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ARTICLE INFO ABSTRACT

Keywords: Understanding microbial carbonate is one of the most challenging issues in the field of carbonate sedimentology
Microbial carbonate and reservoir. The biotic and abiotic processes that control microbial carbonate precipitation are becoming more
Diagenesis established, but the influence of subsequent diagenesis on microbial carbonate reservoirs has not been ade-

Porosity origin
Dolomitization and dissolution
Sichuan basin

quately studied. Here, we describe microbial carbonate from the lower Cambrian Qingxudong Formation in
southeastern Sichuan Basin to assess their formation, textures and subsequent diagenesis. Six stages of calcite
cementation (Calcite-1 to Calcite-6) and four stages of dissolution (Dis-1 to Dis-4) were identified in micro-
bialites of the Qingxudong Formation. Stromatolites and thrombolites have a different porosity evolution.
Sedimentary processes are the fundamental controlling factors of creating pre-existing pores in stromatolites. For
thrombolites, the formation of pre-existing pores is attributed to island dissolution and dolomitization in near-
surface processes. Microbial metabolic activities contribute more to the dissolution and dolomitization than
mixing water. Meteoric water dissolution (Dis-1) in synsedimentary processes and microbial dissolution (Dis-2)
in near-surface processes are the fundamental control factors of porosity creation in microbial carbonate of
Qingxudong Formation. Thermochemical sulfate reduction (TSR) is a double-edged sword for the porosity de-
velopment. The destructive effect of TSR on microbial carbonate reservoirs is greater than the constructive
effect. The microbial carbonate reservoirs, especially the fabric-destructive dolomite (Dol-2) evolved by
thrombolites, have great potential for gas exploration in the Qingxudong Formation. This study is especially
useful for further understanding deeply buried microbialite reservoir formation and development, and deep
hydrocarbon exploration in this basin and elsewhere worldwide.

1. Introduction

Microbial processes that are involved in the formation, miner-
alization, accumulation and diagenesis of carbonate sediments are re-
garded as one of the most popular topics in the field of carbonate se-
dimentology and geochemistry (Riding, 2000; Fliigel, 2004; Aloisi,
2008; Shiraishi et al., 2008; Dupraz et al., 2009; Mercedes-Martin et al.,
2014; Hips et al., 2015; Tan et al., 2017). Biological, abiotic and en-
vironmental factors controlling microbial carbonate precipitation and
these processes resulting in a variety of textures and fabrics, which
provide a template for microbial carbonate (microbialite) reservoir
porosity and permeability (Parcell, 2002; Al Haddad and Mancini,
2013; Mancini et al., 2013; Rezende et al., 2013; Stowakiewicz et al.,
2013; Pederson et al., 2015). However, the influence of diagenetic

processes on deeply buried microbial carbonate reservoirs has not been
adequately studied.

Deeply buried microbial carbonate rocks have been tightly ce-
mented and compacted by postdepositional deposits (Shi et al., 2013;
Stowakiewicz et al., 2013; Song et al., 2014) and thus may not be
qualified as reservoirs. However, three types of diagenetic stages (eo-
genetic, mesogenetic, and telogenetic dissolution) have been proposed
that lead to the dissolution of carbonates, original organic matter and
sulfates and improve porosity and permeability in carbonate reservoirs
(Vacher and Mylroie, 2002; Fliigel, 2004; Zhu et al., 2006; Li et al.,
2016; Zhang et al., 2017). Eogenetic dissolution (karst) occurs in ex-
posed coastal or island carbonate settings that have not been subjected
to burial and diagenesis (Vacher and Mylroie, 2002; Menning et al.,
2015). The secondary pores may have been created by meteoric water
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(Raeisi and Mylroie, 1995; Zhang et al., 2017), the mixing of fresh and
saline waters (Back et al., 1986; Vacher and Mylroie, 2002; Mylroie and
Mylroie, 2007; Menning et al., 2015) and CO, from the degradation of
organic matter (Machel, 2001; Gulley et al., 2013, 2014). Mesogenetic
(burial) dissolution occurs in middle to late-burial settings where fluids
that are charged with organic acids, such as CO, and H,S that occur
from the maturation of organic matter and thermochemical sulfate re-
duction (TSR) related to hydrothermal activity could create significant
dissolution (Esteban and Taberner, 2003; Lambert et al., 2006; Zhu
et al., 2006). Some authors had debated that burial dissolution has little
contribution to porosity enhancement (Ehrenberg et al., 2012; Zhang
et al., 2017) and some emphasized that TSR had an overall destructive
effect on carbonate reservoirs (Hao et al., 2015). Therefore, the gen-
eration of secondary porosity still remains controversial in carbonates
and is less understood in deep-burial microbial carbonates.

The lower Cambrian Qingxudong (Longwangmiao) Formation in the
Sichuan Basin has been a primary target for hydrocarbon exploration
for several decades, which has recently made significant achievements
(Jin et al., 2014; Zhou et al., 2014; Zou et al., 2014). The deposition and
diagenesis and their controls on porosity, in the reservoirs have been
intensively studied (e.g. Mei et al., 2006; Li et al., 2012; Jin et al., 2014;
Zhou et al., 2014; Zou et al., 2014), but controversy regarding the de-
position and the generation of secondary porosity still remains. The
reservoirs mainly consist of grain shoal facies in the central Sichuan
Basin (Jin et al., 2014; Zhou et al., 2014; Zou et al., 2014), but the
reservoirs mainly consist of microbial reef-shoals in the southeastern
Sichuan Basin (Hicks and Rowland, 2009; Li et al., 2012; Adachi et al.,
2014; Ren et al., 2016). Some scholars have emphasized that the sec-
ondary porosity was generated by dissolution from meteoric water
during the telogenetic diagenesis stage (Jin et al., 2014; Yang et al.,
2015). However, some have also stressed the input of subaerial ex-
posure and attendant dissolution by meteoric or mixing water in the
eogenetic stage (Li et al., 2012; Zhou et al., 2014). Further, some have
proposed that the secondary porosity were generated by deep-burial
dissolution including hydrothermal dissolution (Tian et al., 2014).
These controversies indicate that the porosity formation related to di-
agenetic processes has not been adequately studied.

In attempt to answer this controversial issue, the main objective of
this paper, therefore, is to (1) characterize the Qingxudong Formation
microbial carbonates of the southeastern Sichuan Basin, focusing on
their external and internal features and providing insights into the
model for microbial carbonate reservoirs; (2) analyse the diagenetic
components of microbialites which reveals the temporal and spatial
succession of diagenetic processes including marine processes, eoge-
netic processes and mesogenetic processes; and (3) discuss the origin
and evolution of porosity according to the diagenetic components and
reservoir characteristics of the microbialites. The results provide gui-
dance for further oil and gas exploration in the region, and advance our
understanding of the genesis of microbial carbonate reservoirs.

