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a b s t r a c t

The Ordovician-Silurian Wufeng and Longmaxi Shale in the Sichuan Basin were studied to understand
the genesis and diagenetic evolution of carbonate minerals and their effects on reservoir quality. The
results of geochemical and petrological analyses show that calcite grains have a negative Ce anomaly
indicating they formed in the oxidizing environment of seawater. The high carbonate mineral contents in
the margin of basin indicate that calcite grains and cores of dolomite grains appear largely to be of
detrital origin. The rhombic rims of dolomite grains and dolomite concretions with the d13C of e15.46‰
and the enrichment of middle rare earth elements were formed during the sulfate-driven anaerobic
oxidation of methane. The calcite in radiolarian were related to the microbial sulfate reduction for the
abundant anhedral pyrites and d13C value of e11.34‰. Calcite veins precipitated in the deep burial stage
with homogenization temperature of the inclusions ranging from 146.70 �C to 182.90 �C. The pores in
shale are mainly organic matter pores with pore size mainly in the range of 1e20 nm in diameter.
Carbonate minerals influence the development of pores through offering storage space for organic
matter. When calcite contents ranging from 10% to 20%, calcite grains and cement as rigid framework can
preserve primary pores. Subsequently, the thermal cracking of liquid petroleum in primary pores will
form organic matter pores. The radiolarian were mostly partially filled with calcite, which combining
with microcrystalline quartz preserved a high storage capacity.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The original sedimentary components of shale and their alter-
ations during diagenesis are important factors in affecting the
development and preservation of pores in shale gas reservoirs
(Aplin and Macquaker, 2011; Loucks et al., 2012; Milliken et al.,
2012; Milliken and Day-Stirrat, 2013; Macquaker et al., 2014;
Yuan et al., 2021). Carbonate minerals contain information on the
water column conditions, biology, climate and provenance, as well
as conditions that lead to the growth, compositional changes and
destruction during the burial. Consequently, the minerals contain a
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significant amount of information that can be used to understand
the properties of sedimentary and diagenetic fluids to deduce
original depositional conditions (Tucker, 1982; Derry et al., 1992;
Jacobsen and Kaufman, 1999; Knauth and Kennedy, 2009).

Sedimentary carbonate minerals have three sources:
physicochemically-related inorganic precipitation which are
related to the calcium ion saturation, crystallization rate,
magnesium-calcium ratio and salinity of seawater, biologically
mediated mineralizationwhich can increase pH values of the fluids
through the metabolic processes of microorganisms and detrital
transport through gravity flows, storm currents, and slupms
(Reitner, 1993; Castanier et al., 1999; Reitner et al., 2015; Ries, 2004;
Porter, 2007, 2010; Dupraz et al., 2009; Morad et al., 2010;
Gallagher et al., 2012; Balthasar and Cusack, 2015). During
diagenesis, microbial sulfate reduction (MSR), sulfate-driven
anaerobic oxidation of methane (SD-AOM), the microbial
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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methanogenesis of organic compounds and organic acids released
by thermal evolution of organic matter can influence the precipi-
tation of carbonate minerals (Berner et al., 1970; Curtis, 1980; Baker
and Kastner,1981; Compton,1988; Cobbold et al., 2013;Wang et al.,
2018). Exogenous calcium carbonate dissolved in migrating fluids
may also play a role in sedimentation and diagenesis (Dutton,
2008). The calcite-precipitating fluids of calcite veins within the
Wufeng and Longmaxi Formations were derived largely from their
respective surrounding host-rock sources (Gao et al., 2019). The
stratigraphic locus of precipitation migrated closer to highly alka-
line sulfate-methane transition zone resulting in calcium carbonate
precipitation in the barite-calcite-pyrite assemblages in the Long-
maxi Formation (Zan et al., 2022).

The different precursors and origins of fine-grained carbonate
sediments result in variable mineral compositions and sedimentary
structures. This, in turn, can create differences in reservoir prop-
erties (Jarvie et al., 2007; Rickman et al., 2008; Slatt and O’Brien,
2011; Chalmers et al., 2012). In organic-rich shale reservoirs, car-
bonate minerals also have an important impact on the develop-
ment, transformation and evolution of reservoir space. Early
diagenetic carbonates are common in many organic-rich mud-
stones due to the oxidation and reduction reactions during shallow
burial (Macquaker et al., 2007, 2014), and the distributions, sources
and the timing of precipitation of carbonate cements frequently
affect reservoir quality (Liu et al., 2014; Cui et al., 2017). The effect of
carbonate mineral content on pore structure is also variable. For
example, in the Alberta Belle Fourche Formation shale and Second
White Specks Formation shale, the content of carbonate minerals is
generally positively correlated with the abundance of micropores
(< 2 nm) (R2 ¼ 0.8), while the dissolution of carbonate minerals in
the Haynesville Shale can form a pore network with a good con-
nectivity that is closely related to the occurrence of macropores (>
50 nm) (Chalmers et al., 2012; Hu et al., 2015; Furmann et al., 2016).
The formation time of the dissolution pores in carbonate minerals
has a controlling effect on shale gas enrichment in the Wufeng
Formation and the Longmaxi Formation in the Sichuan Basin (Nie
et al., 2019).

In recent years, shale gas exploration and development in China
has made a breakthrough in marine shale in Sichuan Basin, and
Fuling, Changning and other shale gas fields have been discovered
successively (Zou et al., 2010; Zou et al., 2015; Ma and Xie, 2018).
The organic-rich shale of the Silurian Longmaxi Formation in the
Sichuan Basin is the principal exploration and production interval
for shale gas in China. The enrichment degree of natural gas in
highly mature shale is directly controlled by pore structure (Jarvie
et al., 2007; Zou et al., 2015; Chen et al., 2019). Carbonate min-
erals have an important impact on pore structure in organic-rich
shale reservoirs (Zhou et al., 2022; Zheng et al., 2022). However,
the influence of carbonateminerals on the shale reservoir quality of
Longmaxi Formation has been less studied by predecessors. The
purpose of this study, then, is to elucidate the genesis and diage-
netic evolution of carbonate minerals and the effect of sedimentary
and diagenetic carbonate minerals on pore development in reser-
voirs. In this study, carbonate minerals in marine shale of the
Wufeng and Longmaxi Shale in the Sichuan Basin are classified
based on macroscopic and microscopic characteristics of carbonate
minerals. The origin of different types of carbonate minerals are
determined through analyses such as inorganic carbon and oxygen
isotopic ratios, rare earth elements and yttrium concentrations. In
addition, the pore structure of these reservoirs is characterized by
scanning electron microscope (SEM), mercury intrusion porosim-
etry (MIP) and low-pressure nitrogen sorption isotherm
experiments.
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2. Geological setting

The Sichuan Basin and its surrounding areas are a part of the
Yangtze block, located in the west of Yangtze paraplatform. It is a
superimposed basin developed on the Upper Yangtze Craton. The
Caledonian Orogeny reached its maximum intensity from the Late
Ordovician to the Early Silurian period, which compressed the
Upper Yangtze Block. This compression resulted in the formation of
the Chuanzhong Uplift in the northwestern Yangtze Block, the
Qianzhong Uplift in the southern Yangtze Block and the Xuefeng
Uplift in the southeastern Yangtze Block (Fig.1) (Zou et al., 2015;Ma
and Xie, 2018). The Sichuan Basin and its adjacent areas conse-
quently consisted of three uplifts and one depression at this time,
while a semi-closed bay opening to the north appeared in the
Middle-Upper Yangtze region (Fig. 1) (Wang et al., 2014a).

