-
neity, which probably originate from the components, textures, and pore
microstructures variations.

4.1.1. Impacts originated from mineralogy

The correlations between the fractal dimensions and mineral con-
tents suggest that small-sized pores become more heterogeneous with
the decrease of rigid grains (Fig. 9 A), and increase of ductile grains
(Fig. 9 D) and carbonate cements (Fig. 9 I). However, the heterogeneity
decreases with the clay contents because the InterCs generally exhibit
pretty regular structures, orientations, and appearances in the dominant
clay minerals of kaolinite and chlorite observed in the investigated tight
sandstone (Fig. 9 G and H).

The correlations become complicated in medium-sized pores. The
heterogeneity of medium-sized pores is negatively correlated with
content of quartz and feldspar when it is less than 65%, but shows two
opposite correlations when it is greater than 65%. The positive corre-
lation is probably attributed to the increase of the MFs induced by
increasing brittleness (Fig. 9 A). This phenomenon can be supported by
the observations of a few amount of MFs (Fig. 9 B) and massive MFs
(Fig. 9 C) in the samples with high rigid grain contents. The medium-
sized pores heterogeneity rises with increase of clay and carbonate
contents as the pore-filling clay aggregates and carbonate cementation
will complicate the geometry and morphology, and roughen the
smoothness of the surface of IntraGs and MFs (Fig. 9 G and I). However,
the poor correlation between D, and rock fragments suggests that the
ductile particles have negligible influences on the heterogeneity of
medium-sized pores (Fig. 9 D).

A poor correlation is discovered between D3 and the content of rigid
grains (Fig. 9 A), which is attributed to the influence of irregular D-
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interGs generated from feldspar dissolution (Fig. 9 B, K). The positive
correlation between D3 and feldspar and negative correlation between it
and quartz/feldspar imply that the P-interGs preserved are favorable for
the homogeneity of the large-sized pores, while D-interGs are on the
contrary (Fig. 9 B, J, K). The effects of clay on the heterogeneity of large-
sized pores reverse with increasing content. The rising clay content
roughens the surface and complicates the pore shapes in low content of
less than 5%, but may enhance the self-similarity with the increasing
filling degree (Fig. 9 G). The positive phenomenon will be enhanced if
the clay minerals is dominated by chlorite owing to its benefits for the
preservation of the P-interGs. Greater carbonate content always unfa-
vorable for the homogeneity of the large-sized pores (Fig. 9 I). The
mineralogy variation is one of the controls for the complex pore-scale
heterogeneity as the same kind of minerals may exert completely
different impacts on different-sized pores (Fig. 9).

The correlations between the D,yg (average of D, Dy, and D3) and
mineral contents suggest that the system heterogeneity is negatively
correlated with the quartz content (Fig. 9 A), but positively correlated
with contents of feldspar, rock fragment, and carbonate (Fig. 9 D, G, I,
J). Similar trends are found between D,yg and clay, and D3 and clay
(Fig. 9 G). The effects of mineralogy on the system heterogeneity are
similar to those on large-sized pores, indicating the heterogeneity of the
whole pore network of tight sandstone is dominated by the large-sized
pores.

4.1.2. Effects originated from petrology

The arrangements and textures of the matrix grains also influence the
geometry and morphology of the pores (Ajdukiewicz and Lander, 2010;
McKinley et al., 2011; Mozley et al., 2016), which will exert impacts on
the pore-scale heterogeneity. The negative correlation between D; and
median grain size suggests that greater grain size is favorable for the
homogeneity of the small-sized pores. However, the poor positive cor-
relation between D; and sorting coefficient indicates that worse sorting
will result in heterogeneity increases (Fig. 10 A, B). The poor negative
correlation between D; and skewness confirms the benefits of greater
grain sizes on the homogeneity of small-sized pores. The reversal of all of
the correlations in medium-sized pores suggests that greater grain size
and better sorting increase the heterogeneity of medium-sized pores
(Fig. 10 A-C). Similar effects occur in large-sized pores (Fig. 10 A-C).
The grain size exerts a poor influence on the system heterogeneity
compared with sorting coefficient (Fig. 10). The Dgyg rises with the
sorting coefficient before 2.3 and then decreases evidently, which may
be attributed to the opposite effects of sorting on the heterogeneities of
small-sized and medium- to large-sized pores (Fig. 10 B).

