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ABSTRACT

Changning and Fuling are two of the best-known shale gas fields
in China, located at two different depositional centers of the
Upper Ordovician Wufeng Formation to the lower Silurian
Longmaxi Formation in the Sichuan Basin. However, there
are significant differences in the gas content of the Wufeng-
Longmaxi shales between these two areas, despite their similar
average total organic carbon contents and thickness. To elucidate
the main factors responsible for the differences in the shale gas
content between Changning and Fuling, two shallow wells were
drilled to investigate their mineralogical and petrophysical prop-
erties as well as the organic matter—associated pore structure of
the Wufeng-Longmaxi shales. A comparison of these reservoir
properties was also made with those of the Jiaoye 4 well from
the Fuling shale gas field. Because the Wufeng-Longmaxi shales
in these two areas were deposited within different sedimentary
environments and experienced different tectonic intensities, the
present study focused mainly on investigating whether and how
these differences have affected the petrophysical properties of
the shale interval. The results indicated that intensive carbonate
cementation in Changning significantly reduced the total pore
volume and total specific surface area of the shale interval, and
thus degraded the reservoir connectivity. However, compared
with the Fuling field, a relatively weak tectonic compaction
deformation in the Changning field was beneficial to the preser-
vation of pore volume. Therefore, more intensive carbonate
cementation may have been one critical geological factor respon-
sible for the lower gas content in the Wufeng-Longmaxi shale
reservoirs in the southern Sichuan Basin.
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INTRODUCTION

With the development and application of horizontal drilling and
hydraulic fracturing technology, unconventional shale oil and gas
exploration and development have achieved great success in
North America (Curtis, 2002; Hao et al., 2013). With the rapid
adoption of new drilling and completion technologies, China has
become the third country to realize commercial exploitation of
shale gas, after the United States and Canada (Zou et al., 2016b).
At present, shale gas fields in China are distributed mainly in the
Sichuan Basin and its adjacent areas (Wei et al., 2016; Zou et al.,
2016a). Two depositional centers of the Wufeng (Ordovician)
and Longmaxi (Silurian) Formations are located in the southern
and eastern Sichuan Basin (Wang et al., 2015), both with thick,
high-quality shales in the Wufeng and Longmaxi Formations
(total organic carbon [TOC] > 2.0 wt. %). Accordingly, two
major shale gas fields have been discovered producing from the
Wufeng and Longmaxi Formations in the southern and eastern
Sichuan Basin, namely, the Changning (or Weiyuan-Changning)
field and the Fuling field, with proven geological reserves of 0.16
x 102 m® (5.65 x 10'? ft*) (Zou et al., 2016a) and 0.60 x 10'?
m® (21.19 x 10'? ft*) (Liu, 2018), respectively. It is worth noting
that the gas reserve density of the shale gas production interval
differs between the Changning and Fuling fields, in the range of
2.4-5.5 m’/t (84.8-194.2 ft’/t) for the former and 4.7-7.2 m*/t
(166.0-254.3 ft*/t) for the latter (Zou et al., 2016a). Moreover,
there is a significant variation in the gas production from different
locations of the Wufeng-Longmaxi shales. For example, the initial
production of an average single horizontal well from the Fuling
field (more than 30 wells) is 33.4 x 10* m*/day (1179.5 x 10* ft*/
day) (Zou et al., 2016b), whereas the initial production of an
average single horizontal well from the YS108 well area (more
than 20 wells) and the N201 well area (more than 20 wells) in
the Changning shale gas field is 21.2 x 10* m*/day (749.7 x 10*
ft*>/day) and 13.5 x 10* m®/day (476.7 x 10* ft*/day) (Zou et al.,
2016a), respectively. Therefore, the heterogeneity of the high-
quality shale intervals in the Changning shale gas field is very
strong (Jia et al., 2017), and the initial test output is relatively low
and uneven.

Due to the heterogeneity and fine-grain character of the shale
reservoirs (Loucks et al., 2009; Chen et al., 2015), most of the
recent research on gas shales has focused on the nanopore struc-
ture of the shales and their controlling factors (e.g., the deposi-
tional environments, organic content, types and maturity of
organic matter [OM], mineralogy, diagenesis, and structural
deformation) (Loucks et al., 2012; Loucks and Reed, 2014; Cao
et al., 2015; Han et al., 2016; Ma et al., 2016; Liang et al., 2017;
Zhao et al., 2017a, b; Zheng et al., 2018). In general, the trans-
gressive systems tract and the highstand systems tract, to which
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the Wufeng-Longmaxi Formations belong, com-
monly contain siliceous and carbonaceous shale with
excellent OM type (types I and II), high TOC and
gas content, abundant brittle minerals, and good pet-
rophysical properties (Guo and Zhang, 2014; Chen
et al., 2015; Liang et al., 2016; Zou et al., 2016a;
Zheng et al.,, 2018). Statistical production results
showed that Wufeng-Longmaxi shale gas production
varies greatly in the Sichuan Basin (Zhao et al,
2016b; Zou et al., 2016a). Due to the differences in
geological settings of different regions, geological fac-
tors potentially affecting shale gas reserves, such as
diagenetic alteration and mechanical compaction,
have attracted a great deal of attention in recent
years (Loucks et al., 2012; Milliken et al., 2013; Han
et al.,, 2016, 2017). For example, previous studies
documented that both carbonate cementation and
mechanical compaction can reduce and destroy inter-
particle pores in shale reservoirs (Loucks et al., 2012;
Milliken et al., 2013; Han et al., 2016, 2017; Zhao
etal., 2017a).

Typical diagenetic (mesogenetic) alteration of
minerals usually occurred at depths greater than
2000 m (>6562 ft) and temperatures above 70°C
(158°F) (Morad et al., 2000). These transitions are
believed to affect the petrophysical properties of
various kinds of reservoirs. Diagenetic alterations of
sandstones usually include the following: (1) the dis-
solution of the feldspar and carbonates (high-Mg cal-
cite, aragonite, and nonferroan carbonate cement)
and (2) the reprecipitation of quartz and carbonate
cement (Ma et al., 2017). Based on optical micro-
graphs and scanning electron microscopy (SEM)
images, the observed dissolution pores of metastable
minerals have been linked to the release of organic
acids and CO, during the thermal maturation of OM
(MacGowan and Surdam, 1990; Morad et al., 2010;
Schieber, 2010; Ma et al., 2017). Carbonate cement
(mostly calcite) is recognized as one of the most
abundant diagenetic minerals, strongly modifying the
petrophysical properties of sandstone reservoirs and
affecting fluid flow during production (Dutton et al.,
2002; Morad et al., 2010; Ma et al., 2017). A few
studies (Schieber, 2010; Han et al., 2016, 2017;
Zhao et al., 2017a) have been conducted on the con-
nection between the carbonate content and shale
reservoir properties. When the carbonate content is
low (<10%), the carbonate grains are commonly
scattered, and the effect of carbonates on the
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petrophysical property of shales can be ignored
(Schieber, 2010). In contrast, abundant carbonate
(10% or more) in shales may imply that the carbonate
grains were reworked into thin laminae (Schieber,
2010). Based on the rock mineral compositions of the
Wufeng-Longmaxi shales, Han et al. (2016) proposed
that only low calcareous mixed shale with high TOC
is good for exploration. Han et al. (2017) reported
that the porosity of Jurassic (Toarcian) Posidonia
Shale (Lower Saxony, Germany) was reduced from
14.03 vol. % at the immature stage to 4.05 vol. % in
the oil-mature stage by cementation.