2. Geologic setting

The southeastern Sichuan Basin is located in the middle-upper
Yangtze region, mainly including Sichuan and Guizhou Provinces and
Chonggqing City (Fig. 1). The basin was developed during the tectonic
modification movement of basement rocks, the breakup of peripheral
basement blocks and basin filling (Zhou et al., 2014; Zou et al., 2014).
During deposition of the lower Cambrian Qingxudong Formation,
which was influenced by basement tectonic movement and block
breakup, a narrow slope that transitioned into a deep-water basin was
formed near the Dayong fault (Steiner et al., 2005). As a result, the
basin and its periphery as a whole were covered by shallow platform
deposits during the Qingxudong period (Fig. 1). Although the Sichuan
Basin was filled by the Qiongzhusi and Canglangpu Formations in the
early Cambrian, it still maintained a palaeogeographic setting that was
characterized by alternating grabens and horsts that were inclined from
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northwest to the southeast as a whole (Zhou et al., 2014). According to
the palaeogeographic reconstructions, the Sichuan Basin and its per-
iphery were located around the palaeoequator in the Cambrian period,
with a warm and humid palaeoclimate (Scotese, 2001). The palaeo-
geomorphy and palaeoclimate determined the distribution of sedi-
mentary microfacies, in which grain banks and interbank deposits de-
veloped in the Central Sichuan Paleo-uplift to the west of the
Huayingshan fault, evaporative tidal flat and evaporative lagoons
formed between the Huayingshan fault and the Qiyueshan fault, and
intra-platform micobial reef-banks and interbank deposits formed along
the Qiyueshan fault and the Dayong fault (Fig. 1).

The Qingxudong Formation was named for the Qingxudong lime-
stone in the Meitan County of the Guizhou Province, as a part of
Hoffetella- Pteroredlichiamurakamii and Redlichianobilistrilobites zone,
and is age-equivalent to the Longwangmiaoan stage in China (Li et al.,
2012). Since the Sichuan Basin and its periphery had different prove-
nances, sedimentary environments, palaecogeomorphy, palaeontology
and tectonic background during deposition of the Cambrian strata, the
basin has benn divided into multiple stratigraphic zones (Li et al.,
2012). In the Early Cambrian, the Yangtze platform was covered ex-
tensively by archaeocyathid reef-banks, but archaeocyathids were re-
placed by microbialites during deposition of the lower Cambrian
Qingxudong Formation (Fig. 2, Hicks and Rowland, 2009; Adachi et al.,
2014).

In the study area, the Qingxudong Formation is mainly composed of
limestone, dolomitic limestone and dolomite, with an average thickness
of about 200 m (Fig. 3). It can easily be separated from clastic strata in
the underlying Jindingshan Formation and overlying Gaotai Formation
(Li et al., 2012). The Qingxudong Formation is divided into two third-
order transgressive-regressive (T-R) sequences (Fig. 3, Mei et al., 2006;
Li et al., 2012), and the T-R sequence is composed of a transgressive
systems tract (TST) and a regressive systems tract (RST, Fig. 3). In the
first transgressive-regressive sequence (T-R sequence 1) period, a re-
stricted platform and an open platform developed and were char-
acterized by a dominance of thrombolites. In the second transgressi-
ve-regressive sequence (T-R sequence 2) period, the evaporative tidal
flats developed and were characterized by a dominance of stromato-
lites.

3. Evaluation of samples and methods

Field identification of the lithologies mainly relied on a hand lens
and 5% HCI. Lithologies were further identified in the lab by analysis of
thin sections. The microscopic features of microbialites were largely
determined based on optical microscope examination. Freshly broken
sample fragments were analyzed using a FEI Quanta FEG 250, and the
micro-zone elemental composition was analyzed using energy disperse
spectroscopy (EDS, Oxford INCAx max20) at the State Key Laboratory
of Oil and Gas Reservoir Geology and Exploitation, Chengdu University
of Technology, Chengdu, China.

Carbon/oxygen isotope compositional analyses was completed in
the Geochemistry Laboratory of the Chengdu University of Technology,
with a MAT252 isotope radio mass spectrometer equipped with dual
inlet systems at a temperature of 22 °C and humidity of 50% respec-
tively. During the sample preparation, in order to avoid the influence of
mineral impurity, fresh samples were first selected, and then re-
presentative samples that were drilled out with micro-drills were
ground with an agate mortar to 200 mesh and placed in the oven for
drying. Later, the powder was reacted with 100% H3PO, to extract CO5
for isotopic testing. The PDB criterion was used for calculating mill-
esimal error of the data, and the analysis precision was = 0.2%o.

Sr isotope tests were completed in the State Key Laboratory of Oil
and Gas Reservoir Geology and Exploitation, Chengdu University of
Technology. After 50 mg samples of 200 mesh were dissolved by dilute
acetic acid and HCI and dried on a heating plate, additional HCI solu-
tion was added for dissolution of samples (Huang et al., 2002). Then
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Fig. 1. Lithofacies palaeogeography of the lower Cambrian Qingxudong Formation in the Sichuan Basin, illustrating the distribution of sedimentary facies and the microbial reef-banks in
southeastern Sichuan Basin (dotted line), and the sampling locations (red triangles). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

1 ml liquor was used to isolate pure Sr on an AG50WX8 cation-ex-
change resin column after centrifugation. Finally, Sr isotopes were
measured with a MAT-261 isotope radio mass spectrometer. According
to the repeated tests on standard Sr sample NBS987, the 8”Sr/%¢Sr value
was defined as (0.710283 = 0.000045), with a measurement error less
than 0.01%.

Thin sections were observed with cathodoluminescence under op-
eration conditions of 300 mA and 5 kV and images were collected after
evacuation in 10s exposure in the laboratory in the College of Energy
Resources, Chengdu University of Technology. Mn and Sr content
measurements was completed with an ICP-MS to assess the influence of
diagenesis on microcrystalline limestone.

4. Petrography
4.1. Stromatolites
4.1.1. Macrostructure
Stratiform stromatolites are the most common buildups in the study

area and mainly occur in T-R sequence 2 (Fig. 3). Stratiform
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stromatolites are composed of vertically stacked, flat-to undulating la-
minated beds, with thickness that vary greatly between 80 and 150 cm,
locally reaching 270 cm (Fig. 4A). Horizontally, their shape and thick-
ness change slightly, and the thicker part expands widely. Vertically,
the foundations for growth of the stromatolites are thick dolarenite
and/or oolitic dolomite banks (Fig. 3). In some cases, small conical
(with heights and widths up to 45cm and 25 cm, respectively) or cy-
lindrical (with diameters and heights up to 35cm and 45 cm, respec-
tively) rock structures are visible at the bottom of the stratiform stro-
matolites (Fig. 4B). The internal structures of the biostromes are
dominated by smooth, continuous, flat rhythmic lamination, as well as
undulating lamination (Fig. 4C and D). Flat laminae coexist with or
continuously alternate with wavy laminae (Fig. 4C). Undulating la-
minae are wavy, and some even present obvious wave-like curves
(Fig. 4D). In some cases, dendritic structures are observed in the top of
stratiform stromatolites, with heights of 10-30cm and diameters of
2-4 cm (Fig. 4D). Laminae of stromatolites, especially stratiform stro-
matolites, are alternate as dark to bright colours. Bright laminae are
usually thicker than the dark ones. In addition, domal stromatolites
locally overlie the stratiform stromatolites (Fig. 4E).
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4.1.2. Microstructure

The stromatolites characterized by fabric-retentive microcrystalline
dolomites (Dol-1) that mostly consist of bright and dark, planar to sub-
planar or crinkly laminae (Fig. 5A-D). Dark laminae are mainly com-
posed of dense microcrystalline dolomite and microbial remains
(Fig. 5E and F). Some small quartz grains are occasionally embedded
(Fig. 5C). Single dark laminae are generally 0.1-1.2 mm thick, with a
flat to domal cross-section (Fig. 5A-E). Bright laminae are mainly
composed of neomorphic, euhedral to subhedral dolomicrosparite, pe-
loidal dolomicrite and less calcite (Fig. 5E and F). Single bright lami-
nations are generally 0.25-3 mm thick, with a flat to domal cross-sec-
tion (Fig. 5A-E). Fenestral pores exist and are partly filled by sparry
calcite cements (Fig. 5E). Microbial trace fossils (Possibly Girvanella) or
parallel and vertical microbial filaments are mixed to form a chaotic
network (Fig. 5E). The micron-sized (400-800 nm in diameter) spher-
oidal bodies (Fig. 5F) are interpreted as mineralized bacteria or original
synsedimentary bacterial forms (possibly spores, Perri and Tucker,
2007). The fibrous texture bodies (aragonite, Fig. 5F) are likely the
brackets that prevented movement of the spheroidal bodies. The
spheroidal bodies likely protect microbes from the adverse environ-
mental conditions.