Two large-scale global transgressions occurred in the Late
Ordovician and the Early Silurian during which timed the deposi-
tion of the Wufeng and Longmaxi Shale (Su et al., 2007). Relatively
low energy and anoxic conditions resulted in the deposition of
thick organic-rich shales in the southern Sichuan Basin (Zhao et al.,
2016a). They have a rather homogeneous, detrital-sourced, and
coarser-grained component vertically (Zhao et al., 2016b). The
tectonic movements and transgressions also led to thin layers of
siliceous shale being deposited in the late Ordovician (Chen et al.,
2000). This siliceous shale is widely distributed at a thickness
ranging from a few to tens of meters with rich radiolarian (Fig. 2)
(Su et al., 2007; Zhao et al., 2016b).

3. Samples and methods

The Wufeng and Longmaxi Shale was studied on core samples
acquired from three wells and regions (Y1 in Luzhou area, N1 in
Changning area and W1 in Weiyuan area) in the Sichuan Basin
(Fig. 1). A total of 121 samples were collected for thin section
identification and bulk rock X-ray diffraction (XRD) analyses (54
samples in Y1; 36 samples in N1; 31 samples in W1). Among them,
bulk rock inorganic carbon and oxygen isotope tests were carried
out on 28 samples (Y1-1 e Y1-3; N1-1 e N1-16; W1-1 e W1-9);
one sample was subjected to fluid inclusion analysis (N1-1);
seven samples were subjected to analysis of rare earth elements
and yttrium concentrations (REE þ Y) (Y1-1 e Y1-3; N1-3 e N1-5,
N1-9); 16 samples were selected to carry out SEM imaging and MIP
tests (Y1-4 e Y1-9; W1-3, W1-4, W1-6, W1-9 e W1-15); and 20
samples were subjected to total organic carbon content (TOC)
analysis and low-pressure nitrogen physisorption experiments (Y1-
3 e Y1-10; W1-3, W1-4, W1-6, W1-9 e W1-16).

Thin sections were observed using a Leica DM4P microscope
under transmitted polarized light to identify the carbonate min-
erals. A Zeiss Crossbeam 550 SEM was used to observe microscopic
minerals and pores, with Energy Disperse Spectroscopy (EDS) used
for mineral characterization. The samples for SEM imaging were
polished with an argon ion mill in order to create an extremely flat,
artifact-free surface. A carbon film was coated on the surface of
samples to increase the electrical conductivity.

The mineralogical composition of bulk samples, after the sam-
ples being ground to less than 200 mesh powder, was determined
by XRD to pinpoint the variation of carbonate mineral content in
different wells. The structure of the shale samples was analyzed
using D8 A25 X-ray diffractometer. The voltage was set to 45 kV and
current to 40 mA, and continuous scanning was performed at
24e26 �C with the minimum diffraction angle of 2�. The TOC was
analyzed with a LECO CS 744 carbon/sulfur analyzer, after samples
(80e100 mesh powder) were treated by adding hydrochloric acid



Fig. 1. (a) Paleolithofacies map of the Early Silurian in the Yangtze region (Zhao et al., 2016b); (b) Sedimentary facies map of the early sedimentary Longmaxi Shale in the Sichuan
Basin and adjacent areas (Zou et al., 2015).
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Fig. 2. Stratigraphic column of the study area.
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(HCl: water ¼ 1:7) for several times to remove inorganic carbon,
adding water for several times to remove acid and drying at 120 �C
for 2 h. The fluid inclusion analysis was completed on the Linkam-
THMSG600 heating and freezing stage with a heating rate of 10 �C/
min at temperatures less than 100 �C and a rate of 2 �C/min at
temperatures exceeding 100 �C.

The carbon and oxygen isotopes of bulk rock were measured on
the MAT253 gas stable isotope mass spectrometer using samples
ground to under 200 mesh. Analyses were reported relative to
Vienna Peedee Belemnite (V-PDB) with an analytical uncertainty of
less than ± 0.16‰ (1s). The REE þ Yanalyses were performed using
inductively coupled plasma mass spectrometry (ICP-MS) using an
Agilent 7700e instrument for ground samples. One hundred mil-
ligrams of sample were digested with 1 mL of HF and 0.5 mL of
HNO3 in PTFE-lined stainless steel bombs heated to 200 �C for 12 h.
3314
Insoluble residues were dissolved using 6 mL of 40% v/v HNO3

heated to 140 �C for 3 h (Qi and Gregoire, 2000). The results were
referenced to PAAS.

The MIP analyses were performed with a Micromiritics Auto-
Pore IV 9520mercury intrusion porosimeter, with pressure ranging
from 0.034 MPa to 413 MPa (1 MPa ¼ 145 psi). The corresponding
pore-throat diameters were calculated and corrected by the
modified Washburn equation ranging from 50 mm to 2.8 nm
(Washburn, 1921; Wang et al., 2016). The low-pressure nitrogen
physisorption experiments were carried out on a Micromeritics
ASAP 2460 apparatus, which can measure pore diameters ranging
from 1.2 to 300 nm. The pore size distribution was obtained using
the density functional theory (DFT) methods (Seaton and Walton,
1989; Lastoskie et al., 1993).

mailto:Image of Fig. 2|tif


Y. Chen, J.-H. Zhao, Q.-H. Hu et al. Petroleum Science 20 (2023) 3311e3336
4. Results

4.1. Types and characteristics of carbonate minerals

4.1.1. Calcite and dolomite grains
Carbonate mineral grains are colorless and transparent under

plane polarized light, and have advanced white interference color
under crossed polarized light. There are two grain size ranges:
micrite grade (< 5 m) and silt grade (5e100 m) which is further
divided into coarse silt grade (50e100 m) and fine silt grade
(5e50 m). Carbonate mineral grains can be floating in the shale
matrix, and exist as lenticular and laminated aggregates (Fig. 3).

Calcite grains are generally anhedral, and are commonly near-
spherical, near-cylindrical, and other irregular forms (Fig. 4aec).
Subhedral, smooth nanoscale calcite aggregates are also observed
(Fig. 4d). Dolomite grains are euhedral-subhedral rhombohedral
(Fig. 4e and f). EDS data demonstrate that the dolomite grains
consist of rhombic rims of ankerite and irregularly shaped core
zones of non-ferroan dolomite (Fig. 4g). Differential compaction
can be observed between the boundaries of calcite and dolomite
grains and surrounding minerals (Fig. 4g and h). A numbers of
dolomite grains have the characteristics of foggy center and bright
edge with rough core zones, as well as clean and bright rims under
optical microscope (Fig. 3g and h).

