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HIGHLIGHTS

« Pore character in shale samples from the detachment deformation belt was studied.
« Diagenesis and shale composition controls on pore structure and adsorption capacity.
« The structural deformation affected the evolution of pore size distribution in shale.

« Evolution of macroporosity between deformed and undeformed samples is different.
« The deformed shale has a higher percentage of macropores and lower of mesopores.
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ABSTRACT

The pore characterization in shale depends on the shale composition, affected by the tectonic deforma-
tion. To obtain information about the influence of tectonic deformation on shale pore characteristics, the
geochemical, mineralogical, structural and textural properties analysis, porosity and pore structure fea-
ture investigations are performed using two sets of shale (deformed shale and undeformed shale) col-
lected from the same shale bed of the Wufeng-Longmaxi Formations (Upper Ordovician-Lower
Silurian) of southeast of Sichuan Basin, China. The diagenetic environment and shale composition con-
trols on total porosity and pore structure. Both undeformed and deformed samples have a similar poros-
ity (>1.3%). All-scale pore structure analysis reveals that the pore size distribution of all shale samples is
mainly from 0.35 nm to 1.E+5 nm. The surface area of both undeformed and deformed samples were
mainly contribution from the micropores (>82%). The geochemical and mineralogical analysis suggested
that there was a good correlation between the organic maturity, quartz content and shale deformation.
Tectonic stress and structural deformation have an effect on the pore surface area and adsorption capac-
ity of shale. Undeformed shale has a higher surface area and nitrogen adsorption capacity, and the strong
deformed shale samples have the lowest surface area and nitrogen adsorption capacity. The total porosity
was positively correlated with the micro- and mesopores pore volume for undeformed shale (R? > 0.85),
while the porosity of deformed shale was only related to the macropores pore volume (R?=0.77).
Experimental analysis showed that all shale samples from the same bed had similar total porosity and
pore volume, while the deformed shale had notable higher macropores percentages than undeformed
shale. The results indicated that accompanied by tectonic deformation, the porosity, total pore volume
and micropores content did not change significantly, while the percentages of pores were changed as
macropores increased and mesopores decreased. The proportions of micro-, meso- and macropores were
changed by structural deformation. Part of mesopores was disappeared due to compression of the tec-
tonic stress, and macropores were generated due to the development of microcracks.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

tional reservoirs [ 1-6]. Compared to conventional reservoirs, shale
was a tight reservoir characterized by abundant nano-pores [1,7-

The global shale gas “Revolution” from North America to China
expanded the views on shale with that transformed the role of
shale from conventional source rocks and cap rocks into unconven-
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9].The knowledge of the pore structure properties, including pore
size distribution (PSD), surface area (SA), pore volume (PV) and
porosity parameters were essential to determine the shale reser-
voir characters. According to the classification of International
Union of Pure and Applied Chemistry (IUPAC) [10,11], pores are
divided into micropores (pore width <2 nm), mesopores (pore
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width between 2 and 50nm) and macropores (pore width
>50 nm). Nuclear magnetic resonance (NMR), small-angle and
ultra small angle neutron scattering (SANS/USANS), nano-
computed tomography (Nano-CT) and other radiation methods
be used to conduct non-destructive analysis and acquire detailed
data rapidly [1,12,13]. Image analysis methods can be used to
observe the geometry and pore size in shale through
transmission/scanning electron microscopy (TEM/SEM) and other
high resolution microscopes. Moreover, Researchers often
conduct quantitative analyses with the fluid invasion method such
as mercury injection capillary pressure (MICP) and low-pressure
gas (LPG) adsorption (carbon dioxide and nitrogen) to determine
the shale pore size distribution and use theoretical models to
calculate the specific surface area, the volume and other
parameters [1,14-17].