4.1.3. Interpretation

The dolarenite and/or oolitic dolomite banks associated with the
stromatolites (Fig. 3) support a shallow water environment (Fliigel,
2004). The absence of grain deposits in stromatolites (Figs. 4 and 5)
indicates a low-energy environment. The birdeye structures (Fig. 4D),
desiccation cracks (Fig. 5D) and low-diversity of bioclasts link to eva-
poration in arid conditions (Fliigel, 2004; Dupraz et al.,, 2009;
Mercedes-Martin et al., 2014). Thus, these stromatolites form in a low-
energy tidal flat environment with high evaporation. The formation
condition of stromatolite is favorable for transitory subaerial exposure
in synsedimentary stage (Fliigel, 2004). Moreover, arid conditions and
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Fig. 4. Macrostructure of stromatolites. (A) Stratiform
stromatolite. (B) Partial enlargement of the bottom of A,
showing small conic and cylindrical structures. (C) Partial
enlargement of the middle of A, with bright and dark la-
minaes. (D) Dendritic structures in the top of stratiform
stromatolite, with acicular solution pores (dark arrow). (E)
Domal stromatolite above a stratiform stromatolite. The
colour scale of ruler, pencil and hammer are 20 cm, 14 cm
and 32 cm long, respectively. (For interpretation of the re-
ferences to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

Fig. 5. Microstructure of stromatolites. (A) Flat bright-dark alternating laminae. (B) Wavy bright-dark alternating laminae. (C) Microstructure of dendritic stromatolite, showing dis-
ordered laminae with alternating bright-dark colours. (D) Sparry laminae with pelletoid structures in stromatolite with desiccation cracks (red solid line), fenestral porosity (Fp), mouldic
porosity (Mp) and vuggy porosity (Vp). (E) The interlaminar void (Iv) in a stromatolite. (F) Spheroidal structured bodies (red arrows), fibrous textured bodies (white arrow) and bacteria
(blue arrows) are enclosed within dolomite crystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Macrostructure and microstructure of thrombolites; Dmc = dense micritic clots; Mm = micritic matrix; fabric-destructive-dolomite = Dol-2; fibrous cements = Calcite-1; granular
cements = Calcite-2. (A) Stratiform structure with porphyritic clots. (B) Domal structure with thrombolitic textures. (C) Stratiform and domal structures, with strips and nets of clots and
solution pores filled by calcite. (D) Common thrombolitic texture. Dmc is composed by microbes and related mud. Mm is composed of a homogeneous light mudstone that represents the
internal sediment. (E), (F) Dmc is composed of dark-colored and massive microcrystalline masses. Microbial bodies are rounded and filamentous in shape, which likely represent coccoid
bacteria and Girvanella groups. (G) Intraclasts and peloids encrusted by biofilms and fabric-selective dolomitization developing in clots. (H) Dol-2 in the thrombolite. Note that Dol-2 is
filling the interframework cavity that was likely generated by corrosion processes (dashed line). (I) Dol-2 (fabric-destructive dolomite) with a graniphyric texture.

microbial metabolic activities are beneficial for dissolvable mineral
deposition including evaporite minerals, aragonite and high Mg-calcite
(Fig. 5F, Dupraz et al., 2009; Brauchli et al., 2016).

4.2. Thrombolites

4.2.1. Macrostructure

Thrombolites with a clotted fabric occur mainly in the lower part of
T-R sequence 1 (Fig. 3), and are dominantly characterized by domal
structures and stratiform structures (Fig. 6A-C). The stratiform
thrombolites are as thick as several meters (Fig. 6A). Domal thrombo-
lites vary remarkably in size from a few tens of centimeters to 2-3 m in
width and height (Fig. 6B). Domal thrombolites are in tangent and in-
tersected contact, or exist as isolated single bioherms (Fig. 6B). The
clotted fabric in both domal and stratiform thrombolites consists gen-
erally of black or dark grey irregular clots, with shapes included sub-
rounded, arborescent, ellipsoidal, and crescent-shaped, with clear
boundaries and sizes ranging from 0.2 to 4.5cm (Fig. 6A and B). In
some cases, some clots form continuous or discontinuous strips
(Fig. 6C). Thrombolites in the Qingxudong Formation can be divided
into two classes: Class A, includes thrombolite mounds that are inter-
bedded with bioclastic limestone and micritic limestone, are dominated
by limestone, and show selective dolomitization; and Class B includes

thrombolite reefs that are interbedded with oolitic limestone, calcar-
enite and bioclastic limestone, and show extensive dolomitization. In
addition, the grain contents of Class B thrombolites are markedly in-
creased.

4.2.2. Microstructure

Thrombolites are composed of a clotted texture and are commonly
constituted by dense micritic clots, micritic matrix and cements
(Fig. 6D-G). The dense micritic clots (Dmc) represent the prime mi-
crobial constituents and are characterized by dark-colored, dense mi-
crocrystalline masses that are arborescent, sub-rounded and crescent-
shaped (Fig. 6D-G). These clots are commonly composed of dispersed
and aggregated microbial bodies (e.g. arborescent, coccoid and fila-
mentous bacteria) and surrounding mud (Fig. 6D-G). In some cases,
intraclastics and/orpeloids that are encrusted by calcified biofilms
(Fig. 6G). The micritic matrix (Mm) between the Dmc consists of
homogeneous light mudstone and less wackestone that is composed of
intraclasts and peloidals (Fig. 6D-F). The clots, intraclasts and peloidals
are occasionally wrapped in microbial crusts (Mcc). Some samples,
especially in the Class B thrombolites, contain abundant fibrous and
botryoidal cements (Fig. 6G) that can constitute 20%—40% of volume of
some thin-sections.

Fabric-selective non-fabric-selective

dolomitization and
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dolomitization are universal in the thrombolites. The dolomitized
thrombolites are marked by fabric-destructive dolomites (Dol-2).
Fabric-selective dolomitization usually develops in Dmc, intraclasts and
peloids (Fig. 6G). Non-fabric-selective dolomitization usually develops
in irregularly elongated cavities (Fig. 6H). There is evidence of neo-
morphic, euhedral to subhedral dolomicrosparite to dolosparite that
shows a piebald structure and replaces the dense micritic clots and
micritic matrix. In some areas, the thrombolites are entirely replaced
with Dol-2 (Fig. 6I).

