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a b s t r a c t

Ancient microbial dolomite reservoirs exhibit distinct advantages in both their formation and preser
vation processes, making them significant hosts for hydrocarbon resources. However, the interaction of 
multiple geological factors complicates the assessment of ancient microbial dolomite pore systems and 
the reconstruction of their differential evolutionary processes. This study investigates the morphological 
characteristics and evolution of pore systems within Ediacaran microbial dolomites. Through quanti
tative analysis of pore structures using nuclear magnetic resonance (NMR) T2 curves, supplemented by 
petrographic and scanning electron microscopy observations, rock fabric analysis, a robust method for 
pore system identification based on four NMR T2 curves was established. Comparative analysis of dif
ferential characteristics and evolutionary processes of pore systems in diverse microbial dolomite types. 
Spongiomicrobialite and stromatolite exhibit diverse primary porosity, including microbial mold and 
framework pores, as well as dissolution pores, resulting in a wide range of porosity. In contrast, residual 
microbial rocks are dominated by secondary pores, while thrombolite displays limited porosity. The 
effective preservation of microbial dolomite pores is influenced  by the interaction between microbes 
and the Precambrian marine environment. Early microbially mediated dolomitization conferred sig
nificant resistance to compaction and pressure dissolution in microbial carbonates. In elevated terrains 
above the wave base or within the upper sections of highstand system tracts (HST) quasi-sequence 
groups, microbial dolomites rich in primary pores are more prone to dissolution by diagenetic fluids, 
which can modify original sedimentary structures. Conversely, environments characterized by poorly 
developed primary pores and restricted fluid flow tend to preserve the original structures.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Microbial dolomite has advantages in pore systems formation 
and preservation (Luo et al., 2013; Song et al., 2014; Loucks, 2018). 
Precambrian examples show significant  hydrocarbon potential, 
including microbial dolomite in the Oman Basin (Schr€oder et al., 

2005; Mettraux et al., 2015; Smodej et al., 2019), the Wumishan 
Formation in North China (Yuan et al., 2022; Zhai et al., 2023), and 
the Dengying Formation in Sichuan Basin (Chen et al., 2017; Qu 
et al., 2020; Xu et al., 2022; Zhu et al., 2022; Song et al., 2024).

Conventional theory states reservoir porosity decreases by 
1%–2%/Myr with age and 1%–3%/km with depth (Ehrenberg et al., 
2012). However, dolomite reservoirs below 6000 m retain high 
porosity–permeability zones, defying the “porosity-death line” 
concept (Hao, 2022; Guo et al., 2023; Zhao et al., 2023b). Pore 
development arises from coupled processes: deposi
tional–diagenetic feedbacks (Wang et al., 2023; Shen et al., 2024), 
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tectonic-stress interactions (Ma et al., 2024), and organ
ic–inorganic interplay (Hao et al., 2015; Yuan et al., 2025). Micro
bial dolomites exhibit complex mechanisms where pore systems 
are governed by rock fabrics, microbial metabolism, and microbe- 
seawater interactions beyond conventional diagenesis (Grotzinger 
and Al-Rawahi, 2014; Zhu et al., 2020a; Hu et al., 2023).

Unique microbial textures form the basis for early primary 
pores. For instance, Upper Jurassic microbial carbonates in Brazil 
show stromatolites with connected pores, while thrombolites 
have complex pore systems from micrite clot variations (Rezende 
et al., 2013). These pore-throat networks are controlled by depo
sitional textures. Microbial processes mediate coupled organic- 
inorganic reactions that drive carbonate precipitation and early 
dolomitization, enhancing chemical durability and mechanical 
compaction resistance (Schmoker and Halley, 1982; Ehrenberg 
et al., 2006). Pore systems are controlled by: (i) microbial meta
bolism (Shen et al., 2022), (ii) rock fabrics (Li et al., 2015b), (iii) 
depositional environments (Luo et al., 2013; Zhai et al., 2023), and 
(iv) diagenetic processes (Chen et al., 2017; Li et al., 2023). Docu
mented examples include environmentally controlled Miocene 
carbonates in southeastern Spain (Lipinski et al., 2013) and burial- 
diagenesis modified Jurassic units in the Gulf of Mexico (Haddad 
et al., 2013).

