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a b s t r a c t

The deep-buried dolomites of the Upper Ediacaran Qigebrak Formation in the Tarim Basin possess 
substantial hydrocarbon potential. Although diagenetic processes, particularly dolomitization, are 
recognized as critical for reservoir evolution in this formation, their specific impacts on reservoir quality 
remain poorly understood. This study utilizes newly acquired petrographic, stable isotope, and radio
genic isotope data, integrated with carbonate U–Pb ages and temperature data, to elucidate the rela
tionship between dolomitization processes and reservoir evolution in the Qigebrak Formation. Seven 
distinct dolomite phases were identified:  dolomicrite (D1), very fine  crystalline dolomite (D2), fine 
crystalline dolomite (D3), fibrous dolomite cement (D4), bladed dolomite cement (D5), fine to medium 
crystalline dolomite cement (D6), and coarse crystalline saddle dolomite cement (D7). D1 and D2 
exhibit δ13C and 87Sr/86Sr ratios consistent with coeval Ediacaran seawater, indicating an initial syn
genetic dolomitization event in restricted lagoon/tidal flat environments. This event formed via near- 
surface dolomitization driven by the reflux of slightly evaporative seawater. D4 and D5 also precipitated 
in near-surface settings under seawater dolomitization conditions, but their depleted δ13C and δ18O 
values with elevated 87Sr/86Sr ratios suggest the involvement of meteoric water in the precipitation 
process. In contrast, most D3 and D6 were formed through burial dolomitization at elevated temper
atures. D7 originated from hydrothermal dolomitization at 135–150 ◦C, characterized by progressively 
depleted δ18O ratios with increasing burial depth and the mixing of 87Sr-enriched hydrothermal fluids. 
Notably, early syngenetic dolomitization preserved primary pores in the Qigebrak Formation despite 
long-term burial, whereas later burial and hydrothermal dolomitization primarily adjusted the pre- 
existing pore systems. This study enhances our understanding of multistage dolomitization processes in 
the Qigebrak Formation and provides insights for future exploration of Precambrian successions.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Dolomite reservoirs constitute over half of the world's car
bonate oil and gas reservoir rocks, contributing substantially to 
global petroleum resource production (Warren, 2000; Ahmad et 
al., 2022; Rahim et al., 2022). In the past decade, deep-buried 
Precambrian dolomite reservoirs have emerged as critical targets 
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for hydrocarbon exploration (Grotzinger and Al-Rawahi, 2014; 
Frolov et al., 2015; Zhou et al., 2020; Jin et al., 2025). For 
instance, the Upper Ediacaran dolomites in Sichuan Basin, China 
contain the world's largest volume of unproven gas resources, 
even though they have been buried at depths exceeding 7 km 
(Jiang et al., 2023). Similarly, recent explorations in Tarim Basin, 
China have achieved significant breakthroughs: the Luntan-1 and 
TS-5 wells revealed gas-bearing dolomite reservoirs in the Qige
brak Formation (Yang et al., 2020a), suggesting promising poten
tial for hydrocarbon exploration in such deep-buried geological 
settings.

The dolomite reservoirs of the Ediacaran Qigebrak Formation 
display remarkable complexity and heterogeneity, previous 
studies have shown the Qigebrak Formation reservoirs in the 
northern Tarim Basin are predominantly composed of dolomi
crobialites, dolomudstone and crystalline dolomites with various 
dolomite cements (Li et al., 2015, 2021a; Shi et al., 2017). These 
investigations have focused on sedimentary facies, reservoir 
characterization, and diagenetic processes in the Qigebrak dolo
mite reservoirs (Zhu et al., 2021; Tang et al., 2022; Zhao et al., 
2023). More recently, several studies have addressed the timing 
and mechanisms of dolomitization in this formation. For example, 
Yang et al. (2020b) conducted U–Pb dating on multiphase dolo
mites from outcrop samples in the northwestern Tarim Basin, 
constraining the formation of the host dolomite rocks to between 
576.0 ± 16.0 Ma and 560.0 ± 26.0 Ma. Zheng et al. (2021a)
attributed the origin of matrix dolomites to seepage-reflux  and 
evaporative dolomitization processes, while Zhao et al. (2024)
classified the dolomites into several diagenetic phases and inves
tigated the corresponding dolomitizing fluids.  Nevertheless, the 
evolutionary pathways of these dolomitizing fluids  and their 
impact on reservoir development remain poorly constrained.

Furthermore, the origin of pores in the Qigebrak dolomite 
reservoirs remains a subject of debate. A lack of detailed 
petrographic evidence has led some researchers to challenge the 
hypothesis of deep-buried dolomite dissolution and porosity 
generation in this basin (Yan et al., 2019; Shang et al., 2020; 
Chen et al., 2023). Additionally, knowledge gaps persist in un
derstanding the sedimentary facies and early-stage dolomitiza
tion of the Qigebrak Formation, and recent work suggests these 
factors may be more critical for the reservoir formation than 
deep burial dissolution processes (Zheng et al., 2023). Therefore, 
evaluating the coupled effects of dolomitization fluid evolution 
across different stages and their influence on the formation and 
modification  of ultra-deep carbonate reservoirs is of vital 
importance.

To reconstruct reservoir evolution in the Upper Ediacaran 
Qigebrak Formation, this study integrates analysis of dolomiti
zation processes, diagenetic events, and tectonic history. We 
identify key factors governing pore creation and preservation 
during diagenesis. Multistage dolomitization, diagenetic fluid 
sources, and their influence  on reservoir evolution are con
strained through detailed petrological and geochemical ana
lyses. Specifically, this research addresses three critical 
questions regarding the Upper Ediacaran Qigebrak Formation: 
(1) What are the main petrologic and geochemical characteris
tics of the different types of dolomites? (2) What were the 
dolomitization mechanisms of these dolomites? (3) How did 
different diagenetic fluids contribute to the reservoir formation? 
The findings  of this study extend beyond the Tarim Basin, 
providing a theoretical framework for hydrocarbon exploration 
in analogous deep-buried dolomite reservoirs globally, and of
fering insights into reservoir quality assessment with similar 
geological settings.

2. Geological background

The Tarim Basin, an intracratonic basin, is bounded by the 
Tianshan Mountains to the north, the Kunlun Mountains to the 
southwest, and the Altun Mountains to the southeast (Fig. 1(a); 
Wu et al., 2017). Developed on a Precambrian basement, this 
large-scale superimposed basin formed through complex tectonic 
processes (Turner, 2010; Shen et al., 2022b). Its geological evolu
tion began as a rift basin in the late Neoproterozoic, transitioning 
to a cratonic marine basin before evolving into a non-marine basin 
during the Mesozoic (Fig. 1(a); Jia, 1999; Zhang et al., 2013; Shen et 
al., 2022b). As a result of these complex geological histories, the 
basin is divided into distinct structural units (Fig. 1(a)). The studied 
outcrops (LKG and SA) and wells (LT-1, QT-1 and XH-1) are situated 
in the northern Tarim Basin (Fig. 1(a)), and the study area was 
characterized by a shallow-water carbonate platform during the 
Late Ediacaran (Zheng et al., 2021a; Wang et al., 2022; Zhao et al., 
2023).