In addition, mechanical compaction also can
affect shale reservoirs (Loucks et al., 2012; Zhao
et al., 2017a). Mechanical compaction can be caused
by the vertical stresses during burial and the lateral
stresses during tectonic deformation (Gutierrez and
Wangen, 2005; Obradors-Prats et al., 2017). In the
early stage of burial, with the increase in overlying
formation pressure, the pore volume of clastic mud-
stone was lost mainly through compaction (Bridge
and Demicco, 2008; Loucks et al., 2012; Zhao et al.,
2017a). A previous study by Curtis et al. (2012) sug-
gested that the absence or paucity of OM pores in
some mature shales may be attributed to the com-
paction after or during the formation of OM pores.
Mechanical compaction, which is the most significant
process in mudstone diagenesis (Choquette and Pray,
1970; Loucks et al., 2012), can result in the reduc-
tion of initial porosities of mudstones by 60% to 80%
at the time of deposition (Bridge and Demicco,
2008). In addition to the pressure of overlying strata,
shale can be affected by regional tectonic stresses.
The Sichuan Basin and its adjacent areas have under-
gone multiple uplifting events and intense folding
and thrusting processes (Hao et al., 2013; Guo and
Zeng, 2015). Tectonic compaction deformation of
different strata was proposed to have occurred
through a northwest stepwise progression of defor-
mation in southern China (Yan et al., 2003). The
southern Sichuan Basin and its neighboring areas that
are far away from the Qiyueshan thrust fault and
characterized by low and gentle fault-fold belts may
have experienced weaker tectonic deformation than
the eastern Sichuan Basin, which is characterized by
high and steep fault-fold belts (Yan et al., 2003; Jiang
et al,, 2015). Therefore, the relationship between
shale pore structure development and the potential
affecting factors, including carbonate cementation
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and tectonic deformation, in different areas of the
Sichuan Basin deserves further investigation.

Pore structure analysis of the shale reservoirs is
the most important approach to evaluate the poten-
tial of shale gas resources (Chalmers et al., 2012;
Loucks et al., 2012; Mastalerz et al., 2013; Milliken
et al., 2013; Loucks and Reed, 2014; Zhao et al,,
2017a; Zheng et al., 2018). A better understanding of
the pore structure of the shale reservoirs is critical to
the assessment of transportation and storage proper-
ties of shales and can provide guidance for shale gas
exploration and development (Loucks et al., 2012;
Kuila and Prasad, 2013; Han et al., 2016). Pore sizes
have been divided into micropores (<2 nm), meso-
pores (2-50 nm), and macropores (>50 nm) (Interna-
tional Union of Pure and Applied Chemistry, Physical
Chemistry Division, Commission on Colloid and Sur-
face Chemistry, Subcommittee on Characterization
of Porous Solids, 1994). To assess the pore features of
the shale reservoirs, a range of quantitative and visual
qualitative methods have been reported (Chalmers
et al., 2012; Clarkson et al., 2012; Yang et al., 2016).
The quantitative methods such as high-pressure Hg
intrusion and low-pressure N, and CO, gas adsorp-
tion can be used to obtain information about porosity,
specific surface area, pore volume, and pore size dis-
tribution of the studied shales (Chalmers et al., 2012;
Mastalerz et al., 2013; Wei et al., 2016; Yang et al,,
2016). Field emission-SEM (FE-SEM) images com-
monly provide a visual pore distribution and geome-
tries in the shale reservoirs (Chalmers et al., 2012;
Loucks et al., 2012; Milliken et al., 2013; Loucks and
Reed, 2014; Han et al., 2016).

To achieve a better understanding of the main
factors controlling pore volume and pore distribution
of the organic-rich Wufeng-Longmaxi shale intervals,
two shallow wells called Shuanghe-1 (SH-1, total
depth of 157 m [~515 ft]) and Sanquan-1 (SQ-1,
total depth of 91 m [~299 ft]), were drilled in the
town of Shuanghe, Changning County, Sichuan Prov-
ince, and the town of Sanquan, Nanchuan District of
the Chongging municipality, respectively, with their
target formations being cored. The SH-1 well is in the
Changning field and the SQ-1 well is near the Fuling
field (Figure 1). The OM and mineralogy characteri-
zation, CO, and N, composited adsorption iso-
therms, Hg porosimetry, and FE-SEM imaging were
performed on the cored shale samples of the two

drilled wells as well as the Jiaoye 4 (JY 4) well (in the

Fuling field) to investigate the complex pore struc-
tures and distributions and the interrelationships
among different parameters of the shales. Based on
these data, the effects of carbonate cementation and
tectonic deformation on the petrophysical properties
of the Wufeng-Longmaxi shales are discussed here.
Our data provide not only an improved understand-
ing of the main geological factors affecting the
Wufeng-Longmaxi shale gas content between the
Changning and Fuling fields but also the implications
for the carbonate cementation to help constrain the
optimal target for shale gas drilling and gas production
worldwide.

GEOLOGIC SETTING

Several uplifts, including the Central Guizhou uplift
and the Central Sichuan uplift, had formed in the
Upper Yangtze platform by the Late Ordovician
(Chen et al., 2015). During the Late Ordovician—early
Silurian, the Sichuan Basin and its surrounding areas
were characterized by an aerially extensive, low-
energy, and anoxic sedimentary environment (Guo
and Zhang, 2014; Chen et al., 2015). As a result, a suc-
cession of organic-rich black shale with abundant grap-
tolites was deposited as the Upper Ordovician Wufeng
Formation and the lower Silurian Longmaxi Forma-
tion (Luo et al., 2016; Ma et al., 2016; Zhao et al.,
2017a).

The deposits in the Central Guizhou uplift con-
sisted mainly of thick marine carbonates before the
Silurian (Han et al., 2016; Zhao et al., 2017a). These
carbonate deposits had been uplifted and eroded to
some extent, and the dissolved carbonate minerals
were believed to be one of the sources for carbonate
in the shales deposited in the southern Sichuan Basin
during the Late Ordovician—early Silurian (Han et al.,
2016). Based on data from 37 geological sections and
18 exploratory wells in the Sichuan Basin and its
neighboring areas, the carbonate contents of the
Wufeng-Longmaxi shales in region I (Figure 1),
where the Changning field is located, are in the range
of 10% to 25% (Wang et al., 2015). In contrast, the
average calcite content of the Jiaoye 1 (JY 1) well in
region I, where the Fuling field is located, is only
3.8% (Guo and Zhang, 2014; Guo et al., 2014). The
shallow well SH-1 was drilled in region I, whereas
the SQ-1 well was drilled in region II (Figure 1A),
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Figure 1. (A) Paleogeographic map of the Sichuan Basin and neighboring areas during the early Silurian (modified from Wang et al.,

2015; Zheng et al., 2018). The calcium boundary divides the basin

into region | for the calcareous shale (carbonate >10%) and region Il

for the less calcareous shale (carbonate <10%). (B) Regional, geological, and structural profiles of the studied areas. Locations of the sam-
ples/wells (e.g., Shuanghe-1, Sanquan-1) used in this study are also shown.

both having penetrated the lower part of the Long-
maxi Formation and the Wufeng Formation.
Hydrocarbon generation of the Wufeng-
Longmaxi shales started in the late Permian and the
shale interval reached its maximum burial depth

Downloaded from http://pubs.geoscienceworld.org/aapgbull/article-pdf/106/10/2073/5705554/bltn18243.pdf
bv Guanazhou Institute of Geochemistrv CAS user

(>4000 m [>13,123 ft]) and temperature (>130°C
[>266°F]) during the Early Jurassic-Late Cretaceous
(Zeng et al., 2011; Cao et al, 2015; Guo et al,,
2016). Large-scale mineral transformation in the
Wufeng-Longmaxi shales likely extensively occurred
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during the Jurassic, considering the burial depth, geo-
thermal gradient, and ground temperature.

In the late stages of the Yanshan uplift and the
early stages of the Himalayan uplift (Late Creta-
ceous—Paleogene), different regions in the Upper
Yangtze block experienced different types of tectonic
movements (Guo and Zeng, 2015; Zou et al., 2015).
The region located to the west of the Qiyueshan
thrust fault experienced compressional uplift and
fold superposition, whereas the region to the east of
the Qiyueshan thrust fault was affected by the Pacific
tectonic system and entered its extension stage (Shen
et al., 2007). In the late stages of the Himalayan
uplift (Neogene-Quaternary), the entire Upper
Yangtze region was in a compressional uplift stage
due to the collision between the Indian plate and
the China continent (Rowley, 1996). For example,
according to Yan et al. (2003), currently the average
shortening of the Silurian strata located to the west
of the Qiyueshan thrust fault is 21.0%, whereas the
average shortening of the Cambrian strata located to
the east of the Qiyueshan thrust fault is 18.1%. The
average shortening of the Paleozoic strata west of the
Qiyueshan thrust fault is larger than that east of
the Qiyueshan thrust fault. This indicates that the
intensity of tectonic compaction deformation to the
east of the Qiyueshan thrust fault is weaker than that
to the west of the Qiyueshan thrust fault (Yan et al.,
2003; Jiang et al., 2015). The SH-1 well was drilled
at the northeastern wing of the Changning anticline
to the south of the basin boundary, whereas the SQ-
1 well is located on the saddle of an anticline close to
the northeastern margin of the Jinfoshan syncline.
The strata at the SH-1 and SQ-1 wells dip 33° and
4°, respectively. Except for the overlying soil, the
thicknesses of the shale core from the SH-1 and

SQ-1 wells are approximately 130 m (~426 ft) and
78 m (~256 ft), respectively. In addition, the JY 4
and SQ-1 wells are approximately 10 km (~6.2 mi)
from the Qiyueshan thrust fault, whereas the SH-1
well is >150 km (>93 mi; Figure 1B; Table 1) farther
to the west. No gas show was recorded during the
drilling of either well.

