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ABSTRACT

The deep to ultra-deep Cambrian strata in the Tarim Basin are widely developed with dolostones,
characterized by considerable thickness and an excellent source-reservoir-caprock assemblage, pos-
sessing abundant oil and gas resources. This study focuses on the petrology of the carbonate ramp
dolostones to clarify the lithofacies associations of the Lower Cambrian Xiaoerbulake Formation. By
integrating the sequence stratigraphic framework with multi-scale sedimentary cycle analysis, the
types, spatial distribution patterns, and controlling factors of high-quality dolostone reservoirs were
systematically investigated. Three types of dolostone were identified: dolograinstone (D1), microbial
dolostone (D2), and crystalline dolostone (D3). The pore types of these dolostones are dominated by
fabric-selective intergranular pores, intragranular pores, and microbial-related framework pores,
exhibiting a notable correlation with lithofacies. The Xiaoerbulake Formation is stratigraphically divided
into two transgressive-regressive 3"-order sequences and seven 4™-order subsequences. Five sets of
high-quality reservoirs developed vertically, primarily occurring within the 4™-order regressive cycles.
At the meter-scale, a strong vertical cyclic stacking pattern of pores was observed for microbial
mound-shoal complexes. Additionally, penecontemporaneous Karstification-related dolostones, char-
acterized by excellent quality and considerable thickness, were initially proposed as being controlled by
the boundary of 4™-order to 3™-order sequences, affecting approximately 60 m below the 3™-order
sequence boundary. Four types of high-quality reservoir lithofacies associations were identified, along
with a proposed model that elucidates their distribution patterns within inner ramp facies of the Bachu
area. In the carbonate ramp, the development of large-scale, high-quality reservoirs is controlled by a
combination of factors, including sedimentary microfacies, micropaleogeomorphy, sea-level fluctua-
tions, and early dolomitization. The microbial mound-shoal complex within the inner ramp, the lagoon-
margin shoal, and the restricted supratidal flat located at the micropaleogeomorphic heights provide a
geological foundation for the formation of high-quality reservoirs. This is primarily attributed to their
conducive exposure and dissolution by meteoric water, forming abundant fabric-selective pores at the
penecontemporaneous stage.
© 2026 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/).

* Corresponding authors.

1. Introduction

Carbonate reservoirs contain abundant hydrocarbon resources,
accounting for approximately 48% of global oil reserves and 28% of
gas reserves, respectively (Garland et al., 2012; Fu et al., 2020).
Deep (4500-6000 m) and ultra-deep (below 6000 m) carbonate
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gets for oil and gas exploration in China as well as in globally
recognized basins (Liu et al., 2017; Jia et al., 2021). In deep and
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ultra-deep reservoirs, dolomite exhibits stronger resistance to
compaction and pressure dissolution compared to limestone.
Moreover, thermochemical sulfate reduction (TSR) is predomi-
nantly observed in dolostones, leading to an increase in porosity
(Cai et al., 2014; Jiang et al., 2018b). Therefore, the significance of
oil and gas exploration in dolostone reservoirs is more prominent
(Ehrenberg et al., 2006; Ma et al., 2019; Liu et al., 2020). For
example, the ultra-deep Dengying Formation and Longwangmiao
Formation in the Sichuan Basin (Hu et al., 2020; Jin et al., 2020; Li
et al., 2024) are currently hotspots in deep and ultra-deep hy-
drocarbon exploration in China (Wang and Gong, 2018). In the
ultra-deep Tarim Basin, large-scale subsalt dolostone reservoirs
within the Lower Cambrian Xiaoerbulake and Wusonggeer for-
mations are underlain by high-quality source rocks of the Yuertusi
Formation and sealed by extensive evaporite layers, including
gypsum and salt, from the Middle Cambrian Shayilike and Awat-
age formations. This combination of excellent sour-
ce-reservoir—caprock assemblages indicates that the Xiaoerbulake
Formation in the Tarim Basin holds significant potential for hy-
drocarbon exploration (Jiang et al., 2018a; Wei et al.,, 2023).
Recently, exploration breakthroughs in Cambrian subsalt dolo-
stone reservoirs been achieved in Wells ZS1, LT1, and KT1(JN),
further highlighting the importance of this formation for oil and
gas exploration (Zhu et al., 2020; Yang et al., 2022b).

The Xiaoerbulake Formation in the Tarim Basin corresponds to
Series 2 in global stratigraphy. The depositional period of the
Xiaoerbulake Formation is characterized by a carbonate ramp.
Recently, significant oil and gas fields associated with carbonate
ramp sediments have been discovered, such as the Early Carbon-
iferous carbonate ramp of Brabant in Wales (Babek et al., 2013), the
carbonate ramp of the Lower Triassic Kangan Formation of the
South Pars Field in the Persian Gulf Superbasin (Kakemem et al.,
2021), the carbonate ramp of the Early Cambrian Longwangmiao
Formation in Sichuan Basin (Yang et al., 2022a), the Ordovician
carbonate ramp in Gucheng area of Tarim Basin (Liu et al., 2022),
and the carbonate ramp of the Early Cambrian Xiaoerbulake For-
mation (Jiang et al., 2021; Feng et al., 2022). Therefore, the car-
bonate ramp sediments, which are characterized by extensive
dolostones within the Xiaoerbulake Formation, exhibit significant
exploration potential.

The Sinian and Cambrian strata in the Sichuan Basin, both
representing marine deposits, developed a carbonate ramp sedi-
mentary system analogous to that of the Lower Cambrian in the
Tarim Basin. Current research suggests that the formation of high-
quality dolostone reservoirs is primarily controlled by several key
factors: penecontemporaneous meteoric water dissolution driven
by high-frequency sedimentary cycles (Chen et al., 2023), epige-
netic karstification (Yan et al., 2022; Xu, 2023), early dolomitiza-
tion (Zhang et al., 2015), sedimentary architecture (Xu, 2023; Li
et al., 2024), burial dissolution (Zhu et al., 2015a; Hu et al,
2020), and hydrocarbon charging (Zhu et al., 2015b). There are
varying viewpoints regarding the origin of dolostone reservoirs in
the Lower Cambrian Xiaoerbulake Formation. Currently, the pri-
mary factors controlling reservoir quality include facies-controlled
factor (Guan et al., 2019), meteoric water dissolution (Shen et al.,
2016; Liu et al., 2021), sedimentology (Zhang et al., 2022), dolo-
mitization (Jiang et al., 2016; Li et al., 2016), TSR (Jiang et al., 2018a;
Wei et al., 2023), types of microbolite (Song et al., 2014; Bai et al.,
2017), and sedimentary micropaleogeomorphy (Li et al., 2020).
However, systematic research on the primary controlling factors of
high-quality dolostone reservoirs, integrated within a sequence
stratigraphic framework and microfacies analysis, remains lacking.
The development of reservoirs within the sequence stratigraphic
framework of carbonate platforms is mainly controlled by factors
such as tectonic setting, sea level changes, and sedimentary facies.
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For carbonate ramps, previous studies on the Lower Triassic and
the Upper Permian carbonate ramps of the Persian Gulf Superbasin
(Jafarian et al., 2017; Kakemem et al., 2021), the Lower Triassic
carbonate ramp of the South German Basin (Koehrer et al., 2010),
and the Upper Sinian carbonate ramp of the Tarim Basin (Chen
et al., 2023) have shown that high-quality reservoirs are mainly
developed in the inner ramp, and the reservoir quality decreases in
the sabkha direction (Koehrer et al., 2010). Vertically, high-quality
reservoirs are mainly developed in the late stage of the trans-
gressive systems tract (TST) and the early-middle stage of the
highstand systems tract (HST; Jafarian et al., 2018; Kakemem et al.,
2021), or in the late stage of the HST of the 3"d-order sequences
(Chen et al., 2023). Research on rimmed platforms in the Tarim
Basin and Sichuan Basin has demonstrated that high-quality res-
ervoirs are predominantly developed in the late stage of the HST
(Shen et al., 2015) or in the middle-upper stage of the HST of the
3" order sequence (Huang et al., 2019; Wang et al., 2023).

In addition, previous studies on Cambrian dolostone reservoirs
have predominantly focused on microbial dolostone and dolog-
rainstone, whereas little research has been conducted on
evaporite-associated dolostones as potential reservoirs (Zhao
et al., 2014; Wei et al., 2023). Deeply buried ancient carbonate
rocks associated with evaporites can serve as economically sig-
nificant reservoirs, as exemplified by the Devonian strata in the
western Canada Basin of North America (Vandeginste et al., 2009),
the Permian-Triassic Khuff Formation in the Middle East (Worden
et al., 2000), the Eocene Wafra field in Saudi Arabia and Kuwait
(Saller et al., 2014), and the Lower Triassic carbonate reservoirs in
the Persian Gulf (Peyravi et al., 2015). Gypsum-bearing dolostones
associated with evaporitic tidal flat in the Xiaoerbulake Formation,
as well as thick evaporite-associated dolostones within the middle
Cambrian strata in the Bachu area, warrant particular attention.
Furthermore, there is limited understanding and insufficient evi-
dence concerning the impact of karstification on reservoirs
controlled by 3™-order sequence within the Xiaoerbulake For-
mation. Therefore, based on the core and logging data from the
Xiaoerbulake Formation in the Bachu area, petrological and
geochemical analyses were conducted to clarify the following
objectives.

1) Analyze the microfacies within the sequence framework and
investigate the lithofacies associations of the Xiaoerbulake
Formation.

2) Explore the diversity of high-quality dolostone reservoirs
within a multi-scale stratigraphic framework.

3) Elucidate the types, spatial distribution patterns, and control-
ling factors of high-quality dolostone reservoirs.