SEM microscopy shows that dolomite spar that varies from 15 to
80 um in size is wrapped by filamentous substances and EPS (extra-
cellular polymeric substances) with granular-textured surfaces (Fig. 7A
and B). The filamentous substances and EPS are commonly interpreted
as microbial in origin and the granular-textured surfaces have often
been interpreted to represent mineralized ultramicrobacteria or de-
composition, dehydration and shrinkage of micron-sized bacterial
forms (Perri and Tucker, 2007; Dupraz et al., 2009). Needle-like crystals
of authigenic aragonite (~10 um in long) are enclosed within dolomite
crystals and EPS (Fig. 7C). Spheroidal structures with 0.5-2um in

Journal of Natural Gas Science and Engineering 51 (2018) 166-182

Fig. 7. Scanning electron microscope (SEM) micrographs of
neomorphic dolomite with microbial textures in the
thrombolites. (A) Micrograph showing microbial filaments
and extracellular polymeric substances (EPSs) with gran-
ular-textured surfaces enclosed within dolomite crystals.
(B) Micrograph showing microbial filaments draped over
crystals. (C) Aragonite needles and degradation of EPS. (D)
Spheroids associated with EPS within the inter-crystalline
space. (E), (F) Aragonite with radial textures protruding
from surfaces of dolomite and EPS.

diameter occur between crystals within the intercrystalline pore space
(Fig. 7D). Aragonites with fibrous textures occur on surfaces of dolo-
mite crystals (Fig. E, F). The aragonites associated with EPS are likely to
have an organic origin, especially the degradation of EPS (Hover et al.,
2001; Brauchli et al., 2016). The spheroidal bodies have been inter-
preted as original synsedimentary spores (Perri and Tucker, 2007).

4.2.3. Interpretation

The accumulation of the micritic matrix (Mm, Fig. 6D, F) indicates a
low-energy subtidal environment. However, the grain deposits (Fig. 6G
and H) and clotted textures indicate a higher energy shallow condition.
The abundant bioclastics (Fig. 6H) and fibrous and botryoidal cements
(Fig. 6H) indicate a relatively open shallow condition. Thus, a shallow
subtidal open marine environment is proposed for the formation of the
thrombolites.

Thrombolites were partly dolomitized and the dolomites are char-
acterized by fabric-destructive textures. Similar dolomites were sug-
gested for the Jurassic Smackover Formation thrombolites in Mexico
(Mancini et al., 2013). The dolomites wrapped by filamentous and EPSs
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Table 1

Symbols of different stages of calcite cementation.

Diagenesis environment

Strontium isotopes

Carbon, oxygen isotopes

Cathodeluminescence features

Petrographic features

marine environment and/or eogenetic

environmen

marine origin

0.70954-0.70981

813C: 0.37%0—0.84%o0; 8180: —8.13%0 ~ —8.40%0

nonluminescence

fibrous cements forming isopachous grain

coatings
Calcite-2  granular cements distributing between

Calcite-1

microbial clots
Calcite-3  blocky cements with variously sized crystals

eogenetic environmen

meteoric origin

0.70986-0.71265

813C: —2.46%0 ~ —3.25%0; §180: —8.24%0 ~

—10.33%0

bright orange luminescence

shallow burial environmen

marine origin

nonluminescence

syntaxial cements showing clean crystal

surface

Calcite-4

deep burial environmen

0.70928-0.70944
0.70997-0.71374

813C: 0.56%0-0.65%o0; 8180: —9.21%0 ~ —9.67%o0
813C: —6.03%0 ~-29.64%o; 5180:

—9.59%0 ~ —10.13%o0

weak luminescence

coarse-crystal blocky

Calcite-5

hydrothermal fluids

origin

dull red luminescence

Calcite-6  granular and coarse-crystal cements
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(extracellular polymeric substances) with granular-textured surfaces
(Fig. 7A and B). The widespread EPS with granular-textured surfaces
(nanometer-sized spheres) suggest bacterial degradation of original
organic matter (Perri and Tucker, 2007). The processes of EPS de-
gradation (Fig. 7A, C) are particularly significant in dolomite pre-
cipitation (Dupraz et al., 2009; Perri and Tucker, 2007; Bontognali
et al., 2010; Hips et al., 2015), indicating microbes and EPS played a
significant role in the formation of the dolomites. Aragonite precipita-
tion (Fig. 7E and F) is favorable for pore formation in eogenetic pro-
cesses (Zhang et al., 2017).

4.3. Calcite cementation

According to the morphology of calcite crystals and petrological
features that are highlighted by the cathodoluminescence response of
the calcite crystals, six types of calcite cementation that critically im-
pact the reservoir quality are identified. The petrographic descriptions
of calcite cements are provided (Table 1).

Four types of early or syn-sedimentary cements are recognized: fi-
brous cements and granular cements (Calcite-1) that are characterized
by isopachous crusts (Fig. 8A and B) that are distributed between mi-
crobial clots; botryoidal and foliated cements (Calcite-2) with hackly
crusts (Fig. 8C and D); blocky cements (Calcite-3) with variably sized
crystals (Fig. 8E-H); and syntaxial cements (Calcite-4) with clean
crystal surfaces (Fig. 8I and J). Under cathodoluminescence (CL), Cal-
cite-1 (Fig. 8B) and Calcite-2 (Fig. 8B, D) display a general non-lumi-
nescence that is occasionally dotted with orange spots and rims. Calcite-
4 is non-luminescent (Fig. 8H). Calcite-3 has a bright orange lumines-
cence (Fig. 8F, H). The petrological features of Calcite-1, Calcite-2 and
Calcite-4 are commonly interpreted as a marine origin and the Calcite-3
has a meteoric origin (Fliigel, 2004; Shi et al., 2013). Early fractures
(Ef) are currently cut by large pores and late fractures (Lf) commonly
passed through the cementation of pores (Fig. 8E-H).

Two types of burial cements are observed: coarse-crystalline blocky
cements (Calcite-5, Fig. 8A) and mosaic and/or coarse-crystal cements
(Calcite-6, Fig. 8K and L) that are characterized by pore-filling calcite
crystals. Calcite-5 has weak luminescence with orange rims under CL
(Fig. 8B) and Calcite-6 has a weak luminescence or a non-luminescence
(Fig. 8K and L). In addition, the dolomite cements have orange or dull
reddish luminescence and authigenic quartz has a non-luminescence
filled in pores and fractures (Fig. 8M-P). The dissolved saddle dolomite
remnants suspended in the Calcite-6 (Fig. 8 M, N), indicating a re-
markable dissolution after the dolomite formation. The petrological
features of Calcite-5 and Calcite-6 are commonly interpreted as a burial
origin and a TRS origin, respectively (Fliigel, 2004; Shi et al., 2013).

5. Reservoir characteristics of microbialites
5.1. Types of porosity in microbialites

Observations from thin sections show that fenestral porosity, shelter
porosity, mouldic porosity, vuggy porosity, caves and fractures are the
major pore types in the microbialites reservoirs of the Qingxudong
Formation. Ancient porosity, especially primary porosity, in micro-
bialites that appears in thin sections appears to be occluded by sparry
calcite cements and less commonly by dolomite and quartz cements.
Most of the open porosity has a weathering origin.

Fenestral (Fig. 5B, E) and shelter porosity (Fig. 6D) of variable sizes
and shapes ranges from micrometres to millimetres wide and occurs
within microbial laminae and clots. The porosity is enlarged by early to
late dissolution processes to become interlaminar voids (Fig. 5E) and
vuggy porosity (Figs. 5D and 6D) that are currently occluded by sparry
calcite cements.