The Ediacaran strata, in ascending order, consist of the Sugai
tebrak (Z1s) and Qigebrak (Z2q) formations (Fig. 1(b)). Detailed core 
and outcrop observations reveal that three third-order sequences 
can be recognized in these strata (Shi et al., 2016; Fig. 1(b)). The 
Lower Ediacaran Sugaitebrak Formation is characterized by a 
mixed siliciclastic–carbonate platform deposition, composed of 
interbedded carbonate and siliciclastic rocks (Wang et al., 2022; 
Huang et al., 2025; Fig. 1(b)). Overlying the Sugaitebrak Forma
tion, the Qigebrak Formation is dominated by massive dolostones 
(Bao et al., 2022; Fig. 1(b)). Extensive subaerial exposure during the 
Late Ediacaran resulted in a paraconformity between the Qigebrak 
Formation and the Lower Cambrian Yuertusi Formation (He et al., 
2018; Fig. 1(c)). In the study area, the Qigebrak Formation ranges in 
thickness from 145 m to 175 m, with microbial dolostones 
constituting over 75% of its volume (Fig. 2). Microbial fabrics, such 
as stromatolites, microbial laminites, and spongy textures, are 
commonly observed in these Qigebrak dolostones (Fig. 2).

The burial histories of the Qigebrak Formation from Well LT-1 
and the Keping outcrop are illustrated in Fig. 3. In the well LT-1, the 
Qigebrak Formation underwent continuous burial to ~4.5 km 
during the early Permian. Subsequent uplift in the Triassic shal
lowed the strata to ~4 km, after which renewed burial reached the 
current depth of ~8.7 km. In contrast, the Keping area attained a 
maximum burial depth of ~4.5 km in the early Carboniferous, 
followed by rapid uplift to ~3.5 km in the Permian. Thereafter, after 
a period of minor subsequent burial, the strata gradually uplifted 
to form the present-day outcrops (Chang et al., 2011).

3. Samples and methods

Samples utilized in this study were collected from two outcrop 
sections (LKG, SA) and three drilled wells (LT-1, QT-1 and XH-1) 
from the Qigebrak Formation. To cover the main lithofacies, sam
ples were obtained from various sedimentary facies (e.g., tidal flats 
and lagoons), and a total of 160 samples from both outcrops and 
drilling cores were prepared as thin sections for analysis. After the 
observation under transmitted light optical microscopy, these thin 
sections were then analyzed with cathodoluminescence (CL) mi
croscopy. The CL analysis was carried out using a Reliotron Relion 
III model, with an acceleration voltage of 5–8 kV and a gun current 
of 300–400 μA. Combined with core descriptions and scanning 
electron microscopy (SEM), these observations characterized 
sedimentary structures, dolomite matrix and cement types, lith
ofacies, and paragenetic sequences. Moreover, we assembled 
geochemical data, such as carbon and oxygen isotopes, strontium 
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isotopes, and temperature data obtained from fluid inclusions and 
clumped isotope measurements on diverse dolomite phases.

Geochemical analysis samples were collected via micro-drilling 
using a hand-held dental drill under microscopic guidance. A total 
of 41 samples were analyzed for carbon and oxygen stable isotopic 
compositions. For δ13C and δ18O measurements, approximately 
4 mg of each sample was subjected to reaction with phosphoric 
acid for 10 h at 90 ◦C using the conventional acid bath technique 
(Land, 1980). The evolved CO2 was analyzed using a Finnigan-MAT 
252 mass spectrometer (Vahrenkamp and Swart, 1994). Results are 
reported in per mil (‰) relative to the Vienna Pee Dee Belemnite 
(VPDB) standard. Duplicate analyses (n = 10) exhibited typical 1σ 
uncertainties of <0.15‰ for δ13C and <0.20‰ for δ18O. All analyt
ical procedures were performed at the Stable Isotope Geochem
istry Laboratory of the Institute of Geology and Geophysics, 
Chinese Academy of Sciences (IGGCAS).

Strontium isotope ratios (87Sr/86Sr) of various dolomite types 
from 21 representative samples were analyzed at IGGCAS 
following the methodology of Liu et al. (2021). Microdrilled 
dolomite samples (40–50 mg) were dissolved in 0.2 mol/L HCl at 
80 ◦C for 4 h. The resulting solution was processed through an ion- 
exchange column to isolate strontium, followed by 87Sr/86Sr 
measurement using a Finnigan MAT-262 thermal ionization mass 
spectrometer. Strontium isotope ratios were calibrated relative to 

the NBS-987 standard, which yielded an average value of 0.7103. 
The standard deviation (2σ) of 87Sr/86Sr during the determination 
was less than 0.000024.

Temperature data were obtained through fluid  inclusion (FI) 
and clumped isotope analyses. A total of 88 samples underwent 
analysis of fluid inclusions (FIs) to determine the homogenization 
temperatures and salinities of aqueous FIs. The salinity (expressed 
in wt.% NaCl equivalent) was computed from ice melting temper
atures (Tm ice) by applying the equation proposed by Bodnar 
(1993). Special attention was given to fluid  inclusion assem
blages (FIAs) along growth zones, as these assemblages represent 
genetically related FI groups in petrology (Goldstein and Reynolds, 
1994). The FI measurements were carried out using a Linkam 
THMSG 600 cooling and heating stage, which offered a precision of 
0.1 ◦C. This stage was calibrated using synthetic pure water, CO2 
inclusions, and appropriate pressure corrections were applied to 
the FI groups.

Clumped isotope analyses were performed on 36 samples using 
the methodology described by Wang et al. (2016). Raw data un
derwent nonlinear corrections using standards ETH1–ETH4, 
whereas P1 (coral) and NB-4 (marble) served as working standards 
to minimize errors during sample preparation and analysis. Sam
ple results were converted to Δ47 values in the carbon dioxide 
equilibrated scale (CDES), which is considered the absolute 

Fig. 1. (a) Geological map depicting the locations and study area of the Tarim Basin, modified after Zhu et al. (2015); (b) stratigraphy, lithology and sequences of the Ediacaran 
strata in the northern Tarim Basin, modified after Shi et al. (2016); (c) photograph showing the plan view of Qigebrak and Yuertusi formations taken from an unmanned aerial 
vehicle.
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reference system (Dennis and Schrag, 2010; Dennis et al., 2011). 
For the correlation between dolomite mineral formation temper
ature and Δ47 values, we refer to the formula proposed by 
Bernasconi et al. (2018). These analyses were also conducted at 
IGGCAS.