2. Geological settings

The Tarim Basin, located in northwest China, covers an area of
56x10% km?, and is recognized as the largest hydrocarbon-bearing
basin in China. In addition, it is a typical superimposed basin
controlled by multicycle tectonic evolution (Chen et al., 2023). The
basin is characterized by an extensive sedimentary history, a thick
stratigraphic succession, and a complex tectonic history (Gao and
Fan, 2014). The Tarim Basin has evolved into a superimposed basin
as a result of multistage tectonic activity and deformational
orogeny, including Caledonian, Hercynian, Indosinian, and Hima-
layan movements. It consists of the Mesozoic-Cenozoic foreland
basin and the Paleozoic interior craton basin (Jia, 1999). It can be
further divided into nine tectonic units (Lin et al., 2011). The Bachu
Uplift is situated adjacent to the Keping Uplift, the Southwest
Depression, the Tanggu Depression, the Tazhong Uplift, and the
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North Depression (Fig. 1(a)). At the end of the Sinian period, the
Keping tectonic movement induced widespread uplift and erosion
across the basin, resulting in a major unconformity between the
Late Sinian and Early Cambrian strata (Yan et al., 2018; Zhu et al,,
2019). Since the Early Cambrian, the basin entered a phase of
gradual extensional subsidence following the opening of the
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northern South Tianshan Ocean, exhibiting characteristics of a
passive continental margin (Lin et al., 2011).

The Cambrian sedimentary paleogeomorphology is controlled
by pre-Cambrian tectonic activities (Yan et al., 2018) and is char-
acterized by a structural pattern consisting of three uplifts and two
depressions. The three uplifts are identified as the Southwest

Fig. 1. (a) Map of the Tarim Basin showing tectonic units and locations of sampled wells (modified from Jiang et al., 2021); (b) sedimentary facies during the depositional time of
Lower Xiaoerbulake Formation (modified from Tarim Oil Field Company, PetroChina); (c) sedimentary facies during the depositional time of Upper Xiaoerbulake Formation; (d)
stratigraphic units, lithology, and the 3™-order sequences of the Lower-Middle Cambrian (modified from Jiang et al., 2021).
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Uplift, the Keping-Wensu Uplift, and the Lunnan-Yaha Uplift (Qiao
etal.,, 2019). Two depressions comprise the NE-SW low depression
area between the north and south uplifts (currently corresponding
to the Mangar Depression belt) and the present eastern Basin area
(Zhu et al., 2019).

The Cambrian succession is composed of shallow carbonate
platform, slope, and basinal deposits that extend from the west to
the east of the Tarim Basin (Jiang et al., 2021). During the depo-
sition of the Xiaoerbulake Formation, the carbonate platform
exhibited a lack of platform margin structure and was dominated
by carbonate ramp deposits. An evident platform margin structure
began to develop on the western side of the Mangar Depression
since the deposition of the Wusonggeer Formation. Since the
deposition of the Wusonggeer Formation, an obvious platform
margin structure appeared on the west side of Mangar Depression,
marking the transition to a rimmed platform. Numerous studies
have been conducted on the 3"-order sequence stratigraphy of the
Cambrian strata in the Tarim Basin. However, due to limitations
such as data availability, the determination of sequence bound-
aries remains inconsistent. The Cambrian has been divided into six
3™ order sequences (Zhao et al, 2010), nineteen 3"-order se-
quences (Jiao et al., 2003), and eleven 3"%-order sequences (Kang
et al., 2024). Significant discrepancies also exist in the classifica-
tion of 3"-order sequences within the Lower Cambrian Xiaoer-
bulake Formation. Three primary division schemes have been
proposed: one 3"-order sequence (Zhao et al., 2010), two 3%-
order sequences (Peng et al., 2022; Kang et al., 2024), and three
3™ order sequences (Yang et al., 2011). Based on the classification
framework proposed by Bai et al. (2017) and Kang et al. (2024), the
Xiaoerbulake Formation is divided into two transgressive—
regressive 3'-order sequences, designated as SQ1 and SQ2 in
this study. The Xiaoerbulake Formation was deposited during the
period of 521-515 Ma (Song et al., 2014).

During the SQ1 sedimentary stage of the Xiaoerbulake For-
mation, the paleoenvironment exhibited a gradual shallowing of
water depth from the northeast to the southwest. The sedimentary
facies evolved through a range of depositional environments,
including shelf-basin, outer ramp, middle ramp, lagoon, inner
ramp, subtidal shoal, and mixed tidal flat. The terminology and
classification for carbonate ramp-related sedimentary facies fol-
lowed established frameworks proposed by Fliigel (2010) and
Koehrer et al. (2010). An extensive archicontinent developed in
the Tanggu Depression area, extending southwestward into the
Bachu Uplift region, where a distinct sedimentary discontinuity is
observed. In the northeastern area of the Bachu Uplift, a narrow
subtidal shoal facies emerged (Fig. 1(b)). During the SQ2 sedi-
mentary stage of the Xiaoerbulake Formation, sea level continued
to decline, resulting in a gradual transition of sedimentary facies
from the northeast to the southwest. This transition encompassed
a range of depositional environments, including shelf-basin, outer
ramp, middle ramp, shoal within the middle ramp, lagoon, inner
ramp, subtidal shoal, restricted-evaporative tidal flat, and mixed
tidal flat. In the northeastern part of the Bachu Uplift, a subtidal
shoal facies inherited from the SQ1 stage developed. The area of
the archicontinent diminished, while the southwestern region of
the Bachu Uplift retained the characteristics of the early micro-
paleogeomorphic heights, evolving into a narrow evaporitic tidal
flat facies. Meanwhile, the Tabei area commenced its trans-
formation into a weakly rimmed platform margin, marked by the
presence of a middle ramp shoal (Fig. 1(c)).

The Lower Cambrian is composed of the Yuertusi Formation,
the Xiaoerbulake Formation, and the Wusonggeer Formation
(Fig. 1(d)). The Yuertusi Formation was deposited in a deep-water
shelf environment and encompasses extensive source rocks (Zhu
et al,, 2018). In contrast, the Xiaoerbulake Formation primarily
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consists of microbial dolostone, crystalline dolostone, dolograin-
stone, and locally evaporite-associated dolostone deposited in
platform facies. The Middle Cambrian includes the Shayilike For-
mation and the Awatage Formation, which represent sedimentary
deposits of restricted evaporitic platform facies and are predomi-
nantly composed of evaporite-associated dolostones (Jiang et al.,
2018a, 2018b). In the majority of the region, an unconformity is
present among the Xiaoerbulake Formation, its underlying Yuer-
tusi Formation, and the overlying Wusonggeer Formation. During
the early depositional stage of the Xiaoerbulake Formation, an
archicontinent located to the southeast of the Tarim Basin resulted
in discontinuous sedimentation and an unconformable contact
with the underlying metamorphic basement.

3. Samples and methods

The study conducted detailed petrographic observations and
geochemical analyses on 115 core samples of the Xiaoerbulake
Formation in Bachu area. Based on well logging data from nine
wells, the distribution and lateral correlation of dolostone reser-
voirs were investigated. A total of 240 thin sections were prepared
for microscopic observation and in situ isotopic measurement.
Among these, 180 casting thin sections were impregnated with
blue epoxy resin and stained with Alizarine Red S to facilitate the
identification of pore types and textures, as well as to distinguish
dolomite from calcite. All thin sections were observed using Nikon
ECLIPSE Ni-U and Leica DM4P petrographic microscope at the
State Key Laboratory of Deep Qil and Gas, China University of Pe-
troleum (East China).

Gamma-ray (GR) logs are widely utilized in time-series analysis
(Meyers et al., 2012; Wu et al., 2014). GR log data can serve as
reliable sedimentary proxies for investigating the paleoclimate
and cyclostratigraphy (Li et al., 2016). Integrated Prediction Error
Filter Analysis curve (INPEFA) was conducted on digital GR log data
(LAS files) using CycloLog software, following the methodologies
outlined by Nio et al. (2005).

The stable isotope (5'3C and 5'80 values) measurements of 101
samples were conducted using the Gas Bench Isotope Mass
Spectrometer consisting of the GasBench II coupled with a Ther-
moFisher MAT 253 Plus mass spectrometer at the State Key Lab-
oratory of Deep Oil and Gas, China University of Petroleum (East
China). Sample dissolution and analytical details are provided in
Zhou et al. (2023). The reproducibility was assessed through
replicate analysis of laboratory standards and demonstrated a
precision better than +0.05%o (15). Trace element analyses of 68
samples were performed on an Agilent-7900 inductively coupled
plasma mass spectrometer (ICP-MS) at the Department of Earth
Sciences, Nanjing University.

The pore size distribution of five samples was analyzed using
the MesoMR12-070H-I analytical system, following the proced-
ures outlined in the China Petroleum and Natural Gas Industry
Standard SY/T6490-2007. The analyses were conducted at the
State Key Laboratory of Deep Oil and Gas, China University of Pe-
troleum (East China). The nuclear magnetic resonance (NMR) T2
spectrum of the sample was obtained under water saturation
conditions (2% sodium chloride). The constant magnetic field in-
tensity of RecCore-2500 was 0.3 T with a resonance frequency of
12 MHz. Samples were measured at an echo interval time of 0.1
ms, a waiting time of 3000 ms, a scanning number of 32, and an
echo number of 12,000 at 32°C.

The permeability values of 121 samples were measured using
the CAT112 Gas Permeameter according to the China Petroleum
and Natural Gas Industry Standard SY/T5336-2006. The inlet and
outlet pressure, as well as the airflow rate of samples, were
measured under a 200-psi confining pressure using a sealed
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Hassler core holder, with dry air flowing steadily through the
samples.