Scholars have already conducted studies on pore structure
properties of shale in different strata and various regions [2-6]
by measurement techniques mentioned above. It has been found
that the formation and evolution of pore structure in shale affected
by various geological conditions include the geochemical and ther-
mal maturity [18-20], lithology and diagenesis [6,14-17]. For
example, Ross and Bustin [14] studied the effects of various shale
attributes (organic/inorganic composition, thermal maturity) upon
pore structure by quantitative analyses with the fluid invasion
method. The results of low pressure nitrogen (N;) and carbon diox-
ide (CO,) adsorption suggested that the thermally mature shale
with 1.6-2.5% vitrinite reflectance values (VRo) have higher micro-
pore volumes and surface area than shale have lower thermal
maturity ranging from 0.9 to 1.3%VRo. While mercury injection
capillary pressure (MICP) observations showed that in diameter
range of 3-360,000 nm, clay-rich samples have unimodal meso-
pores that pore diameters of 7-8 nm, in contrast to quartz-rich
shales which show a dominance of macropores. Scattered electron
microscopy (SEM) and mercury injection capillary pressure (MICP)
were used by Chalmers et al. [4,15-17] to study the pore character-
istics of North America with different total organic carbon (TOC)
contents and mineral composition. The results showed that the
samples contain higher quartz, moderate clay and high TOC con-
tent have more balanced ratios between micro-, meso- and macro-
porosity and high permeability.

In recent years, the dynamic evolution of pore structure has
attracted more attention [18-20]. Sun et al. [20] analyzed the
formation and development of the nanoporosity in continental
shale before and after hydrous pyrolysis experiment by N
adsorption to measure the pore structure of shale in different
thermally mature stage. The results showed that the nano pore
volume and the N, Brunauer-Emmett-Teller (BET) specific sur-
face area were positively correlated with the pyrolysis, with
increasing temperature, the pore volume and N, BET specific
surface area of the micropores, mesopores and macropores all
increased. Chen and Xiao [19] used N, and CO, adsorption to
measure the pore structure of artificially matured samples with
vitrinite reflectance values (VRo) ranging from 0.69% to 4.19%,
finding that the microporosity and mesoporosity increases with
thermal maturity after the oil window stage, and suggested
those increases were attributed to the formation of porosity
within organic matter and/or mineral-organic matter ground-
mass, rather than in the pure clay minerals, and they subdivided
the evolution of nanopores into three stages: formation stage
(VRo from 0.6% to 2.0%), development stage (VRo from 2.0% to
3.5%) and conversion and destruction stage (VRo > 3.5%). Focused
ion beam milling combined with scanning electron microscopy
(FIB-SEM) techniques were used by Curtis et al. [18] to analyz-
ing organic porosity in Woodford shale samples with different
VRo (from 0.51% to 6.36%). The result indicated that thermal
maturity alone was not enough to predict porosity in organic

matter (OM), but other factors like OM composition were also
needed to be considered.

Although the formation and evolution of pore structure in shale
have been described in previous works, the genesis and evolution
of pores in shale during geological and tectonic process remain
poorly understood. This may be caused by the different geological
factors, such as mineral composition, TOC, OM type and chemical
composition, diagenesis and maturity [14-20], all controlled by
geological and tectonic process. With the success of shale gas
exploit in South China, effect of tectonic process on reservoir char-
acters has recently attracted more attention [5,21-24]. Compared
to North America, the geological conditions of gas shale reservoirs
in South China are highly diversified and complicated due to the
multi-tectonic movement, which transformed the structure of
shale seams and resulted in structure deformed shale with unique
reservoir properties [21-24]. For example, as the first commercial
shale gas field outside the North America, one of the most impor-
tant controlling geological factors in the Fuling shale gas field in
southeastern margin of the Sichuan Basin was strong structural
deformation of shale [5,21-22]. It is necessary to study how pore
structure develops in gas shale influenced by tectonic deformation.
Ma et al. [23] investigated the pore structure of the mylonitized
shale sample by FESEM and N, adsorption analysis, and found that
the mylonitized shale has high specific surface area and high
methane adsorption capacity. Ibanez and Kronenberg [25] have
explained the deformational and microstructural changes under
variable confinement for illite rich shale. Shale gas and coalbed
methane (CBM) reservoirs are in formally grouped as unconven-
tional because gas is trapped in part by sorption processes [14].
Several previous workers have focused on the pore characteristics
and adsorption gas characteristics of tectonically deformed coals
[26-27], which provide references to the study on deformed shale.
Although previous studies have provided useful insight to evolu-
tion of pore structure in shale during thermal maturity and in
CBM related to deformation structures, the prediction of structural
deformation change in pore structure of shale in geological condi-
tion still remains quite challenging.

In the present study, pore structure feature investigations are
performed using two sets of shale samples (deformed shale and
undeformed shale) collected from the same shale bed of the
Wufeng-Longmaxi Formations (Upper Ordovician-Lower Silurian)
of southeast Sichuan Basin, China. The relationship between geo-
logical conditions include geochemical, mineralogical and struc-
ture properties was investigated. The influence of structural
deformation on pore structure was studied. The influence of shale
composition and different degrees of deformation on pore struc-
ture was also discussed. These results provide evidence to the evo-
lution of pore structures of shale affected by tectonically
deformation.