4. Results

4.1. Petrography

Diagenetic products such as dolomite and calcite are common 
throughout the Qigebrak Formation. In contrast, quartz, bitumen, 
and minor clay minerals occur locally. Specifically, based on the 
crystal size, distribution pattern and crystal boundary morphology 
(Gregg and Sibley, 1984; Guo et al., 2020), seven types of dolomite 
were distinguished: three types of matrix dolomites (D1 to D3) 
and four types of dolomite cements (D4 to D7). The matrix dolo
mites occur in the host dolostones and can be further subdivided 

into dolomicrite (D1), very fine crystalline dolomite (D2) and fine 
crystalline dolomite (D3). In comparison, the dolomite cements 
were found in the vugs and pores of the Qigebrak Formation, with 
four distinct types recognized: fibrous  dolomite cement (D4), 
bladed dolomite cement (D5), fine to medium crystalline dolomite 
cement (D6) and coarse crystalline saddle dolomite cement (D7).

4.1.1. Dolomites
Dolomicrite (D1). This type of dolomite commonly occurs in 

thin-bedded outcrops and replaced restricted lagoonal facies (Fig. 
4(a)). Microscopically, the D1 dolomite consists of very fine crys
tals with sizes ranging from 2 μm to 5 μm. Additionally, it generally 
occurs as subhedral to non-planar dolomite crystals, and low- 
amplitude stylolites are locally observed in the thin sections (Fig. 
4(b)).

Very fine  crystalline dolomite (D2). D2 is widely distributed 
throughout the Qigebrak Formation. This dolomite type typically 
displays microbial-like fabrics such as microbial laminite (Fig. 

Fig. 2. Lithological columns of the Upper Ediacaran Qigebrak Formation in the study area.
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4(c)), stromatolites, and spongy-like fabrics (Fig. 4(d)). Micro
scopically, it consists of very fine crystals (typically 5–20 μm) and 
generally displays planar-e to planar-s crystal rhombs (Fig. 4(d)).

Fine crystalline dolomite (D3). D3 dolomite accounts for 
approximately 15% of the total dolostones. This type is distin
guished by the complete replacement of primary sedimentary 
fabrics (Fig. 4(e)), consisting of nonplanar-a dolomite crystals with 
crystal sizes ranging from 50 μm to 200 μm (Fig. 4(f)). Notably, 
some D3 crystals exhibit undulatory extinction under cross- 
polarized light.

Fibrous dolomite cement (D4) and bladed dolomite cement 
(D5). D4 and D5 occur as cement crusts in sheet cavities in the tidal 
flat  facies of the Upper Qigebrak Formation (Fig. 5(a)–(d)). Ac
counting for approximately 30% (based on visual estimation of thin 
sections), D4 forms isopachous crusts around grains. It commonly 
occurs in the D2 matrix and displays crystal lengths ranging from 
millimeter to centimeter scale (Fig. 5(a) and (b)). Notably, D5 
overgrows D4 without optical continuity, characterized by bladed 
textures and associated residual pores (Fig. 5(c)).

Fine to medium crystalline dolomite cement (D6). D6 
commonly occurs as pore-filling cement in the D2 dominated host 
rock of the Qigebrak Formation (Fig. 5(d) and (e)). In some sec
tions, D6 often occludes most of the pre-existing pores and post
dates the first-stage  cement D4 (Fig. 5(d)). Composed of fine-to 
medium-crystalline planar-s to nonplanar-a dolomite rhombs, D6 
displays a relatively unimodal crystal size distribution ranging 
from 50 μm to 400 μm (Fig. 5(d) and (e)).

Coarse crystalline saddle dolomite cement (D7). D7 dolomite is 
frequently observed in fractures and vugs associated with D6 (Fig. 
5(e)), calcite, and quartz. Composed of coarsely crystalline, 
nonplanar-a dolomite rhombs (crystal sizes 500–800 μm), it grows 
at pore centers and occasionally overlies D6 (Fig. 5(e)). D7 crystals 
exhibit curved crystalline faces and undulose extinction (Radke 
and Mathis, 1980).

4.1.2. Other diagenetic products
Quartz. Vugs, pores, and fractures in the Qigebrak Formation 

are frequently occluded by quartz cements with crystal sizes of 
~100–800 μm (Fig. 5(c)). These quartz cements often occur in as
sociation with coarse saddle dolomite cement (D7), calcite ce
ments, and fluorite in the pore spaces of carbonate reservoirs.

Calcite. Calcite cements are predominantly observed in the 
upper part of the Qigebrak Formation, categorized into two main 
types: (1) mega-crystalline calcite cement, which is commonly 
observed in vugs and paleocaves in the uppermost Qigebrak 

Formation, occurring associated with karst breccias (Fig. 5(f)). The 
calcite crystal size is between 800 μm and 10 cm; (2) mosaic calcite 
cement, characterized by crystal sizes of 50–200 μm, commonly 
filling pore spaces (Fig. 5(g)).

Bitumen. Bitumen occurs locally in the uppermost Qigebrak 
Formation. In the SA section, it is associated with columnar stro
matolites (Fig. 5(h)), which usually developed in the D2. Addi
tionally, stylolites in the D2 matrix are filled  with bitumen, 
indicating hydrocarbon migration pathways (Fig. 5(i)).

Although multiple diagenetic processes modified  pore net
works and influenced petrophysical properties of reservoirs in the 
Qigebrak Formation, this study focused primarily on dolomitiza
tion, as this process may be the dominant controlling factor. The 
paragenetic sequence of the Qigebrak Formation is well-con
strained by copious petrographic observations, with detailed 
paragenetic sequences documented in Fig. 6. During the synde
positional to early-diagenetic stage, D1 and D2 were formed by 
pervasive dolomitization, and microbial fabrics were completely 
dolomitized during this process. By the terminal Ediacaran, the 
study area underwent uplift and subaerial exposure (Shang et al., 
2020), triggering meteoric dissolution in the upper interval of 
the Qigebrak Formation. Subsequent to this dissolution event, the 
first  and second generations of dolomite cements (D4 and D5) 
precipitated along the margins of pores and vugs. As burial depth 
increased, D3 and D6 were formed, and hydrocarbon started to 
migrate into pore spaces. During late diagenesis, fractures likely 
developed due to the release of tectonic stress. The subsequent 
precipitation of D7, quartz, and calcite further diminished the 
reservoir spaces.