The microstructure of reservoir rocks can be visualized in three
dimensions at medium resolution through in-situ micro-CT scan-
ning techniques (Gao et al., 2017). Micro-tomography (micro-CT)
scanning was conducted on five cylindrical samples with a diam-
eter of 2.5 cm using a Zeiss microXCT-400. The detailed method-
ology for the measurement is provided in Yang et al. (2020). The
micro-CT images were processed using Avizo Fire 8.0. Further
details regarding the processing methods can be found in Yang
et al. (2019).

4. Results
4.1. Lithofacies
The classification method proposed by Dunham (1962) is

adopted to classify carbonates into mudstone, wackestone, pack-
stone, grainstone, boundstone, and crystalline carbonate
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according to whether original components are bound together and
the presence of recognizable primary depositional textures. The
former four types can usually be effectively identified in lime-
stones that have not undergone replacement or recrystallization,
but it is difficult to accurately identify them in ultra-deep dolo-
stones. Therefore, based on petrographic observations and Dun-
ham's classification method, three types of dolostones are
distinguished according to their depositional texture and the de-
gree of fabric preservation within the Lower Cambrian Xiaoerbu-
lake Formation in the study area. They include dolograinstone
(D1), microbial dolostone (D2), and crystalline dolostone (D3).
Furthermore, these dolostones can be subdivided into 14 subtypes
according to the grain type and crystal size.

Dolograinstone can be further divided into four subtypes based
on grain types, namely oolitic dolostone (D1-1), intraclast dolo-
stone (D1-2), ghost-like oolitic dolostone (D1-3), and ghost-like
intraclast dolostone (D1-4). D1-1 and D1-2 mainly occur in Wells
CT1 and H4 (Fig. 2(a) and (b)). The ooid grains within D1-1 are
composed of fine crystalline dolomites (15-70 pm). D1-3 and D1-4

Fig. 2. Characteristics of various dolostones from core observation of the Xiaoerbulake Formation. (a) D1-1 with abundant intragranular pores, Well CT1, 7756.51 m; (b) D1-1 with
poor quality, Well CT1, 7765.18 m; (c) D2-1 with abundant microbial-related framework pores, Well TM1, 5213.79 m; (d) D2-1 with abundant intergranular pores, Well ST1,
1885.48 m; (e) D2-4 with abundant microbial-related framework pores, Well TM1, 5213.06 m; (f) D2-4 with abundant microbial-related framework pores, Well TM1, 5213.38 m;
(g) D2-5 with poor quality, Well TM1, 5211.35 m; (h) D3-3 with abundant intercrystalline pores, Well ST1, 1915.69 m; (i) D3-3 with dissolution vugs, Well ST1, 1916.02 m; (j) D3-2
with moldic pores of gypsum, Well HT2, 6493.74 m; (k) enlarged dissolution vugs in D3-2, Well HT2, 6491.18 m; (1) residual anhydrite (RA) filled in the pores in D3-2, Well HT2,
6491.18 m; (m) light yellow patchy porous areas (PPA) within D3-2, Well HT2, 6495.17 m; (n) terra rossa staining (TRS) in D3-2, Well HT2, 6494.42 m; (0) chert and seepage silt
(SS) filled in the dissolution vugs in D3-2, Well HT2, 6491.45 m; (p) seepage and leaching of meteoric water in D3-2, Well HT2, 6497.87 m.
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tend to transform into D3, exhibiting a fabric-destructive texture
and ghosts of grains, which are attributed to diagenetic processes
during burial, and are mainly observed in Wells K2 and ST1.

Microbial dolostone is further divided into six subtypes based
on the type of grains and lamination texture, namely algal intra-
clastic dolostone (D2-1), oncolite dolostone (D2-2), spongiomi-
crobialite (D2-3), stromatolite (D2-4), laminated stromatolite (D2-
5), and thrombolite (D2-6). D2-1, D2-2, and D2-3 mainly occur in
Wells TM1 and ST1 (Fig. 2(c) and (d)). Various grains are usually
trapped within the algal laminae frameworks. D2-4 typically ex-
hibits a porous texture (Fig. 2(e) and (f)), whereas D2-5 is char-
acterized by denser lamination composed of alternating light and
dark laminae, with individual laminae ranging in thickness from
0.1 to 5 mm (Fig. 2(g)). D2-4, D2-5, and D2-6 are observed in
multiple wells, including Wells TM1, ST1, KT1, and CT1.

Crystalline dolostones are subdivided into four types according
to crystal size, namely dolomudstones (D3-1), fine crystalline
dolostones (D3-2), fine-medium crystalline dolostones (D3-3), and
medium crystalline dolostones (D3-4). D3-1 typically occurs at the
bottom of sedimentary cycles in deep water environments, and
exhibits a dense texture. D3-2 is characterized by a crystal size
ranging from 5 pm to 50 pm and is predominantly observed in Well
HT2. It is commonly associated with gypsum and is formed in a
supratidal flat in a relatively evaporative environment
(Fig. 2(j)~(p)). D3-3 exhibits a crystal size ranging from 50 pm to
250 pm, and appears as sugar-like grains in core samples due to the
presence of abundant intercrystalline pores (Fig. 2(h) and (i)). This
type is primarily observed in Well ST1. Due to strong diagenesis,
D3-3 exhibits a fabric-destructive texture with only partially
preserved ghost textures of ooids and rudite, indicating the pres-
ence of original shoal sediments. D3-4 is characterized by a crystal
size larger than 250 pm, and are commonly filled with abundant
clay minerals in the intercrystalline pores. This type of dolostone is
predominantly found in a deep-water environment at the bottom
of sedimentary cycles and has been observed in Wells QT1 and ST1.

In addition to the three major types of dolostones above, a
minor occurrence of brecciated dolostone is observed in the local
Bachu area. The precursor carbonate matrix is cut by dolomite or
siliceous veins, forming brecciated dolostones. Hydrothermal-
related minerals are observed within these brecciated dolo-
stones, including small barite veins, and authigenic quartz and
fluorapatite precipitated in the intercrystalline pores. This type of
dolostone is predominantly found in Well ST1 (Zhou, 2025).
Furthermore, due to varying degrees of dolomitization, transi-
tional lithologies such as limestone, dolomite-bearing limestone,
and lime-bearing dolostone are also present in the Bachu area.
These lithologies are primarily distributed in lagoons, troughs
between shoals, and middle ramp microfacies (Fig. 1).

4.2. Reservoir quality

The pore types in D1-1 and D1-2 are dominated by intra-
granular and intergranular pores (Fig. 3(a) and (b)). The pore types
in D1-3 and D1-4 are dominated by intergranular pores (Fig. 3(c)).
D2-1 and D2-2 are predominantly composed of intergranular
pores and microbial-related framework pores (Fig. 3(d) and (e)),
with a minor presence of intragranular pores observed in oncoids.
The pore type in D2-3 is dominated by intragranular pores
(Fig. 3(f)). D2-4 is predominantly composed of microbial-related
framework pores (Fig. 3(g)), while D2-5 and D2-6 exhibit a
dense texture (Fig. 3(h) and (i)). D3-1 at the bottom of the sedi-
mentary cycle is very dense (Fig. 3(j)). The pore types in D3-2 are
various, mainly related to gypsum dissolution, including patchy
intercrystalline pores, dissolution vugs, and moldic pores of gyp-
sum (Figs. 2(j)-(m), 3(k)-(m)). Besides, residual anhydrite was
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observed in some vugs (Figs. 2(1) and 3(1)). The pore space in D3-3
is dominated by intercrystalline pores and dissolution vugs (Figs.
2(i) and 3(n)). The quality of D3-4 is notably inferior, character-
ized by the abundant presence of clay minerals occupying the
interstitial spaces between dolomite crystals (Fig. 3(0)).

In order to compare the difference in quality among various
lithologies, the reservoir quality classification scheme proposed by
Tarim Oilfield of PetroChina is adopted. Based on porosity, and
permeability parameters, carbonate rocks in the Tarim Basin are
classified into four types, namely, Type I (porosity > 4.5%,
permeability > 5.0 mD), Type II (2.5% < porosity < 4.5%, 0.1 <
permeability < 5.0 mD), Type Il (1.5% < porosity < 2.5%,
0.01 < permeability < 0.10 mD), and non-reservoir (porosity <
1.5%, permeability < 0.01 mD). High-quality reservoirs referenced
in this study primarily refer to Type I and Type Il reservoirs, with
porosity exceeding 2.5%.

The relationship between porosity and permeability across
various types of dolostones is shown in Fig. 4. Specifically, the
porosity of D1-1 varies between 0.55% and 4.46%, with an average
value of 2.35%, and the permeability ranges from 7.0x10~4 mD to
2.64 mD, averaging 0.50 mD. The porosity of D1-3 and D1-4 ranges
from 0.96% to 9.23%, with an average value of 4.97%. Permeability
varies between 8.0 x 10~ mD and 6.33 mD, with an average value
of 2.67 mD. For D2-4, porosity ranges from 1.22% to 6.08% (mean
value: 3.56%), while permeability spans from 0.02 mD to 23.22 mD
(mean value: 6.22 mD). D2-5 exhibits a relatively low porosity,
ranging from 0.99% to 1.44% with a mean value of 1.21%, and
permeability ranging from 0.01 mD to 0.07 mD, with a mean value
of 0.04 mD. D2-6 exhibits a porosity range of 2.36%-4.12% and
permeability range of 62.26-85.37 mD. D2-4, which contains
abundant clay minerals, exhibits the lowest porosity and perme-
ability, with ranges of values of 0.37%-0.64% (mean value: 0.51%)
and 11x1072-15 x 1072 mD (mean value: 1.3 x 10~2 mbD),
respectively. D3-3 exhibits the best quality, with porosity and
permeability of 8.17%-22.96% (mean value: 12.93%) and
2.53-8503.75 mD (mean value: 836.09 mD), respectively. The
porosity of D3-2 ranges from 1.85% to 8.13%, with an average of
4.87%, and the permeability ranges from 3.2 x 10~> mD to 6.75 mD,
with an average of 1.71 mD. D3-1 exhibits a porosity of
0.41%-2.42% (mean value: 0.80%) and a permeability of
1.2x1072-37.7 mD (mean value: 5.16 mD). Breccia dolostone oc-
curs only locally, predominantly observed in Well QT1, with
porosity and permeability ranging from 0.41% to 1.85% and from
3.2 x 107> mD to 37.70 mD, respectively. The pore systems in
samples of D1-1, D1-2, D2, D3-3, and D3-2 are predominantly
composed of matrix pores, showing a positive correlation between
porosity and permeability. In contrast, only a few breccia dolo-
stones exhibit a fracture-dominated pore system, characterized by
extremely low porosity but relatively high permeability.