4.1.2. Calcite in interparticle pores
In shales with a high content of terrigenous minerals (like

quartz and feldspar), there are often no clear boundaries between
calcite and aggregated or lamellar siliciclastic mineral grains. In
contrast to calcite and dolomite grains discussed above, calcite in
interparticle pores do not have regular mineral morphology (Fig. 5).
Instead, they are distributed around terrigenous siliciclastic min-
erals in various irregular forms, filling the pores between felsic
minerals.

4.1.3. Calcite in radiolarian
In the lower siliceous shale, although many radiolarian are

broken into fragments, some are well preserved and can reach a
size of 300 m (Fig. 6). Since the radiolarian are originally siliceous
organisms, their cavities are often filled with microcrystalline
quartz, which is due to the dissolution and reprecipitation of the
tests of siliceous organisms (Schieber et al., 2000; Zhao and Jin,
2021).

However, in many radiolarian fragments, incomplete rhombic
calcite occur in radiolarian (Fig. 6a and b). Calcite also appears as
curved strips around the cavity in a few radiolarian fragments
(Fig. 6c and d). When radiolarian are almost completely filled with
irregular calcite grains, the calcite grains in the center of radiolarian
are larger than these at the edges of radiolarian (Fig. 6e and f).
Furthermore, the anhedral and subhedral pyrite grains are abun-
dant with the largest diameter reaching 30 m (Fig. 6g and h). The
content of pyrite in the sample which is completely filled with
calcite can reach 13.30%.

4.1.4. Calcareous shells and shell fragments
An abundance of shell occurs in the Guanyinqiao section at the

top of the Wufeng Shale, including brachiopods and lamelli-
branchias. Some shells are relatively well preserved with sizes
ranging from dozens of micrometers to hundreds of micrometers,
and even up to a few centimeters. The shells are always deposited
parallel to the bedding planes (Fig. 7a and b). In some of the shell
fossils, the calcareous periphery has been replaced by quartz, while
the interiors of the shells are frequently calcite (Fig. 7c and d). Most
shells are almost completely calcite (Fig. 7e and f) which retain
their original shapes and structures.
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4.1.5. Calcite veins
There are bedding-parallel veins of fibrous crystals (referred to

as “beef” by Cobbold et al., 2013) in the Longmaxi Shale. Most of
calcite veins are about 50e200 m in width and less than 2 cm in
length (Fig. 8a and b). Calcite veins are always lenticular and
arcuate. Discontinuous organic matter may occur in them. Veins
can also appear as the superposition of multiple lenticular fibrous
calcite veins with a width reaching up to 5 mm (Fig. 8c and d). Each
lenticular calcite vein has its own median line, which is basically
parallel to the wall rocks on both sides of the calcite vein, and de-
velops asymmetrically (i.e., is closer to one side of the vein). The
median line shows a dark brown color in transmitted light (Fig. 8c
and d). The calcite in the veins is fibrous and the crystals are parallel
to one other, and almost perpendicular to the surrounding rocks.
Solid inclusions of wall-rock enclosed within the fibers are a
distinctive feature of beefs (Wang et al., 2018). The composition of
solid inclusions in calcite veins is consistent with the surrounding
rock, and the shapes or trails of solid inclusions rang from parabolic
to sinusoidal (Wang et al., 2018; Luan et al., 2019) (Fig. 8c and d).
Calcite veins perpendicular to the stratification direction also exist.
They have a lateral width of about 50 m, curved shape, and jagged
edge (Fig. 8e and f).

4.1.6. Dolomite concretions
Dolomite concretions can be observed in the upper interval of

the Longmaxi Shale (Sample Y1-1 at 4072 m in Well Y1) with the
largest concretion being more than 10 cm in diameter (Fig. 9a and
b). Many discontinuous thin layers of clayminerals can be observed
in the dolomite concretions using optical microscope. The dolomite
is densely distributed and has no obvious crystal morphology
(Fig. 9c and d). Under SEM observations, the nodular dolomite is
very densely packed and there is also a significant amount of clay
minerals (Fig. 9e). Some euhedral and framboidal pyrite also occurs
in the dolomite concretions (Fig. 9f).

4.2. Distributions of carbonate minerals

The Wufeng and Longmaxi Shale contain a variety of lithofacies
that can be identified on the basis of sources of the grains, grain
size, fabric, biota, sedimentary structures and composition (Yuan
et al., 2023). In this study, the following five general lithofacies
are recognized based on mineral composition, mineral origin and
diagenesis. Argillaceous shale is characterized by a high content of
clay minerals (> 50%). Calcareous shale has high calcite or dolomite
contents (> 50%). Quartz in silty shale is mainly detrital in origin (>
45%), while siliceous shale has a high content of authigenic
microcrystalline quartz in thin section and SEM (> 45%). Shell lime
mudstone contains amounts of calcareous shells.

The content of carbonate minerals in Well Y1 samples is
generally low expect for the calcareous shale. While the contents of
carbonates in samples from Well N1 and Well W1 are generally
higher (Table 1). The carbonate generally occurs as calcite and
dolomite grains and calcite veins in argillaceous shale with an
average calcite content of 1.89% and dolomite content of 1.88% in
Well Y1, 10.38% and 10.39% in Well N1, 1.60% and 2.40% in Well W1.
The radiolarian which are completely filled with calcite are the
carbonate mineral type in calcareous shale with a calcite content of
70.80% and dolomite content of 1.30%. The silty shale commonly
have calcite and dolomite grains, calcite cements and veins with an
average calcite content of 5.65% and dolomite content of 4.72% in
Well Y1,17.48% and 10.02% inWell N1,15.36% and 9.57% inWell W1.
The carbonate generally occurs as calcite in radiolarian and calcite
and dolomite grains in siliceous shale with an average calcite
content of 3.57% and dolomite content of 4.49% in Well Y1, 15.98%
and 10.23% inWell N1, 5.12% and 4.28% inWell W1 (Table 1, Fig. 10).



Fig. 3. Optical microscope of carbonate mineral grains: (aeb) Plane and crossed polarized light of floating carbonate mineral grains (Sample W1-17); (ced) Plane and crossed
polarized light of lenticular aggregates of carbonate mineral grains (Sample N1-17); (eef) Plane and crossed polarized light of lamellar carbonate mineral grains (Sample Y1-11);
(geh) Plane and crossed polarized light of dolomite grains with characteristic foggy centers and bright edges (Sample Y1-16).