4.2. Geochemistry

4.2.1. Stable carbon and oxygen isotope
The stable isotope (C and O) analysis results are presented in 

Fig. 7 and Table 1. D1 samples exhibit relatively positive δ13C 
values ranging from 2.79‰ to 5.16‰ VPDB, with a narrow δ18O 
range of − 3.89‰ to − 0.04‰ VPDB. These values largely overlap 
with the δ13C (1.79‰–3.59‰ VPDB) and δ18O (− 4.79‰ to − 0.72‰ 
VPDB) ranges of D2 samples. D3 samples show δ13C values be
tween 1.04‰ and 3.77‰ VPDB and δ18O values from − 7.76‰ to 
− 2.35‰ VPDB. Early-diagenetic D4 and D5 dolomites display a 
narrow δ13C range (0.35‰ to 3.16‰ VPDB) and have δ18O values 
from − 7.52‰ to 0.86‰ VPDB. In general, D4 and D5 isotopic values 
are lower than those of matrix dolomites (D1, D2, D3), though 
minor overlap exists (Fig. 7). D6 samples have a narrow δ13C 
(0.06‰–1.83‰ VPDB) and δ18O (− 10.43‰ to − 8.25‰ VPDB) range. 
D7 shows δ13C of − 0.30‰ to 1.79‰ VPDB and δ18O of − 12.64‰ to 
− 9.81‰ VPDB. Calcite cements (CC) form a distinct group, char
acterized by predominantly negative δ13C (− 0.89‰ to 0.46‰ 
VPDB) and the lowest δ18O values (− 13.02‰ to − 11.47‰ VPDB) 
among all samples.

4.2.2. Strontium isotope
The 87Sr/86Sr ratios of various carbonate minerals from the 

Qigebrak Formation are presented in Fig. 8 and Table 1. D1, D2, and 
D3 samples exhibit a narrow range of low 87Sr/86Sr values 
(0.708466 to 0.708940), with the exception of one D3 sample 
(0.710063). These values for most matrix dolomites align with the 
estimated seawater 87Sr/86Sr range (0.708464 to 0.709089) during 
the Late Ediacaran (Fig. 8; Zhang et al., 2020). D4 and D5 samples 
show relatively elevated ratios, with two D4 samples displaying 
highly radiogenic values (0.709670 and 0.710000). D6 and D7 
exhibit significantly  elevated 87Sr/86Sr ratios (0.709130 to 
0.709625), while calcite cements (CC) show high values ranging 
from 0.709810 to 0.709848.

Fig. 3. Burial history of the Qigebrak Formation in the well LT-1 and Keping outcrop 
area, modified after Chang et al. (2011) and Zhao et al. (2024).
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4.2.3. Temperature data
Clumped isotope and fluid  inclusion microthermometric data 

constrain different mineral temperatures in the Qigebrak Forma
tion (Fig. 9), which reveal distinct formation temperatures.

Due to the difficulty in observing two-phase inclusions in early- 
formed dolomites, clumped isotope analyses were performed on 
these matrix dolomites (D1 to D3) and early-diagenetic dolomite 
cements (D4 and D5) (Shen et al., 2021). Results show that D1 and 
D2 exhibit relatively low precipitation temperatures (mostly 
<65 ◦C), consistent with near-surface diagenetic conditions. The 
δ18Owater values of their corresponding dolomitization fluids  are 

from 3.09‰ to 4.90‰ Vienna Standard Mean Ocean Water 
(VSMOW) (Fig. 10). In comparison, D3 dolomites have relatively 
higher temperatures (62 ◦C to 77 ◦C) and lower δ18Owater values 
(0.99‰ to 2.88‰ VSMOW). D4 and D5 samples yield similar 
temperatures to those of matrix dolomites, varying from 60 ◦C to 
68 ◦C, but have distinctly lower δ18Owater values (− 0.47‰ to 
− 0.14‰ VSMOW) (Fig. 10).

For ancient dolomites, the 13C–18O bonds within carbonate 
crystals may undergo reordering through solid-state exchange 
reactions, potentially affecting the accuracy of measured clumped 
isotope temperatures (Stolper and Eiler, 2015; Li et al., 2021b). It is 

Fig. 4. Outcrop and photomicrographs showing the Qigebrak dolomite matrix. The pen in (a) and (e) is 15 cm long for scale. (a) Thin-bedded dolomicrites (D1) deposited in lagoon 
facies, outcrop, LKG section; (b) low-amplitude stylolite occurs associated with dolomicrites (D1), thin section, SA section; (c) abundant microbial laminae (dashed lines) 
developed in the very fine crystalline dolomite (D2), outcrop, LKG section; (d) spongy fabrics in the D2 with a large number of microbial-framework pores (MP), thin section, SA 
section; (e) medium-to thick-bedded fine crystalline dolomite (D3) without typical microbial fabrics, outcrop, SA section; (f) D3 shows nonplanar dolomite crystals with some 
residual intercrystalline pores (IP), thin section, LKG section.
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suggested that, compared to calcite, dolomite could be more 
resistant to reordering and may retain primary clumped compo
sition at burial temperatures of up to 150 ◦C (Lloyd et al., 2018). In 
this study, the consistent differences in the clumped temperatures 
(TΔ47) for each measured dolomite component (D1 to D5) match 
well with the paragenetic sequence, thus implying an insignificant 
influence  of alteration on the calculated TΔ47 during burial 
diagenesis (Lloyd et al., 2018; Chang et al., 2020). This is supported 
by the δ13C and 87Sr/86Sr values of most D1 and D2 samples, which 
are similar to those of coeval seawater (Figs. 7 and 8), indicating 
that late-stage diagenesis did not substantially modify the original 
geochemical signals. As for D3, D4, and D5, they exhibit slightly 
elevated temperatures relative to D1 and D2, possibly reflecting 
minor diagenetic effects (e.g., recrystallization) on clumped tem
peratures at greater burial depths (Lukoczki et al., 2020; Fig. 10).

For the late-stage pore-filling  cements, two-phase inclusions 
are more readily observable. Therefore, fluid  inclusion micro
thermometric analysis was employed to determine the formation 
temperatures of D6, D7, and quartz cements. D6 dolomites 

(80–117 ◦C) show significantly  higher temperatures than matrix 
dolomites (D1, D2 and D3) and early-diagenetic dolomites (D4, 
D5). D7 dolomites yield markedly elevated precipitation temper
atures (135–150 ◦C), while quartz cements range between 110 ◦C 
and 130 ◦C.