4.3. Lithofacies cycles within different sequences

The Xiaoerbulake Formation is divided into two 3™-order
transgressive-regressive sequences, namely SQ1 and SQ2, from
bottom to top. INPEFA, initially proposed by Nio et al. (2005), is an
effective approach for identifying geological sequences at different
levels through the utilization of logging curves. This method im-
plements a series of special alterations to the logging curve, ulti-
mately generating an INPEFA curve that can directly reflect the
information of sea-level fluctuation (Lu et al., 2007). The INPEFA
curve greatly eliminates the impact of cyclic stacking at various
levels and complex geological processes, and diminishes the un-
certainty associated with manual sequence division (Chen, 1999).
A completely positive trend in the INPEFA curve, characterized by
increasing curve values from left to right, represents a
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Fig. 3. Pore types and characteristics of various dolostones of the Xiaoerbulake Formation under thin section observations. (a) Intragranular pores in D1-1, Well CT1, 7756.51 m;
(b) intergranular pores in D1-1, Well CT1, 7755.38 m; (c) intergranular pores in D1-3, Well K2, 5495.46 m; (d) intergranular pores in D2-1, Well TM1, 5210.52 m; (e) intergranular
pores in D2-2, Well ST1, 1883.23 m; (f) intragranular pores in D2-3, Well ST1, 1883.23 m; (g) microbial-related framework pores in D2-4, Well ST1, 1885.62 m; (h) D2-5 displays
alternating dark and light microcrystalline dolomites, Well TM1, 5211.35 m; (i) D2-6 displays poor quality in Well K2, 5632.29 m; (j) D3-1 with poor quality, Well KT1, 4895.78 m;
(k) patchy porous area is dominated by intercrystalline pores in D3-2, Well HT2, 6495.17 m; (1) residual anhydrite (RA) and seepage silt (SS) observed in D3-2, Well HT2,
6493.74 m; (m) moldic pore of gypsum is partially filled with seepage silt (SS) in D3-2, Well HT2, 6497.41 m; (n) D3-3 with abundant intercrystalline pores, Well ST1, 1915.00 m;

(0) D2-4 with abundant clay minerals filled in intercrystalline pores, Well ST1, 1989.65 m.
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Fig. 4. Porosity and permeability of various dolostones of the Xiaoerbulake
Formation.

transgressive process. Besides, a completely negative trend,
marked by decreasing values from right to left, indicates a
regressive process. An inflection point typically corresponds to a
significant surface within the sequence, such as a sequence
boundary or intra-sequence surfaces (e.g., transgressive or flood-
ing surfaces). A negative inflection point, characterized by a curve
transitioning from ascending to descending, represents a possible
flooding surface, whereas a positive inflection point, marked by a
curve transitioning from descending to ascending, represents a
possible sequence boundary. Additionally, different levels of in-
flection points indicate different levels of isochronous surfaces
(Nio et al., 2005). According to the variation of INPEFA curve,
carbon-oxygen isotopes and lithology, the Xiaoerbulake Forma-
tion is divided into seven 4™-order subsequences, namely SSQ1 to
SSQ7 from bottom to top (Fig. 5), corresponding to seven
transgressive-regressive cycles. Among them, SQ1 is divided into
three 4™-order subsequences, and SQ2 is divided into four 4th_
order subsequences.

During the deposition of the Xiaoerbulake Formation, an
extensive archicontinent was developed in the southeastern Bachu
area and the southern Tazhong area in Tarim Basin (Fig. 1(b) and
(c)). A SE-NW transect profiles of dolostone reservoir within the
sequence framework of Xiaoerbulake Formation is shown in Fig. 6.
In the early stage of the SQ1 transgressive systems tract, the sea
level rose rapidly. Subsequently, within the highstand systems
tract, extensive microbial mounds developed in the subtidal flat,
which were characterized by thick D2. Within a sedimentary cycle
with shallowing-upward water depth, D3-1 and D2-6 developed in
the lower part of the cycle under a deep-water environment and
weak hydrodynamic conditions. The middle and upper parts of the
cycle are predominantly composed of thick D2-4 and D2-1. A thin
D2-5 was developed at the top of the cycle (Fig. 7(a)). However,
near the archicontinent, sedimentation has not yet begun in some
areas, such as Well CT1 and Well HT2. The Xiaoerbulake Formation
overlies the metamorphic archicontinent and is characterized by
absence of SQ1 sedimentation, recording only SQ2.

During the early stage of SQ2 within the rapid transgression
systems tract, argillaceous dolostone, limestone and mudstone
developed in some areas, such as Well ST1. Subsequently, during
the highstand systems tract, subtidal microbial mounds were
widely developed. The lithofacies succession was similar to those
associated with microbial mounds in SQ1. In addition, shoals were
also widely developed, owing to the similarity between lagoon-
margin shoals and platform-margin shoals, which are character-
ized by strong hydrodynamic conditions, rapid vertical stacking,
and predominance of grain-supported deposits (Tan et al., 2012).
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In the lower part of the sedimentary cycle, where the water depth
shallows upward, the lithofacies is dominated by D2-6 and D1-2.
In the middle to upper part of the cycle, the lithology is domi-
nated by thick D1-1. At the top of the cycle, it is dominated by D2-1,
D2-2, and D2-3, such as in Well ST1 (Fig. 7(f)). The peritidal flat
adjacent to the archicontinent was affected by the frequent fluc-
tuation of sea level caused by strong tidal forces, resulting in the
development of shoals that differ from those observed in subtidal
flats. Within the lithofacies cycle, frequent interlayering of D1-1
and D1-2 were developed. The lithology exhibited frequent vari-
ations, characterized by rapid variation in grain types, as exem-
plified in Well CT1 (Fig. 7(k)). At the micropaleogeomorphic
heights, where is above the mean high sea level, D3-1 and argil-
laceous dolostone were predominantly observed in the lower part
of the cycle. The middle part of the cycle was dominated by
dolopackstones comprising peloids and intraclasts in a stronger
hydrodynamic environment. The upper part of the cycle was
predominantly composed of a thick layer of gypsum-bearing
dolostone, comprising micrite to fine dolomites, as observed in
Well HT2 (Fig. 7(p)). In the late stage of SQ2, a continued drop in
sea level led to the widespread development of relatively thin-
layer evaporites and gypsum-bearing dolostones in the study area.

4.4. Characteristics of high-quality dolostone reservoir within
multi-scale sequence framework

In this study, the macroscopic characteristics of high-quality
dolostone reservoirs within the Xiaoerbulake Formation were
investigated at the scale of 4M-order to 3"-order sedimentary
cycles by taking typical Well ST1 as an example (Fig. 5). Vertically,
five sets of high-quality reservoirs were observed in the Xiaoer-
bulake Formation. These reservoirs are distributed as follows: the
upper part of regressive cycle in SSQ1, the upper part of regressive
cycle in SSQ2, the middle part of regressive cycle in SSQ4, from the
top of regressive cycle in SSQ5 to the bottom of regressive cycle in
SSQ6, and from the upper part of regressive cycle in SSQ6 to the
bottom of transgressive cycle in SSQ7. The high-quality reservoirs
are predominantly composed of Types I and II dolostones, which
are mainly developed within the middle-upper parts of 4™-order
regressive cycles. These reservoirs mainly occur in microfacies
dominated by microbial mounds and shoals at subtidal flats and
lagoon-margin shoals.

A further investigation was conducted on the development
characteristics of various types of high-quality dolostone reser-
voirs at the meter-scale, exemplified by the shoal facies reservoir
in Well CT1, as well as microbial mound facies reservoir in Well
TM1. The core interval of Well CT1 is located in the middle part of
SQ2 within the Xiaoerbulake Formation, specifically within the
transgressive-regressive cycle of SSQ5. The Xiaoerbulake Forma-
tion in this well is in unconformity contact with the overlying
metamorphic basement. Meter-scale cycles were identified based
on variations in INPEFA curve, as well as observations from core
and thin section (Fig. 8). From the bottom to the top of the meter-
scale cycles, there is a successive occurrence of tight dolopack-
stone, intraclastic dolostone dominated by intergranular pores,
oolitic dolostone dominated by intergranular pores, and oolitic
dolostone dominated by intragranular pores. Layered-cyclic pores
were observed in the image logging. In addition, the reservoir
spaces were dominated by fabric-selective dissolution pores as
shown in thin sections. High-porosity oolitic dolostones mainly
occurred in the middle-upper part of meter-scale regressive cycles.
Moreover, the vertical stacking of multiple meter-scale cycles,
accompanied by high-frequency variations in lithology and
porosity, constituted the high-quality reservoir. This type of high-
quality reservoir mainly occurred in peritidal flat shoals,
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Fig. 5. Comprehensive profiles of Well ST1 of the Lower Cambrian Xiaoerbulake Formation. €;w: Wusonggeer Formation; AC: acoustic logging, pm/m; GR: gamma ray, API; SSQ:

subsequence.

characterized by frequent variations in lithology, frequent sea level
fluctuations, and strong cyclic porosity.