4.1.3. Origins from pore attributes

As the fractal dimension is a direct description of pores, the pore
attributes definitely exert direct effects on the pore-scale heterogeneity.
The effects of pore types are evaluated by investigating the relationships
between the fractal dimensions of certain-sized pores and contents of
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their dominant pore types. The negative correlation between content of
P-interGs and D3 indicates the primary pores can reduce the heteroge-
neity of the large-sized pores (Fig. 11 A). The D-interGs exert opposite
effects as they complicate the shapes and edges, and roughen the
smoothness of the surfaces (Fig. 11 B). Negative effects of D-intraGs on
the heterogeneity of medium-sized pores are discovered owing to the
pore complexity enhancements originated from dissolution (Fig. 11 C).
However, the presence of MFs benefits the homogeneity of medium-
sized pores (Fig. 11 D). The heterogeneity of small-sized pores rises
with the increasing contents of InterCs and D-intraGs (Fig. 11 E). The
relationships between the D,y and contents of pore types suggest the
system heterogeneity is strongly influenced by the P-interGs, MFs, and
InterCs, but barely not affected by the D-intraGs (Fig. 11).

The pore geometries are analyzed based on the pore size classifica-
tion proposed, which divides the pores into small-micropores with di-
ameters <20 pm, mesopores with diameter between 20 and 40 pm, and
macropores with diameter >40 pm (Qiao et al., 2017). The volume
fractions, quantity frequencies, and average pore radii of the three types
of pores are separately calculated employing the PNM data (Table 5).
The impacts of the geometries of small-micro pores, mesopores, and
macropores on the Dy, Dy, and D3 are separately evaluated in Fig. 12.
The results reveal that the heterogeneity of small-sized pores is deter-
mined by the diameters of the small-micro pores (positive correlation)
(Fig. 12 B), followed by its volume fraction (Fig. 12 A), but is barely not
affected by its quantity (Fig. 12 C). Heterogeneity of medium-sized pores
is dominated the quantity of the mesopore (positive correlation) (Fig. 12
D-F). Heterogeneity of large-sized pores is dominated by the quantity of
macropores and is negatively correlated with their volume fractions and
pore diameters (Fig. 12 G-I). The D,yg increases with the volume frac-
tion of small-micropores and mesopores and diameter of
small-micropores, but decreases with the volume fraction, diameter, and
quantity of the macropores (Fig. 12), suggesting opposite effects of the
pore geometries of the large-sized pores and medium- to small-sized
pores on the system heterogeneity.

The ratio of pore volume to surface area (V/S) and aspect ratio (AR)
of the three types of pores (Table 6) are separately plotted with the Dy,
Dy, D3, and Dayg in Fig. 13. Because of the different morphology varia-
tions of the D-intraGs and InterCs, the heterogeneity of small-sized pores
exhibits different correlation trends with the increasing of V/S of small-
micro pores (Fig. 13 A). The heterogeneity of medium-sized pores is
poorly correlated with the morphologies of the mesopores, which may
be attributed to the different morphology characteristics of D-intraGs
and MFs (Fig. 13 B and E). D3 shows better relationships with mor-
phologies of macropores. Its negative correlation with V/S and positive
correlation with AR suggest that roundness and smoothness improve-
ments bring reductions to heterogeneity of the large-sized pores (Fig. 13
C and F). The system heterogeneity is mainly affected by morphologies
of small-micro pores and macropores, but barely not influenced by that
of the mesopores (Fig. 13).
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small-sized pores, and pore system. (D) Effects of content of micro fractures on the heterogeneities of medium-sized pores and pore system. (E) Correlations between

content of intercrystalline pores and heterogeneities of small-sized pores and pore system.

Table 5

Pore geometrical parameters derived from X-pCT.
Sample VF; VFme VFma Dy(pm) Dine(pm) Dma(pm) Qs Qme Qma
1 0.04 0.03 0.93 10.10 25.10 93.79 0.93 0.03 0.04
4 0.03 0.05 0.92 10.83 26.23 76.11 0.86 0.12 0.03
5 0.04 0.06 0.90 10.80 25.71 72.91 0.87 0.11 0.02
6 0.01 0.01 0.99 9.89 26.48 124.10 0.89 0.08 0.03
8 0.09 0.04 0.87 10.20 24.78 87.25 0.96 0.03 0.00
11 0.27 0.20 0.53 11.39 24.53 63.19 0.92 0.08 0.00
12 0.02 0.03 0.95 10.75 26.26 86.58 0.88 0.09 0.02
15 0.04 0.07 0.89 11.45 25.68 72.89 0.84 0.14 0.02
20 0.01 0.01 0.98 10.56 26.18 102.04 0.85 0.12 0.04
23 0.01 0.01 0.98 10.29 26.45 93.98 0.88 0.10 0.03
25 0.04 0.05 0.91 10.91 25.53 79.46 0.87 0.11 0.02
26 0.04 0.05 0.91 10.40 26.10 72.54 0.90 0.08 0.02
27 0.30 0.22 0.48 11.93 24.46 63.74 0.91 0.09 0.00