5. Discussion

5.1. Paragenetic sequences of dolomite

Dolomite crystals in D1 and D2, which originated from 
restricted tidal flat  facies, are predominantly euhedral with the 
smallest crystal sizes (2–20 μm), indicating the initial stage of 
dolomitization at depths shallower than 500 m (Fig. 6; Warren, 
2000; Machel, 2004; Lukoczki et al., 2020). Huang et al. (2025)
reported the Qigebrak Formation started to deposit in 
565 ± 12 Ma. Combined with the burial history (Fig. 3) and the 
U–Pb dating ages of D1 and D2 (576 ± 16 Ma ~560 ± 26 Ma; Yang et 
al., 2020b), it could further validate that D1 and D2 were formed 

Fig. 5. Outcrop and photomicrographs showing the Qigebrak dolomite cement (D4 to D7) and other diagenetic products. (a) Fibrous dolomite cement (D4) occurs in the D2 matrix 
surrounded by abundant microbial fabrics, LKG section; (b) CL image of D4, with preserved zonation, LKG section; (c) bladed dolomite cements (D5) were partially filled in the 
pores of D3, with associated quartz cement (Q), SA section; (d) paragenetic sequence showing D2 followed by pore-filling cements D4 and D6. The host rock is composed of D2, 
with pre-existing pores occluded by later diagenetic cements D4 and D6, LKG section; (e) fine to medium crystalline dolomite cement (D6) and coarse crystalline saddle dolomite 
cement (D7) partially filled the pores, with D6 overgrown by D7, well QT-1, depth in 6000 m; (f) mega-crystalline calcite cement (yellow arrow) and karst breccias (red arrows) in 
the paleocaves, LKG section, the hammer is 30 cm long for scale; (g) a back-scattered electron (BSE) image for mosaic calcite cement (C) with blocky structure, intercrystalline 
pores (IP) locally occur, SA section; (h) bitumen (Bit) locally occurs with the associated columnar stromatolites, SA section, the magnifier is 6 cm long for scale; (i) stylolite was 
filled by bitumen, well LT-1, depth in 8731 m.

P. Tang, X.-R. Yang, F. Guo et al. Petroleum Science 23 (2026) 2452–2466

2458



from depositional to a very early-diagenetic stage. D3 exhibits 
relatively small crystal sizes (50–200 μm) but lacks preserved 
original microbial fabrics, indicating a relatively early shallow- 
burial dolomitization stage following D1 and D2 (Prather et al., 
2023).

Early diagenetic dolomite cements (D4 and D5) are character
ized by fibrous and bladed dolomite crystals. The U–Pb ages of D4 
and D5 (from 556 ± 17 to 542.7 ± 8 Ma; Shen et al., 2021) are 
slightly younger than those of the matrix dolomites, yet still fall 
within the Late Ediacaran period, suggesting near-surface forma
tion (Ding et al., 2019; Hu et al., 2020). D5 commonly overgrows D4 
in pores, suggesting that D5 precipitated after D4. D6 and D7 
commonly occur in vugs and fractures. The majority of U–Pb ages 
for D6 dolomites primarily fall within the Ordovician, averaging 
472.3 ± 7.7 Ma (Shen et al., 2021). In contrast, D7 dolomites yield 
significantly younger U–Pb ages of 215 ± 30 Ma, corresponding to 
the Permian period (Yang et al., 2020b). The non-planar-a D6 is 

locally cut or overlain by D7 in vugs and fractures (Fig. 5(d)), 
suggesting that D7 precipitated later than D6, consistent with the 
U–Pb age of these dolomites.

5.2. Multiphase dolomitization history

5.2.1. Syngenetic dolomitization
As previous study presented, the very fine to fine crystal sizes 

(2–20 μm) and subhedral to nonplanar textures of D1 and D2, 
coupled with preserved primary microbial fabrics (Fig. 4(a)–(d)), 
indicate very early stage diagenesis (Fu et al., 2006). This phase is 
commonly associated with near-surface dolomitization (Fig. 11; Li 
et al., 2021c; Ahmad et al., 2022; Rahim et al., 2022; Ning et al., 
2024). However, the absence of classical evaporites suggests that 
the dolomitization occurred in slightly evaporated environments, 
implying a restricted, low-energy lagoonal or tidal-flat setting (Fig. 
12). In this setting, evaporation elevated the Mg2+/Ca2+ ratio of 
seawater, driving dolomite precipitation without attaining gyp
sum saturation (Tang et al., 2024). Consequently, dolomitizing 
fluids  for D2 likely had salinities below gypsum precipitation 
levels. Continuous dolomitization in restricted lagoons was sus
tained by periodic seawater input, facilitating the formation of 
large-volume D2 (Fig. 12). Furthermore, the common occurrence of 
microbial fabrics in D2, along with the reported microbial extra
cellular polymers (EPS) (Zhao et al., 2024), provides direct evi
dence for microbial activity. This indicates that microbes played a 
significant role in the initial formation of D2 (Dupraz et al., 2009; 
Riding, 2011; Bontognali, 2019).

D1 and D2 were formed by slightly evaporitic seawater, which 
is further supported by geochemical data. Their δ13C, 87Sr/86Sr 
(Figs. 7 and 8) and seawater-like rare earth elements (REE) pat
terns (Tang et al., 2024) are consistent with those of Ediacaran 
seawater, indicating that contemporaneous seawater was the 
primary dolomitization fluid responsible for the formation of D1 
and D2 (Bai et al., 2025). In addition, D1 and D2 yield δ18Owater 
values of 3.09‰–4.90‰ VSMOW for the dolomitization fluids (Fig. 
10), which are 8‰–10‰ VSMOW higher than the δ18O of Neo
proterozoic seawater (− 5‰ VSMOW; Galili et al., 2019). This also 
suggests the formation of D1 and D2 was associated with seawater 
subjected to evaporation. The dolomitization event probably took 
place at temperatures below 50 ◦C and depths shallower than 
1000 m, as indicated by the lack of two-phase fluid inclusions and 
the basin burial history (Fig. 3; Gregg and Sibley, 1984; Goldstein 
and Reynolds, 1994). Thus, D1 and D2 probably formed through 
reflux  dolomitization by slightly evaporative seawater (Fig. 12). 
Following the syngenetic dolomitization, meteoric water leaching 
happened at the end of Ediacaran, which was supported by sub
sequent calcite precipitation (Fig. 5(f) and (g)) with highly negative 
of δ18O values (Fig. 7), elevated 87Sr/86Sr ratios (Fig. 8) and absence 
of two-phase fluid inclusions (Zhu et al., 2020).

In the paragenetic sequence, D5 overlies D4, both serving as 
first-generation cements in microbial-framework pores and solu
tion-enlarged vugs (Fig. 5(a) and c)). Their elongated crystal 
morphology, predominantly dull to dark-red cath
odoluminescence, and frequent occurrence in microbial-frame
work pores strongly suggest a marine origin (Wood et al., 2017; 
Hood and Wallace, 2018; Hu et al., 2020; Wang et al., 2020). 
Additionally, the liquid-only monophase inclusions in D4 and D5 
indicate formation in seawater phreatic environments (Fig. 11; Hu 
et al., 2020). Compared to matrix dolomites (D1 to D3), D4 and D5 
exhibit relatively negative δ13C shifts, suggesting that the meteoric 
water diagenesis modified  these carbonates (Nicolaides, 1997; 
Shang et al., 2020). The increased 87Sr/86Sr ratios in D4 and D5 
further suggest the integration of radiogenic 87Sr derived from 
meteoric water inputs (Xiao et al., 2020).