Vuggy porosity and caves tend to be the most common open pores
and widely distributed in the microbialites of the Qingxudong
Formation (Figs. 5 and 6). Most vuggy porosity and caves present well-
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Fig. 8. Photomicrographs showing different generations of calcite cements and their cathodoluminescence features. (A)-(B) Fibrous cements with isopachous crusts (Calcite-1) and
foliated cements (Calcite-2) with hackly crusts with non-luminescence. Coarse-crystalline blocky cements with weak luminescence (Calcite-5). The dark material is likely residual asphalt.
(C), (D) Granular cements (Calcite-2) distributed between microbial micritic clots with non-luminescence. (E)-(H) Blocky cements (Calcite-3) with variably sized crystals and bright
orange luminescence. Note two phases fractures and the early fractures (Ef) occluded by cements are cut by Calcite-3 or late fractures (Lf). (I), (J) Syntaxial cements showing clean crystal
surfaces with nonluminescenc. (K), (L) Coarse-crystal cements (Calcite-6) with non-luminescence. (M), (N) Dissolved saddle dolomite remnants suspended in the Calcite-6; the red zone
was stained with Alizarin red S and potassium ferricyanide. (O), (P) The authigenic quartz and dolomite cements in pores. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

stratified dissolution horizons that are 0.1-3 m in thickness and have a
good inter-pore connectivity (Fig. 9A-E). Vuggy porosity consists of
millimetre-to centimetre-sized (between 0.1 and 20 mm), irregular,
dendritic to sub-angular patch pores (Figs. 5D, 6A and 9A). Caves that
are centimetre-to metre-sized are irregularly elongated and sub-sphe-
rical (Fig. 9B). Some pores occluded by sparry calcite cements sug-
gesting that a dissolution process took place prior to cementation
(Figs. 6D and 9A).

Mouldic porosity is widely distributed in the intraclastic to peloidal
masses, especially in the grainstone to packstone intervals of stroma-
tolites (Fig. 5D) and dense micritic clots with dolomitization of
thrombolites (Fig. 9G and H). This fabric-selective porosity affects pe-
loids, intraclasts, dolosparite and gypsum, generating low to moderate
inter-pore connectivity (Fig. 9F and G).

Fractures that are characterized by multiple episodes and fills are
grouped with microbialites (Fig. 6D). Unfilled fractures provide a route
for dissolution fluid and enhance the porosity and permeability of the
hydrocarbon reservoir rocks (Fig. 9G). The earlier millimetre-to deci-
metre-sized microfractures are generally filled by sparry calcite ce-
ments, which are commonly named calcite veins. Intercrystalline and
intragranular pores are commonly observed in fabric-destructive

dolomites (Fig. 7A-D, 9I-L) that are wrapped by filamentous and ex-
tracellular polymeric substances (EPSs, Fig. 9K and L).

5.2. Porosity and permeability

According analyses ofconventional physical properties of micro-
bialites (Fig. 10), the thrombolites with thrombolitic textureshave a
porosity (q) and permeability (K) of 0.30%-10.63% and
(0.0001-0.98425) x 10~ 3um?, respectively, with averages of 3.22%
and 0.12022 x 10~ 3um? respectively; Fabric-destructive dolomite
(Dol-2) with microbial textures in the thrombolites has a porosity and
permeability of 0.98%-12.64% and (0.0001-1.18981) x 10~ 3um?,
respectively, with averages of 4.52% and 0.26966 X 10~ *um?, re-
spectively. The stromatolite has a porosity and permeability of
0.38%-14.92% and (0.0001-0.0.93674) x 10~ 3um?, respectively, with
an average of 3.92% and 0.15632 x 10~ 3um?, respectively. The per-
meability is low, which may be caused by sample selection in the field
(fragile samples are commonly eliminated).

Physical property tests show that the microbialite reservoirs have
the following several characteristics: (1) the thrombolite (limestone and
dolomitic limestone) intervals are low porosity and low permeability,
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Fig. 9. Types of porosity in microbialites. (A)-(C) Macrostructure of vuggy porosity and caves showing well-stratified dissolution horizons that are 0.1-1.4 m in thickness. (A) and (C)
show good inter-pore connectivity and (B) shows a cave filled by with carbonate sands, breccias and muds. Note the vertical stalactites (S) the upper part of the cave. (D) Microstructure of
a cave with a sub-spherical texture. (E) Vuggy pores with good inter-pore connectivity in the Dol-2. (F) Isolated rose-shaped pore, indicating dissolved gypsum. (G) Fractures and mouldic
porosity. (H) Honeycomb mouldic porosity with different sizes that developing in the Dmc. (I) Honeycomb-shaped dissolved pores in the 50 um dolomite crystals. (K) Intercrystalline and
intragranular pores. Some pores are completely occluded by microbial filaments. (L) Degradation of EPS around and in the dolomite crystal.

and are not qualified as reservoirs; (2) stromatolite reservoirs have a
high heterogeneity; (3) the fabric-destructive dolomite reservoirs show
high porosity and permeability with a good relationship. According to
the characteristics of reservoirs in the central Sichuan Basin (where
reservoirs with porosity > 2% and permeability > 0.001 x 10~ 3um?
are interpreted as valid reservoirs, Tian et al., 2014; Jin et al., 2014),
the microbialite units in the Qingxudong Formation can likely be

regarded as potential reservoirs.

6. Geochemical characteristics

In this study, carbon/oxygen isotope analyses were performed for
stromatolites, thrombolites, vug-fillings, and microcrystalline limestone
(Table 2 and Fig. 11). The 83Cypps and 8®0y.ppp values of
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Fig. 10. Physical properties of microbialite. “a
shows the physical properties of the microbialite
matrix, “b” shows the physical properties that are
affected by fractures, “c” shows vuggy porosity
and “d” shows caves, which is a physical property

affected by dissolution.
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Table 2

§13¢, 880, and ®7Sr/5°Sr values of the hole-filling calcites in microbialites of Qingxudong formation.