Y. Chen, J.-H. Zhao, Q.-H. Hu et al. Petroleum Science 20 (2023) 3311e3336

3316

mailto:Image of Fig. 3|tif


Y. Chen, J.-H. Zhao, Q.-H. Hu et al. Petroleum Science 20 (2023) 3311e3336

3317

mailto:Image of Fig. 4|tif


Fig. 5. Calcite filling pores in siliciclastic minerals: (aeb) Plane and crossed polarized light of calcite minerals between siliciclastic mineral grains (Sample W1-19); (ced) SE images
of calcite minerals between siliciclastic mineral grains (Sample W1-19).
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Calcareous shell fragments are observed in the Wufeng Shale
(Fig. 10). Dolomite concretions are only observed in the upper in-
terval of the Longmaxi Shale in Well Y1 (Fig. 10).
4.3. Carbon and oxygen isotopic ratios

Thin section observations and SEM images suggest that calcite
and dolomite grains are the main calcite minerals in most samples
(except for samples of calcite in radiolarian, dolomite concretions
and calcite veins). In addition, caicite cement in samples is rare.
Therefore, the samples with high calcite and low dolomite contents
from the XRD tests represent calcite grains. They have a d13C
ranging from e1.91‰ to 0.54‰, and a d18O ranging from e11.47‰
to e10.09‰. The samples with high dolomite but low calcite con-
tents represent dolomite grains. They have a d13C ranging from
e5.74‰ to 0.45‰, and a d18O ranging from e10.57‰ to e3.71‰.
The calcite in radiolarian have a d13C of e11.34‰ and a d18O of
e13.52‰. The d13C of dolomite concretions is e15.46‰, and the
d18O is e10.79‰. Testing the powder of calcite veins obtained by
micro-drilling, d13C values of two calcite veins are e5.44‰ and
e3.81‰, and d18O values are e12.12‰ and e10.58‰ (Fig. 11,
Table 2).
Fig. 4. SEM microscope of carbonate mineral grains: (aeb) Secondary electron (SE) image
irregular calcite grain (Sample Y1-13); (d) SE image of nanoscale calcite grain (Sample Y1
dolomite grain (Sample Y1-14); (g) SE image of rhombic rims of ankerite and irregularly s
compaction between boundary of calcite grain and surrounding minerals (Sample Y1-15).
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4.4. Rare earth elements and yttrium

The distributions of REEþ Yof calcite grains are characterized by
the depletion of light rare earth elements (LREE) relative to middle
rare earth elements (MREE) and heavy rare earth elements (HREE)
(Fig. 12a). The Y/Ho radios of calcite grains which range from 1.42 to
1.62 indicate significant positive Y anomalies (Table 3). The La/La*
and Gd/Gd* radios range from 1.19 to 1.30 and 1.18 to 1.23, they
suggest the weakly positive La and Gd anomalies (Table 3). The Ce/
Ce* radios range from 0.76 to 0.78, and the calcite grains have
negative Ce anomalies (Table 3). The REE þ Y pattern of calcite in
radiolarian fully filled with calcite sample is characterized by a LREE
depletion (Fig. 12b) The Y/Ho, La/La* and Eu/Eu* ratios of calcite in
radiolarian are 1.65, 2.04 and 2.02, which indicate significant pos-
itive Y anomaly, positive La anomaly, and positive Eu anomaly
(Table 3). Dolomite grains have no obvious element positive and
negative anomalies (Fig. 12c), and dolomite concretions are char-
acterized by MREE enrichment and LREE and HREE depletion
(Fig. 12d).

4.5. Fluid inclusions

Large fluid inclusions are difficult to find in samples of calcite
and dolomite grains, calcite in radiolarian, dolomite concretions
and calcite veins. They can only be seen in calcite veins with large
s of near-spherical and near-cylindrical calcite grain (Sample Y1-12); (c) SE image of
-8); (e) SE image of silt grade dolomite grain (Sample Y1-14); (f) SE image of micrite
haped core zones of non-ferroan dolomite (Sample Y1-14); (h) SE image of different

mailto:Image of Fig. 5|tif


Fig. 6. Occurrences of calcite and pyrite in radiolarian: (aeb) Plane and crossed polarized light of incomplete rhombic calcite in radiolarian (Sample W1-12); (ced) Plane and
crossed polarized light of calcite with curved strips around cavity in radiolarian (Sample W1-20); (eef) Plane and crossed polarized light of radiolarian completely filled with calcite
(Sample Y1-3); (geh) SEM images of calcite and pyrite in radiolarian (Sample Y1-3).
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Fig. 7. Calcite in biological shell: (aeb) Plane and crossed polarized light of parallelly arranged shells (Sample W1-9); (ced) Plane and crossed polarized light of calcite in the
interiors of shells (Sample Y1-7); (eef) Plane and crossed polarized light of shells completely recrystallized by calcite (Sample N1-16).
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thickness (>5 mm aperture) (Fig. 13). Therefore, only Sample N1-1
has the gas-liquid two-phase brine inclusions. The homogenization
temperatures measurement of the gas-liquid two-phase brine in-
clusions in the calcite veins range from 146.70 �C to 182.90 �C
(Table 4).

4.6. Reservoir physical properties

4.6.1. Pore types
The predecessors have done a lot of research on the pore types

of the Longmaxi Shale. Organic pores, mineral matrix pores, lami-
nation fractures and micro-fractures are common in the first
member of the Longmaxi Shale. The Longmaxi Shale is dominated
by organic pores with good pore connectivity, making it the most
effective storage space for shale gas (Guo and Zhang, 2014; Wang
et al., 2014b; Zou et al., 2015; Cai et al., 2020). Our research is
consistent with previous conclusions.
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The types of pores and fractures developed in the first member
of the Wufeng and Longmaxi Shale in the southern Sichuan Basin
include intergranular pores between microcrystalline quartz and
calcite grains, calcite grain boundary seams and intragranular pores
within clay mineral, framboidal pyrite and calcite grains
(Fig. 14aee). While pores in calcite grains are mostly quadrilateral
with clear boundaries, which may be inclusions generated during
mineral formation (Fig. 14e). Organic matters pores are often found
in mineral matrix pores between carbonate minerals, siliciclastic
minerals and clay minerals, and between microcrystalline quartz
(Fig. 14feg). Microfractures in the shale matrix are common
(Fig. 14h).
4.6.2. Pore structure
MIP can characterize the macropore (> 50 nm) distribution

characteristics of shale and low-pressure nitrogen physisorption
characterizes the mesopore (2e50 nm) distribution characteristics
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Fig. 8. Characteristics of calcite veins: (aeb) Plane and crossed polarized light of fibrous calcite veins (Sample N1-18); (ced) Plane and crossed polarized light of the superposition of
multiple lenticular fibrous calcite veins (Sample N1-1); (eef) Plane and crossed polarized light of calcite veins vertical to the stratification direction (Sample W1-18).
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of shale. Combining the advantages of these two testing methods,
we can obtain more comprehensive pore structure information of
different scales. The MIP data show that the total pore volume in
Well Y1 samples is low, with an average porosity of 1.26%. In
contrast, the total pore volume in Well W1 samples is higher with
an average porosity of 2.63% (Table 5). The pore throat diameters of
samples in the two wells are mainly in the range of 3e20 nm
(Fig.15). The DFTmodel of low-pressure nitrogen physisorption can
be used to obtain the pore size distribution (Seaton and Walton,
1989; Lastoskie et al., 1993), which are principally in the range of
1e20 nm. The pore volume maxima occur at pore diameters of
1.2 nm, 1.6 nm and 3 nm, while a weaker positive peak appears at a
pore diameter of 9 nm (Fig. 16).