Note that VFg, VFy,, and VF,, are the volume fractions for small-micro pore, mesopore and macropore, separately. Dg, Dy, and Dy, are the diameters of small-micro
pore, mesopore and macropore, separately. Qs, Qme, and Qn, are the quantity frequencies of small-micro pore, mesopore and macropore, separately.

4.2. Impacts of pore-scale heterogeneity

4.2.1. Effects of pore-scale heterogeneity on the fluid accessibility

The significant differences in the fluid accessibilities of the investi-
gated tight sandstone samples can be attributed to the complex in-
terplays between pore structure and fluid flow. However, the physics
governing the fluid accessibility in tight porous media have been poorly
understood owing to the influences of extreme pore-scale heterogeneity.

The correlation analyses between the fractal dimensions and fluid
accessibility parameters of certain-sized pores in Fig. 14 indicate that the
heterogeneity of the small-sized pores barely not affects their own fluid
accessibility. The poor influence is probably attributed to the extra
strong impacts of the clay hydrophilia as the clay minerals are the
dominant host for these pores. However, the heterogeneities of medium-
and large-sized pores strongly influence their own fluid accessibilities
(Fig. 14 B and C). The inaccessible proportions of medium to large-sized
pores have positive correlations with their fractal dimensions, while the
accessible saturations exhibit descending trend with increasing dimen-
sion values. This suggests the increase of heterogeneity is unfavorable

11

for the fluid accessibilities of these pores. The correlations between the
accessibility contributions of different-sized pores and their own fractal
dimensions suggest that a moderate heterogeneity of large-sized pores
may enhance the fluid flow inside the large InterGs. However, the het-
erogeneity of medium-sized pores exert complex influences on their
fluid accessibility contributions. Their heterogeneity increases at a low
value range (<2.35) may reduce the fluid flow inside them, but the
heterogeneity increases at a high value range (>2.35) brings fluid flow
enhancement due to the presence of the MFs (Fig. 14 B).

The rising correlation coefficients between the fractal dimensions
and their fluid accessibilities from small- to large-sized pores suggest the
effects of pore-scale heterogeneity on the pore-scale fluid mobility in-
crease with the pore size (Fig. 14A-C). The correlations between total
accessible saturation and Dj, D2, D3, and Dayg indicate that the system
fluid accessibility is dominated by the heterogeneity of the large-sized
pores, followed by the medium-sized pores, but is barely not affected
by the small-sized pores (Fig. 14 D).
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Table 6

Pore morphological parameters derived from X-pCT.
Sample V/Ss V/Sme V/Sma AR, ARpe AR
1 1.8 2.74 7.01 2.32 2.79 2.13
4 1.88 3.25 5.62 2.24 2.87 2.59
5 1.89 3.17 4.86 2.13 2.62 2.66
6 1.77 3.47 8.81 2.2 2.4 2.19
8 1.81 2.54 3.8 2.45 2.45 2.98
11 1.85 2.48 2.82 2.57 2.89 2.91
12 1.86 3.16 6.29 2.3 2.79 2.78
15 1.88 3.25 4.86 2.01 2.46 2.77
20 1.87 3.37 7.35 2.08 2.48 2.48
23 1.82 3.45 6.44 2.18 2.37 2.35
25 1.91 3.18 4.97 2.12 2.49 2.53
26 1.83 3.13 4.62 2.25 2.78 2.67
27 1.86 2.45 2.89 2.69 2.8 2.82

Note that V/Ss, V/Sme, and V/Sy,, are the ratios of pore volume to pore surface
area for the small-micro pores, mesopores and macropores, separately. AR,
ARpe, and ARy, are the aspect ratios of the small-micro pores, mesopores and

macropores, separately.
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4.2.2. New insights into the permeability estimation

Permeability serves as a direct macroscopic description of the fluid
flow capacity of porous media. It has been regarded as a long-term focus
in the evaluation of clastic hydrocarbon reservoirs. The fluid accessi-
bility obtained from NMR allows a reliable way for the permeability
estimation. The Coates model employing the relationship between
porosity, free fluid index (FFI), and bound water volume index (BVI)
obtained from NMR measurement is proposed and widely accepted (Eq.
(10) and (11)). However, the performance of Coates model is not stable
in the tight sandstone owing to its intricate pore structures. Based on the
fluid accessibility evaluation applying the film bound water model and
FIPs, the FFI and BVI can be separately divided into three parts and can
be described by the following equations (Eq. (12) and (13)).