SAMPLES AND METHODS

The studied samples were black shale cored from the
Wufeng Formation (Ordovician) and the lower part
of the Longmaxi Formation (Rhuddanian, Silurian)
in the SH-1 and SQ-1 wells (Figure 1). Limestone,
calcareous mudstone, and Demirastrites triangulates
were used to identify the boundaries (Wang et al.,
2015; Zheng et al., 2018) of the Wufeng Formation
and the base of the Longmaxi Formation. The
Wufeng Formation and Rhuddanian member of the
Longmaxi Formation are the primary gas-bearing
shale intervals (Zou et al., 2016a; Jia et al., 2017). In
the SH-1 well, detachment layers and fractures were
found to be filled with carbonate cement (Figure 2).
Multiple 2-cm-thick sections were cut and collected
at approximately 1.0- or 0.5-m (~1.6- or 3.3-ft)
intervals throughout the shale cores, with visible
fracture-sealing carbonates removed.

All of the collected core samples were divided
into two aliquots, with one pulverized to 60 to 120
mesh grain sizes for low-pressure N, and CO, gas
adsorption analyses, and the other powdered to less
than 200 mesh grain sizes for TOC content and min-
eral composition analyses. All of the prepared sam-
ples were dried in an oven for 10 hr at 80°C (176°F)
before geochemical and petrophysical analyses.

Table 1. Geological Information of Shuanghe-1, Sanquan-1, and Jiaoye 4 Wells

SH-1

SQ-1 Y4

<18.1%
>150 km (>93 mi)

Average shortening of strata
Distance from the Qiyueshan

fault
Depth 157 m (515 ft)
Strata dip 33°
Location Exterior of Sichuan Basin

Structural position Northeastern wing of the

Changning anticline

~21%
~10 km (~6 mi)

~18.1%
~10 km (~6 mi)

91 m (299 ft) 2596 m (8517 ft)

4° <10°

Exterior of Sichuan Basin Interior of Sichuan Basin

Northeastern margin of the Jiaoshiba anticline
Jinfoshan syncline

Abbreviations: JY = Jiaoye; SH = Shuanghe; SQ = Sanquan.
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Figure 2. Photographs of selected cores showing the detachment layers and fractures filled with carbonate cement in the Wufeng
Formation in the Shuanghe-1 well: (A) detachment layers at the depth of 130.7 m (428.8 ft); (B) fractures at the depth of 131.0 m

(429.8 ft).

Low-pressure N3 and CO- gas adsorption analy-
ses were performed on an accelerated surface area
and porosimetry system (ASAP-2460, Micromeritics
Instruments), as described by Zheng et al. (2018).
The specific surface area and pore volume were cal-
culated based on the nonlocal density functional the-
ory (NLDFT) method (Wei et al., 2016).

A total of 217 and 101 shale samples from the
SH-1 and SQ-1 wells, respectively, were analyzed
for their TOC contents using a Leco CS-320 carbon
and sulfur analyzer. The <200 mesh powdered shale
samples (60-100 mg) were first treated with 5%
hydrochloric acid at 80°C (176°F) to remove the
carbonates and then washed at least six times with
deionized water to remove residual hydrochloric
acid before instrumental analysis.

An x-ray diffractometer (Olympus Innova-X
BTX-II) was used for mineral composition analyses.
The diffractometer was equipped with a Co x-ray
tube operated at 31 kV and 0.4 mA. The exposure
time was 70 min and the exposure rate was 3 times/
min. Stepwise scanning measurements were per-
formed in the range of 3°-55° (26), using a 0.02°
(20) scanning step. The relative mineral percen-
tages were estimated semiquantitatively using the
area under the curve for the major peaks of each
mineral.

A total of 27 shale samples, 12 from the SH-1
well and 15 from the SQ-1 well, were collected from
the cores for measurement of their porosity on a
Micrometritics Autopore 9510 Porosimeter using the
Hg injection capillary pressure (MICP) technique
that has been widely used in previous studies (Ross
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and Bustin, 2009; Chalmers et al., 2012; Cao et al.,
2015). A total of 3 to 5 g of core samples was crushed
to 1-20 mesh and then dried in an oven for at least
24 hr at 110°C (230°F) under vacuum conditions.
The MICP method covered the pore size ranging
from 3 nm to 120 pm, and the porosities were calcu-
lated from the Hg intrusion data (Ross and Bustin,
2009). The procedure details used in this study can
be found in Cao et al. (2015).

Selected shale chips were also sampled from the
cores for FE-SEM imaging of the nanopores after
being treated by Ar ion-beam milling (IM4000,
Hitachi High-Tech). Secondary electron images for
documenting topographic variation and backscat-
tered electron images to delineate the composi-
tional variation were acquired on Hitachi SU8010.
Additional observations were made using energy-
dispersive spectroscopy for mineral identification
and characterization (Chalmers et al., 2012; Zhao
etal.,, 2017a).

In addition, bulk-rock samples were selected and
cut along the direction of the vertical bedding
and prepared as polished blocks for petrographic
observation. Due to the lack of vitrinite in the
Ordovician-Silurian marine shales, pyrobitumen
reflectance was measured on the blocks under
reflected light with a 3Y microphotometric system
for estimating their thermal maturity. When the rock
is highly mature to overmature, the relationship
between the pyrobitumen reflectance (R;) and equiv-
alent vitrinite reflectance (R,,,) can be expressed by
the equation R, = (R, + 0.2443)/1.0495 (Schoen-
herr et al., 2007).
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RESULTS

Mineralogy

The x-ray diffraction (XRD) results indicate that the
mineral composition of the Wufeng-Longmaxi shales
in the SH-1 well includes quartz, feldspar, calcite,
dolomite, pyrite, and clays (illite and chlorite). For the
217 samples from the SH-1 well, their clay contents
are in the range of 21.0% to 52.7% (average 41.0%).
Brittle minerals (quartz, feldspar, carbonates, and
pyrite) are dominated by quartz (19.3%-64.8%, aver-
age 29.8%). Feldspar contents are in the range of 8.7%
to 23.2%, with an average of 15.8%, and carbonate
contents are in the range of 4.1% to 25.9%, with an
average of 10.2%. Carbonate within the organic-rich
shale intervals is dominated by calcite (1.6%-20.7%,
average 7.6%) for the SH-1 well. For the 101 samples
from the SQ-1 well, the clay contents are in the range
of 28.8% to 54.3% (average 44.3%). Their brittle min-
erals are also dominated by quartz (19.6%-53.3%,
average 29.0%), with feldspar contents being in the
range of 10.6% to 21.5% (average of 16.4%) and car-
bonate contents ranging from 4.4% to 14.0%, with
an average of 6.8% (Zheng et al., 2018). The calcite
content within the organic-rich shale interval is in
the range of 2.6% to 7.9%, with an average of 4.0%
for the SQ-1 well. In JY 1, which is close to JY 4
(Figure 1), the average calcite content is 3.8% (Guo
and Zhang, 2014; Guo et al., 2014), similar to the
SQ-1 well. This indicates that the calcite content in
the Wufeng-Longmaxi shales from the Changning
area is almost twice that of the Fuling area.

Ternary diagrams in Figure 3 show the XRD min-
eral compositions of the Wufeng-Longmaxi shales for
the SH-1 well (Figure 3A) and SQ-1 well (Figure 3B),
respectively. The carbonate contents in the SH-1 well
are significantly higher than those in the SQ-1 well,
especially for the organic-rich shale intervals in the
Wufeng and Longmaxi Formations (Figure 4). Mean-
while, in the SH-1 well, high carbonate contents in
the Wufeng Formation and the base of the Longmaxi
Formation are mainly contributed by calcite.