Samples with different calcite and dolomite content have dif-
ferences in the porosity and pore volume (Figs. 15e16, Table 6).
Samples with calcite contents < 10% and dolomite contents < 10%
have an average porosity of 0.93% inWell Y1, 2.34% inWell W1, and
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an average pore volume of 0.0102 cm3/g inWell Y1, 0.0149 cm3/g in
Well W1 (Table 6). When 10% < calcite contents < 20%, and dolo-
mite contents < 10%, samples have a higher average porosity of
1.92% in Well Y1, 4.22% in Well W1, and an average pore volume of
0.0158 cm3/g in Well Y1, 0.0226 cm3/g in Well W1 (Table 6). If
10% < calcite contents < 20% and dolomite contents >10%, samples
have an average porosity of 2.93% and an average pore volume of
0.0181 cm3/g (Table 6). For cases of calcite contents > 20% and
dolomite contents < 10%, samples have an average porosity of
2.23%, and an average pore volume of 0.0155 cm3/g (Table 6).

When the radiolarian are completely filled with calcite in
Sample Y-3 (Fig. 6eeh), sample have a pore volume of 0.0155 cm3/g
(Fig. 17, Table 5). When the radiolarian are partly filled with calcite
in Sample Y-10 and W-16 (Fig. 6a-d), sample have an average pore
volume of 0.0155 cm3/g (Fig. 17, Table 5).
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Fig. 9. Characteristics of dolomite concretions: (aeb) Plane and crossed polarized light of dolomite concretions in hand specimen, (Sample Y1-1); (ced) Plane and crossed polarized
light of transverse, curved, discontinuous thin layers of clay minerals in dolomite concretions, (Sample Y1-1); (e) SEM image of a large number of clay minerals distributed in the
accumulated dolomite (Sample Y1-1); (f) SEM image of euhedral pyrite and framboidal pyrite (Sample Y1-1).

Table 1
Average calcite and dolomite content in lithofacies.

Lithofacies Mineral type Average content in wells, %

Y1 N1 W1

Argillaceous shale Calcite 1.89 10.38 1.60
Dolomite 1.88 10.39 2.40

Calcareous shale Calcite 70.80
Dolomite 1.30

Silty shale Calcite 5.65 17.48 15.36
Dolomite 4.72 10.02 9.57

Siliceous shale Calcite 3.57 15.98 5.12
Dolomite 4.49 10.23 4.28
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5. Discussion

5.1. Genesis and diagenesis of carbonate minerals

5.1.1. Calcite grains
During the Silurian (440 to 418 Ma), the Mg2þ/Ca2þ ratios were

< 2.3, while calcite was the dominant nonskeletal carbonate
(Lowenstein, 2001). The Wufeng and Longmaxi Shale was depos-
ited in a semi-deep to deep shelf environment (Zou et al., 2015). The
occurrences of laminar and lenticular minerals and the input of
terrestrial mineral grains indicate that the shale deposition was
affected by various hydrodynamic actions such as submarine cur-
rents and traction flows. Consequently, it was difficult to form silt-
sized calcite grains during the shallow burial of seabed sediments
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Fig. 10. Occurrences of carbonate minerals in Well N1, Well Y1 and Well W1.

Fig. 11. Inorganic carbon and oxygen isotope ratios of carbonate minerals.
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(Given and Wilkinson, 1985), but instead aggregating that the
nano-scale calcite grains with smooth surface were formed
(Fig. 4d).
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The morphology of carbonate minerals formed by the microbial
activity is complex and variable, and is related to the types of
microorganism and the environmental conditions. Common mor-
phologies can include dumbbell-shaped, spherical and hemi-
spherical (Wright and Wacey, 2005; Lian et al., 2006). The calcite
formed via microbial growth has different characteristics from
calcite grains of inorganic sources. Calcite associated with micro-
organisms tends to have enriched or depleted d13C values. Since the
d13C values of calcite grains in these samples range from e1.91‰ to
0.54‰, a microbial origin for the calcite grains in this study can be
excluded.

A relative depletion of LREE over HREE, prominent positive Y
and La anomalies, a positive Gd anomaly and a well-developed
negative Ce anomaly indicate that the calcite grains were formed
in the oxidizing environment of seawater rather than the reducing
environment in pore water (Allwood et al., 2010). The calcite grains
in the Longmaxi Shale appear to have originated from marine
carbonates formed by a precipitation from oxidizing seawater and
then transported to the deep-water shelf environments. The edges
of calcite grains show the effects of differential compaction, indi-
cating that the calcite belong to primary sediments.

Dereuil and Birgenheier (2019) demonstrated that carbonate
minerals in the Mancos shale (USA) have been transported and
deposited by contour current and storm waves up to a distance of
250 km. Carbonate minerals in the Barnett shale in Texas were
transported to the deep basin from the continental shelf or upper
oxygenated slope by turbidity currents and debris flows (Loucks
and Ruppel, 2007). The calcite content of Well Y1, which is
located in subsidence center of the southern Sichuan Basin (Fig. 1),
is generally low, while the calcite contents of Well N1 near the
Qianzhong Uplift (old land) and Well W1 near the Chuanzhong
submarine high are relatively high. These high carbonate mineral
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Table 2
Bulk rock carbon and oxygen isotopes.

Sample ID Calcite, % Dolomite, % Carbonate mineral type d13C, ‰ V-PDB d18O, ‰ V-PDB

W1-1 21.20 8.10 Calcite grain �1.13 �10.30
W1-4 34.20 4.00 �0.49 �11.43
W1-5 34.20 4.20 �1.91 �11.47
W1-6 22.10 6.00 0.33 �10.12
W1-7 23.50 8.10 0.54 �10.26
W1-8 17.90 7.20 �0.12 �10.09
W1-9 30.10 8.10 �0.64 �11.00
N1-2 31.10 8.39 0.21 �9.23
N1-3 22.88 3.80 0.35 �9.60
N1-4 17.00 5.54 0.37 �9.05
N1-5 13.52 2.85 �0.01 �9.58
N1-6 18.80 2.62 0.49 �9.53
N1-7 10.22 3.08 �0.31 �9.15
N1-8 7.12 1.41 �0.24 �9.63
N1-9 10.10 1.92 �0.10 �9.70
N1-10 12.73 3.94 �0.37 �9.36
N1-11 11.92 2.44 �0.18 �11.83
N1-13 14.06 4.10 �0.24 �9.40
N1-14 9.86 0.80 �0.04 �10.96
N1-16 27.05 7.89 �0.17 �9.26

Y1-2 7.00 18.30 Dolomite grain �5.74 �10.57
W1-3 12.80 31.70 �1.45 �7.75
N1-12 12.19 32.56 �2.49 �8.91
N1-15 9.82 33.20 0.45 �3.71

Y1-3 70.80 1.30 Calcite in radiolaria �11.34 �13.52

Y1-1 0.90 52.20 Dolomite nodule �15.46 �10.79

W1-2 Calcite vein �5.44 �12.12
N1-1 �3.81 �10.58

Fig. 12. Rare earth elements and yttrium pattern: (a) PAAS normalized REE þ Y patterns for calcite grains; (b) PAAS normalized REE þ Y patterns for calcite in radiolarian; (b) PAAS
normalized REE þ Y patterns for dolomite grains; (d) PAAS normalized REE þ Y patterns for dolomite concretions.