A sequence of shallow marine tidal flat  dolomite, approxi
mately 200 m thick, was deposited in the Ediacaran Qigebrak 
Formation in the northwest Tarim Basin. It is the well-preserved 
primary rocks fabrics and pore structures of microbial dolomites, 
which constitute 90%–95% of the total volume, that make them an 
ideal laboratory for investigating ancient microbial dolomite pore 
systems. It experienced successive diagenetic processes: early 
dolomitization, dissolution, karstification,  compaction, and 
cementation (Yan et al., 2019; Tang et al., 2022). Reservoir quality 
is controlled by multi-stage dissolution from sedimentary cycles 
and tectonic movements (Tang et al., 2022). Key destructive pro
cesses include shallow-burial cementation and deep compaction 
(Yang et al., 2020a), while preservation factors are early dolomi
tization and hydrocarbon emplacement (Chen et al., 2023).

The significance of microbial dolomite pore systems for reser
voir prediction is widely recognized, yet their differential evolu
tion mechanisms remain elusive. This study classifies  and 
quantifies  pore systems using four distinct NMR T2 curves for 
identification.  Comparative analysis of microbial dolomite types 
reveals differential pore characteristics and evolutionary pro
cesses. We establish controls of microbial activity, depositional 
environments, and diagenesis on multi-scale pore structures, and 
construct genetic connections between these factors and pore 
evolution. Consequently, this work provides an innovative 
approach to assess heterogeneity in deep ancient microbial dolo
mite reservoirs.

2. Geological setting

The Tarim Basin, situated in Xinjiang Province, northwestern 
China, is bounded by the Tianshan Mountains to the north and the 
Kunlun Mountains and the Altun Mountains to the south 
(Fig. 1(a)). Covering approximately 560,000 square kilometers, it 
holds paramount significance in China due to its abundant oil and 
gas reserves (Wang et al., 2024). In the Early Cryogenian, the Tarim 
Basin underwent continental margin rifting due to the fragmen
tation of the Rodinia supercontinent (Guan et al., 2017; Yang et al., 
2021). Subsequently, as the tension diminished, it transitioned 
into a stage of rifting to depression during the Late Cry
ogenian–Early Ediacaran (Shi et al., 2018). In the Late Ediacaran 
period, the northwestern section of the basin experienced stabi
lized tectonic subsidence. Currently, the basin is in the depression 

evolution stage within the Craton Basin, characterized by the 
development of a depositional system of carbonate platform 
(Zhang et al., 2024).

In the Tarim Basin, during the Upper Ediacaran period, the 
Qigebrak Formation stands out as the predominant host of Pre
cambrian microbial dolomite (Li et al., 2015a; Zhu et al., 2020a). 
The Qigebrak Formation constituted a gently sloping carbonate 
platform with sedimentary microfacies characterized by tidal flats, 
lagoons, and granular beach deposits (Wei et al., 2021; Yang et al., 
2021). A mixed carbonate–siliciclastic tidal-flat environment pre
dominated during the early stage of deposition of the Qigebrak 
Formation, while the late stage featured a carbonate platform, and 
the Tabei massif was the provenance of terrigenous detrital input 
in early mixed tidal flats (Zhao et al., 2023a; Chen et al., 2024). The 
study area experienced a shallow depositional environment 
characterized by warm and arid conditions during the Late Edia
caran period, influenced by the geological structure, climate, and 
sea level. The sedimentary water exhibited weakly oxidizing 
conditions and high salinity. The evolution of paleo-redox condi
tions in terminal Ediacaran shallow waters involved a gradual 
oxidation process, from suboxic to oxic environments.