Fig. 6. Paragenetic diagenetic sequence of the Qigebrak Formation.

Fig. 7. Carbon and oxygen isotope values of the carbonate minerals in the Qigebrak 
Formation. The blue rectangle represents coeval seawater isotopic range (He et al., 
2007).
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5.2.2. Burial dolomitization
Compared to D1 and D2, D3 exhibits coarser crystalline di

mensions (Fig. 4(e) and (f)) at greater burial depths. The burial 
history of the Qigebrak Formation across the Tarim Basin indicates 
rapid and continuous subsidence after deposition (Fig. 3). There
fore, burial dolomitization has probably occurred under relatively 
higher temperature conditions. This process likely occurred via 

recrystallization of pre-existing dolomites or replacement of re
sidual calcite during intermediate burial stage (Machel, 2004). The 
δ13C and 87Sr/86Sr ratios of D3 are similar to those of early-formed 
dolomites (D1, D2) (Figs. 7 and 8), suggesting Ediacaran seawater 
was the primary dolomitizing fluid  for D3. This explanation is 
further supported by the seawater-like REE patterns of D3, which 
are similar to those of D1 and D2 (Tang et al., 2024). The δ18Owater 

Table 1 
Isotopic data of carbon, oxygen, and strontium for various carbonate minerals.

Samples Types of carbonate minerals δ13CVPDB δ18OVPDB
87Sr/86Sr Error (2s)

17XR-42 Dolomicrite (D1) 5.16 − 2.2 0.708835 0.000013
17XR-64 Dolomicrite (D1) 2.98 − 3.89 0.708499 0.000012
17SG-62 Dolomicrite (D1) 3.57 − 3.31 0.708612 0.000011
18KX-65 Dolomicrite (D1) 2.79 − 0.04 - -
XR-05 Very fine crystalline dolomite (D2) 3.34 − 2.35 - -
XR-07 Very fine crystalline dolomite (D2) 1.88 − 4.05 0.708745 0.000012
XR-08 Very fine crystalline dolomite (D2) 1.79 − 4.12 - -
XR-10 Very fine crystalline dolomite (D2) 3.08 − 3.28 0.708480 0.000013
XR-12 Very fine crystalline dolomite (D2) 2.77 − 2.51 - -
XR-14 Very fine crystalline dolomite (D2) 2.85 − 3.07 0.708477 0.000013
KX-09 Very fine crystalline dolomite (D2) 2.36 − 4.14 - -
KX-10 Very fine crystalline dolomite (D2) 2.93 − 0.72 0.708559 0.000011
KX-99 Very fine crystalline dolomite (D2) 3.59 − 2.36 - -
SI-60 Very fine crystalline dolomite (D2) 2.57 − 4.79 - -
SI-66 Very fine crystalline dolomite (D2) 3.18 − 1.48 - -
SG-04 Very fine crystalline dolomite (D2) - - 0.708929 0.000011
SG-05 Very fine crystalline dolomite (D2) 2.42 − 1.38 - -
Q3-51-1a Very fine crystalline dolomite (D2) 2.75 − 1.64 0.708830 0.000012
Q3-78-1a Very fine crystalline dolomite (D2) 2.97 − 2.32 0.708940 0.000012
20XR-04-2-2 Fine crystalline dolomite (D3) 1.79 − 4.12 - -
20XR-05-3 Fine crystalline dolomite (D3) 2.09 − 6.78 0.708828 0.000012
20XR-07-1 Fine crystalline dolomite (D3) 2.63 − 6.05 - -
20XR-08-2 Fine crystalline dolomite (D3) 3.34 − 2.35 0.708466 0.000014
17SG-85 Fine crystalline dolomite (D3) 1.93 − 6.54 0.708675 0.000012
20KX-05-1 Fine crystalline dolomite (D3) 2.41 − 5.49 0.708819 0.000014
Well QT-1 (5996.03m)a Fine crystalline dolomite (D3) 2.06 − 7.76 - -
Well QT-1 (5996.73m)a Fine crystalline dolomite (D3) 1.04 − 6.3 - -
Well QT-1 (5996.81m)a Fine crystalline dolomite (D3) 1.36 − 7.62 - -
Well QT-1 (5997.88m)a Fine crystalline dolomite (D3) 3.77 − 5.94 0.710063 0.000012
DEG-Z2q-1-1a Fibrous dolomite cement (D4) 2.6 − 5.8 - -
DEG-Z2q-1-1a, b Fibrous dolomite cement (D4) 1.91 − 6.18 - -
DEG-Z2q-1-2a, b Fibrous dolomite cement (D4) 1.98 − 6.2 - -
DEG-Z2q-1-3a, b Fibrous dolomite cement (D4) 2.57 − 6.35 - -
DEG-Z2q-1-4a, b Fibrous dolomite cement (D4) 1.89 − 6.28 - -
DEG-Z2q-4-1a, b Fibrous dolomite cement (D4) 2.29 − 3.08 - -
DEG-Z2q-3-①a, b Fibrous dolomite cement (D4) 1.90 − 5.00 0.708910 0.000006
XH101-12-1-3a, b Fibrous dolomite cement (D4) 3.16 0.86 - -
XH101-12-2-1a, b Fibrous dolomite cement (D4) 1.92 − 3.82 - -
XH101-12-2-2a, b Fibrous dolomite cement (D4) 1.77 − 5.48 0.710000 0.000006
XH101-12-2-3a, b Fibrous dolomite cement (D4) 3.07 − 0.16 0.709670 0.000006
KX-121-1 Bladed dolomite cement (D5) 1.27 − 5.09 0.708835 0.000013
KX-123-1 Bladed dolomite cement (D5) 0.96 − 7.52 - -
JL16-1 Bladed dolomite cement (D5) 0.35 − 6.03 0.709057 0.000012
Q-58-1-1a Bladed dolomite cement (D5) 1.60 − 6.61 0.708900 0.000013
Q-58-1-2a Bladed dolomite cement (D5) 1.00 − 7.05 - 0.000013
XR-01 Fine to medium crystalline dolomite cement (D6) 0.18 − 10.25 0.709268 0.000013
XR-03 Fine to medium crystalline dolomite cement (D6) 0.06 − 9.99 0.709444 0.000013
KX-06 Fine to medium crystalline dolomite cement (D6) - - 0.709625 0.000013
KX-07 Fine to medium crystalline dolomite cement (D6) 0.57 − 10.43 - 0.000011
Q-56-1a Fine to medium crystalline dolomite cement (D6) 1.83 − 8.25 - -
Q-76-1a Fine to medium crystalline dolomite cement (D6) 1.50 − 8.77 0.709130 0.000011
KX-123-3 Coarse crystalline saddle dolomite cement (D7) − 0.30 − 11.16 - -
KX-123-2 Coarse crystalline saddle dolomite cement (D7) 0.56 − 11.72 - -
XR-89 Coarse crystalline saddle dolomite cement (D7) 0.67 − 9.81 0.709500 0.000013
XR-90 Coarse crystalline saddle dolomite cement (D7) 1.79 − 12.64 0.709460 0.000013
XR-91 Coarse crystalline saddle dolomite cement (D7) 0.60 − 10.48 - -
AK-01 Calcite cement − 0.85 − 12.31 0.709810 0.000013
AK-03 Calcite cement − 0.89 − 12.32 0.709848 0.000010
KX-121-2 Calcite cement − 1.24 − 13.02 - -
KX-121-3 Calcite cement 0.46 − 12.14 - -
KX-121-4 Calcite cement − 0.24 − 11.47 - -