Y. Chen, J.-H. Zhao, Q.-H. Hu et al. Petroleum Science 20 (2023) 3311e3336
contents in these wells suggest a derivation from a carbonate
dominated source area and a comparatively short transport path
(Schieber and Shao, 2021).
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5.1.2. Dolomite grains
The differentially compacted edge of dolomite grain indicates

that the ankerite rims are formed in the shallow burial stage of
early diagenesis, and the rhombic dolomite grains are a result of
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Table 3
The results of rare earth elements and yttrium (mg/g).

Sample ID W1-4 W1-5 W1-9 Y1-2 W1-3 Y1-1 Y1-3

Calcite, % 34.20 34.20 30.10 7.00 12.80 0.90 70.80
Dolomite, % 4.00 4.20 8.10 18.30 31.70 52.20 1.30
Carbonate mineral type Calcite grain Dolomite grain Dolomite nodule Calcite in radiolaria
LaN 0.46 0.42 0.60 1.10 0.81 0.62 0.51
CeN 0.38 0.32 0.42 0.99 0.67 0.56 0.27
PrN 0.53 0.39 0.50 1.03 0.73 0.59 0.28
NdN 0.62 0.41 0.52 1.00 0.75 0.60 0.29
SmN 0.80 0.52 0.67 1.19 0.89 0.95 0.39
EuN 1.00 0.76 0.76 1.28 0.92 1.10 0.93
GdN 1.08 0.69 0.84 1.21 0.99 1.14 0.52
TbN 0.94 0.61 0.75 1.11 0.90 0.96 0.49
DyN 0.97 0.65 0.81 1.05 0.90 0.91 0.51
YN 1.53 1.13 1.16 1.13 1.09 0.91 0.87
HoN 0.99 0.69 0.81 1.05 0.89 0.82 0.52
ErN 0.96 0.70 0.82 0.97 0.87 0.71 0.52
TmN 0.93 0.71 0.84 1.05 0.90 0.73 0.55
YbN 0.80 0.62 0.74 0.95 0.83 0.63 0.53
LuN 0.78 0.59 0.71 0.90 0.78 0.62 0.51
La/La* 1.25 1.19 1.30 0.99 1.15 1.12 2.04
Ce/Ce* 0.76 0.78 0.76 0.93 0.88 0.94 0.70
Eu/Eu* 1.07 1.27 1.00 1.07 0.98 1.05 2.02
Gd/Gd* 1.18 1.23 1.20 1.02 1.09 1.13 1.12
Y/Ho 1.55 1.62 1.42 1.08 1.22 1.12 1.65

La/La* ¼ LaN/(3PrN�2NdN), Ce/Ce* ¼ 2CeN/(LaN þ PrN), Eu/Eu* ¼ 2EuN/(SmN þ GdN), Gd/Gd* ¼ GdN/(2TbN�DyN).

Fig. 13. Fluid inclusions in calcite veins.

Table 4
Homogenization temperatures of the inclusions in the calcite veins.

Point 1 Point 2 Point 3 Point 4 Point 5

Temperature, �C 153.10 146.70 181.10 182.90 162.50

Point 6 Point 7 Point 8 Point 9

Temperature, �C 164.30 169.00 174.60 171.10
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slow growth rates (Cheng et al., 2021). In sulfate-driven anaerobic
oxidation of methane (SD-AOM) below microbial sulfate reduction
(MSR), the inhibition of dolomite precipitation is weakened due to
the decrease in the SO4

2- concentration (Berner et al., 1970; Baker
and Kastner, 1981; Compton, 1988). At the same time, the in-
crease of alkalinity of the pore fluids due to MSR also promotes the
precipitation of dolomite (Berner et al., 1970). Curtis (1980) and
Zhou (2022) proposed that ankerite precipitates during the AOM.

The REE þ Y patterns of dolomite grains have no obvious posi-
tive and negative anomalies and are a result of the influence of the
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ankerite rims. Due to the relatively high concentrations of REE in
terrestrial detritus and the low concentrations of REE in the shale,
even a small contribution of REE (1~2%) from terrigenous clastic
inputs will greatly reduce the La anomaly, the Ce anomaly and the
uptake consumption degree of LREE during ankerite precipitation.
Consequently, the distribution patterns of the REE will be relatively
flat (Nothdurft et al., 2004). The conversion of smectite to illite can
release a large amount of metal cations such as Ca2þ, Mg2þ and Fe3þ

(Ma et al., 2019). The CO2 produced by SD-AOM also can provide
carbon for ankerite rim precipitation.

Similar to the calcite contents, the dolomite contents in the
areas of maximum basin subsidence center are low, while they are
high at the edge of the basin where the subsidence is limited. This
may reflect the clastic source of dolomite cores. Dolomite grains in
the Barnett Shale have a variety of different shapes ranging from
highly euhedral to anhedral, and are known to be of clastic origin
(Loucks and Ruppel, 2007; Milliken et al., 2012). Dolomitic black
shale in the Portwood Member of the New Albany Formation in the
western Appalachian Basin contains a high content of silt-scale
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Table 5
Results from MIP and low-temperature nitrogen physisorption tests.

Sample ID Calcite, % Dolomite, % TOC, % Carbonate mineral type F porosity, % VDFT, cm3/g

Y1-4 0.3 0.6 0.88 Calcite and dolomite grain 0.67 0.0096
Y1-5 2.5 6.7 1.69 1.39 0.0123
Y1-6 4.3 3.4 3.40 1.15 0.0133
Y1-7 8.1 1.6 5.51 0.53 0.0054
Y1-8 13.0 8.0 3.40 1.65 0.0142
Y1-9 10.9 7.5 3.97 2.19 0.0173
W1-3 12.8 31.7 4.27 3.16 0.0182
W1-4 34.2 4.0 3.92 2.45 0.0133
W1-6 22.1 6.0 2.82 3.31 0.0162
W1-9 30.1 8.1 2.35 0.92 0.0169
W1-10 3.1 3.3 1.56 2.91 0.0158
W1-11 1.3 1.7 2.35 2.51 0.0169
W1-12 5.2 4.0 1.83 2.11 0.0070
W1-13 8.9 6.7 1.95 1.85 0.0200
W1-14 14.5 8.7 5.03 4.22 0.0226
W1-15 10.2 17.2 2.95 2.70 0.0180

Y1-3 70.8 1.3 0.68 Calcite in radiolaria 0.0015
Y1-10 4.0 5.0 5.51 0.0327
W1-16 4.3 2.5 5.26 0.0165
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dolomite grains with irregular shaped and cloudy cores surrounded
by clear overgrowths, which appear largely to be of detrital origin.
(Schieber and Shao, 2021).
5.1.3. Calcite cements
The calcite cement is mainly distributed in silt-rich laminae

(Dowey and Taylor, 2020). The sediment accumulation rate is an
important factor affecting cementation in shale (Zou et al., 2015).
The Wufeng and Longmaxi Shale were deposited in a semi-deep
and deep shelf environment with a slow accumulation of sedi-
ments, so calcite cementation is usually highly localized near the
sediment/water interface (Milliken and Day-Stirrat, 2013).