The stratigraphic thickness of the Qigebrak Formation ranges 
from 110 to 240 m and is extensively exposed in the northwestern 
margin of the Tarim Basin (Fig. 1(b)). Its contact with both the 
underlying Sugetbulak Formation and the overlying Yurtus For
mation is marked by a parallel unconformity (Fig. 1(c)). Based on 
lithofacies associations, sedimentary structures, and depositional 
environmental characteristics, the succession can be classified into 
four lithofacies association units designated as Q1, Q2, Q3, and Q4 
(Zheng et al., 2021a, 2021b; Wang et al., 2022). Q1 mainly com
prises the supratidal-intertidal zone, with oolitic dolomite, sandy 
debris dolomite, and minor sandstone and mudstone (Huang et al., 
2025). Q2, deposited in a low-energy hydrostatic intertidal zone, 
mainly consists of thrombolites, flat laminated stromatolites, and 
spongiomicrobialites. Q3, in high-energy lower intertidal and 
supratidal zones, comprises thrombolites, wavy and domal stro
matolites, and thick layers of spongiomicrobialites (Fig. 2). The 
microbial dolomite in this section, characterized by abundant and 
diverse pore systems, suggests its potential as an oil and gas 
reservoir (Yan et al., 2019; Chen et al., 2023). Q4, dominated by 
karst breccia dolomite, represents a high-quality reservoir in un
conformity contact with the overlying Yuertusi Formation (Wu 
et al., 2021).

3. Samples and analytical methods

The results presented in this study are based on 2 deep-drilling 
cores of the Upper Ediacaran Qigebrak Formation in the northwest 
of the Tarim Basin (Fig. 1(a)) and 3 outcrops (Figs. 1(b) and 2). A 
total of 803 samples, including 255 thin sections and 224 core 
plugs, were analyzed. These samples were collected from the 
following locations: the Linkuanggou outcrop (161 samples, 19 
thin sections), the Jianbizhenmutage outcrop (173 samples, 45 thin 
sections), the Aoyipikexigou outcrop (381 samples, 142 thin sec
tions), the QT1 well (45 samples, 18 thin sections; depth: 
5995–6005 m), and the LT1 well (43 samples, 31 thin sections; 
depth: 8600–8876 m).

Cast thin sections were cut from one end of permeability plugs, 
and therefore correspond with measured values of porosity, 
permeability and nuclear magnetic resonance (NMR), which 
permit direct comparison of the petrography with the petro
physical properties measured from the rocks. The 185 sections of 
these were impregnated with blue epoxy to determine the pore 
types. Under the standard polarizing light, the pore system shows 
bright blue. The cast thin sections were analyzed using the Leica 
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DM6M automatic microscopic analysis system, enabling full-field 
image acquisition at the National Key Laboratory of Deep Oil and 
Gas, China University of Petroleum (East China). To obtain the area 
percentages of rock components like matrix, cement, and porosity, 
the casting thin section images were processed with Adobe Pho
toshop Quantification  (PSQ) method, described by Zhang et al. 
(2014); Xu et al. (2022).

NMR analysis was conducted on cylindrical samples (2.5 cm in 
diameter) using the Mi-croMR23-060H-1, a medium-sized low- 
field  NMR analyzer. The experimental method followed the SY/ 
T6490-2007 Specification, widely used in the oil and gas industry 
for laboratory measurement of rock sample NMR parameters. To 
enable comparison of NMR T2 spectra across varying sample sizes, 
the pore signal in these spectra was normalized by dividing signal 
intensity by sample volume. The quantity of various peaks in the T2 
spectra provides insight into the number of pore types, while the 
area of the peak reflects the size of the pores. Additionally, the area 
between peaks indicates the connectivity of pores or fractures (Xu 

et al., 2019; Liu et al., 2020). This paper employs the relationship 
established by Zhao et al. (2022) between the relaxation time T2 and 
pore size to semiquantitatively describe the pore structure of the 
samples. In this framework, T2 values less than or equal to 4 ms 
signify micropores, 4 ms < T2 ≤ 100 ms denote mesopores, and T2 
values exceeding 100 ms indicate macropores.

Porosity was measured using an Ultrapore-300 Helium Poros
imeter and horizontal permeability was measured on an WPH-300 
Gas Permeameter. Besides, porosity measured by the helium gas 
expansion method is the ratio of pore volume and sample volume, 
unless otherwise specified, it is directly expressed as ‘porosity’. In 
contrast, Adobe Photoshop quantification results will be preceded 
by PSQ abbreviations.