Dashes represent data not measured or unavailable.
a Data are collected from Qian et al. (2017), Zheng et al. (2021a, 2021b), and Chen et al. (2023).
b Data represent micro-zone geochemical analyses.
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values of the dolomitization fluids (0.99‰–2.88‰ VSMOW; Fig. 10) 
suggest that D3 still exhibits the characteristics of evaporated 
seawater. However, depleted oxygen isotopes (− 7.76‰ to − 2.35‰ 
VPDB) and higher growth temperatures (62–77 ◦C) confirm  D3 
formed in burial environments at depths >1000 m (Fu et al., 2006).

D6 commonly occurs as overgrowth cements in the reservoir 
spaces (Fig. 5(d) and (e)). This dolomite type displays relatively 
low δ18O values (− 10.43‰ to − 8.25‰ VPDB; Fig. 7). Temperature 
data show these burial diagenetic cements precipitated at 

80–117 ◦C (Fig. 9). Fluid salinity from aqueous inclusions in D6 
indicates precipitation from saline waters (5.9–9.6 wt% NaCl 
equivalent; Fig. 11; Zhao et al., 2024), precluding meteoric water 
dilution. Thus, D6 originated through burial dolomitization in deep 
environments buffered by host carbonates. According to the burial 
history and paragenetic sequences, this dolomitization process 
probably took place at a depth of 2000–5000 m during the Ordo
vician to Permian periods. The significantly elevated 87Sr/86Sr ra
tios in D6 (Fig. 8) suggest radiogenic 87Sr incorporation, probably 
derived from K-feldspar potassium in detrital sediments or deep 
burial fluids (Jiang et al., 2019).

5.2.3. Hydrothermal dolomitization
Saddle dolomite cements (D7) are commonly present in the 

Qigebrak Formation, displaying depleted oxygen isotope values 
(δ18O: − 12.64‰ to − 9.81‰ VPDB), which differ from those of D4, 
D5, and D6 (Fig. 7). They have the highest precipitation tempera
tures (135–150 ◦C) among all dolomite types. Notably, D6 is locally 
overgrown by D7 in pores, confirming  that D7 formed after D6 
under elevated temperatures. Fluid inclusion salinities in D7 are 
relatively high, indicating more saline dolomitizing fluids  than 
those for D6 precipitation. Moreover, the elevated Sr isotope 
values of D7 are higher than those of Ediacaran seawater (Fig. 8). 
This finding,  together with the highest diagenetic temperatures 
among all dolomite types (Fig. 9), suggesting that episodes of 
deeper and hotter basinal fluids  invaded the area (Davies and 
Smith, 2006), leaching Sr from potassium-bearing rocks (such as 
mica minerals or clastic sediments containing K-feldspar) during 
the formation of D7 (Chen et al., 2004; Jiang et al., 2019). The as
sociation of high-temperature quartz (Fig. 5(c)) in vugs and pores 
further supports hydrothermal fluid  influence  (Koeshidayatullah 
et al., 2020).

5.3. Effects on reservoir formation

Previous studies have demonstrated that D2 dolostones exhibit 
superior petrophysical properties compared to D1 and D3, with 
porosities ranging from 2.5% to 6.0% (Li et al., 2015). Specifically, D2 
dolostones supported by skeletal microbial fabrics, such as stro
matolites (averaging porosity 4.82%, n = 24) and spongiomicro
bialite (averaging porosity 6.15%, n = 32), display higher porosity 
(Tang et al., 2022).

As established in prior studies, the Qigebrak Formation in the 
study area is dominated by large-scale microbial dolomite (D2), 
and early-diagenetic pores such as microbial-framework pores and 
solution-enlarged pores are predominant reservoir spaces (Zheng 
et al., 2021a; Tang et al., 2022). Point count data indicate that 
microbial-framework pores and solution-enlarged pores of D2 
account for 30%–70% of porosity, representing nearly 50% of total 
porosity in Qigebrak Formation (Tang et al., 2022). As discussed 
above, these pores are likely formed during an early dolomitiza
tion stage under arid climatic conditions (Sun, 1995; Zhu et al., 
2020; Ahmad et al., 2022). The pores in dolomite reservoirs are 
commonly inherited from primary pores, and the dolomitization 
itself has little contribution to the new-formed pores. Here, we 
propose that early dolomitization fundamentally controlled the 
development of these early-diagenetic pores. And the reservoir 
quality closely linked to two typical dolomitization pathways (Fig. 
13).

In the first pathway, pores were dominated by early-stage pores 
such us primary pores and solution-enlarged pores (Fig. 13(a) and 
(b)). Burial and hydrothermal fluids  may occlude pre-existing 
pores through mineral precipitation (Fig. 13(c)). Critically, early 
syngenetic dolomitization (D2) enhances resistance to burial 
porosity reduction (mechanical/chemical compaction, 

Fig. 8. 87Sr/86Sr ratios of dolomite matrix/cement and calcite cement, Qigebrak For-
mation. Green rectangle shows the seawater range (Zhang et al., 2020).

Fig. 9. Temperature data for different types of minerals from the Qigebrak Formation. 
Pink box plots represent data from Shen et al. (2021) and Zhao et al. (2024), while 
purple box plots represent newly obtained data from this study.

Fig. 10. Relationship between clumped temperatures (TΔ47) and δ18Owater values from 
D1 to D5.
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cementation) (Schmoker and Halley, 1982), preserving initial 
porosity. During deposition, abundant microbial textures devel
oped and the rock framework was supported by microbial fabrics 
(e.g., spongy fabrics; Fig. 13(a)). Subsequent high-frequency sea- 
level fluctuations during the syndepositional period facilitated the 

development of framework pores (Fig. 4(d)). This was followed by 
early syngenetic dolomitization, characterized by the precipitation 
of a large volume of D2 dolomite (Fig. 13(b)). This process trans
formed the rock from grain-supported to crystal-supported, 
significantly  enhancing its resistance to burial compaction. 