2. Samples and experiments
2.1. Sample selection

To avoid influences from other factors during the investigation
of the influence of the tectonic deformation structures on pore
structure, all experimental outcrop samples were selected from
the same area and stratum (Wufeng-Longmaxi formations, Yong-
shun, China). Except for erosion thickness and current buried
depth, the other geological conditions of the shale samples include
stratigraphic, geochemical, petrological and especially the tectonic
deformation property are similar to the Fuling gas field
[21,22,24,28]. Samples sitting at southeastern Sichuan Basin, China
and the detachment structural deformation control across the
Wufeng-Longmaxi formations shale in this area [24,28]. As the
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main detachment structure belt [24], the Wufeng-Longmaxi for-
mations shale layer developed multi-layer subdivided slip struc-
tural deformation. The detachment fault mirrors (FMs), scratches
and micro-fold deformation phenomena were commonly present
in Wufeng-Longmaxi shale outcrops. A suite of samples were sub-
set to two sets of deformed shale and undeformed shale for this
study due to their variability of texture, fabric and structure prop-
erties (Figs. 1 and 2). The features of the experimental samples are
shown in Table 1. The sample number was abbreviated as U1, U2,
U3 (Undeformed shale) and D1, D2, D3, D4, D5 (Deformed shale),
the deformed samples subsets to strong deformed shale (D1, D2,
D3) and weak deformed shale (D4, D5). The samples of U3 were
collected from the thick sandy shale, and the other samples were
collected from the thin siliceous shale. The stratigraphic relation-
ships of the samples are show in Fig. 1.

2.2. Experimental and methods

To evaluate the influence of tectonically deformation on shale
reservoir characteristics by comparing the deformed shale and
undeformed sample subsets, 14 shale samples (9 undeformed sam-
ples from 3 beds) were collected from this Yongshun outcrop
(Fig. 1). However, not all the 14 samples were examined. Among
these samples, all samples were analyzed to determine the organic
geochemistry and mineralogy, the undeformed samples taken
from same bed have similar composition characteristics, 8 samples
(3 undeformed samples and 5 deformed samples) were selected for
mercury injection capillary pressure (MICP) and low-pressure gas
(LPG) adsorption to determine the pore structure including the
porosity, pore-size distribution (PSD), surface area (SA) and pore
volume (PV).

2.2.1. Geochemical and mineralogical

Before geochemical and mineralogical analyses, samples
crushed to 180-200mesh. The TOC content was collected using a
Leco C/S-344 Carbon/Sulfur analyzer. The stable carbon isotope
was determined using a Finnigan MAT 252 mass spectrometer. A
3Y-Leica DMR XP microscopy equipped with a microphotometer
was used to measure the vitrinite reflectance values (VRo) of

samples. Each sample was determined by 30 measurements on vit-
rinite particles at least. The crushed samples were mixed with
ethanol, hand ground in a mortar and pestle and then smear
mounted on glass slides for X-ray diffraction (XRD) analysis using
a D/Max-III analyzer at 40 kV and 30 mA. The relative mineral con-
tents were estimated semi-quantified using the area under the
curve for the major peaks.

2.2.2. Porosity, pore size distribution (PSD), pore volume (PV) and
surface area (SA)

To fully evaluate the pore size distribution and porosity, sam-
ples were crushed (2-5 mm) and dried at 110 °C, and then pre-
formed both mercury porosimetry and low pressure gas
adsorption analyses.

The mercury injection capillary pressure (MICP) analysis using a
Poremaster GT60, and intruded with mercury from 1.5 to
60,000 Psi, the measured pressure range equates to the pore diam-
eter range of 0.003-1000 pm (7-120,000 nm in this study). The
pore size distributions of mesopores and macropores were deter-
mined using the Washburn equation [29]. The minimal pore diam-
eter limit of 7 nm is within the mesopore range, and mercury
porosimetry cannot detect micropores within the pore structure.
Porosity is determined by mercury immersion (bulk density) cou-
pled with helium pycnometry (skeletal density).