Organic Geochemistry

The TOC values of the core shale samples from the

SH-1 well are in the range of 0.71 to 7.85 wt. %. The
high-quality shale interval with TOC greater than

2.0 wt. % is approximately 34.5 m (~~113.2 ft) thick,
with an average TOC value of 3.9 wt. %, and it
mainly occurs in the Wufeng Formation and Rhudda-
nian member. In addition, TOC values of the shale
samples from above the Rhuddanian member are
consistently low, ranging from 1.0 to 2.0 wt. % (Fig-
ure 4). Due to the unappealing interest in low-
quality shale intervals (i.e., of <2.0 wt. % TOC), the
following results and discussion on organic geochemi-
cal characteristics and petrophysical properties focus
only on the shale samples from the Wufeng Forma-
tion and Rhuddanian member.

The OM in the Wufeng-Longmaxi shale samples
is mainly composed of amorphous OM and pyrobitu-
men, but some graptolite periderms can be observed
as well. The R, values measured on the studied
samples are between 2.53% and 2.82%, and the con-
verted R, values vary in the range of 2.64% to
2.92%, suggesting that the Wufeng-Longmaxi shales
are overmature in the SH-1 well. The thickness of
the high-quality shale interval in the SQ-1 well is
approximately 24 m (~79 ft), with an average TOC
value of 3.0 wt. %, and R,,, values in the range of
2.14% to 2.76% (Zheng et al., 2018). The R, values
of the JY 1 well, which lies close to the JY 4 well,
were in the range of 2.20% to 3.06% (Guo and
Zhang, 2014), indicating that the Wufeng-Longmaxi
shales from SH-1, SQ-1, and JY 4 wells have experi-
enced similar burial depths.

PETROPHYSICAL PROPERTIES

MICP Porosity

The MICP porosities of the high-quality shale inter-
vals within the Wufeng Formation and the base of
the Longmaxi Formation (Rhuddanian) are in the
range of 1.79% to 5.36%, with an average of 2.78%
for the SH-1 well (Table 2). The MICP porosities of
the same shale interval of the SQ-1 well were in the
range of 2.77% to 6.38%, with an average of 3.89%
(Table 2). It is well known that OM may develop a
large number of pores during hydrocarbon generation
and expulsion (Jarvie et al., 2007; Chalmers et al.,
2012; Milliken et al., 2013). This is reflected in our
observation that MICP porosities for most of the
samples in the SQ-1 well correlate with the corre-
sponding TOC values, suggesting that TOC content
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Figure 3. Ternary diagrams showing the x-ray diffraction mineralogical compositions of shale samples from the Wufeng Formation and
the base of the Longmaxi Formation (Rhuddanian): (A) Shuanghe-1 well; (B) Sanquan-1 well.

is a key factor in controlling the shale reservoir qual-
ity (Figure 4). This is consistent with previous studies
on the Barnett Shale (United States), the Horn River
Formation (Canada), the Longmaxi Formation
(China), the Marcellus Shale (United States), and
the Woodford Shale (United States) using both the
Hg porosimetry and low-pressure gas adsorption
techniques (Chalmers et al., 2012; Milliken et al.,
2013; Cao et al., 2015; Zhao et al., 2017a).

In this study, two types of porosity measured by
MICP were calculated separately based on their pore
size ranges: mesopores (3—50 nm) and macropores
(50 nm~120 pm). Figure 4 shows that mesopore vol-
ume is dominant in MICP porosity, especially for
the organic-rich shales with a carbonate content
of <10%. Except for the samples with a depth of
>107 m (~351 ft) that have high carbonate contents,
the MICP porosities of the shale samples from the
SH-1 well show a positive relationship with the cor-
responding TOC contents. Interestingly, shale sam-
ples from the high carbonate section show much
lower MICP porosity. For example, a low carbonate
sample SH-125a (carbonate = 7.1%, TOC = 4.8 wt.
%) has the highest porosity, 5.36%, whereas a higher
carbonate sample, SH-143a (carbonate = 11.4%,
TOC = 4.5 wt. %), has a much lower porosity,
2.40%, despite their similar TOC values (Figure 4;
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Table 2). This indicates that shales with higher car-
bonate content have poorer pore connectivity
because the amount of Hg injected is related to pore
throat size as well (Tang et al., 2015).

Pore Volume and Specific Surface Area

The NLDFT method based on CO, and N,
composited adsorption isotherms is a more suitable
method for exploring the wide range of pore sizes
(0.33-100 nm) of organic-rich shales (Rouquerol and
Rouquerol, 2014; Wei et al., 2016). In this study, the
NLDFT method was used to investigate the nanopore
structure characteristics of the Wufeng-Longmaxi
shales in both wells, and the results of calculated pore
volume and specific surface area are presented in
Table 3. The total pore volume (V) of shale from
the Wufeng Formation and the Rhuddanian member
of the Longmaxi Formation of the SH-1 well is in the
range of 20.6 to 38.7 x 10> cm?/g (average 29.5 x
1073 ecm®/g), and 19.5 to 42.1 x 10> cm>/g (average
30.3 x 1073 cm®/g), respectively. Their total specific
surface area (S,) is in the range of 18.4 to 37.2 m?%/
g (average 25.8 m*/g) and 15.2 to 43.2 m?/g (average
26.8 m%/g), respectively.

Figure 5 shows that pore volume (V) is positively
correlated with TOC for the Wufeng-Longmaxi
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Table 2. Total Organic Carbon, Carbonate Content, Mercury Injection Capillary Pressure Porosities, and Equivalent Vitrinite
Reflectance of the Wufeng Formation and the Base of the Longmaxi Formation (Rhuddanian) in the Shuanghe-1 and Sanquan-1

Wells

Samples Depth, m (ft)  TOC, wt. %  Carbonate, %  Porosity, %  Mesoporosity, %  Macroporosity, %  Regy, %

SH-1 well
SH-85 71.9 (235.9) 0.87 6.8 3.34 2.65 0.69 2.76
SH-100a 84.0 (275.6) 1.10 6.6 143 0.94 0.49 -
SH-110a 92.4 (303.1) 1.44 9.3 1.71 1.15 0.56 -
SH-115a 96.6 (316.9) 2.13 6.5 2.04 1.43 0.61 -
SH-120a  100.8 (330.7) 3.11 6.6 291 2.30 0.62 292
SH-125a  105.0 (344.5) 4.80 7.1 5.36 448 0.88 -
SH-131a 110.0 (360.9) 4.33 14.5 3.25 2.76 0.49 2.64
SH-138a 115.9 (380.2) 3.81 12.9 2.04 1.46 0.58 -
SH-143a 120.1 (394.0) 448 11.4 2.40 1.84 0.56 -
SH-147a 123.5 (405.2) 420 225 1.95 1.34 0.61 -
SH-149a 125.1 (410.4) 3.22 14.6 1.79 1.28 0.51 2.87
SH-156a 131.0 (429.8) 2.00 18.7 3.31 2.54 0.78 -

SQ-1 well
SQ-60 60.5 (198.4) 1.18 4.6 2.17 1.16 1.01 2.14
5Q-65 65.7 (215.4) 2.23 5.9 3.37 2.41 0.96 -
SQ-70 70.8 (232.1) 248 6.5 3.29 2.40 0.89 -
SQ-75 75.6 (248.1) 3.34 6.7 2.77 2.15 0.62 -
SQ-80 80.6 (264.4) 3.07 6.3 3.62 2.67 0.94 2.56
SQ-84 84.6 (277.4) 411 5.7 4.12 3.17 0.95 2.26
SQ-85 85.4 (280.1) 6.53 5.1 4.66 4.07 0.59 2.38
SQ-87 86.4 (283.5) 3.41 5.4 6.38 5.35 1.03 2.65
SQ-89 89.1 (292.2) 3.40 4.5 294 1.97 0.97 -

Abbreviations: Req, = equivalent vitrinite reflectance; SH = Shuanghe; SQ = Sanquan; TOC = total organic carbon.

shale samples from the SH-1 (with carbonate content
<10%), SQ-1 (Zheng et al., 2018), and JY 4 (Wei
et al., 2016) wells. More important, the positive cor-
relation holds best for micropores (Figure SA). Both
mesopore and macropore volumes of the Wufeng-
Longmaxi shales are larger in the SH-1 well (with
carbonate content <10%) than in the JY 4 and SQ-1
wells. In addition, the studied shale samples fall more
scattered on the V versus TOC crossplots in Figure 5
with increasing TOC, especially at TOC > 3.0 wt. %
and for mesopore and macropore volumes, and this is
most apparent for samples from the SH-1 well (Fig-
ure 5B, C). As shown in Figure 6, the specific surface
area (S) is also positively correlated with TOC for the
shale samples from SH-1 (with carbonate content
<10%), SQ-1, and JY 4 wells, especially for micro-
pores (Figure 6A). Remarkably, similar positive linear
relationships exist between the S,,,,; values and TOC
contents for all three wells (Figure 6D).