To examine microbial dolomite's microporosity and mineral 
morphology, six samples were analyzed using SEM with a Cross
beam 550 dual-beam system. The analysis was conducted at the 
National Key Laboratory of Deep Oil and Gas, China University of 
Petroleum (East China) with an accelerating voltage of 10–20 kV.
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4. Results

4.1. Lithofacies and multiscale pore system morphology

Stromatolite can be broadly categorized into three distinct types 
based on their morphological properties, namely domal, wavy and 
flat laminate (Hu et al., 2021). Domal stromatolite (Fig. 3(a)), char
acterised by their dome-shaped structures, are formed by the spe
cific  orientation of dolomite cylinders, with purplish-red clay 
infillings and carbonatite cement interspersed between them. The 
rounded shape of protrusions or depressions is observable on the 
top surface of these stromatolites (Fig. 3(b)). These stromatolites 
deposit in the peritidal to shallow-subtidal environment charac
terized by high-energy hydrodynamic conditions (Siahi et al., 2016; 
Xu et al., 2022). Domal stromatolite mainly develops in the third 
members of the Qigebrak Formation (Fig. (2)). Both the wavy stro
matolite and the flat laminite stromatolite consist of dark and light 
laminations. The dark laminations often function as pore frame
work, and in certain areas, the light laminations are also visible as 
microbial pores, typically occupied by crystalline dolomite. The 
microbial-framework pores primarily develop within the light 
laminations of stromatolite, exhibiting a laminar distribution 
(Fig. 4(a)–(b)). Flat laminite stromatolite (Fig. 3(c)), with a more 
typical structure of bright and dark laminations, is developed 

mainly in low-energy subtidal zones of deeper water (Mettraux 
et al., 2015; Zheng et al., 2021a, 2021b). Wavy stromatolite, which 
is distinguishable by its mound-like protrusions when examined 
under a microscope (Fig. 3(g)–(h)), forms in a high-energy hydro
dynamic environment (Zhai et al., 2023).

Thrombolite, a type of microbialite lacking stratified structure, 
is mainly formed by the benthic microbial community solidifying 
clastic sediments through capture and bonding or using its growth 
framework as a precipitation center (Mei, 2007). Macroscopically, 
thrombolites lack laminations, with only sparse discontinuous 
laminae or scattered mottled fabrics. Microscopically, foam- 
textured microbial laminations are rare, algal-rich components 
appear as filamentous or irregular clots, and filamentous microbial 
binding materials show disordered, continuous or discontinuous 
distributions without clear patterns. The thrombolites (Fig. 3(d)) 
are primarily composed of non-laminated, irregular dark clots, 
which are distributed either discretely or continuously. Microbial 
framework pores between clots are typically filled  by multigen
erational dolomite cementation, with cement crystals ranging 
from 50 to 200 μm in size (Fig. 3(e)–(f)). The interior of the clots is 
micritic, mainly composed of micritic dolomite particles 
measuring 5–50 μm in diameter. Similar to planar stromatolites, 
these clotted microbialites predominantly formed in deep-water, 
low-energy subtidal environments (Suarez et al., 2019).
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Spongiomicrobialite is a type of microbial dolomite that lacks 
laminated structures but exhibits a sponge-like framework on 
meso-scale (Li et al., 2015b). Under the microscope, the spongy 
texture, which is composed of the rounded or subrounded micrite 
cladding and the inner cavity (Fig. 3(i)–(k)). The size of a single 
micrite cladding varies from 10 to 1000 μm. These claddings are 
closely packed and sometimes in floating contact. Consequently, 
the resulting lattice framework presents a foamy, honeycomb, or 
spongy structure. The microbial-framework pores in spongiomi
crobialite range from 50 to 200 μm in size, wherein the micrite 
cladding constitutes the framework (Fig. 4(a)–(b)). The microbial- 

mold pores within the inner cavities typically display a rounded or 
subrounded shape, with pore diameters varying from 100 to 
500 μm (Fig. 4(c)–(d)). During the diagenetic process, these pores 
were either fully or partly infilled with dolomite cement, as shown 
in (Fig. 4(e)). Spongiomicrobialite is primarily developed in the 
intertidal to subtidal zone characterized by strong hydrodynamic 
conditions. Within the study area, it is particularly developed in 
the third members of the Qigebrak Formation (Fig. (2)).