Low pressure gas adsorption analyses have been used to mea-
sure the PSD both micropores and mesopores using both nitrogen
adsorption at —196 °C and carbon dioxide adsorption at 0 °C by a
Micromeritics ASAP 2020 HD88 analyzer. The PSD, PV and SA anal-
ysis of combined the N, and CO, gas adsorption by the same calcu-
lation models of density function theory (DFT) [1,11,30-31]. The
development of DFT models has led to a better understanding of
adsorption processes in well ordered systems compared to the
more conventional models [32], used in the present study to ana-
lyzed N, and CO, gas adsorption data.

The pore characteristics including SA, PV and PSD will different
between the two techniques (MICP and gas adsorption analyses)
because of sample preparation, analytical models and calculation
models, analysis method of combined the mercury intrusion and
gas adsorption only used to determine the relative content

Fig. 1. Location of study area is in southeastern Sichuan Basin, Yongshun, China. And the detachment structural deformation control across the Wufeng-Longmaxi formations
shale in this area. (a): The stratigraphic relationships and structural deformation characteristics of the samples, (b): S-C structural deformation shale, (c): Sheath-like
structural deformation shale (d): Fault mirrors (FMs) of the deformed shale. ¢: Deformed shale samples, @: Undeformed shale samples. The height of the notebook is 20 cm
(a), length of the hammer is 38 cm (b), and the length of the pen is 14 cm (c). See Fig. 2 and Table 1 for texture and structure properties of these deformed samples.
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Fig. 2. Undeformed shale and deformed shale samples, the sample ID was abbreviated as U1, U2, U3 (Undeformed shale) and D1, D2, D3, D4, D5 (Deformed shale). The
undeformed shales have original parallel bedding, and the primary structure of shale can be observed. The detachment fault mirrors (FMs) can be observed on the deformed
shales. And the deformed samples were subset to two sets of strong deformed shale and weak deformed shale due to their difference on the degree of deformation strength.
The D1, D2, and D3 were strong deformed shales that the primary structure was damaged and the parallel bedding has almost disappeared due to deformation, and the
fractures and mineral filling development in the strong deformed shales. The D4 and D5 were weak deformed shales that have original parallel bedding, and FMs developed in
the surface of fault. The Coin diameter is 20.5 mm.

Table 1

The features of the experimental samples.

Sample ID TOC VRo 3Cy3 Quartz Carbonate Clay Texture and fabric features of macroscopic hand specimens
(%) (%) %o(PDB) (%) (%) (%)

U1 3.9 2.57 -30.4 41 nd 44 Undeformed shales. Shale primary structure can be observed. Shale has

U2 25 2.78 -30.8 40 2 41 original parallel bedding.

u3 2.0 2.77 -30.9 34 11 33

U-mean (9) 2.8 2.76 -30.7(3) 42 4.6 38

D1 2.1 3.01 -30.6 77 nd 14 Strong deformed shales. The primary structure of shale is damaged and

D2 6.6 2.86 -31.0 64 nd 26 the parallel bedding has almost disappeared due to deformation.

D3 1.0 291 -31.3 77 nd 16 Fractures and mineral filling development. The plastic deformation of
shale is obvious. Shale shows cleavage structure and cleavage surface
is smooth with fine-grained powder coatings.

D4 1.8 2.90 -30.6 46 nd 41 Weak deformed shales. Shale has original parallel bedding. Shale

D5 3.0 3.00 -31.1 71 nd 20 shows cleavage structure and cleavage surface is smooth with fine-
grained powder coatings.

D-mean (5) 2.9 2.93 -30.9 67 nd 23

TOC - total organic carbon (%); VRo - vitrinite reflectance values (%); (Number): number of measured samples.

Table 2

Pore volume characteristics of the samples.

Sample ID Gas absorption MICP Relative content (%)

Micropore Mesopore Mesopore Macropore Porosity Micropore Mesopore Macropore

(uL/g) (pL/g) (uL/g) (uL/g) (%) (%) (%) (%)
U1 6.4 4.8 186.7 2319 2.0 37.6 27.9 34.6
u2 5.7 8.4 175.5 1229 1.6 28.5 42.0 29.4
u3 104 20.9 2198.4 330.0 7.5 30.3 60.6 9.1
D1 4.5 2.2 73.9 185.7 13 36.6 18.1 45.4
D2 53 6.7 73.8 1433 1.6 21.2 26.8 52.0
D3 2.2 04 14.2 273.2 3.8 22.6 3.8 73.5
D4 4.5 3.8 148.7 1721 2.5 28.5 23.8 47.7
D5 5.2 4.4 2143 387.4 4.5 15.1 129 71.9

" The relative contents of different pore size distributions with PV were calculated by set the mesopore PV as referenced value.
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Table 3

Pore surface area characteristics of the samples.