In the SH-1 well, however, the Wufeng Forma-
tion and the base of the Longmaxi Formation contain

high contents of carbonate (10% or more; Figure 4).
To elucidate the influence of carbonate cement on
petrophysical properties, the Wufeng-Longmaxi
shale samples from the SH-1 well were divided into
two subsets: one with carbonate <10% and the other
with carbonate >10% (Table 3). It is obvious from
Figures 7 and 8 that shale samples containing fewer
(<10%) carbonates populate above those with higher
(>10%) carbonates on both the V versus TOC and S
versus TOC crossplots.

FE-SEM of Shales

Figures 9-12 present the FE-SEM images and
energy-dispersive spectroscopy results of 4 samples,
SH-125a, SH-141a, SH-143a, and SH-147a, from
the SH-1 well. Sample SH-125a with a carbonate of
7.1% and TOC of 4.8 wt. % is from the middle of
the Rhuddanian member and displays the highest
MICP porosity. Its detrital grains commonly show
point-to-line contact (Figure 9A), and the primary
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Table 3. Pore Structure Parameters in the Shuanghe-1 Well Obtained by the Nonlocal Density Functional Theory Method

Composited N, and CO, NLDFT Model

Pore Volumes (10~ ml/g)

Surface Areas (m?/g)

Sample Depth, m (ft) 70C, wt. % Carbonate, % Ve Vines Vinac Viotal Smic  Smes  Smac  Stotal

Subset 1
SH-60 50.9 (167.0) 1.25 8.5 5.15 15.18 1.86 2219 1485 392 005 1882
SH-70 59.3 (194.5) 1.00 5.5 4.58 16.01 1.41 22.00 1333 4.01 0.03 1737
SH-80 67.7 (222.0) 1.46 47 5.52 19.48 2.16 27.16 1633 458 0.05 20.96
SH-85 71.9 (235.8) 0.87 6.8 448 14.54 1.68 20.70 1297 339 0.04 1641
SH-95a 79.9 (262.0) 1.51 8.0 5.19 16.45 2.34 2398 1504 4.07 0.06 19.16
SH-100 84.0 (275.6) 1.10 6.6 4.08 14.05 2.11 20.24 1225 288 0.07 15.20
SH-110 92.4 (303.1) 144 9.3 449 12.67 2.29 19.45 1323 289 0.07 16.19
SH-115 96.6 (317.0) 2.13 6.5 6.08 20.69 4.15 30.92 1746 458 0.13 2217
SH-116a 97.5 (319.7) 2.34 5.9 6.77 24.14 454 35.45 19.75 548 0.11 2533
SH-119a  100.0 (328.0) 3.12 7.1 8.00 27.10 4.69 39.79 23.14 6.27 0.12 29.52
SH-120a 100.8 (330.7) 3.11 6.6 8.33 27.53 476 4062 2395 629 0.15 3039
SH-120b  101.2 (332.1) 3.99 6.7 8.77 23.28 2.90 3496 2545 6.19 0.07 31.71
SH-121a  101.6 (333.5) 3.39 8.9 8.77 24.90 4.06 3773 2476 6.16 0.13 31.05
SH-121b  102.1 (334.9) 5.70 9.5 11.69 25.10 3.19 3999 3466 6.79 0.08 4153
SH-122a 1025 (336.2) 4.85 4.1 11.13 38.61 6.04 55.78 37.27 8.06 0.19 45.52
SH-122b  102.9 (337.6) 5.83 4.6 10.91 26.93 3.42 4126 3165 7.01 0.08 38.74
SH-123b  103.7 (340.4) 5.73 7.5 10.00 26.98 3.26 40.24 2938 6.87 0.08 36.33
SH-125a  105.0 (344.5) 4.80 7.1 9.66 28.90 3.57 42.13 2781 6.81 0.08 34.70
SH-126a 105.8 (347.2) 3.84 8.3 8.09 22.87 3.91 3487 2446 552 0.10 30.07
SH-127b  107.1 (351.4) 5.37 7.0 9.90 31.88 6.50 4828 30.23 7.00 0.16 37.39
SH-130a  109.2 (358.3) 495 8.7 8.52 21.20 2.97 3269 2624 522 0.07 31.53
SH-132a  110.9 (363.8) 448 9.7 7.63 20.84 3.52 3199 2350 4.77 0.09 28.36
SH-141a 118.4 (388.5) 6.06 53 9.02 21.10 3.19 33.31 28.67 5.05 0.08 33.80
SH-142a  119.2 (391.0) 4.15 9.5 6.61 18.22 2.61 2744 2062 423 0.06 24091
SH-142b  119.7 (392.6) 5.54 7.2 9.26 24.10 3.66 37.02 2887 546 0.10 3442

Subset 2
SH-123a  103.3 (339.0) 5.29 11.2 10.28 25.95 3.62 39.85 3054 6.57 009 37.20
SH-127a  106.7 (350.0) 458 115 9.82 25.77 2.92 38.51 28.05 6.10 0.07 34.22
SH-128b  107.9 (354.1) 4,93 10.8 10.66 28.36 4.02 43.04 3234 681 0.10 39.25
SH-131a  110.0 (361.0) 433 14.5 7.61 21.36 343 3240 23.15 5.11 0.08 28.34
SH-133a  111.7 (366.5) 451 10.6 7.61 21.10 3.81 3252 2364 474 010 28.48
SH-134a 1125 (369.3) 3.74 16.4 6.65 17.58 3.03 2726 20.76 412 0.07 2495
SH-135a 113.4 (372.0) 291 16.0 5.86 16.16 2.99 2500 1791 372 0.09 21.72
SH-136a 114.2 (374.8) 3.35 16.6 5.67 15.88 2.55 24.10 1753 362 0.06 21.21
SH-138a  115.9 (380.3) 3.81 12.9 5.92 14.35 2.32 22.59 1846 338 0.06 21.90
SH-139a  116.7 (383.0) 3.85 13.3 6.40 16.72 2.75 25.87 19.65 399 0.07 23.71
SH-139b  117.2 (384.4) 3.87 12.1 6.95 19.36 3.36 29.67 22.10 443 0.08 26.61
SH-140a 117.6 (385.8) 3.34 17.3 5.72 15.18 2.48 2338 1739 363 0.06 21.08
SH-143a  120.1 (394.0) 448 114 6.95 17.89 1.46 2630 2136 427 0.04 25.66
SH-146a  122.6 (402.3) 3.99 13.2 71.55 22.12 4.29 3396 2343 480 0.10 28.34
SH-147a  123.5 (405.0) 421 225 7.40 20.71 3.46 3158 2337 448 0.09 27.95
SH-148a 124.3 (407.8) 5.05 17.6 7.78 17.04 2.76 2758 2462 396 0.07 28.65
SH-149a 125.1 (410.5) 3.22 14.6 5.85 17.90 3.31 27.06 17.80 393 0.08 21.81
SH-153a  128.5 (421.5) 2.94 18.8 6.22 19.52 2.32 2806 1789 454 0.06 2249
SH-156a  131.0 (429.8) 2.00 18.7 5.02 20.38 2.92 28.32 1418 4.17 0.07 1843

Abbreviations: NLDFT = nonlocal density functional theory; SH = Shuanghe; S,,,,c = the macropore specific surface area; S,,es = mesopore specific surface area; S, =
micropore specific surface area; Siow= Smic + Smes + Smac; Vinac = macropore volume; V.. = mesopore volume; V,,,;. = micropore volume; Vot = Vinic + Vines + Vinac-
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Figure 5. Relationship between nanopore volumes and total organic carbon (TOC) contents for Wufeng-Longmaxi shales from the
Shuanghe-1 (SH-1), Sanquan-1 (SQ-1) (Zheng et al., 2018), and Jiaoye 4 (JY 4) (Wei et al., 2016) wells. (A) Micropore volume (Vi) versus
TOC; (B) mesopore volume (V) versus TOC; (C) macropore volume (V,,q.) versus TOC; and (D) total pore volume (Viptar = Vimic +