Journal of Natural Gas Science and Engineering 51 (2018) 166-182

Types Number of samples Lithology S$'3CPDB(%o) 8180PDB(%o) Z values 873r/86Sr (error(20))
Thrombolite YK-6-1 calcitedolomite 0.37 -8.75 123.70 -
RX-3-1 1.25 —8.96 124.88 0.709642(9.00 x 10~ %)
YK-5-1 1.37 -7.70 126.28 0.709563(3.49 x 10~ %)
NSP-30-1 Neomorphic dolomite (Dol-2) 0.11 —-7.00 124.04 0.709760(3.14 x 10™°)
NSP-30C -0.17 —-6.32 123.79 0.709102(4.30 x 10~%)
THC-5-1 1.17 —7.40 123.01 0.709321(6.10 x 10~%)
THC-4-3 1.13 —-7.61 124.88 0.710536(7.55 x 10™°)
Stromatolite (Dol-1) YK-16-2 dolomite (Dol-1) -0.37 —6.21 122.59 0.711261(3.44 x 10™°)
YK-17-1 —-0.76 —6.33 122.85 -
YK-30-1 —-1.60 —5.45 121.31 0.709875(1.35 x 10~°)
YK-30-2 —-0.63 —-7.53 122.26 -
RX-29-1 —-0.58 —-6.74 122.75 -
RX-29-3 —-0.44 —-4.90 123.96 0.710088(6.68 x 10~°)
THC-19-2 -1.69 —5.46 121.11 0.709973(1.33 x 10™°)
vug-fillings YK-6-1d calcite-5 0.65 -9.21 124.05 0.709275(2.44 x 10~°)
THC-2d 0.56 —-9.67 123.62 0.709444(2.14 x 10~%)
THC-3d calcite-1 and 2 0.37 —-8.13 124.02 0.709547(2.87 x 10™°)
YK-6-4d 0.84 —8.40 124.83 0.709810(1.24 x 10™°)
YK-6-2d calcite-3 -3.25 —8.24 116.55 0.709864(5.49 x 10~°)
THC-5d -3.18 —-10.33 115.65 0.71265(1.05 x 107°)
THC-7d —2.46 —8.60 117.98 0.710022(1.91 x 10™%)
calcite-6 -6.03 —9.83 - -
2THC-19d —-17.37 -10.13 - 0.709973(1.33 x 10~%)
ARX-29d —29.64 -9.59 - 0.713744(6.24 x 10™°)
Micrite limestone SL-1 micrite limestone (seawater) 0.70 —8.45 124.51 0.709647(3.27 x 10~ %)
YK-8 1.54 —8.58 126.18 0.709353(3.17 x 10~ %)
THC-3 1.70 —6.24 127.67 0.709598(8.53 x 10~°)
Notes: "—" date not measured or unavailable.
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Fig. 11. Carbon and oxygen isotope characteristics of microbialites and vug-filling calcites in the lower Cambrian Qingxudong Formation.
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Fig. 12. Strontium isotopic ratios of microbialites and vug-filling calcites in the lower Cambrian Qingxudong Formation.

stromatolites varied from —1.69%o to —0.37%o (average —0.87%o)
and from —7.53%o to —6.38%0 (average —6.09%o), respectively. The
8'3Cy.ppp and 8'%0y ppp values of thrombolites (limestone and dolo-
mite) varied from 0.37%o to 1.37%o (average 0.99%o) and from
—8.96%0 to —7.70%o (average — 8.47%o), respectively. The 8'3Cy ppB
and 8'®0y.ppp values of vug-fillings varied from —29.64%o to 0.65%o
and from —10.33%o to — 8.24%o, respectively. The 8”Sr/%°Sr values of
stromatolites, thrombolites and holes fillings varied from 0.709875 to
0.711262, from 0.709642 to 0.710537 and from 0.709275 to 0.713744,
respectively (Fig. 12). The microcrystalline limestone samples had
87Sr/868r values of 0.709353-0.709353 (Table 2). Moreover, Mn/Sr
values of the microcrystalline limestone samples are less than 1, in-
dicating a negligible influence of diagenesis (Fliigel, 2004). Carbon,
oxygen and strontium isotopes values of seawater during the late lower
Cambrian Period range from 0%o to 2%o, from —10%o to —5%o, and
from 0.708682 to 0.709626 respectively (Huang et al., 2002; Zuo et al.,
2008; Fan et al., 2011; Adachi et al., 2014; Tan et al., 2017).

7. Discussion
7.1. Relative timing of diagenetic processes

Three major diagenetic settings are identified according to petro-
graphic and geochemical analyses, including marine, eogenetic and
mesogenetic (shallow to deep burial) settings. The relative timing of the
diagenetic processes is identified for the microbial reefs of Qingxudong
Formation (Fig. 13).

7.1.1. Marine processes

Fibrous cements (Calcite-1), granular cements (Calcite-2), microbial
crusts and microcrystalline dolomite (DOL-1) are the major diagenetic
products that reveal marine diagenesis (Fig. 13). Calcite-1 and Calcite-
2, which are non-luminescent in the thrombolites, are regarded as
marine cementation (Fliigel, 2004; Shi et al., 2013). The 813C values
(0.37%0-0.84%0), 8'0 values (—8.13%o to —8.40%o) and 7Sr/®Sr
values (0.709547-0.709811) of Calcite-1 and Calcite-2 (Table 1,
Figs. 11 and 12) are similar to those of Early Cambrian seawater, sug-
gesting marine-phreatic and marine-vadose environments (Fliigel,
2004; Shi et al., 2013). In other cases, the microbial crusts remained as
a substrate for growth of fibrous cements, suggesting that a microbial
micritization process took place prior to marine cementation (Fig. 6H).

Stromatolites are characterized by fabric-retentive microcrystalline
dolomites (Dol-1) that are interpreted to represent a syn-sedimentary
dolomitization process (Dupraz et al., 2009; Hips et al., 2015). The 8'3c
values (—1.69%0-0.37%o, average —0.87%o, n = 7) of Dol-1 are more
negative than Cambrian seawater values, but the 8'80 values (—7.53%o
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to —6.38, average —6.09%o0, n =7) were not depleted (Table 2,
Fig. 11), suggesting the microbial influences rather than the meteoric
influences were involved in dolomitization (Andrews et al., 1997;
Luzon et al., 2009). Degradation of EPS through microbial sulfate-re-
ducing metabolic activities is regarded as major importance in forma-
tions of the Dol-1 (Vasconcelos and McKenzie, 1997; Perri and Tucker,
2007; Hips et al., 2015). The high 87Sr/36Sr values (average 0.710408)
indicate that the Dol-1 was contaminated by clastic detritus (Fig. 12).

7.1.2. Eogenetic processes

The Cambrian tectonic history suggests that the sediments were
exposed during late deposition of theQingxudong Formation (Jin et al.,
2014; Zou et al., 2014; Zhou et al., 2014). Therefore, the eogenetic
environment of the Qingxudong Formation may include two stages: the
syn-sedimentary and near-surface stages (Fig. 13). During syn-sedi-
mentary stage, the microbial reefs in the Qingxudong formation were
exposed intermittently and locally due to sea level fluctuations. In the
near-surface stage, the microbial reefs were exposed entirely and
widely because a sea-level lowstand during late deposition of the
Qingxudong Formation.

The syn-sedimentary stage is likely characterized by fabric-selective
dissolution (Dis-1) and dolomitization due to intermittent and transi-
tory exposure. Fenestral porosity and desiccation cracks (Fig. 5D) pro-
vided indicators of the exposure (Fliigel, 2004). Most of the pores
produced by Dis-1 were occluded by sparry calcite cements of marine
and meteoric origin, including Calcite-1, Calcite-2 and Calcite-3, sug-
gesting that Dis-1 formed earlier than marine and meteoric cements.
The low 8'3C values (—2.46%o to — 3.25%o, average — 2.96%o, n = 3),
high 87Gr/86Sr values (0.709864-0.712654, average 0.710847, n = 3)
and low Z values (115.6-117.9, according to the empirical formula) of
Calcite-3 (Table 1, Figs. 11 and 12) suggest that they formed in me-
teoric-phreatic and/or meteoric-vadose environments (Back et al.,
1986; Fliigel, 2004).