M. Liang et al./Fuel 197 (2017) 310-319

Sample  Total SA of Gas absorption by different model Gas absorption (DFT) MICP Relative content (%)
1D CO, (DR) CO,(DFT) N,(BET) N,(DFT) Micropore Mesopore Mesopore Macropore Micropore  Mesopore  Macropore
(m?[g) (m*/g) (m*[g) (m?/g) (m?/g) (m*/g) (m*[g) (m?[g) (%) (%) (%)
U1 17.53 9.87 23.52 30.79 15.46 1.68 1.72 0.01 90.2 9.8 0.0
u2 13.36 7.35 21.66 29.17 13.01 1.86 1.46 0.03 87.3 12.5 03
U3 29.98 20.05 39.55 52.28 27.10 5.68 10.38 0.49 82.0 17.2 0.8
D1 13.44 8.21 10.73 15.06 11.63 0.92 0.72 0.03 92.5 7.3 03
D2 12.19 5.94 12.46 18.98 11.42 1.04 0.58 0.00 91.7 8.3 0.0
D3 6.94 2.90 4.61 7.95 6.15 0.09 0.05 0.00 98.4 1.5 0.1
D4 10.72 5.72 16.01 21.92 10.20 1.43 0.78 0.00 87.7 12.3 0.0
D5 13.11 6.77 18.38 25.26 11.74 1.91 0.55 0.00 85.9 14.0 0.1

" The relative contents of different pore size distributions with SA were calculated by set the mesopore SA (DFT) as referenced value.

percentage of micro-, meso- and macropores in this article by set
the mesopores as a referenced values (Tables 2 and 3).

3. Results and discussion
3.1. Shale composition

The organic geochemistry and mineralogy data of the samples
are shown in Table 1. The characteristics of shale composition
(organic matter and mineralogical composition) are believed to
be some of important properties controlling pore structure and
gas storage capacity in shales [14-17]. The organic richness and
mature stage have resulted in the production of large amounts of
gas in key productive areas of the Barnett Shale [33]. Both
deformed and undeformed shale samples display high-quality
organic matter richness features (TOC > 1%) and within the gas
generation window (VRo values of 2.57%-3.01%), suggested that
the shale samples have high-quality organic matter richness for
shale gas generation over geological time. The VRo for structure
deformed shales (2.86% and 3.01%) slightly higher than
undeformed samples (2.57% and 2.78%), indicating that tectonic
deformation and stress have a certain influence on the maturation
evolution of organic matter [27,34]. Both deformed and
undeformed shales have similar carbon isotope values of -30.4%o
to -31.3%.. The carbon isotopic compositions allow good insights
to the provenance of the organic matter, the isotope analysis often
used for paleoenvironmental reconstructions [35-36]. Based on
the range of carbon isotope values, we assume that the organic
matter in the Wufeng-Longmaxi shales is 100% marine organic
matter [35-37]. The comparison of evolutionary changes in the
deformed shale and undeformed shale with respect to the organic
geochemistry suggests that the structural deformation almost have
no effect on organic matter in shale, except for the slight increase
in maturity.

Except for U3 of sandy shale, all other samples were dominated
by quartz and clay (Table 1), and the sums add up more than 80%,
were classified as biogenic siliceous shale, due to the high quartz
contents above 40% with high TOC content above 2.0%. The evi-
dence for graptolite and radiolarians provides high levels of bio-
genic siliceous and organic carbon to the Wufeng-Longmaxi
Shales [38]. Note that the deformed shales contain higher amounts
of quartz but relatively lower amounts of clay than the unde-
formed shales. In general, since different minerals have different
physical properties, the shale with high quartz will have low Pois-
son’s ratio, high Young’s modulus, high shear modulus and high
brittleness [39-40]. As a result, the shale with high quartz was con-
ducive to produce fractures under tectonic stress. The parts of extra
quartz content in fracture filling of deformed shales may come
from the hydrothermal source, after the tectonic deformation and
fracture generations.