Vines + Vingo) versus TOC. R? = coefficient of determination.

interparticle pores in SH-125a are almost fully
cemented by authigenic quartz under FE-SEM (Fig-
ure 9D). Its OM grains are darker than minerals
under FE-SEM (Figure 9) and can be classified into
depositional OM (kerogen) and migrated OM (pyro-
bitumen) (Loucks and Reed, 2014). Kerogen macer-
als are commonly in direct contact with the detrital
mineral grains (Bernard et al., 2012; Loucks and
Reed, 2014). In addition, graptolite periderms, which
were commonly preserved in the voids of fossil bod-
ies (Figure 9C) (Ma et al., 2016), appear to be one of
the most important source materials for kerogen in
the Wufeng-Longmaxi shales. Figure 9D shows that
only a few organic pores with diameters >50 nm
developed in the graptolite periderms. However,
pyrobitumen, commonly occurring in the aggregates
of authigenic microcrystalline quartz (Loucks and
Reed, 2014; Zhao et al., 2017a), are usually porous
OM grains that contain abundant mesopores and
macropores (Figure 9A, B, D). One large piece of

2086

OM in Figure 9B has 35% visible porosity (by the
point-count method), whereas the visible porosity of
the whole shale sample SH-125a is only 4.8% on the
basis of 1000 point counts. Furthermore, OM pores
with large pore size are usually observed among the
rigid detrital quartz grains (Figure 9A). The largest
macropores can have a measured length of up to
1400 nm, and they can connect many pores, obvi-
ously improving the connectivity of the pore net-
works (Figure 9B). It is also noteworthy that some of
the OM pores are elongated, showing preferential
orientation (Figure 9A, B).

Milliken et al. (2013) reported that the Devonian
Marcellus Shale samples with TOC > 5.5 wt. % show
little or no increase in the porosity with a further
increasing TOC. This phenomenon has also been
observed in the present study. For example, the visi-
ble porosity of the shale sample SH-141a with a
carbonate content of 5.3% and a TOC content of
6.1% is 2.3% on the basis of 1000 point counts,
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Figure 6. Relationship between specific surface areas of nanopores and total organic carbon (TOC) contents for shales from the
Shuanghe-1 (SH-1), Sanquan-1 (5Q-1) (Zheng et al., 2018), and Jiaoye 4 (JY 4) (Wei et al., 2016) wells. (A) Micropore specific surface area
(Smic) versus TOC; (B) mesopore specific surface area (S,es) versus TOC; (C) macropore specific surface area (S,,4c) versus 70C; and (D)
total pore specific surface area (Sotas = Smic + Smes + Smac) versus TOC. R? = coefficient of determination.

much lower than that of sample SH-125a, with a car-
bonate content of 7.1% and a lower 4.8% TOC. The
SEM imaging shows that the spaces between detrital
grains in SH-141a were mostly either filled by OM or
cemented by authigenic quartz (Figure 10A-C). It is
also clear that the OM patches contain many more
mesopores than macropores (Figure 10D). In addi-
tion, the feldspar particles show corroded margins,
indicating that they were partly dissolved (Figure
10B, C). This could have been caused by the organic
acids and CO,, formed from OM during its hydrocar-
bon generation because these compounds can
destroy and dissolve unstable mineral grains such as
feldspar and carbonate (MacGowan and Surdam,
1990; Morad et al., 2010; Schieber, 2010; Ma et al.,
2017). A total mineral dissolution would result in a
pore of the same size and shape as the dissolved parti-
cle (Figure 10E), and this type of pore was called
moldic pore (Choquette and Pray, 1970; Lucia,
1995; Loucks et al., 2012). The moldic pore shown
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in Figure 10E is surrounded by clay and filled with
migrated OM or bitumen in which only mesopores
could be observed (Figure 10F). Based on the shape
of the moldic pore, the completely dissolved mineral
was likely calcite.

Figures 11 and 12 show the FE-SEM images of
samples SH-143a (carbonate = 11.4%, TOC = 4.5
wt. %) and SH-147a (carbonate = 22.5%, TOC = 4.2
wt. %) to illustrate the influence of carbonate cement
on organic pores. Large calcite grains with corroded
edges have been observed (Figure 11A). Interparticle
pores are dominantly filled with authigenic quartz
and migrated OM. The migrated OM or bitumen
patches, occurring among the aggregates of authi-
genic microcrystalline quartz or near the detrital
quartz, are rich in various types of mesopores and
macropores (Figure 11C, D). The organic pores
in the migrated OM are mostly less than 100 nm
in dimension and of round shapes (Figure 11D).
Only a few pores are visible in graptolite periderms
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Figure 7. Relationship between nanopore volume and total organic carbon (TOC) contents for shale samples from the Shuanghe-1well
grouped according to their carbonate contents. (A) Micropore volume (Vi) versus TOC; (B) mesopore volume (V;,,;) versus TOC, show-
ing a large deviation of the mesopore volume off the regression line; (C) macropore volume (V,,4) versus TOC; and (D) total pore volume
(Viotar = Vinic + Vimes + Vinao) versus TOC. Subset 2 samples with carbonate contents >10% populate beneath the regression line of sub-
set 1 samples of lower carbonate contents (<10%), indicating that higher carbonate contents lead to lower nanopore volumes. R? = coef-

ficient of determination.

(Figure 11E, F). The large piece of OM grains in Fig-
ure 11C, likely pyrobitumen, has 12% visible poros-
ity by SEM point counts, whereas the OM grains in
Figure 11F, a piece of graptolite periderm, has only
0.1% visible porosity. In addition, organic pores are
rare in the part of the OM near calcite (Figure 11B).
Figure 12 shows that with increasing carbonate
content, the interparticle pores seem to be increas-
ingly filled with calcite cement rather than authigenic
quartz. In a two-dimensional view, the carbonate
grains dominantly show line-to-mosaic contact (Fig-
ure 12A-C, E). The dissolved carbonates seemed to
have recrystallized as carbonate cement within the
interparticle pores, thus mostly taking blocky shapes
(Figure 12A, B). As a result, shales containing a
higher content of calcite became more compacted
relative to shales rich in porous OM grains and authi-
genic quartz. Such a trend is clearly shown by
FE-SEM images of the shale samples SH-125a

2088

(Figure 9), SH-143a (Figure 11), and SH-147a (Fig-
ure 12), which have similar TOC values (4.8%,
4.5%, and 4.2%, respectively) but varying carbonate
contents (7.1%, 11.4%, and 22.5%, respectively).
The amount of the OM grains and authigenic quartz
in SH-147a were significantly reduced, and some of
its OM grains were even isolated from the shale pore
networks by carbonate cement (Figure 12A, B).
Among the four SEM-imaged shale samples, sec-
ondary enlargement of calcite was also commonly
observed in the most carbonate-rich sample, SH-
147a (Figure 12C). In addition, a devolatilization
microcrack in the OM patch was found to be par-
tially filled with calcite cement on sample SH-147a
(Figure 12D), suggesting that intensive carbonate
cementation may reduce the connectivity of the pore
networks of the shales. Despite their similar thermal
maturation history, organic pores in the migrated
OM or pyrobitumen in SH-147a (e.g., Figure 12F) is
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Figure 8. Relationship between specific surface area of nanopores and total organic carbon (7OC) contents for shale samples from the
Shuanghe-1 well grouped according to their carbonate contents. (A) Micropore specific surface area (S,i) versus TOC; (B) mesopore
specific surface area (Spes) versus TOC; (C) Macropore specific surface area (S,.c) versus TOC; and (D) total pore specific surface area
(Stotar = Smic + Smes + Smac) versus TOC. Subset 2 samples with carbonate contents >10% populate beneath the regression line of sub-
set 1 samples of lower carbonate contents (<10%), indicating that higher carbonate contents lead to the lower nanopore specific surface

area. R? = coefficient of determination.

not as large as that in SH-125a (e.g., Figure 9B). Con-
sequently, the MICP porosity is only 1.95% for SH-
147a, 2.40% for SH-143a, and 5.36% for SH-125a in
the order of decreasing content of carbonate. There-
fore, shale with intensive carbonate cementation has
significantly lower porosity than shale with lower car-
bonate contents.