As a result of the exothermic characteristic of carbonate disso-
lution in water, the solubility of carbonate minerals increases
gradually with depth in seawater (Denny et al., 2020). Dissolution
of carbonateminerals provides a material source for calcite cement.
In addition, transformation of clay minerals can also be a source of
Ca2þ (Ma et al., 2019). Marine shale can be rich in bioclasts and the
dissolution of detrital carbonate and bioclasts during early
diagenesis can provide calcium and carbon for the dolomite pre-
cipitation (Dutton, 2008; Morad et al., 2010; Yang et al., 2018).
5.1.4. Dolomite concretions
The primary fine-grained clay matrix between the dolomite

crystals suggests dolomite concretions formed in early, uncom-
pacted argillaceous sediments when they were still relatively soft
and unconsolidated (Meister et al., 2007). The euhedral pyrite in
dolomite concretions indicates that the dolomite precipitated after
the formation of the euhedral pyrite (Dowey and Taylor, 2020). The
carbon isotopic signature of dolomite in deep-sea sediments is
closely related to that of sulfate reducing bacteria (Friedman and
Murata, 1979). Sample of dolomite concretions has a d13C
of �15.46‰ which is consistent with the carbonate formed in
sulfate reduction zone. The MSR in marine sediments causes the
precipitation of pyrite and can increase alkalinity in pore fluid, it
may promote carbonate precipitation (Berner et al., 1970). The
Fig. 14. Microscopic characteristics of pore types and fractures: (a) SEM image of intergran
image of calcite grain boundary seams (Sample Y1-8); (c) SEM image of intragranular po
framboidal pyrite (Sample Y1-4); (e) SEM image of intragranular pores in calcite grains (Sam
pores (Sample Y1-8); (h) SEM image of fractures (Sample Y1-14).
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dolomite precipitation in organic-rich marine sediments is inhibi-
ted by high sulfate content in pore water and dolomite may form at
the bottom of sulfate reduction zone (Compton, 1988). In the SD-
AOM, the alkalinity in fluids increase when undergoing MSR and
the decrease in the SO4

2� concentrations cause precipitation of
dolomite concretions (Berner et al., 1970; Baker and Kastner, 1981;
Compton, 1988).

REE þ Y patterns of dolomite concretions are characterized by
MREE enrichment and LREE and HREE depletion, which is similar to
what is observed in the dolomite and thin limestone in the
Doushantuo Formation in the Jiulongwan section of China (Huang
et al., 2009). This pattern is often interpreted as a record of the
REE distribution in seawater that has modified by iron and man-
ganese oxides in an anoxic environment below the water/sediment
interface (Haley et al., 2004). In shale diagenesis, pyrite formed in
the MSR can alter the concentrations and distributions of rare earth
elements in pore water, including enrichment of MREE in pore
water (N�ed�elec et al., 2007).
5.1.5. Calcite in radiolarian
The occurrences of abundant anhedral pyrites and the d13C-

deficit calcite (e11.34‰) in radiolarian indicate the formation of
calcite may be related to the occurrence of MSR, which lead to
pyrite formation (Berner et al., 1970; Cai et al., 2021). The pyrite
formation in MSR greatly increases the alkalinity of pore fluid and
can enhance the precipitation of calcite with depleted d13C values
since the CO3

2� originates in part from organic matter via MSR
(Berner et al., 1970; Cai et al., 2021).

In the low-temperature stage of early diagenesis, microcrystal-
line quartz in radiolarian-rich mudstones formed from the disso-
lution and reprecipitation of siliceous bioskeletons (Milliken, 2014;
Schieber et al., 2000; Zhao and Jin, 2021). At the dissolution of
siliceous bioskeletons, calcite precipitationin in radiolarian. The
sample has a significant positive Eu anomaly which may be caused
by dissolution of Ca-plagioclase in which the enrichment of Eu,
especially Eu2þ, is more significant than other REEs (Lee et al., 2003;
ular pores between microcrystalline quartz and calcite grains (Sample Y1-7); (b) SEM
res within clay mineral (Sample Y1-8); (d) SEM image of intragranular pores within
ple Y1-13); (f) SEM image of organic pores (Sample Y1-13); (g) SEM image of organic



Fig. 15. Relationship between pore diameter and incremental mercury intrusion (Ca: calcite content; Do: dolomite content).
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Barker et al., 2006; Cai et al., 2008; Wang et al., 2017; Gao
et al.,2019). Eu2þ can replace Ca2þ during calcite precipitation,
resulting in a positive Eu anomaly in the calcite in radiolarian.
5.1.6. Calcite veins
Fibrous calcite veins parallel to bedding planes are common in

organic-rich and carbonate-rich black shales (Rodrigues et al.,
2009; Tribovillard et al., 2018). Temperature measurements from
gas-liquid two-phase brine inclusions in calcite veins show veins
are precipitated in the deep burial stage. Thermal decarboxylation
of organic matter can produce carbon dioxide with d13C values
ranging from e8‰ to e23‰ (V-PDB) (Sensuła et al., 2006).
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Temperaturemeasurement results of inclusions and the d13C values
(e5.44‰,e3.81‰) indicate that there are other sources of the CO3

2e

required for calcite vein precipitation in addition to CO2 generated
by thermal decarboxylation. Combined with the dissolution phe-
nomenon at the edges of calcite grains, dissolution of calcite in
surrounding rock may also be involved in the formation of veins
(Heydari and Wade, 2002; Zhang et al., 2016; Gao et al., 2019; Luan
et al., 2019).The most commonly accepted explanation for the
mechanism of opening the space inwhich the fibrous calcite vein is
emplaced is overpressure caused both by petroleum generation
and the dehydration of clay-minerals (illitization of smectite)
(Ramsay, 1980; Oliver and Bons, 2001; Wang et al., 2018).
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Fig. 16. Pore diameter distribution in samples of calcite and dolomite grains.

Table 6
Influence of calcite and dolomite contents on porosity and pore volume of samples.

Well Y1 Well W1

Average porosity, % Average pore volume, cm3/g Average porosity, % Average pore volume, cm3/g

Calcite content < 10% 0.93 0.0102 2.34 0.0149
Dolomite content < 10%

10% < Calcite content < 20% 1.92 0.0158 4.22 0.0226
Dolomite content < 10%

10% < Calcite content < 20% 2.93 0.0181
Dolomite content > 10%

Calcite content > 20% 2.23 0.0155
Dolomite content < 10%
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Fig. 17. Pore diameter distribution in samples of radiolarian.
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5.2. Effects of carbonate minerals on shale reservoirs

In samples, we can observe that the space between minerals is
almost completely filled with organic matter under SEM and
organic pores are often developed in organic matter (Fig. 14eeg,
Fig. 18aeb, d, geh). Samples in this study with low carbonate
mineral content have low TOC and few organic pores, mainly
mesopores (2e50 nm) (Fig. 18a). For example, sample of Y1-4 have
0.3% calcite and 0.6% dolomite, and a TOC content of 0.88%. Samples
with high carbonate mineral content have relatively high TOC
content and abundances of organic pores, mainly mesopores
(2e50 nm) (Fig. 18b). For example, Sample Y1-8 have 13.0% calcite
and 8.0% dolomite, and a TOC of 3.40%. TOC has a good positive
correlation with porosity (measured by MIP tests) (Fig. 19). There-
fore, we believe that the difference of porosity in shale is mainly
caused by organic matter pores. Differences in the distribution of
pore size between samples aremainly in the range of 1e20 nmpore
diameter inMIP tests (Fig.16). Previous studies have shown that the
primary controlling factor for the development of nanopores is the
content of organic matter in shale (Loucks et al., 2009; Tian et al.,
2013; Yang et al., 2016).