3.2. Low pressure gas adsorption

Low pressure nitrogen isotherms for deformed and undeformed
shale samples showed in Fig. 3. The nitrogen adsorption-
desorption curve of shale can be used to analyze the pore structure
characteristics [1,11,19-20]. Because capillary condensation and
capillary evaporation often do not occur at the same pressure,
there is a detached portion between the corresponding desorption
and adsorption isotherm branch. The hysteresis loop was observed
for all samples, and the desorption branch always above the
adsorption branch. The adsorption-desorption curves show an
inverse “S” shape, according to the classification of gas adsorption
isotherms made by IUPAC [10,11], type IV isotherms and H3 hys-
teresis loops correspond to the experimental samples. Isotherms
with Type H3 hysteresis loops are usually materials comprised of
aggregates of plate-like particles forming slit-like pores, which
are consistent with the characteristics of parallel layered shales
rich in layered clay minerals. Within the gas generation window
(VRo > 2.60%), the sample LCG (TOC = 29.1%) always has a larger
detachment than sample DL (TOC=8.63%) and EP((TOC =0.18%)
[19]. A larger detached portion observed between the desorption
and adsorption isotherm branch in deformed sample 2, may be
interpreted as organic matter pores has a strong adsorption capac-
ity and the sample D2 has the highest TOC content (6.6%). When
the relative pressure P/PO close to 1, the nitrogen adsorption quan-
tities of undeformed samples are about 10-30 mL/g, while the
weak deformed samples are about 8 mL/g and strong deformed
samples are about 2-5 mlL/g, respectively. No dramatic changes
of adsorption capacity in tectonic deformation coals were observed
by Pan et al. [26]. With the uniaxial compression simulation exper-
iment, Zhang, et al. simulates the process of weak brittle deforma-
tion of shale at room temperature, and the methane adsorption
capacity of shale after simulation was always about 10% lower than
that of the original shale, far less than the difference value caused
by TOC and thermal maturity differences [41]. The undeformed
sample U3 far away from the deformation bed contains higher car-
bonate mineral contents have the highest nitrogen adsorption
quantities. And the strong deformed samples D1, D2 and D3 have
the lowest nitrogen adsorption quantities. The adsorption capacity
is mainly related to the surface area, while the surface area is
mainly provided by the nano-pores (micro- and mesopore
fractions).

Low pressure gas adsorption analyses have been used to mea-
sure the PSD both micropores and mesopores. The development
of density function theory (DFT) models has led to a better under-
standing of adsorption processes in well ordered systems com-
pared to the more conventional models[11,32]. The DFT
calculation model to provide a more reliable approach to pore size
analysis over the complete nanopore range containing micropores
and mesopores [30-31]. The PSD, PV and SA were derived by anal-
ysis of the combined the N, and CO, gas adsorption data by the
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Fig. 3. Nitrogen isotherms for undeformed samples (a) and (b), strong deformed samples (c) and weak deformed samples (d).

same calculation models of density function theory (DFT). The two
gas adsorption methods were combined through incremental PV
and SA plots (Figs. 4 and 5). According to Figs. 4 and 5, the incre-
mental curves from the DFT model versus pore diameter results
perfectly reflect PSD. The Dubinin-Radushkevich (DR) and
Brunauer-Emmett-Teller (BET) models can used to calculate the
total SA using CO, and N, adsorption data, respectively. The Table 3
showed the surface area (SA) calculated by different models. Both
deformed samples and undeformed samples show a significant
part of the pore volume between the diameters of 0.3 and 2 nm
(micropore size fraction) that contributes to most of the surface
area measured by gas adsorption analysis. The undeformed sample
U3 contains the largest micro- and mesopore PV and the deformed

sample D3 contains the least. Note that there was a significant vol-
umes of pores with a diameter between 2 and 50 nm (mesopores
fraction; Fig. 4a) in sample U3, suggested that the diagenetic envi-
ronment and carbonate solution pores might controlled the devel-
opment of mesopores in this sandy shale sample. The deformed
sample D3 contains the least micropore and mesopore PV, inter-
preted as the lowest TOC contents (1.0%) and low clay mineral con-
tents (16%). Excluding the sample U3 with significantly different
mineral compositions, there were no dramatic changes of microp-
ore PV and SA in deformed shale samples were observed. The tec-
tonic deformation has little effect on the micropores, and the
formation and evolution of micropores mainly related to the
organic matter. It was believed that the SA and adsorption capacity