For microbial mound facies reservoir, the core section of Well
TMT1 is located at the top of SQ2, specifically spanning from the top
of transgressive cycle in SSQ6 to the bottom of transgressive cycle
in SSQ7. From the bottom to the top of the meter-scale cycles, tight
D3-1, relatively tight D2-6, porous D2-4, D2-1, D2-2, and D2-3, and
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tight D2-5 were successively observed (Figs. 9 and 10(a)-(e)). The
pore size tends to increase, with the main peak range gradually
increasing from 0.1-1 pm to 10-100 pm. The pore types evolve from
a single-peak pattern characterized by intercrystalline pores to
single-peak pattern dominated by microbial framework pores and
bimodal pattern dominated by microbial framework and inter-
granular pores. In addition, various porosity values indicate an
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Fig. 6. The SE-NW transect profiles of dolostone reservoir within the sequence framework of Xiaoerbulake Formation crossing Wells CT1, H4, TM1, QT1, ST1, and KT1. See Fig. 1 for

well locations. Litho: lithology; POR: logging porosity; Res: reservoir; SQ: sequence.

increasing trend in porosity (Fig. 10(f)—(j)). High-porosity D2-1, D2-
2,D2-3, and D2-4 mainly occurred in the middle-upper part of the
transgressive cycle. These dolostones are primarily composed of
layer-like microbial-related framework pores, intergranular pores,
and enlarged dissolution vugs, showing strong pore connectivity
(Fig. 10(k)-(n)). Non-reservoir intervals mainly occurred at the
bottom of the cycle, featuring only a few isolated pores and frac-
tures (Fig. 10(o) and (p)). This type of reservoir mainly occurred
within microbial mound in the subtidal flat, and is characterized
by the vertical stacking of relatively thin layers.

In addition to the microbial mound and shoal reservoirs
mentioned above, penecontemporaneous Kkarstification-related
dolostones are also present in the Lower Cambrian Xiaoerbulake
Formation in the Bachu area, as exemplified by Well HT2. Similar to
Well CT1, the Xiaoerbulake Formation was deposited on a meta-
morphic archicontinent, exhibiting an absence of early-stage sedi-
mentation and preserving only the late-stage sedimentary record,
known as SQ2. Types I and II reservoirs, with extremely developed
layer-like pores as observed in image logging, are present in SSQ5
and SSQ6. Both thickness and pore abundance exhibit a decreasing
trend for Type I and Type Il reservoirs from the top of SSQ6 to SSQ4
(Fig. 11), transitioning from thick-layered Type I and Type II reser-
voirs to thin-layered interbedded Type Il and Type III reservoirs.
Features such as brecciated dolostones, chert fillings in vugs
(Fig. 2(0)), seepage silt (Figs. 2(o)-(p), 3(1)~(m)), gypsum molds
(Fig. 3(1)) and gypsum-related dissolution vugs (Fig. 2(j)—(1)),
gypsum-related patchy intercrystalline pores (Figs. 2(m) and 3(k)),
as well as terrarossa staining (Fig. 2(n)) can be observed on cores. The
reservoir space of these dolostones is predominantly composed of
dissolution vugs and moldic pores derived from gypsum, with a
secondary contribution from gypsum-related patchy intercrystalline
pores. The sedimentary environment corresponds to the upper zone
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of an evaporitic tidal flat. This type of reservoir primarily occurs in an
evaporitic supratidal flat, and is characterized by a D3-2 matrix
containing residual undissolved anhydrite (Figs. 2(1) and 3(1)).

4.5. Stable isotopes and trace elements of various carbonates

The results of stable isotope analyses (§'>C and 6'30) are presented
in Fig. 12(a). The 63C values of D1-1 and D1-2 vary between —0.54%o
and —0.03%o, with a mean value of —0.37%.. Correspondingly, the 580
values range from —6.82%o to —3.47%o, with a mean value of —5.93%o.
D1-3 and D1-4 exhibit relatively lower §'3C values, ranging from
of —1.24%o to —0.65%. (mean value: —0.78%), and 5'30 values ranging
from —7.04%o to —3.85%0 (mean value: —6.10%o.). D2-1, D2-2, and D2-3
exhibit a narrower isotopic range, with 5'>C values of 0.34%0—0.82%o
(mean value: 0.72%o) and 5130 values of —6.23%o to —5.40%o (mean
value: —5.91%o), respectively. D2-4 and D2-5 exhibit §'3C values
ranging from 0.32%o to 0.92%, (mean value: 0.61%o) and from 0.22%. to
0.98%o (mean value: 0.53%o), respectively. For 5'20 values, the corre-
sponding ranges are —6.40%o to —4.76%. (mean value: —5.58%o)
and —6.41%o to —4.73%. (mean value: —5.41%o). D3-1 exhibits 5°C
values ranging from —0.24%. to —0.45%. (mean value: —0.34%o) and
5'80 values ranging from —5.75%o to —5.11%o (mean value: —5.34%o).
D3-2 displays significant negative s'3C values, ranging from —1.53%o
to —0.72%o (mean value: —1.11%o), along with 5'®0 values ranging
from —6.17%o to —4.15%. (mean value: —5.31%). D3-3 displays 5'3C
values ranging from 0.31%o to 0.78%o, with a mean value of 0.65%., and
50 values varying between —6.38% and —5.66% (mean
value: —6.05%q). In contrast, D2-4 shows relatively positive 51>C values
ranging from 1.28%o to 2.54%. (mean value: 1.79%.) and narrow 5'0
values ranging from —5.77%o to —5.13%0 (mean value: —5.54%o). The
513C and '80 values of all these dolostones are significantly higher
than those of the limestone samples (6'3C: —2.14%o to —1.45%o;
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Fig. 7. The main lithofacies cycles within SQ1 and SQ2 of the Xiaoerbulake Formation in Bachu area. (a) The lithofacies cycle of the subtidal microbial mounds; (b)-(e) char-
acteristics of dolostones within the lithofacies cycle of the subtidal microbial mounds, with the water deepened to the right; (b) D2-5 with a few interlaminar tepee-like pores,
Well TM1, 5211.84 m; (c) D2-1 with abundant intergranular pores and dissolution pores, Well TM1, 5210.79 m; (d) D2-4 with abundant quasi-laminated framework pores, Well
TM1, 5210.52 m; (e) D3-1, Well TM1, 5216.63 m; (f) the lithofacies cycle of the subtidal shoals; (g)-(j) characteristics of dolostones within the lithofacies cycle of the subtidal
shoals, with the water deepened to the right; (g) D2-2 with abundant intergranular pores, Well ST1, 1883.23 m; (h) D3-3 with abundant intercrystalline pores and dissolution
pores, Well ST1, 1915.06 m; (i) ghost-like texture of rudyte occurred in D3-3 with abundant intercrystalline pores and dissolution pores, Well ST1, 1918.60 m; (j) D3-3 with ghost-
like texture of intraclasts, Well ST1, 1919.01 m; (K) the lithofacies cycle of the peritidal shoals; (1)-(0) characteristics of dolostones within the lithofacies cycle of the peritidal
shoals, with the water deepened to the right; (1) D1-1 with abundant intragranular pores (red arrow) and intergranular pores (yellow arrow), Well CT1, 7756.51 m; (m) D1-1 with
abundant intergranular pores containing a small amount of intraclasts, Well CT1, 7768.50 m; (n) D1-1 with a few intergranular pores, Well CT1, 7765.10 m; (o) dolopackstone
contains a lot of intraclasts, Well CT1, 7769.35 m; (p) the lithofacies cycle of the restricted supratidal flat; (q)-(t) characteristics of dolostones within the lithofacies cycle of the
restricted supratidal flat, with the water deepened to the right; (q) gypsum-bearing D3-2 with residual tabular anhydrite (yellow arrow) filled in vugs, Well HT2, 6497.98 m; (r)
gypsum-bearing D3-2 with fibrous anhydrite (yellow arrow) in the matrix and sheet anhydrite in vugs, Well HT2, 6497.41 m; (s) D3-2 with patchy intercrystalline pores related to
gypsum dissolution, Well HT2, 6495.17 m; (t) D1-4 contains a lot of ghost-like intraclasts and peloids, Well HT2, 6492.65 m. Dunham (1962) rock classification: M, mudstone; W,
wackestone; P, packstone; G, grainstone.

5180: —11.62%0 to —7.68%0; Fig. 12(a)) from the Xiaoerbulake tidal flat facies. In contrast, the SQ2 of both Wells CT1 and H4 are

Formation. dominated by shoal microfacies, with the development of thick layers
The V/(V + Ni) and Ni/Co ratios are reliable proxies for the redox of D1-1 and D1-2. These deposits were formed at relatively micro-
environment in both shales (Jones and Manning, 1994) and carbon- paleogeomorphic heights along the peritidal flat to shallow subtidal

ates (Zheng et al., 2021). A value of V/(V + Ni) < 0.45 and Ni/Co < 5 flat environment, with frequent interlayering of D1-1 and D1-2
indicates an oxygen-rich environment, whereas V/(V + Ni) > 0.6 and observed in Well CT1. In Well ST1, the SQ1 is dominated by microbi-

Ni/Co > 7 indicates a reducing environment (Arthur and Sageman, al mound microfacies within subtidal flat, with thick deposits of D2.
1994). The majority of dolostones in the Xiaoerbulake Formation During the SQ2, it is dominated by shoal of lagoon-margin microfa-
display V/(V + Ni) ratios below 0.6 and Ni/Co ratios ranging from 5 to cies, where ghost textures of oolite can be observed in D3-3. In Well
15 (Fig. 12(b)). TM1, both SQ1 and SQ2 are dominated by microbial mound microf-

acies, with the development of thick layers of D2. In Well KT1, the SQ1
5. Discussion is also dominated by microbial mound microfacies, which developed

in a subtidal environment away from the archicontinent. The SQ2 is
5.1. Distribution characteristic of dolostone reservoirs within dominated by thin microbial mounds and subtidal shoals in the
stratigraphic sequence framework subtidal flat. In contrast, Well QT1 is dominated by low-energy de-

posits in trough between microbial mounds and subtidal shoals
The lithofacies and microfacies exhibit regional variations within ~ during both SQ1 and SQ2 stages, predominantly characterized by D2-
distinct sequences. In Well HT2, the SQ2 is dominated by evaporitic 6 and argillaceous limestone. Generally, SQ2 exhibited a greater

5281



L. Zhou, G.-W. Wang, F. Hao et al.

Petroleum Science 23 (2026) 5271-5291

Fig. 8. Comprehensive core profiles of the upper Xiaoerbulake Formation of Well CT1. GR: gamma ray, API; DEN: density, g/cm?. Image logging data from Tarim Oil Field Company,
PetroChina. The green circle represents the pores corresponding to the image logging. Dunham (1962) rock classification: M, mudstone; W, wackestone; P, packstone; B,

boundstone; G, grainstone.

diversity of lithofacies types compared with the SQ1, and featured
overall stronger hydrodynamic conditions, a more prominent devel-
opment of shoal microfacies, and a stronger evaporation effect during
the late stage.