DISCUSSION

Factors Controlling the Wufeng-
Longmaxi Shale Gas Content between
Changning and Fuling Fields

The Wufeng-Longmaxi shale intervals from the
southern Sichuan Basin (e.g., the SH-1 well in
Changning field) and the eastern Sichuan Basin (e.g.,
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the JY 1 and JY 4 wells in the Fuling field, the SQ-1
well near Fuling field) have many similarities in their
sedimentary environments and geochemical parame-
ters (Figure 13). For example, the high-quality (TOC
> 2.0 wt. %) shale intervals in the SH-1 well are
approximately 34.5 m (~113.2 ft) thick, with an
average TOC value of 3.9 wt. %, whereas the total
thickness of the high-quality shale intervals in JY 1 is
approximately 38.0 m (~124.7 ft), with an average
TOC of 3.5 wt. % (Guo and Zhang, 2014). The
equivalent vitrinite-reflectance values of the SH-1
and JY 1 wells are in the ranges of 2.64% to 2.92%
and 2.20% to 3.06% (Guo and Zhang, 2014), respec-
tively. Furthermore, the average brittle mineral con-
tent of the high-quality shale intervals in the SH-1
well is 64.5%, only slightly higher than that of JY 1
(62.4%). Therefore, the Wufeng-Longmaxi shale
intervals in the Changning and Fuling fields appear to

ZHENG ET AL. 2089
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wt. %). (A) Interparticle pores among the detrital grains were mostly filled with the aggregates of authigenic microcrystalline quartz; (B)
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TOC(5wt.%)

Porosity (10%) High-quality shale (50m)
Req, (5%) Brittle minerals (100%)
1 JY 1 (Guo and Zhang, 2014; Guo et al., 2014) SQ-1 O SH-1
Y1 SQ-1 SH-1
TOC (Wt.%) 35 3.0 3.9
High-quality shale (m) 38.0 24.0 34.5
Brittle minerals (%) 62.4 59.1 64.5
Regu (%) 2.20-3.06 (2.6) 2.14-2.76 (2.4) 2.6-2.9(2.8)
Porosity (%) 5.1 39 2.8

Figure 13. A star diagram comparing the shale reservoir properties of the Wufeng-Longmaxi shales from the Jiaoye 1 (JY 1), Sanquan -1
(SQ-1), and Shuanghe-1 (SH-1) wells. Brittle minerals include quartz, feldspar, carbonates, and pyrite, and high-quality shale represents
shales with a total organic carbon (TOC) content >2.0 wt. %. Req, = equivalent vitrinite reflectance.

have similar hydrocarbon generation potentials based
on their thickness, TOC contents, OM type, matu-
rity level, and brittle mineral content.

Despite their similar hydrocarbon generation
potentials, the shale gas content is found to be signifi-
cantly lower in the Changning shale gas field
(2.4-5.5 m3/t, 84.8-194.2 ft*/t) than in the Fuling
shale gas field (4.7-7.2 m3/t, 166.0-254.3 ft*/t)
(Zhao et al., 2016b; Zou et al., 2016a). The current
results of shale gas exploration and production in
South China show that pressure coefficient can be an
indicator of preservation (Guo and Zhang, 2014;
Zou et al., 2016a). A higher pressure coefficient usu-
ally means better preservation (Guo and Zhang,
2014). However, preservation does not seem to be
the main factor for the shale gas content of the
Wufeng-Longmaxi shales in the Changning shale
gas field because the pressure coefficient of the

Changning shale gas field (1.25-2.10) is actually
higher than that of the Fuling shale gas field
(1.35-1.55); that is, the Changning gas field has bet-
ter gas preservation than the Fuling gas field. This fur-
ther suggests that the difference in the gas contents
of the Wufeng-Longmaxi shale intervals between the
Changing and Fuling gas fields has other more impor-
tant causes than source rock hydrocarbon generation
capacity and reservoir preservation, and the differ-
ence in the average porosities of the high-quality
shale intervals between the Changning and Fuling
fields are likely one such critical factor. For example,
the average porosity of the SH-1 well (i.e., 2.9%;
Table 2) is significantly lower than that of the JY 1
well (i.e, 5.1%; Figure 13), meaning that the
Wufeng-Longmaxi shale reservoir has much lower
storage capacity in the Changning field than in the
Fuling field, and hence, lead to the sharp contrast in
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Figure 14. Relationship between the volumes of nanopores and carbonate contents (%) for selected shale samples grouped according
to their total organic carbon (TOC) contents. (A) Micropore volume (V,,i) versus carbonate content; (B) mesopore volume (V;,e5) versus
carbonate content; (C) macropore volume (V,,,.c) versus carbonate content; and (D) total pore volume (Vigzer = Vinic + Vines + Vinac) Ver-

sus carbonate content. R2 = coefficient of determination.

their gas contents. Both diagenetic and tectonic fac-
tors seem to have played a role in affecting the shale
petrophysical properties in the two shale gas fields.

Effect of the Carbonate Cementation on
Petrophysical Properties

The FE-SEM imaging studies show that carbonate
grains are usually scattered in shales where carbonate
content is low (<10%; Schieber, 2010). The presence
of scattered carbonate grains does not seem to affect
the petrophysical properties of shales (e.g., SH-125a)
significantly in this study. A good linear relationship
exists between pore volume, specific surface area,
and TOC content for all of the shale samples with a
carbonate content <10% (Figures 5, 6). This is consis-
tent with previous findings by Chalmers et al.
(2012), Milliken et al. (2013), Loucks and Reed
(2014), and Zhao et al. (2017b). Because the carbon-
ate contents of the Wufeng-Longmaxi shales from
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the SH-1 well range from 4.1% to 25.9%, three
groups of the shale samples with similar TOC values
but different carbonate contents were selected to fur-
ther elucidate the specific relationship between the
pore volume and carbonate contents.

Figure 14 shows the crossplots of carbonate con-
tents versus volumes of micropores, mesopores, mac-
ropores, and total pores obtained from NLDFT
adsorption method for the three sets of the shale
samples that have three different levels of TOC con-
tents and varying contents of carbonate. The volume
of all three types of pores is negatively correlated
with carbonate contents. The V,,,,; values of organic-
rich shale samples with similar TOC values decrease
by ~30%, with a 10% increase in their carbonate
contents (i.e., TOC = 3.26 wt. %; Figure 14D). This
negative correlation between pore volume and car-
bonate contents also holds for specific surface area
versus carbonate contents (Figure 15). Although the
slope of the linear regression is slightly different for
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Figure 15. Relationship between the specific surface area of nanopores and carbonate content (%) for selected shale samples grouped
according to their total organic carbon (TOC) contents. (A) Micropore specific surface area (S,,i) versus carbonate content; (B) mesopore
specific surface area (S,,es) versus carbonate content; (C) macropore specific surface area (S,,,qc) versus carbonate content; and (D) total
pore specific surface area (Spta = Smic + Smes + Smac) Versus carbonate content. R = coefficient of determination.

the three TOC levels of organic-rich shale samples,
higher carbonate content does lead to lower specific
surface area. For the sample groups having the best
linear relationship between the specific surface area
and carbonate contents (i.e., TOC = 3.26 wt. %),
Siotat values decrease by approximately 30%, with an
increase of 10% in carbonate content (Figure 15D),
similar to the above observation on pore volume.
Diagenesis in shales is profound and ubiquitous
(Milliken et al., 2012). It is well established that not
only oil and gas but also considerable amounts of
organic acids and CO, can be formed during the
thermal evolution of OM (MacGowan and Surdam,
1990; Jarvie et al.,, 2007; Morad et al, 2010;
Schieber, 2010). While the amounts of organic acids
and CO; generated depends on both the content and
type of OM, these substances do not migrate a long
distance in organic-rich shale reservoirs with low
porosity and permeability (Loucks et al., 2009). As a

result, significant amounts of carbonate and feldspar
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minerals in these shales were dissolved. That many
primary interparticle pores in the organic-rich and
carbonate-rich shale samples are filled with carbonate
cement (Figure 12) is likely due to the occurrence of
extensive carbonate dissolution followed by later rep-
recipitation. Because carbonate minerals are chemi-
cally unstable (Schieber, 2010), the pore space
among rigid grains such as quartz, the remaining feld-
spar, and carbonate can be further decreased after
or synchronous with mechanical compaction. The
unsupported compaction could also retard the devel-
opment of the organic pore system during the forma-
tion of secondary organic pores. This may account
for the reduced development of visible organic pores
in OM patches close to the calcite (Figure 11B) or
isolated from pore networks of shales by carbonate
cement (Figure 12A, B) and the line-to-mosaic con-
tacts among carbonate grains (Figure 12A-C, E).
This further indicates that organic-rich shales with
high carbonate contents are not favorable for the

Effect of Carbonate Cementation and Tectonic Compaction on Shale Properties
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preservation of primary interparticle pores nor for
the development of secondary organic pores. There-
fore, the pore volume and specific surface area of the
shale samples are significantly influenced by the pres-
ence of carbonates, especially when carbonate con-
tent is greater than 10% (Figures 4, 7, 8, 14, 15).