Fig. 4. Pore size distribution defined by incremental pore volume using low pressure gas (LPG) adsorption analyses (N, and CO,). Combined N, and CO, physisorption at 1 nm
using the same calculation model of DFT. Pore diameters range between 0.3 and 200 nm. The boundaries between micro-, meso- and macropores are highlighted by dashed

lines.
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Fig. 5. Pore size distribution defined by incremental surface area using LPG (N, and CO;) analyses. Combined N, and CO, physisorption at 1 nm using the same calculation

model of DFT. Pore diameters range between 0.3 and 200 nm.

is mainly related to the OM and clay mineral contents. The meso-
pores in clay mineral layer that provide adsorption surface area
might disappear due to compression of the tectonic stress. There-
fore, the structural deformation can be seen as a negative factor
in the nano-pore content, although their clear relationship was still
poorly understood.

3.3. Hg porosimetry

The advantages of using the MICP technique are that it directly
measures PV through the mercury volume injected, and requires
only small rock cuttings or fragments. The total porosity is deter-
mined by mercury immersion (bulk density) coupled with helium
pycnometry (skeletal density). All nine samples have a similar
porosity ranges between 1.3 and 7.5% (Table 2). Although the
undeformed shale U3 has the highest porosity and total PV which
was determined by MICP, there was no clear correlation between
total porosity and total pore volumes for all samples. The PSD by
MICP is plotted as incremental pore volume (mL/g; Fig 6) and

incremental surface area (m?/g; Fig 7).The curves from the incre-
mental pore volume versus pore diameter results perfectly reflect
PSD (Fig. 6). The PSD parameters derived from the MICP analyses
range from 7 to 120,000 nm including the meso- and macropores
were shown in (Table 2 and Figs. 6, 7 with the PV and SA). Overall,
all samples used in the mercury experiments mainly have a bimo-
dal that pore diameter range from 7 nm to 100 nm and the pore
diameter more than 5000 nm (Fig. 6).

The PV generally has a positive relationship with the PSD,
whereas there is a negative correlation between the SA and the
PSD for a given pore volume [4,15]. All samples show a significant
volume of pores with a diameter more than 5000 nm; while these
pores do not contribute to the SA of the reservoir as significantly as
the finer pores with a diameter range from 7-50 nm (Table 3 and
Fig. 7). Undeformed shales have more balance in PV between
meso- and macropores, while the deformed shales showed a dom-
inance of macropores (Table 2 and Fig. 6). The results revealed that
there was no relationship between structural deformation and
total porosity, but the structural deformation had a significant

Fig. 6. Pore size distribution defined by incremental pore volume using mercury injection capillary pressure (MICP) analyses. Pore diameters range between 7 nm and

100 pm. The minimum pore diameter is caused by the limitations of the instrument.
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Fig. 7. Pore-size distribution defined by incremental surface area using MICP analyses. Pore diameters range between 7 nm and 100 pm.

effect on the evolution of PSD in shale. Therefore, the structural
deformation plays a positive role in the pore size distribution
evolution. The structural deformation might convert the
mesopores to macropores with connectivity growth, caused by
nanoscale cracking.

3.4. Response of pore structure to structural deformation

It is believed that the shale composition controlled the pore
structure character, and the diagenetic processes controlled the
shale composition [1,14-17]. In the previously analysis, we dis-
cussed the pore characteristic data obtained by different analytical
methods of MICP and LPG separately. The Fig. 8 shows the correla-
tion between porosity and pore volume for different pore diame-
ters, indicating the positive relationship between porosity and
micro- and mesopores PV (R? > 0.85) for undeformed shale, while
the porosity of deformed shale was only related to the macropores
PV (R?>=0.77). Such difference between the deformed and

undeformed samples indicated that the micro- and mesopores
(nano-scale pores) dominate the total porosity, and controlled by
the diagenetic processes and shale compositions in the primary
shale reservoir, while the macropores controlled the total porosity
in the intense tectonic deformation shale. It is found that there
were no significant changes in porosity between deformed and
undeformed shale samples. In order to further study the evolution
of pore size distribution in deformed shales, analysis method of
combined the mercury intrusion and gas adsorption was used to
determine the relative content percentage of micro-, meso- and
macropores in this article by set the mesopores as a referenced
value(Table 2 and Fig 9). The balance of micro-, meso- and macro-
pores were weakened in deformed shale samples, and the percent-
ages of PV in different pore diameters were changed as macropores
increased and mesopores decreased.