Five sets of large-scale reservoirs are vertically developed in the
Xiaoerbulake Formation (Fig. 6). Among them, two reservoir sets
are present within SQ1. The first set of reservoirs occurs within the
transgressive cycle of the SSQ1, which is characterized by a thin
layer of Type Il reservoir, and is predominantly observed in Wells
H4,TM1, QT1, and ST1. In areas distant from the archicontinent, the
second set of reservoir occurs within the regressive cycle of SSQ1
to SSQ2, which is dominated by Type III reservoir and character-
ized by relatively deep subtidal flat deposits. In contrast, in the
vicinity of the archicontinent, the second set of reservoir occurs
within transgressive-regressive cycles of the SSQ3, which is
dominated by Type Il reservoir. This reservoir exhibits relatively
high quality, considerable thickness, and multiple superimposed
layers controlled by 5™M-order cycles, as exemplified by Wells H4
and TMI1. These reservoirs primarily occur in micro-
paleogeomorphic heights and subtidal shoals within peritidal and
subtidal flat facies. During the SQ2 period, the sea level further
decreased following a brief transgression, resulting in the forma-
tion of three sets of reservoirs. Among them, the third set of res-
ervoirs is widely developed within regressive cycle of the SSQ4 and
is mainly composed of Type II reservoir, as observed in Wells CT1,
H4, QT1, ST1, and KT1. In contrast, during the transgressive cycle of
the SSQ4, the third set of reservoirs is only present in Wells CT1
and H4 near the archicontinent, where it is dominated by Type III
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reservoir. The fourth set of reservoirs occurred in
transgressive-regressive cycle of the SSQ5-SSQ6. In the deep
subtidal flat, the reservoirs primarily occur in the regressive cycle
of SSQ6 and are characterized by a relatively thin Type Il reservoir
(e.g. Well KT1). Notably, for lagoon-margin shoals in subtidal flat,
excellent and thick reservoirs are present, predominantly con-
sisting of Type I reservoir (e.g. Well ST1, Fig. 6). However, the low-
lying area between the subtidal shoals is primarily comprised of
deep-water thin argillaceous dolomudstone and argillaceous
mudstone, resulting in poor reservoir development. In the vicinity
of the archicontinent, the fourth set of reservoirs is characterized
by relatively large thickness, and is dominated by Type Il reservoir
in regressive cycle and Type III reservoir or even non-reservoir in
transgressive cycle (e.g. Wells HT2, CT1, H4, and TM1). The
occurrence of these reservoirs is primarily associated with
restricted supratidal flat at micropaleogeomorphic heights, sub-
tidal microbial mounds and shoals within peritidal and subtidal
flat, as well as the lagoon-margin shoals within subtidal flat facies.
During the SSQ7 period, a further drop in sea level led to the
predominance of gypsum-salt rocks and gypsum-bearing dolo-
stones associated with restricted evaporitic tidal flat facies in the
vicinity of the archicontinent, where only the gypsum-bearing
dolostones exhibit potential as high-quality reservoirs. In
contrast, the fifth set of reservoirs, located away from the archi-
continent, is predominantly composed of Type Il reservoirs within
the subtidal flat, whereas the inherited shoal of lagoon-margin
primarily features Type I reservoirs with excellent quality. On a
macroscopic scale, the development degree of Type I and Type II
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Fig. 9. Comprehensive core profiles of the top Xiaoerbulake Formation in Well TM1.

high-quality reservoirs is generally more favorable in SQ2 within
the HST of the 3"-order sequence compared to SQ1 in the
Xiaoerbulake Formation. Five sets of large-scale, high-quality
reservoirs predominantly occur within the 4™-order regressive
cycles. At the core scale (meter-scale cycles), porous dolostones
predominantly occur in the upper part of regressive cycles and
exhibit strong vertical cyclic stacking patterns. Therefore, pore
development is preferentially related to the 4™-order cycles and
even smaller meter-scale cycles.

According to the vertical development characteristics of high-
quality reservoirs, microbial mounds and shoals formed during
regressive cycles are more conducive to evolving into premium
reservoirs due to a higher probability of exposure and dissolution
as the sea level drops and mounds and shoals grow. High-
frequency cyclical exposure and dissolution are superimposed
vertically, forming thick high-quality reservoirs. In contrast, during
transgressive cycles, the influx of open seawater with normal
salinity leads to a decrease in seawater salinity and a transition
from a restricted to a semi-restricted sedimentary environment.
Therefore, the microbial mounds and shoals are not prone to
exposure, making it difficult to form high-quality reservoirs; even
when such reservoirs do develop, they tend to be thin. For the
peritidal flat near the archicontinent, frequent occurrences of
exposure and dissolution by meteoric water on rocks lead to
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obvious cyclic pores, as observed in SQ2 of Wells CT1 and H4. The
restricted tidal flat at the micropaleogeomorphic heights, where
gypsum-bearing dolostones develop, is more prone to dissolution
(Wei et al., 2023), leading to the formation of thick, gypsum-
related high-quality reservoirs, as exemplified by the SQ2 in Well
HT2. In shallow subtidal areas, the upper portions of the microbial
mounds and shoals are prone to exposure and dissolution by
meteoric water, resulting in the formation of high-quality reser-
voirs, as observed in the SQ1 of Wells H4 and TM1 and the SQ2 of
Well TM1. Additionally, lagoon-margin shoals within subtidal flat
are also prone to intense exposure and dissolution (Dalrymple and
Rivers, 2023), which contributes to the formation of high-quality
reservoirs, as exemplified by the SQ2 in Well ST1.

5.2. Reservoir diversity and formation mechanisms within multi-
scale sequence framework

5.2.1. Microbial mound and shoals facies reservoir related to
penecontemporaneous dissolution

Based on the petrological analyses of core samples and thin sec-
tions, the reservoir spaces in D1 and D2 are predominantly composed
of intergranular pores, intragranular pores, microbial-related frame-
work pores, and enlarged dissolution vugs associated with early
fabric-selective dissolution. Penecontemporaneous dissolution in this
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Fig. 10. (a)-(e) Plunger samples with diameter of 2.5 cm at the top ((a) D2-1, 5210.79 m), upper ((b) D2-4, 5213.79 m; (c) D2-4, 5213.06 m; and (e) D3-1, 5212.26 m), and bottom
((d) D3-1, 5212.51 m) positions of the meter-scale sedimentary cycle in Well TM1; (f)—(j) the pore size distributions of the samples corresponding to (a)-(e); (k)-(1) the micro-CT
images of the samples corresponding to (a)-(b); (m)-(n) the micro-CT images of the sample corresponding to (c); (0)-(p) the micro-CT images of the samples corresponding to
(d)-(e). Pore SR: Pore size ratio; P1: helium porosity; P2: NMR porosity; P3: micro-CT porosity.

study primarily refers to the leaching and dissolution of carbonate by
meteoric water on a relatively small scale. This process is affected by
minor sea-level fluctuations, leading to brief exposure and the for-
mation of small-scale dissolution features. At the meter-scale cycle,
high-porosity dolostones usually occur in a cyclical pattern within the
upper part of the transgressive cycle (Figs. 8-10). Additionally, fabric-
selective dissolution pores suggest the effect of penecontempora-
neous dissolution by meteoric water in the upper part of the cycles.
The pore formation occurred at a very early stage, which preceded
dolomitization and was affected by the fluctuation of sea level during
the penecontemporaneous stage. This is attributed to the heteroge-
neity of various components of the rock fabric prior to dolomitization.
For example, unstable minerals such as high-magnesium calcite and
aragonite are more prone to dissolution under the disturbance of
meteoric water, leading to the formation of fabric-selective dissolu-
tion pores. Moreover, shoals in the peritidal flat, which experienced
more frequent sea-level fluctuations, exhibit a strong cyclic rhythm in
porosity, resulting in the development of high-frequency and inter-
bedded high-quality reservoirs (Fig. 8). Dolostones in the lower part of
the sedimentary cycles (e.g. D2-5, D3-1 and D3-4) exhibit minimal
alteration by meteoric water, thereby showing relatively heavy §3C
and 6'30 values (Fig. 12(a)). The negative carbon isotopic composition
also exhibits cyclical variations within the core scale (Zhou, 2025).
This negative carbon isotopic signature could be related to the effect of
meteoric water, TSR, microbial sulfate reduction (MSR/BSR), or
broader secular §'3C variability. MSR primarily occurs in anoxic and
reducing environments and relies on specific microbial communities.
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In most dolostones of the Xiaoerbulake Formation, V/(V + Ni) ratios
are less than 0.6 and Ni/Co ratios range between 5 and 15, indicating a
weakly oxidizing to weakly reducing environment (Fig. 12(b)).
Moreover, the meter-scale cyclic variations in §'C suggest limited
broader secular 5'3C variability, which would not be expected to
exhibit significant heterogeneity at meter- or even millimeter-scales.
If TSR is considered, the initial temperature for TSR is generally around
100-140 °C (Cai et al.,, 2022), yet the burial depth at this stage is
already at least 4000 m. Under such conditions, the pores generated
by TSR dissolution should predominantly be non-fabric-selective
dissolution pores. In addition, previous studies have shown that the
TSR occurring in the Xiaoerbulake Formation of the Tazhong area
results in a significantly negative carbon and oxygen isotopic com-
positions in the calcite cement, whereas the surrounding dolomite
matrix retains the isotopic signature of the original seawater (Wang,
2024). Therefore, the effect of meteoric water dissolution appears to
be a more plausible interpretation. Furthermore, the outer margins of
non-fabric-selective dissolution pores are typically cemented by rim-
like dolomite cements (Figs. 9 and 13(a)-(d)), and the homogenization
temperatures of their fluid inclusions are measured to clarify their
formation stage, as exemplified by Wells TM1, HT2, and ST1. The ho-
mogenization temperatures range from 56.5 to 96.8 °C, with a peak
distribution in the range of 60-70 °C and an average of 72.7 °C
(Fig. 13(e)). These values are significantly lower than the initial tem-
perature of TSR during the burial stage. Integrating these findings with
the burial-thermal evolution history of the Cambrian strata in the
Bachu area, the peak homogenization temperature corresponds to a