2
&\ FFI
(E) e (10)

FFI
LogK = A + BLog¢) + CLogﬁ 11)
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Tmax

R A@(T) — [ BT + 7 (L)) = [ A(T)A(T) + [ fi(T)d(T) — [ f(T)d(T) 12)
3 fi(T)d(T)
BVI=S; = OTWfZ(Tz)d(m:fOTIfZ(TZ (T2) + [y H(T)d(T2) + [ fo(T2)d(T2) (13)
AT fT”‘“*f (T>)d(T>)
(15).
FFI _Ap +Ap
BVIT A 15)

Ty
According to the film bound water model, the [ fi(T2)d(T;)—
0

T,) is the covering area between the saturation and centrifu-

Ty
[ f(T2)d(
0
gation Ty spectrums when the T is less than the transverse time of FIP;
T
[ f2(T2)d(
Ty

covering area between the saturation and centrifugation Ty spectrums
when the T, is between the transverse time of FIP; and that of FIP,,

T'T"f“fl(md(n) - T:f”‘fzm)d

covering area between the saturation and centrifugation Ty spectrums
when the Ty is greater than the transverse time of FIP,, which can be

) + T'"f” fo(T2)d(T,) is

Ts
and can be simplified as Agp. The [ fi(T2)d(T)— T,)is the
Ty

which can be simplified as Ag;. (T)is the

T T,
simplified as Apa. The [ fo(T2)d(T2) + [ fo(To)d(
0 7y

the total covering area of the centrifugation spectrum and can be
simplified as Ay. Therefore, the FFI/BVI can be expressed by Eq. (14).

FFI  Apo+Ap +Ap

= 14
BVI A, a4

As the signal amplitude differences of small-sized pores are minor
and even could be negative owing to the water transportation from
large-sized to small-sized pores under the effects of centrifugal forces

T
and strong hydrophillia of clay minerals, the [fi(T2)d(T2)—
0

T,) in the FFI/BVI would result in misestimate of the fluid

T{lfz(Tz)d(

mobility. The Apy should be neglected as it will lead to deviations in
permeability estimation. Therefore, Eq. (14) can be transformed to Eq.

Table 7
Empirical correlations derived from the original and modified Coates models.
Model types Empirical equations R? Note
Original LogK = —0.8191 + 0.69  All of the
Coates 0.7970Log¢+0.3260Log(FF1/BVI) samples
Original LogK = —0.7080 + 0.88  Excluding
Coates 0.6773Log¢p+0.6122Log(FF1/BVI) outliers
Modified LogK = —1.4806 + 0.71  All of the
Coates 0.8175Logd-+0.4870Log(FFI/BVI) samples
*+2.6886LogD¢
Modified LogK = —0.4229 + 0.6446 0.90  Excluding
Coates Log$+0.5757Log(FFI/BVI)*-0.9971LogDs outliers

Note that (FFI/BVI)* is the ratio between free fluid index and bound water
volume index recalculated on the basis of fluid accessibility calibration.

Accordingly, the Coates model can be modified according to the
amplitude differences between the saturation and centrifugation Ty
spectrums, which provide a more direct way for the permeability esti-
mation from the NMR measurements.

Ap + Ap

LogK = A+ BLog¢ + CLog 1
2

16

When taking the effects of pore-scale heterogeneity on the fluid
accessibility into consideration, the estimation can be expressed as
following by taking the system fractal dimension into the account of
fluid accessibility index.

Ap + Ar
LogK = A + BLog¢ + CLogM

+ DLogDy a7

Multiple linear regression analysis is performed to determine the
empirical relationships in Eq. (11) and Eq. (17) and to examine the
performance of the improved Coates model. The empirical equations
derived using the Coates model and modified Coates model are dis-
played in Table 7. The result shows that the empirical correlation for
modified one gets higher regression coefficient than the original one,
indicating that the consideration of the fluid accessibility of different-
sized pores and effects of pore-scale heterogeneity improve the appli-
cability of the Coates model. If the two outliers in the porosity and
permeability correlation, i.e. sample 11 and 12 with extreme low

—1:1 line

1.8 m Coates

A Modified Coates

@ Coates (outliers eliminated)

® Modified Coates (outliers eliminated)

Estimated permeability (mD)

0 0.5 1 15 2
Measured permeability (mD)

Fig. 15. Plots showing the deviations of the estimated permeability from the
measured permeability.
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porosity and high permeability, are eliminated from the regression, the
coefficients of the original and modified Coates model rise evidently.
Especially, the improved one shows an excellent performance with a
coefficient of 0.90.