Fig. 11. Schematic diagram showing the dolomite paragenesis in the study area. Diagram illustrating distinct dolomitization models; part of salinity data are from Zhao et al. 
(2024).

Fig. 12. Schematic model showing the formation of D2 in the Qigebrak Formation, northern Tarim Basin.
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Consequently, these primary framework pores remained well- 
preserved even after prolonged diagenetic evolution in burial en
vironments (Chen et al., 2023). Point count data from thin sections 
indicate that, even after the cementation of D4 and D5, the D2 
dolostones can still possess high porosities exceeding 25%. These 
observations suggest that syngenetic dolomitization, occurring 
during very early diagenesis, is likely a key controlling factor for 
the preservation of primary pores. Similar cases include the Edi
acaran Dengying Formation of the Sichuan Basin (Xu et al., 2022), 
and the Lower Cambrian Xiaoerbrak Formation of the Tarim Basin 
(Li et al., 2024).

Another pathway involves the modification of pore systems by 
burial dolomitization (Fig. 13(d)). As reported, intercrystalline 

pores were likely formed via “mole for mole” replacement or 
dissolution of calcite or aragonite by dolomite during dolomiti
zation (Machel, 2004; Jiang et al., 2016; Ahmad et al., 2022; Rahim 
et al., 2022). Even though the intercrystalline pores are commonly 
presented, particularly in D3 (Fig. 4(f)), the total porosity of this 
type is less than 10% in the Qigebrak Formation. In summary, while 
volumetrically minor, intercrystalline pores (Fig. 13(d)) may play a 
critical role in connecting isolated pores, thereby enhancing 
overall reservoir permeability (Shen et al., 2024). The composite 
pore systems in the Qigebrak Formation are dominated by primary 
pores but are likely enhanced by the connectivity provided by 
secondary pore networks through burial dolomitization, which 
adjusts the pre-existing pore systems (Yan et al., 2019).

Fig. 13. Pathways of pore evolution in the dolomites of Qigebrak Formation from depositional to burial periods.

Fig. 14. Favorable reservoir areas of the Qigebrak Formation in the northern Tarim Basin.
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Therefore, dolomitization pathways ultimately control the 
reservoir development in the Qigebrak Formation. The early 
dolomitization was fundamental to the development of the com
posite pore systems, with syngenetic dolomitization being the 
primary factor favoring initial pores preservation (Liu et al., 2020; 
Shen et al., 2022a; Fig. 13(b)). Additionally, burial dolomitization 
further improved the previously existing pore systems, with the 
inheritance of pore systems being more significant  than their 
modification.

5.4. Implications for deep-buried dolomite reservoirs

Hydrocarbon exploration in Precambrian dolomite reservoirs 
has gained increasing importance in China (Hu et al., 2020; Chen et 
al., 2023; Liu et al., 2024). Integrating petrology with δ13C, δ18O, 
87Sr/86Sr isotopic data, coupled with mineral formation tempera
ture data, provides an effective toolkit for constraining the evo
lution of multistage dolomitizing fluids  and evaluating their 
effects on reservoir development. This study confirms that high- 
quality deep-buried dolomite reservoirs are primarily controlled 
by dolomitization pathways, with different pathways exerting 
distinct influences on pore system development.

Generally, the earlier dolomitization occurs, the better the 
initial porosity is preserved. Microbial-related rigid frameworks 
associated with early dolomitization could greatly enhance phys
ical strength and compaction resistance, thereby facilitating the 
preservation of pre-existing pore networks (Feazel and 
Schatzinger, 1985; Croize et al., 2013; Zhu et al., 2020). This “fab
ric-based” preservation mechanism serves as a fundamental con
trol. In contrast, a “pressure-based” mechanism has also been 
proposed, as documented in the Ediacaran Dengying Formation of 
the Sichuan Basin (Liu et al., 2022). In such settings, overpressure 
generated by oil cracking increases pore fluid pressure (Guo et al., 
2016). As overpressure intensifies,  its porosity-preserving effect 
strengthens, helping maintain relatively high porosity and 
permeability and restricting cement production (Duan et al., 2018; 
You et al., 2020). Overall, however, early dolomitization exerts a 
more direct and widespread influence  on porosity retention by 
enhancing rock rigidity and limiting compaction, thus funda
mentally controlling the preservation of porosity.

This study also implies that the present reservoir spaces in 
some deep-buried dolomite reservoirs were mainly formed in 
depositional period and early-diagenetic stage, dominated by 
primary pores and early-stage dissolution pores. In the study area, 
high-quality reservoirs are mainly developed in the D2 dolostones 
of the upper part of the Qigebrak Formation, with a stable thick
ness of 20–35 m (Yan et al., 2019; Chen et al., 2023). These reser
voirs were initially formed by peritidal microbial buildups (e.g., 
stromatolites, spongiomicrobialites) and later significantly 
improved by Late Ediacaran meteoric leaching, which was most 
intense in the Tabei Uplift (Shang et al., 2020). Therefore, favorable 
exploration targets are areas where D2 microbial buildups overlap 
with karst modification, primarily in the Tabei Uplift and extend
ing westward to the Keping area (Fig. 14).

6. Conclusions

Based on newly acquired petrographic and geochemical data, 
this study comprehensively analyzes the nature and evolution of 
the Upper Ediacaran Qigebrak Formation dolomites in the Tarim 
Basin. Seven types of dolomite and their corresponding dolomiti
zation models were identified.

Dolomicrite (D1) and very fine  crystalline dolomite (D2) 
represent a very early-stage seawater dolomitization. Fibrous 
dolomite cement (D4) and bladed dolomite cement (D5) have 

similar δ13C and elevated 87Sr/86Sr ratios compared to those of D1 
and D2, indicating the influence  of meteoric water leaching. 
Petrological and geochemical evidence suggests that D1, D2, D4, 
and D5 were formed via syngenetic dolomitization in near-surface 
environments. Fine crystalline dolomite (D3) and fine to medium 
crystalline dolomite cement (D6) were formed by burial dolomi
tization and involved mixing burial brine with higher tempera
tures. Coarse crystalline saddle dolomite cement (D7) represents 
the final  dolomitization stage, attributed to hydrothermal 
processes.

This study highlights the critical role of early dolomitization in 
deep-buried carbonate reservoir formation. Early dolomitization 
enhanced resistance to compaction and pressure solution, and 
cementation by D4–D7 reduced pore spaces. Although burial 
dissolution and hydrothermal processes modified these pore sys
tems, present-day pores (6%–8% porosity) primarily inherit from 
primary and early-diagenetic pores. Thus, early dolomitization is 
identified  as the fundamental factor preserving initial porosity, 
implying that deep-buried (up to 8800 m) dolomite reservoirs 
with retained porosity still represent promising petroleum 
exploration targets.
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