L. Zhou, G.-W. Wang, F. Hao et al.

Petroleum Science 23 (2026) 5271-5291

Fig. 11. Comprehensive profiles of the Xiaoerbulake Formation of Well HT2. €;w: Wusonggeer Formation; Pre €: Precambrian. Image logging data from Tarim Oil Field Company,

PetroChina.

Fig. 12. (a) The carbon and oxygen isotopic compositions of various dolostones; (b) the relationship of V/(V + Ni) and Ni/Co of various dolostones.

burial depth of approximately 1000 m (Fig. 13(f)), indicating a shallow
burial stage. Additionally, the occurrence of this type of dolomite
cement along the outer margins of the pores suggests that pore for-
mation predates dolomite cementation. Therefore, these non-fabric-
selective dissolution pores and vugs were likely formed through
meteoric water dissolution during the penecontemporaneous to early
diagenetic stage.
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In addition, due to different sedimentary microfacies or different
paleo-microtopographies, there are differences in the degree of
dissolution or exposure of rocks by meteoric water under the condi-
tion of sea-level fluctuations during the penecontemporaneous
period. In the case of shoal deposits, during the SQ2 period of Well CT1,
the shoal formed in the peritidal flat is characterized by a strong hy-
drodynamic environment and frequent sea-level fluctuations.
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Fig. 13. (a)-(d) The rim-like equant dolomite cement (DC) hosting the gas-liquid two-phase saline inclusions occurs at the outer margins of non-fabric-selective dissolution vugs;
(a)-(b) the inclusions within the rim-like dolomite cement in D2-1, along with the anhydrite (An) filling in the center of the vug, Wells TM1, 5210.79 m; (c)-(d) the inclusions
within the rim-like dolomite cement in D3-1 at the margin of the vug, Wells HT2, 6492.65 m; (e) the homogenization temperatures of the gas-liquid two-phase saline inclusions;
(f) the burial-thermal evolution history of the Cambrian strata in the Bachu area based on Well BT5, modified from Li and Goldberg (2022).

Sediments are composed of grainstone in the upper part of the cycle
and packstone and wackestone in the lower part of the cycle, stacking
in a frequent interbedding pattern (Fig. 8). Due to relatively frequent
sea-level fluctuations during the penecontemporaneous period,
leaching and dissolution occurred in the upper part of the cycle,
resulting in strong cyclicity of pore development that is manifested as
high-frequency interbedding. Macroscopically, the lateral migration
of the shoal is frequent, manifested as frequent thin-layer interbed-
ding of Type Il and Type Ill dolostone reservoirs (Fig. 6). During the SQ2
period in Well ST1, shoals developed within the lagoon-margin
microfacies, with a sedimentary environment of deep intertidal to
shallow subtidal flat. The relatively steep slope gradient along the
lagoon margin generated strong hydrodynamic conditions, which
promoted growth and vertical stacking of shoals in a progradational
and aggradational manner. Grainstone was predominantly deposited,
exhibiting high initial porosity. These conditions facilitated extensive
exposure and early dissolution during the penecontemporaneous
stage. As a result of intense meteoric water dissolution or significant
diagenetic alteration during burial, the original grain fabric has been
almost destroyed, with only sporadic ghost textures of grains
remaining. Consequently, this dolostone (D3-3) exhibits a crystalline
texture, featuring abundant dissolution vugs and intercrystalline
pores, with exceptionally high porosity. Macroscopically, this type of
shoal formed thick Type I and Type Il dolostone reservoirs vertically
(Fig. 5).

5.2.2. Restricted tidal flat facies reservoir related to
penecontemporaneous karstification

The pore types of the D3-2 are dominated by patchy intercrys-
talline pores, moldic pores of gypsum and dissolution vugs. Within
the patchy porous area of the D3-2, the presence of abundant pyrite
in the intercrystalline pores suggests a relatively reducing fluid
property. Furthermore, a lot of residual anhydrites within dissolu-
tion vugs suggests their association with local restricted evaporitic
tidal flat environments where gypsum precipitation occurred.
Petrographic analysis revealed numerous penecontemporaneous
karstification features in both core samples and thin sections from
Well HT2 (Figs. 2 and 3), including brecciated dolostones, chert
filling in vugs, seepage silt, and terrarossa staining (Lu et al., 2020). In
addition, higher GR values occurred at the reservoir segment
(Fig. 11), along with the most negative 5°°C and 5'80 compositions

5286

compared to dolostones from other wells (Fig. 12(a)). These features
indicate that the restricted tidal flat located at the micro-
paleogeomorphic heights was conducive to the development of
high-quality, thick reservoirs within the Xiaoerbulake Formation in
the Bachu area, which were controlled by penecontemporaneous
Karstification. Approximately 60 m below the boundary of the 3™-
order SQ2, both the thickness and development degree of Type I and
Type Il reservoirs exhibit a decreasing trend, with the dominant
reservoir types gradually transitioning from Type I and Type II to
predominantly Type III (Fig. 11). For instance, well-developed Type I
and Type Il reservoirs are present in the middle and upper part of
SQ2 in Well HT2. The development of such reservoirs was controlled
by meteoric water leaching superimposed on the boundary of 4™-
order to 3"-order sequences (Moore, 2001). This type of pene-
contemporaneous karstification-related dolostone reservoir was
firstidentified in the Lower Cambrian Xiaoerbulake Formation in the
Bachu area. Under the influence of meteoric water leaching, the
solubility of calcium sulfate is 100 times greater than that of calcite
(Warren, 2006). In the late stage of sea level decline within a 3-
order sequence, gypsum-bearing dolostone tends to be more sus-
ceptible to dissolution compared to dolostone under the influence of
meteoric water leaching (Zhao et al., 2014). It may be superimposed
on earlier dissolution processes within the 4M-order or even meter-
scale cycles, forming a series of gypsum-related dissolution pores,
enlarged dissolution pores, and even vugs. The degree of dissolution
weakens from the boundary of stratigraphic sequence downwards,
with pore types transitioning from dissolution vugs to dissolution
pores and gypsum-related intercrystalline pores (Fig. 14).

Under the control of high-frequency cycles (meter-scale cycles),
the micropaleogeomorphic heights and lagoon-margin shoals are
prone to meteoric water dissolution, resulting in the formation of
fabric-selective intragranular and intergranular dissolution pores
that exhibit a cyclic and layered distribution. Under the control of
the 3"-order sequence boundary, exposure and dissolution
commonly occur in micropaleogeomorphic heights, a process
known as penecontemporaneous karstification. This process leads
to the development of abundant gypsum-related dissolution pores
and enlarged vugs within the dolostone beneath the 3™-order
sequence boundary, extending downward for approximately 60 m.

In addition to the majority of fabric-selective and non-fabric-
selective dissolution pores formed by meteoric water dissolution
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Fig. 14. Penecontemporaneous karstification model and the related diagenetic evolution of D3-2 in the Xiaoerbulake Formation.

during the early diagenetic stage, a limited number of non-fabric-
selective vugs and intercrystalline pores are locally developed in
certain intervals (Figs. 2(h) and 3(n)). The mineral composition of
cements filling vugs, fractures, and intercrystalline pores, such as
quartz, fluorapatite, and barite, indicates that these localized pores
may originate from hydrothermal dissolution and alteration pro-
cesses occurring during the burial stage. This process led to the
dissolution and enlargement of pre-existing pores or the reorga-
nization and transformation of these pores into intercrystalline
pores. Although it cannot be excluded that a minor proportion of
pores may be attributable to the TSR process during the burial
stage, the overall influence of this diagenetic process in the study
area is extremely limited.

The reservoir development within the sequence stratigraphic
framework of a carbonate ramp is primarily controlled by the
paleogeographic pattern, sea level fluctuations, and sedimentary
facies. Their spatial distributions exhibit notable zonation (Fig. 15).
High-quality reservoirs in carbonate ramps are predominantly
developed in the inner ramp intertidal-subtidal mounds and
shoals and the shoals of the lagoon-margin, which is different from
rimmed platforms, where high-quality reservoirs are mainly
developed at the platform margin. In contrast to other carbonate
ramps (Jafarian et al., 2017; Kakemem et al., 2021), high-quality
reservoirs composed of gypsum-bearing dolostones can still be
developed in the supratidal flat in the sabkha direction. This for-
mation is attributed to the penecontemporaneous karstification
near the 3"-order sequence boundary. Governed by sea level
changes, high-quality reservoirs are primarily developed in the
middle-upper part of the HST of the 3™-order sequence, which is
consistent with the development pattern within the sequence
stratigraphic framework of carbonate platforms in other strata or
other basins (Shen et al., 2015; Chen et al., 2023). Furthermore,
their development is also controlled by higher-frequency sea level
fluctuations at the 4M-order or even meter-scale.