Fig. 15 plots the relationships between measured permeability and
permeability estimated by the four empirical equations, where the de-
viations of the data points from the perfect 1:1 trend line indicate the
performances of the estimations. We can figure out that the values
estimated from improved Coates equations excluding the outliers show
smaller deviations than the others, providing a more accurate perme-
ability predication. This estimation enhancement from outlier exclusion
suggests that the controlling factors of permeability in tight gas sand-
stone may be completely different and it is necessary to investigate the
permeability variation mechanisms from the pore-scale perspective.

5. Conclusions

A logically combined analysis is conducted on the thirteen repre-
sentative tight gas sandstone samples collected from the Permian Shanxi
Formation of the Ordos Basin. The pore-scale heterogeneity of tight
sandstone is investigated by NMR incorporating fractal theory. Its ori-
gins and controls are explored by combining mineralogy, petrology, and
structural investigations through X-ray CT, CTS, SEM, and grain size
analyses. Its impacts on the fluid flow are further evaluated by fluid
accessibility evaluation. The conclusions can be drawn as follows.

The tight gas sandstone is characterized by intense pore-scale het-
erogeneity with multi-fractal structures dominated by tri-fractal, fol-
lowed by bi-fractal, and wide ranges of fractal dimensions for small-
sized , medium sized , large-sized pores , and pore system. The tight
sandstones with intragranular pore dominant system and unimodal
NMR T, distributions exhibit strongest pore-scale heterogeneity, while
those of intergranular pore dominant and mixed pore systems with
bimodal T distributions have more homogeneous structures.

Pore-scale heterogeneity originates from pore attributes. The het-
erogeneity of large-sized pores is dominated by the macropore quantity,
followed by it morphology and intergranular pore content. That of
medium-sized pores is dominated by the mesopore quantity and strongly
affected by the contents of dissolution intragranular pores and micro
fractures. The heterogeneity of small-sized pores is determined by the
intercrystalline pore content and size of small-micropore. The system
heterogeneity is a coupled expression of the genesis, geometry, and
morphology of different-sized pores.

Mineralogy and petrology exert complex impacts on the pore-scale
heterogeneity. Higher rigid grain content is generally favorable for the
homogeneity of different-sized pores, with exception the heterogeneity
increases of medium-sized pores induced by the increasing fracturing
risks and heterogeneity increases of large-sized pores resulted from
feldspar dissolution. The effects of carbonate are just in the opposite.
Greater clay content reduces the heterogeneity of small-sized pores,
increases that of medium-sized pores, but increases that of large-sized
pores before 5% and then reduces it. The heterogeneities of large-
sized and medium-sized pores are more susceptible to the pore fill-
ings, while that of small-sized pores is more susceptible to the matrix
grains. The rigid grain benefits the system homogeneity, while the
feldspar, rock fragment, and carbonate are on the contrary. Greater
grain size and better sorting bring reductions to the heterogeneity of
small-sized pores but increases to those of medium- and large-sized
pores. The system heterogeneity is mainly correlated to sorting.

The fluid mobility of tight gas sandstone is varied with accessible
saturation in the range 8.37-43.87%, which is predominantly attributed
to the fluid accessibility differences in the large-sized and medium-sized
pores. These differences are closely associated with the pore-scale het-
erogeneity. Heterogeneity increases exert different impacts in different-
sized pores, which result accessibility losses in the medium-sized and
large-sized pores but have poor influences in small-sized pores owing to
the extra effects of strong clay hydrophillia.
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The Coates model on permeability estimation is improved by
reevaluating the FFI/BVI according the fluid accessibilities of different-
sized pores, considering the effects of system heterogeneity, and
excluding the porosity and permeability outliers. The improvement also
suggests that it is necessary to investigate the permeability variation
mechanisms from the pore-scale perspective.

This study provides deep understandings for the origins and controls
of the pores-scale heterogeneity, and its effects on the fluid accessibility.
It may enlighten the associated studies in microscopic structure, fluid
flow in tight porous media, and reservoir quality evaluation.
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