In addition to interparticle pores (Figure 12A,
E), natural microcracks (Figure 12D) and fractures
(Figure 2) can be filled with carbonate cement in
shale intervals with high carbonate contents, result-
ing in further reduced pore volume and connectivity.
As such, intense carbonate cementation can lead to
not only reduced pore volume and/or space for free
gas storage but also decreased surface area for gas
adsorption capacity of the Wufeng-Longmaxi shales
in the southern Sichuan Basin. This partially explains
why the gas content of the Wufeng-Longmaxi shales
is lower in Changning field, which has a higher car-
bonate content, than in Fuling field, which has a
lower carbonate content.

Effect of the Tectonic Compaction
Deformation on Porosity and Surface Area

Mechanical compaction can lead to rock distortion
and abruption. Detachment layers, which are
thought to be the final form of layer-parallel shear
bands toward a more localized deformation (Lister
and Davis, 1989; Mehl et al., 2005), were observed
extensively at the base of the Wufeng-Longmaxi suc-
cession (Yan et al,, 2003; Guo and Zeng, 2015).
Zheng et al. (2018) provided details of the pore
structures of the detachment layers in the Wufeng
Formation and compared the petrophysical proper-
ties of the shale samples from the detachment layers
with those of normal shale samples. The V,,,,; values
of the shale samples in the detachment layers were
typically 20%-27% higher than those of normal shale
samples, whereas the S,,,,; values of the shale samples
in the detachment layers exhibited no significant
changes (Zheng et al., 2018). Similar to the variation
of Vi, MICP porosities of the shale samples from
the detachment layers in both SQ-1 and SH-1 wells
are also much higher than those of the normal shale
samples (Figure 16).

Mechanical compaction (i.e., rock distortion)
occurs commonly in shales and can lead to a decrease
in their pore volume (Budd, 2002; Bridge and Demi-
cco, 2008; Loucks et al., 2012; Zhao et al., 2017a).
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Figure 16. Relationship between porosity measured by mer-
cury injection capillary pressure (MICP) and total organic carbon
(TOC) contents for the shale samples from Shuanghe-1 (SH-1)
and Sanquan-1 (SQ-1) wells. Porosities of samples from the
detachment layers in both wells are enhanced compared with
those of normal shale samples of similar depth and TOC content.
R = coefficient of determination.

Pores in shales may be strongly compacted when the
external pressure exceeds pore pressure (Handin
et al., 1963; Tingay et al., 2009; Liu et al., 2017).
Jiao et al. (2018) reported that mechanical compac-
tion can not only reduce pore sizes but also change
pore shapes from round or elliptical shaped to slit
shaped. Furthermore, mechanical compaction under
tectonic stress (i.e., tectonic compaction) may lead to
the disappearance of some mesopores (Liang et al.,
2017). The effect of tectonic compaction deforma-
tion on petrophysical properties is nicely manifested
by the V. values of the shale samples with carbon-
ate contents <10% from the three wells in this study.
Shale V,,;, values for the SH-1 well that is farther
away from the thrust faults are commonly higher
than those for both SQ-1 and JY 4 wells that are
closer to the thrust faults (Figure 5D). This means
that a relatively weak tectonic compaction deforma-
tion in Changning ultimately translated into better
preservation of pore volume in shale. As a result, the
nanopore volume, and hence the space for free gas,
in the Wufeng-Longmaxi shales may have been influ-
enced by the tectonic compaction deformation to
varying degrees in different parts of the Sichuan
Basin.

Despite the above-observed effect of tectonic
compaction on total pore volume, neither micropore
volume nor micropore specific surface area of the
studied shale samples seem to have been affected by
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tectonic compaction deformation (Figures 5A, 6A).
Because methane adsorption capacity is dominantly
controlled by micropore volume and micropore spe-
cific surface area (Wang et al., 2016; Zhao et al.,
2016a), this observation suggests that the gas adsorp-
tion capacity of the Wufeng-Longmaxi shales in
the two gas fields has not been significantly affected
by tectonic compaction deformation, no matter
whether the shale samples are from the detachment
layers or not.

Implications for Shale Gas Production

A better understanding of the pore restriction mech-
anisms and their effects on the shale reservoirs may
assist in the identification of favorable shale intervals
in a shale gas field. Compared with shale intervals in
the eastern Sichuan Basin (e.g., JY 4 and SQ-1 wells),
higher carbonate contents (and the associated inten-
sive carbonate cementation) in shales from the south-
ern Sichuan Basin (e.g., SH-1 well) is likely one
important geological factor negatively affecting their
pore development, gas contents, and ultimately, their
shale gas productivity. Due to a relatively weak colli-
sion in the southern Sichuan Basin and its neighbor-
ing areas, nanopores may have been better preserved
in the Wufeng-Longmaxi shales with lower carbon-
ate contents in Changning field. However, the degra-
dation of the Wufeng-Longmaxi shale reservoir prop-
erty resulting from intensive carbonate cementation
dominantly occurs in shale intervals with higher car-
bonate contents (e.g., SH-1 well). Although the
organic-rich shale intervals in Changning and Fuling
can be up to 30-50 m (98-164 ft) thick (Zou et al.,
2016a), fractures induced by current hydraulic frac-
turing operations can only reach up to a maximum of
12-13 m (39-44 ft) vertically (Jia et al, 2017).
Therefore, the shale interval with both high TOC
but low carbonate contents in the middle Rhudda-
nian member of the Longmaxi Formation is likely
the best target zone for shale gas drilling and produc-
tion in the southern Sichuan Basin and its neighbor-
ing areas.

CONCLUSIONS

Two shallow wells, SH-1 in Changning field and SQ-
1 near Fuling field, were drilled to study how

carbonate cementation and tectonic compaction
deformation have affected the petrophysical proper-
ties of the Wufeng-Longmaxi shales in the southern
(e.g., Changning field) and southeastern (e.g., Fuling
field) Sichuan Basin. Analytical results on petrophysi-
cal properties, OM pore structure, TOC contents,
bitumen reflectance, and mineralogy of the Wufeng-
Longmaxi shales were acquired on both wells
together with the JY 4 well from the Fuling field.
Geochemical data indicated similar thickness,
TOC contents, kerogen type, thermal maturity, and
brittle mineral contents for the high-quality Wufeng-
Longmaxi shale intervals in both the Changning and
Fuling fields. The Wufeng-Longmaxi shales in the
Changning field, however, have relatively lower
porosities than those from the Fuling field. The
results further indicated that pore volume, porosity,
and specific surface area of the Wufeng-Longmaxi
shales are not only controlled by TOC contents but
also seem to be significantly affected by carbonate
cementation and tectonic compaction deformation.
Compared with the Wufeng-Longmaxi shales from
Fuling field, the organic-rich shales in the Wufeng
Formation and the base of the Longmaxi Formation
in Changning field contain much higher contents of
carbonate (210%, mostly calcite) and commonly
have lower pore volume, porosity, and specific
surface area. The V,,, for shale samples with
similar TOC values can decrease by approximately
30% with an increase of 10% in their carbonate con-
tents. This variation trend also holds for the corre-
sponding S, of the organic-rich shale samples,
especially when the carbonate content is in the range
of 10% to 20%. Intensive carbonate cementation dur-
ing diagenesis seems to be a destructive factor that
has degraded the petrophysical properties of the
Wufeng-Longmaxi shales, and hence the quality of
the shale reservoirs. In addition, the relatively weak
tectonic compaction deformation in Changing field
that is relatively far away from the thrust belts have
likely led to better pore preservation compared to
Fuling field closer to the thrust belts. Nevertheless,
the specific surface area values of the shale samples in
different regions do not seem to have been affected
by tectonic compaction deformation. Based on the
present study, the organic-rich shale intervals with
low carbonate contents (and high porosity) in the
middle Rhuddanian member of the Longmaxi For-
mation appear be the optimal target for shale gas
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drilling and gas production in the southern Sichuan
Basin and its neighboring areas.
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