5.3. Distribution pattern of high-quality dolostone reservoirs of
carbonate ramp within sedimentary facies

The variations in sedimentary facies determine the differences
in hydrodynamic conditions, which directly affect the types of
sediments, including the types, contents, grain sizes of shoals, as
well as the types, structures, and proportions of trapped grains
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within microbial frameworks of microbialites for microbial
mounds (Grotzinger and Al-Rawahi, 2014). Meanwhile, variations
in sedimentary facies also affect the development of primary pores
in carbonate rocks. In addition, early diagenesis is also strongly
controlled by the sedimentary environment and high-frequency
fluctuations in sea level (Morad et al., 2012; Moore and Wade,
2013). The carbonate ramp of the Lower Cambrian Xiaoerbulake
Formation in Tarim Basin were further divided into inner ramp,
middle ramp, and outer ramp according to Fliigel (2010) and
Koehrer et al. (2010), from the up-ramp to the down-ramp. The
inner ramp was subdivided into six microfacies associations,
including mixed tidal flat, evaporitic supratidal flat (sabkha), per-
itidal flat, subtidal flat, shoal of lagoon-margin, and lagoon. The
middle ramp was subdivided into troughs between shoals and low
energy shoal facies. The outer ramp was predominantly composed
of open shelf-basin facies (Fig. 16).

Four types of high-quality reservoir lithofacies associations
are developed in the inner ramp of the Bachu area. The first
type is composed of dolowackestone, gypsum-bearing dolo-
stone, gypsum-salt rock, and argillaceous dolomudstone lith-
ofacies association, accompanied by an upward-shallowing
sedimentary cycle. It is distinguished by thick gypsum-bearing
dolostones, and is interpreted to occur in an evaporitic supra-
tidal flat at micropaleogeomorphic heights (e.g. Well HT2; Figs.
7(p)-(t), 15(a)). The second type represents an upward-
shallowing shoal lithofacies association composed of intra-
clast dolostone, oolitic dolostone, and laminated stromatolite. It
is marked by frequent interlayering of D1-1 and D1-2, and is
interpreted to have developed in a peritidal flat (e.g. Well CT1;
Figs. 7(k)-(0), 15(b)). The third type represents a microbial
mound lithofacies association consisting of dolowackestone,
thrombolite, stromatolite, algal intraclastic dolostone, and
laminated stromatolite. It is characterized by thick layers of D2-
4 and occurs in a shallow subtidal flat (e.g. Well TM1, Figs.
7(a)-(e), 15(c)). The last type is a thrombolite, oolitic dolo-
stone, stromatolite, and microbial dolograinstone lithofacies
association, characterized by thick layers of D1-1, occurring in
lagoon-margin shoals (e.g. Well ST1; Figs. 7(k)-(0), 15(d)).
During the SQ2 stage in parts of the Tabei area, a lithofacies
association comprising mudstone, dolomite-bearing packstone,
intraclast dolostone, oolitic dolostone, laminated stromatolite
occurs in the mound and shoal of the middle ramp (Fig. 16(f)).
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Fig. 15. The south-north transect profiles of dolostone reservoir within the sequence framework of Xiaoerbulake Formation crossing Wells HT2, H4, TM1, ST1, KT1(JN), and XEBLK.
See Fig. 1 for well locations. POR: logging porosity.

Fig. 16. Facies model, lithofacies association types, and a simplified diagram showing the relationship between porosity and lithofacies in a carbonate ramp based on the
Xiaoerbulake Formation in Tarim Basin, showing the locations of sampled wells.
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In addition, a non-reservoir lithofacies association, composed
of argillaceous mudstone, clay-bearing limestone, dolomite-
bearing limestone, and thrombolite, occurs within a low-
energy trough between microbial mounds and subtidal shoals
in subtidal flat facies (e.g. Well QT1). Lagoonal facies mainly
consist of an upward-shallowing lithofacies association of tight
argillaceous mudstone, clay-bearing limestone, and dolomite-
bearing limestone (Fig. 16(e)).

In conclusion, the development of high-quality reservoirs in a
carbonate ramp is controlled by multiple factors, including sedi-
mentary microfacies, micropaleogeomorphy, sea level fluctua-
tions, and early dolomitization. Within the inner ramp, the
shallow subtidal flat and the lagoon-margin shoal, characterized
by strong hydrodynamic conditions, are more conducive to the
formation of the foundation for a high-quality reservoir dominated
by microbial mound-shoal facies. Furthermore, microbial dolo-
stones such as D2-1, D2-2, D2-3 and D2-4, which formed in the
upper parts of sedimentary cycles under strong hydrodynamic
conditions, are more conducive to meteoric water dissolution
compared to D2-5 and D2-6, which developed under relatively
weaker hydrodynamic settings conditions. In addition, gypsum-
bearing dolostone developed in a restricted supratidal flat also
serves as a crucial lithofacies for the formation of high-quality
reservoirs. This is because gypsum is more prone to dissolution
to form pores compared to carbonate rocks under the influence of
meteoric water during penecontemporaneous or shallow burial
stage. In proximity to micropaleogeomorphic highs near the
archicontinent, prolonged exposure and karstification are more
likely to occur during significant sea-level drops at the 4™-order to
3™_order sequence boundary, resulting in the development of
thick and high-quality reservoirs. The upper parts of the microbial
mounds and shoals, which formed under conditions of strong
hydrodynamic and shallow-water sedimentation, are prone to
temporary exposure and dissolution during penecontempora-
neous stage. This process generates abundant intergranular pores,
intragranular pores, and microbial-related framework pores.
Dolostone exhibits superior resistance to pressure dissolution,
making it more effective in preserving pore systems during burial
(Heydari, 2000; Zhou et al., 2022, 2023). The occurrence of large-
scale dolomitization during the penecontemporaneous stage fa-
cilitates the effective preservation of early-formed dissolution
pores by resisting compaction and pressure dissolution during
burial, ultimately forming large-scale high-quality reservoirs.

6. Conclusions

Three types of dolostone have been identified: dolograinstone
(D1), microbial dolostone (D2), and crystalline dolostone (D3).
These dolostones can be subdivided into 14 subtypes according to
grain type, texture and crystal size. Among them, D1, D2-1, D2-2,
D2-3, D2-4, D3-2, and D3-3 exhibit potential as high-quality res-
ervoirs. The Xiaoerbulake Formation is composed of two
transgressive-regressive 3'9-order sequences, SQ1 and SQ2, which
are further subdivided into seven 4™-order subsequences, SSQ1 to
SSQ7, from bottom to top. Five sets of large-scale, high-quality
reservoirs are vertically developed and primarily occur within the
4™_order regressive cycles.

The meter-scale cyclicity within the shoals of peritidal flat
facies is characterized by frequent lithological variations, recurrent
sea-level fluctuations, and strong cyclic porosity, typically
appearing as high-frequency interbedded layers. The meter-scale
cyclicity within microbial mound of subtidal flat facies exhibits
vertically stacked pores within relatively thin layers. The pore
types within these microbial mound-shoal dolostones are pre-
dominantly composed of fabric-selective intergranular pores,
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intragranular pores, and microbial-related framework pores,
exhibiting a notable correlation with specific lithofacies. Spatially,
these pore systems coalesce into large-scale, high-quality reser-
voirs across 4M-order to 3"-order cycles through the vertical su-
perposition of multiple meter-scale cycles.

The restricted tidal flat located at the micropaleogeomorphic
heights can develop high-quality reservoirs within the Xiaoerbu-
lake Formation due to penecontemporaneous karstification, which
are characterized by exceptional quality and considerable thick-
ness. This type of reservoir is formed through superimposed
meteoric water dissolution, controlled by drops in sea-level at 4-
order to 3™-order sequence scale, extending downward for
approximately 60 m below the 3™_order sequence boundary. It is
marked by chert fillings in vugs, seepage silt, terra rossa staining,
gypsum-related dissolution pores, and notably negative 53C
compositions.

For carbonate ramps, the development of high-quality reser-
voirs is primarily controlled by sedimentary microfacies, micro-
paleogeomorphy, sea level fluctuations, and early dolomitization.
Subtidal microbial mounds and shoals in the shallow subtidal flat,
shoal of lagoon-margin and restricted supratidal flat can serve as a
foundation for the formation of high-quality reservoirs. During
transgressive cycles, microbial mounds and shoals are more
conducive to pore development due to increased exposure and
dissolution potential associated with sea level decline and the
growth of mounds and shoals. The presence of gypsum-bearing
dolostones within restricted supratidal flat, located at micro-
paleogeomorphic heights near the archicontinent, is particularly
conducive to karstification during major sea-level drops at the 4-
order to 3"-order sequence boundary, resulting in the formation
of a thick layer of gypsum-related pores. Additionally, extensive
early-stage dolomitization facilitates the preservation of early-
formed dissolution pores by resisting compaction and pressure
dissolution during burial, ultimately contributing to the formation
of large-scale, high-quality reservoirs. These findings hold signif-
icant implications for the exploration of high-quality reservoirs
within a carbonate ramp. In addition to focusing on relatively
high-energy mounds and shoals in the intertidal-subtidal flat,
shoals of the lagoon-margin and gypsum-bearing dolostones
related to restricted evaporitic tidal flat are also worthy of
attention.
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