The near-surface stage is marked by early fractures (Fr-1), non-
fabric-selective dissolution (Dis-2) and dolomitization that occurred
during steady sea-level lowstand. Most of the pores that are related to
dolomitized zones that were produced by Dis-2 are not currently oc-
cluded by calcite cementation. The dolomitization of microbial reefs in
the eogenetic stages is characterized by fabric-destructive dolomites
(Dol-2). The 8'3C values (—0.17%o-1.17%o, average 0.56%o, n = 4),
880 values (—6.32%o0 to —7.61%o, average —7.08%o, n = 4) and
878r/8Sr values (0.709102-0.710536, average 0.709680, n = 4) are
consistent with original marine values, suggesting that the dolomiti-
zation of Dol-2 was mediated by seawater or slightly modified seawater.
Dolomitization of the Calcite-1 and Calcite-2 resulted in Dol-2 suggests
that dolomitization post-dated the cement precipitation. Early fractures
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Fig. 13. Paragenetic sequence of the Qingxudong Formation in southeastern Sichuan Basin.

are currently cut by pores filled with cements, suggesting that Fr-1
occurred prior to Dis-2.

7.1.3. Mesogenetic processes

In the shallow and middle burial diagenesis stages, a series of di-
agenetic processes occurred (Fig. 13). Compaction increased with in-
creased of burial depth, resulting in the precipitation of Calcite-5 with
880 values of —9.21%o0 to —9.67%o due to the increase of carbonate
saturation and development of stylolites associated with pressure dis-
solution (Dis-3). Subsequently, the oil and gas charged, resulting in the
precipitation of dolomite cements (coarse and saddle dolomites), au-
thigenic quartz and a second stage of fracturing (Fr-2).

In deep burial diagenesis stage, the fourth stage of dissolution (Dis-
4) and the precipitation of Calcite-6 occurred. Calcite-6 with low 8'3C
values of —29.64%o to —6.03%o and a large concentration of pyrites in
the Dol-1 and Dol-2 suggest that the calcite was induced by thermal
sulfate reduction (TSR, Machel, 2001; Zhu et al., 2006; Jia et al., 2015).

7.2. Porosity origin and evolution of microbialite

7.2.1. Porosity origin and evolution of stromatolites

The formation of stromatolites with many original pores (fenestral
pores and interlaminar voids) is related to microbial metabolic activ-
ities (Riding, 2000; Mercedes-Martin et al., 2014) that can induce the
deposition of aragonite, high Mg-calcite and dolomite (Fig. 5F, Hover,
et al., 2001; Visscher and Stolz, 2005; Brauchli et al., 2016). Stroma-
tolites formed in a low-energy tidal flat environment with high eva-
poration, suggesting that original pores may have originated during
desiccation and dewatering in hot conditions. The original pores were
enlarged by subsequent dissolution processes to become vuggy pores
(Fig. SH). However, the original pores are currently occluded by ce-
ments later.

In the syn-sedimentary stage, selective dissolution (Dis-1) of dis-
solvable mineral (e.g. aragonite, high Mg-calcite and gypsum) produced
a large number of mouldic pores and vuggy pores during subaerial
exposure of stromatolites (Fig. 5D-F and 8F, H). Dissolution (Dis-1)
began in the original pores and the pores were later partly occluded by
marine cementation (Calcite-1 and/or Calcite-4), suggesting that

dissolutions occurred contemporaneously with marine cementation or
prior to marine cementation. Meteoric cementation (Calcite-3) oc-
cluded pores, suggesting meteoric dissolution involved in porosity
creation. Moreover, Bacterial sulfate reduction (BSR) that was involved
in stromatolite formation would create acidic fluid that is rich in H,S
and CO, that may be beneficial for dissolvable mineral dissolution.

Following the increase in burial depth, especially during the early
Permian, tectonic and magmatic activity drive drove upward hydro-
thermal fluid flow through high-permeability faults and fractures (Shi
et al.,, 2013; Zhang et al., 2017). The presence of authigenic quartz
(Fig. 90, P) implies that the hydrothermal fluids were acidic (Li et al.,
2016), suggesting that the hydrothermal fluids could lead to corrosion
and enhance porosity. Some authors had emphasized that TSR related
to hydrothermal fluids had an overall destructive effect on reservoirs
quality (Hao et al., 2015; Zhang et al., 2017), however, TSR dissolution
has been observed in stromatolites (Fig. 9A). Two types of TSR calcites
are identified in stromatolites (Fig. 9A), one (Calcite-6-1) characterized
by —6.03%o0 of 8'3C values (left of Fig. 9A) was partly occluded the
porosity and the other (Calcite-6-2) characterized by —17.37%o of 8'>C
values (right of Fig. 9A) was completely occluded the porosity. The
porosity was partly occluded by Calcite-6-1 has a significant enlarge-
ment (Fig. 9A), suggesting the TSR involved in Dol-1 dissolution
through reaction 1 (R1, CaMg(CO3)2+SO42’ + 2CH,+2H" —
Mg2++ CaCO3 (Calcite-6-1)+ 2HCO3~ + H,S + CO,+3H,0, Cai
et al., 2014) and R2 (CaMg(CO3), + 4H*— Mg?>* + Ca®* + 2C0,
(*3C-rich) + 2H,0). However, the TSR Calcite-6-2 occluded the por-
osity through R3 (Liquid hydrocarbons + S0,>~ — Organosulfur
compounds + solid bitumen + H,S + CO, (*?C-rich), Hao et al., 2015)
and R4 (Ca®" + CO, (**C-rich) + H,0O — CaCO3 + 2H*, Hao et al.,
2015). The dolomite with '3C-rich was involved calcite (Calcite-6-1)
precipitation, resulting in higher §'>C values. The Calcite-6-2 with '>C
depleted is related to '*>C-rich CO, generated by hydrocarbons react
with sulfate.

7.2.2. Porosity origin and evolution of thrombolites

There is significant difference in porosity evolution between stro-
matolites and thrombolites. The thrombolites with shelter porosity
(original pores) are commonly considered to form in a low-to mild-
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energy subtidal environment that is unfavourable for intermittent me-
teoric diagenesis. Furthermore, lack of remnants of calcrete compo-
nents (such as desiccation cracks and pendant cement) also suggests
that Dis-1 contributed little to the development of porosity during
synsedimentary stage.

When thrombolites were exposed to the surface during sea-level
lowstand in the near-surface stage, the dissolvable minerals were dis-
solved by vadose and phreatic fresh water, which created vuggy pores
and enlarged pores. These pores were commonly filled by subsequent
calcite cements. However, most vuggy pores, enlarged pores and caves
formed near the halocline and not currently occluded by cement in this
stage. Mixed freshwater and seawater were historically regarded as the
important fluids in the dissolution and dolomitizing processes (Back
et al., 1986; Fliigel, 2004; Mylroie and Mylroie, 2007). However, the
geochemical characteristics of the fabric-destructive dolomites (Dol-2)
suggest that the Dol-2 was commonly mediated by normal seawater or
slightly modified seawater, not mixed water. Furthermore, vertical
stalactites widely distributed in the top of caves, suggesting the vadose
fluid in the top of mixing zones are supersaturated with CaCO3, and
thus are not conducive for dissolution.