Organic matter can affect the evolution of pore structure,
especially for different organic matter types and organic matter
maturity. Jiang et al. reported the pore structure of a lacustrine

Fig. 8. Relationship between total porosity and pore volume of micro-, meso- and macropores in shale samples from different analytic methods of LPG and MICP.
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Fig. 9. The pore volume percentages for shale samples.

oil shale in the Ordos Basin, and indicates that the mesopores are
dominant in samples [6]. Chen and Xiao measure the evolution
of pore structure of artificially matured samples during an anhy-
drous pyrolysis, finding that the microporosity and mesoporosity
increases with thermal maturity after the oil window stage [19].
The effect of organic matter on shale pore structure is mainly con-
centrated in micropore and mesopore [18-20], and achieve by the
difference type and maturity. In present study, all samples have a
similar kerogen type and maturity stage, consistent with the sim-
ilar micropores. Clay minerals can influence pore structure evolu-
tion, and always have comparable organic contents. As compared
to the deformed shale samples, the undeformed shale samples
have higher values in micro-, meso-, total pore SA and adsorption
quantity, because they have a higher clay content, rather than
because of their undeformation. Ross and Bustin suggested that
shales enriched in both clays and organics have the largest micro-
pore volumes, suggesting a micropore contribution from both the
organic and clay fractions. In the present study, the shale sample
of D3 which poor in clay and TOC has the least micro- and meso-
pores. Kareem et al. found that the clay minerals are over-
represented at the pore surfaces and in pore spaces compared to
the other major mineral as quartz and feldspar [42]. The knowl-
edge of effective mineralogy complicated the influence of clay min-
erals on the pore structure. The biogenic quartz produced by
precipitation during diagenesis with silica derived from graptolite
and radiolarians [38], which may also control the pore volume and
structure in shales. This type of quartz affects microporosity signif-
icantly and has certain correlation to TOC content. There are no
clearly-defined relationships between quartz mineralogy and pore
structure, because the micropore characteristics of the samples did
not change with the quartz content in this study. Furthermore, the
parts of extra quartz content in fracture filling of deformed shale
may come from the hydrothermal source, after the tectonic defor-
mation and fracture generations. The relationship between shale
compositions and pore structure is not well reflected in the change
of shale pore structure in deformed shale samples for the present
study. There is no significant difference in organic matter content
in deformed and undeformed samples, which agrees with a similar
microporosity on all of samples. All-scale pore structure analysis
reveals that the deformed shale had notable higher macropores
percentages than undeformed shale. At the same time, the total
porosity and micropores were constant, suggesting that the evolu-
tion of pore structure in structural deformed shale was due to part
of mesopores was disappeared due to compression of the tectonic
stress, and macropores were generated due to the development of
microcracks.

4. Conclusions

Due to the multi-tectonic movement, shale reservoirs in China
are highly diversified and complicated, which transformed the
texture of shale beds and resulted in structure deformed shale
with unique pore properties. It is necessary to study how pore
structure develops in gas shale influenced by tectonic deforma-
tion. In this article, pore structure and its evolution feature inves-
tigations were performed using two sets of shale samples
(deformed shale and undeformed shale). The shale compositions
include minerals and organic matters have a significant influence
on the total porosity and pore structure. Gas absorption quantity
controlled by the TOC and clay mineral content. With increasing
clay content, the N, absorption quantity increases significantly.
The TOC and clay minerals affected the lower limit of micropore
characteristics of shale together. Shale has smaller micropores
and mesopores volume when with lower TOC and clay content.
While the tectonic deformational could not affect the shale mate-
rial composition significantly. Tectonic stress and structural
deformation have an effect on the pore surface area and adsorp-
tion capacity of shale. Undeformed shale has a higher surface area
(SA) and N, adsorption capacity, and the strong deformed shale
samples have the lowest SA and nitrogen adsorption capacity.
There were no significant changes in total porosity and pore vol-
ume (PV) between deformed shale samples and undeformed
shale. However, the structural deformational can affected the evo-
lution of pore size distribution (PSD) by change the material
arrangement and improve connectivity of shale. The structural
deformation has a significant effect on the evolution of pore size
distribution, especially for the increase in the proportion of
macroporous. The tectonic deformation also has a slightly effect
on the maturity of shale. The deformed shale has a higher VRo
than undeformed shale. All of these results provide evidence to
the evolution of pore structures of shale affected by tectonically
deformation in South China.
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