The samples of radiolarian partly filled with calcite have relative
high pore volumes and high TOC contents (Fig. 17, Table 6). Similar
to the Chattanooga Shale, Barnett Shale and Mowry Shale, the
dissolution and reprecipitation of siliceous bioskeletons formed
microcrystalline authigenic quartz (Schieber et al., 2000; Milliken,
2014; Zhao and Jin, 2021) (Fig. 18g). When radiolarian are
partially filled with subhedral calcite in siliceous shale, primary
storage space is preserved between the calcite and the surrounding
microcrystalline quartz (Fig. 18h; Fig. 21).

Based on the organic matter maturity, the diagenesis stage of
shale can be divided into early diagenesis stage, middle diagenesis
stage and late diagenesis stage. During the early diagenesis stage,
argillaceous sediments quickly release a large amount of porewater
and porosity of shale decrease rapidly because of increasing over-
burden pressure (Baldwin and Butler, 1985). The rigid framework
formed by calcite and the surrounding microcrystalline quartz
plays an important role in preservation of organic matter. In the oil
window, kerogen cracks to generate petroleum, pores are formed
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inside the kerogen, and liquid and gaseous petroleum can migrate
into the intergranular pores preserved by carbonate minerals (L€ohr
et al., 2015) (Fig. 21). Thermal cracking of liquid petroleum during
late diagenesis will generate solid organic residues that can then
develop organic porosity (Bernard and Horsfield, 2014; Cardott
et al., 2015) (Fig. 21).

However, the sample of radiolarian completely filled with
calcite in calcareous shale have very low pore volumes and low TOC
contents (Fig. 17, Table 6). The inorganic pores in calcite in radio-
larian are mainly isolated intragranular pores and are frequently
filled with organic matter (Fig. 18e and f). The protective effect of
rigid framework is destroyed, which results in the degradation of
the reservoir properties.

When calcite contents are < 10%, the total pore volumes of shale
samples are low (Fig. 15a, c; Fig. 16a, c; Table 6), and there is no
relationship between calcite content and porosity (from MIP tests)
(Fig. 20). In this situation, porosity in shales is mainly controlled by
other minerals (clay minerals, feldspar and quartz). However, when
the calcite contents are in the range of 10%e20%, shale samples
have high total pore volumes (Fig. 15b, dee; Fig. 16b, dee; Table 6),
and there is a positive correlation between calcite content and
porosity (Fig. 20). Compared with fine-grained clay-rich sedimen-
tary rocks, clastic-derived calcite grains and calcite cement in silty
and siliceous shale formed in the early diagenesis stages are more
resistant to compaction and tend to form a relatively rigid frame-
work that is more conducive to preservation of large pores. (Jarvie
et al., 2007; Sone and Zoback, 2013). Liquid petroleum can fill the
storage space and the cracking of liquid petroleum will generate
solid organic residues that can then develop organic porosity.
(Fig. 21). However, when the calcite contents are > 20%, the total
pore volumes and TOC contents decrease significantly (Fig. 15f;
Fig. 16f; Fig. 20; Table 6). The reason may be that the high calcite
grain content represents strong input of terrestrial detritus. In
addition, at this time, the sea level is relatively lowand preservation
of organic matter is weak, resulting in a decrease in porosity. The
dolomite contents are < 10% in most samples, and there are only
two samples with dolomite contents large than 10% (Fig. 20). The
influence of dolomite grains on shale reservoirs are not clear.

During the middle diagenesis stage, organic acids produced by
petroleum generation can dissolve carbonates along the edges of
the minerals, resulting in irregular grain boundary which have
widths of 100e300 nm (Fig. 18c). The dissolution remnants of
calcite have jagged edges (Fig.18d) and provide space for petroleum
storage (Fig. 21). In the New Albany Shale, Maquoketa shale and
Geneseo shale, a partial dissolution along the edges of carbonate
grains is common, resulting in carbonate mineral seam with
irregular pore shape or rectangular outline (Schieber, 2010). In
carbonate-rich shale, dissolution pores in carbonate mineral may
enhance natural gas migration.
6. Conclusions

The inorganic carbon and oxygen isotope tests and rare earth
elements and yttrium concentrations are effective tools to deter-
mining the genesis and diagenetic evolution of carbonate minerals.
Carbonate minerals formed in different environments during
deposition and diagenesis have distinctive isotope and element
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Fig. 18. Microscopic mineral and pore characteristics: (a) SEM image of nanoscale organic pores in sample with 0.3% calcite and 0.6% dolomite (Sample Y1-4); (bec) SEM images of
organic pores and calcite grain boundary seam in sample with 13.0% calcite and 8.0% dolomite (Sample Y1-8); (d) SEM image of organic matter and serrated edges of residual calcite
from dissolution (Sample Y1-15); (eef) SEM images of intragranular pores of calcite in radiolarian (Sample Y1-3); (g) SEM image of microcrystalline quartz (Sample Y1-10); (h) SEM
image of subhedral calcite in radiolarian (Sample Y1-10).

Fig. 19. Relationships between TOC and porosity of carbonate minerals.

Fig. 20. Relationships between carbonate
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characters. The results show that carbonate minerals of clastic
source, calcite precipitated in MSR and dolomite formed in SD-AOM
all exist in Wufeng and Longmaxi Shale in the Sichuan Basin of
southern China. Different types and contents of carbonate minerals
lead to differences in the gas storage capacity of shales. The SEM
imaging, MIP tests and low-pressure nitrogen physisorption exper-
iments can reflect the pore size distribution of shale. Carbonate
minerals perform similarly to silty minerals (quartz and feldspar) in
silty shale and siliceous shale. The rigid grain framework formed by
calcite grains and calcite cement in silty shale and siliceous shale can
enhance reservoir capacity. Organic acids produced by petroleum
generation can dissolve carbonate minerals and form grain bound-
ary seam, which are conducive to the formation of a connected pore
network. The partly filled calcite in radiolarian in siliceous shale is
beneficial to the storage space, while radiolarian completely filled
with calcite in calcareous shale will greatly reduce the storage space.
The study tries to research the origin and diagenetic evolution of
carbonate minerals in shale using conventional testing methods.
Innovative experiments are needed in further research.
mineral content, porosity and TOC.
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Fig. 21. Schematic diagram of the carbonate minerals influence on physical properties of reservoir.
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