Microbial communities with complex biogeochemical processes
have been shown to significantly facilitate carbonate dissolution and
deposition (Machel, 2001; Visscher and Stolz, 2005; Wilhartitz et al.,
2009). SEM analyses show that microbial mats were involved in dolo-
mite formation (Fig. 7). The microbial mat deposits contain abundant
organic matter that can be converted to nutritive materials that are
required by a microbial community. Nutritive materials that were dis-
solved in water likely collected near and under the halocline through
high permeability and dynamic pore-fluid circulation (Fig. 14,
Wilhartitz et al., 2009). The bacterial sulfate reduction (BSR,
CH,0 + SO, — HCO3™ + HS™ + H,0) would create high CaCOs
supersaturation and alkaline conditions that be able to promote dolo-
mitization in the marine environments (Perri and Tucker, 2007). In
addition, H,S and CO, were created by BSR (Visscher and Stolz, 2005)
dissolved in surrounding water. The acidic fluids were discharged from
the flanks of microbial reefs and thus the vuggy porosity and flank-
margin caves formed (Fig. 14B). Accordingly, organic matter, sea level
and microbial communities were the most important controlling factors
of dissolution and dolomitizing in microbial reefs. Pores that occurred
in microbial limestone (diagenesis in freshwater) were filled by calcite
cements and pores that occurred in fabric-destructive dolomites were
not occluded by cement, suggesting that dolomitizing prevented the
formation of cement and thus was favorable for the preservation of
porosity.

In mesogenetic diagenesis settings, the hydrothermal fluids only
resulted in the dissolution of microbial limestone along faults and
fractures, because low permeability and low porosity of microbial
limestone did not allow hydrothermal fluids to flow in the limestone.
The porous fabric-destructive dolomites have a post-oil-charge and
post-saddle dolomite-formation dissolution (Fig. 9M, N), suggesting
TSR dissolution indeed occurred in diagenesis history. However, the
porosity in fabric-destructive dolomites was lost by TSR Calcite-6-2,
pyrite and solid bitumen precipitation through R2, R3 and R4
(Fe** + 2H,S — FeS, + 4H™). No volumetrically significant pores
that were partly occluded by Calcite-6-1 and volumetrically significant
pores were completely occluded by Calcite-6-2 were observed in fabric-
destructive dolomites, suggesting TSR has more destructive effect.

7.3. The model forthe development of microbial carbonate reservoirs

Based on the paragenetic sequence of the Qingxudong Formation in
the southeastern Sichuan Basin and the analysis of the origin of porosity
and the evolution of microbialites, a microbialite reservoir develop-
ment model was established (Fig. 14). It includes three stages of por-
osity formation.

In the syn-sedimentary diagenesis stage, the stromatolites with
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fenestral porosity grew in low-energy tidal environments and throm-
bolites with shelter porosity formed in mild-energy subtidal environ-
ments. When the microbial deposits (especially stromatolites) were
intermittently and transiently exposed, meteoric dissolution (Dis-1)
occurred and created some fabric-selective pores (e.g. moldic and vuggy
pores). However, these pores were later occluded by marine and me-
teoric cements. Dis-1 makes a great contribution to the dissolution of
dissolvable mineral.

In the near-surface diagenesis stage (late stage of the Qingxudong
formation), the microbial deposits were exposed for prolonged times
when microbial seawater dissolution (Dis-2) occurred. This resulted in a
large number of non-fabric-selective pores. These pores were not cur-
rently occluded by later cements and were overprinted by secondary
dolomite intercrystalline and vuggy porosity in fabric-destructive do-
lomites. The fabric-destructive dolomites have low porosity and per-
meability without the dissolution, suggesting dolomitization is un-
favourable for porosity enhancement but is favorable for porosity
preservation. Dis-2 makes a remarkable contribution to the dissolution
of limestone and fractures and faults are favorable for dissolution. Dis-1
and Dis-2 and associated fracturing are the fundamental control factors
of porosity creation in microbial carbonate of the Qingxudong
Formation.

In mesogenetic diagenesis settings, TSR calcites (Calcite-6 and
Calcite-7) were distributed in the microbial deposits, suggesting that
the TSR was involved in this part of the diagenesis history. The TSR is a
double-edged sword for porosity development. TSR with Calcite-6-1
precipitate (constructive effect) is favorable for porosity enhancement
in microbial dolomite. However, TSR with Calcite-6-2 precipitate (de-
structive effect) is unfavourable for microbialite reservoir quality.
According to thin section and geochemistry analysis, the destructive
effect of TSR on microbial carbonate reservoirs was more noticeable in
the Qingxudong Formatio.

7.4. Implications

With the depletion of conventional oil and gas resources, deep re-
servoirs that are commonly characterized by microbial carbonate rocks
are gradually becoming primary exploration targets worldwide, espe-
cially in China. The discovery of deeply buried microbial carbonate
reservoirs in the Upper Sinian Dengying Formation in the Sichuan Basin
of SW China (Shi et al., 2013), in the upper part of the Lower Cambrian
Xiaoerbulake Formation in Tarim Basin of SW China (Song et al., 2014),
the Upper Jurassic Smackover Formation in the Gulf of Mexico
(Mancini et al., 2013), and Ediacaran-Cambrian Ara Group in the
Sultanate of Oman (Grotzinger and Al-Rawahi, 2014) highlights the
possibility of hydrocarbon exploration in deep microbial carbonate
rocks in this basin and elsewhere. Recently, the lower Cambrian
Qingxudong (Longwanmiao) Formation in the central Sichuan Basin
has hosted great achievements for hydrocarbon exploration (Jin et al.,
2014; Zou et al., 2014), showing great petroleum geologic conditions in
the Qingxudong Formation. The original pores of microbial carbonate
rocks in Qingxudong Formation have been tightly cemented, but the
porosity and permeability had been improved by diagenesis. The phy-
sical properties of microbial dolomites, especially the fabric-destructive
dolomites in thrombolites in the study area are similar to fabric-de-
structive dolomite reservoirs in centre Sichuan Basin. Therefore, the
Cambrian microbial carbonate may have a great potential for gas ex-
ploration.

8. Conclusions

(1) The Qingxudong Formation microbial carbonate represents a rapid
response of microbes after archaeocyathids died out. Stromatolites
are characterized by fabric-retentive microcrystalline dolomites.
The thrombolites were originally composed of dense microbial
packstone and wackestone. Subsequently, thrombolites were partly
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Fig. 14. (A) The development model for microbialite reservoirs in the Qingxudong Formation in the Sichuan Basin, including syn-depositional, eogenetic and mesogenetic processes. (B)

The dissolution model of microbial reef in eogenetic processes.

dolomitized, and the resulting dolomites are characterized by
fabric-destructive textures. Fenestral porosity, shelter porosity,
mouldic porosity, vuggy porosity, caves and fractures are the major
pore types in the microbial carbonate rocks observed in this study.
(2) Six stages of calcite cementation (Calcite-1 to Calcite-6) and four
stages of dissolution (Dis-1 to Dis-4) were determined from petro-
logic features, porosity types and geochemical characteristics.
Fabric-selective dissolution (Dis-1) and marine and meteoric ce-
mentations (Calcite-1, Calcite-2 and Calcite-3) currently occurred
during the syn-sedimentary stage. Non-fabric-selective dissolution
(Dis-2) and marine cementation (Calcite-4) formed in near-surface
stage. The pressure dissolution (Dis-3), TSR dissolution (Dis-4),
buried cementation (Calcite-5) and TSR calcites (Calcite-6)
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occurred during mesogenetic processes.

(3) Stromatolites and thrombolites show different evolution histories
for porosity. The fundamental control factors of pore creation are
syn-sedimentary processes in stromatolites; however, pores of
thrombolite are created by dissolution and dolomitizing in the near-
surface stage. Microbial metabolic activities, likely drive dissolution
and dolomitization in marine phreatic conditions, but near the
halocline. The thermochemical sulfate reduction (TSR) was a
double-edged sword for porosity development in the Qingxudong
Formation. The destructive effect of TSR played a more active role
in microbial carbonate reservoirs.
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