The microbial dolomite in the Qigebrak Formation has under
gone diagenetic processes, including dolomitization, dissolution, 
and recrystallization, as reported by Tang et al. (2022) and Chen 
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et al. (2023). These processes have resulted in the formation of 
non-fabric dissolution pores (Fig. 4(f) and (h)) and fractures 
(Fig. 4(g)). Due to tectonic activity or diagenetic fluid  trans
formation, the original fabric of the rock has been modified, 
leading to the growth of coarser dolomite crystals and the for
mation of fractures (Fig. 4(i)–(j)) and intercrystalline pores 
(Fig. 4(k)–(l)). The residual structural microbial dolomite has lost 
its primary sedimentary structure and only retains a small amount 

of dark microbial laminae and microbial frameworks under the 
microscope (Fig. 3(l)).

4.2. Different fabric content distribution in microbial dolomite

The quantitative microscopic analysis of the composition of 67 
microbial dolomites is presented in Table 1 and depicted in Fig. 5. 
The characteristics of the matrix, cement, predominant pore types, 
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and PSQ content across different types of microbial dolomites are 
illustrated in Fig. 6.

The matrix of microbial dolomite consists of microbial frame
work and micrite clot. In spongiomicrobialite, the microbial 
framework content ranges from 2.36% to 79.93% with an average of 
32.09%, while in stromatolite, it ranges from 12.89% to 67.01% with 
an average of 44.73%. Thrombolite exhibits a lower microbial lattice 
shelf content, ranging from 0 to 60.08% with an average of 28.72%, 
compared to the first two microbialites. The micrite clot content in 
thrombolite ranges from 12.81% to 89.61% with an average of 
53.48%. In spongiomicrobialite, the micrite clot content varies 
widely from 0 to 90.84% with an average of 46.08%, while in stro
matolite, it ranges from 0 to 57.5% with an average of 28.56%. 
Additionally, residual microbialite exhibits a dolomite grains con
tent ranging from 19.44% to 97.54% with an average of 80.59%, and a 
relatively low average microbial framework content of 9.39% due to 
diagenetic influences.  The highest cement content is observed in 
stromatolite, with an average value of 19.66%, while thrombolite 
and spongiomicrobialite have the second highest cement content, 
averaging 15.32% and 10.67%, respectively (Table 1, Fig. 5).

The primary pore types within the microbial dolomite of the 
Qigebrak Formation are microbial-framework pores (Fig. 4(a)–(d)) 
and microbial-mold pore (Fig. 4(b)–(e)), associated with microbial 
depositional tectonics. Dissolution pores and caves (Fig. 4(f)), 
intercrystalline pores (Fig. 4(g)–(i)), and fractures (Fig. 4(i)), linked 
to diagenesis, are also significant reservoir components. Stromato
lite exhibits an average of 4.06% microbial-framework pores, while 
spongiomicrobialite and thrombolite show averages of 1.53% and 
0.61%, respectively. Spongiomicrobialite is distinguished by a 
notable prevalence of microbial-mold pores, with an average of 
5.91%, in comparison to 0.96% in stromatolite and 0.57% in throm
bolite. Intercrystalline pores average 2.57% in residual microbialite, 
whereas in other types of microbial dolomite, it is less than 1%. 
Dissolution pores and caves are primarily found in residual micro
bialite, with an average content of 3.01% due to diagenesis. The 
variation in the average content of fractures among different types 
of microbial dolomite is less than 0.5% (Table 1, Fig. 5).

4.3. Nuclear magnetic resonance (NMR) results

NMR has been widely used to identify the complex pore 
structures of super-deep dolomite reservoirs in the Tarim Basin 
(Lai et al., 2020). The NMR results for 53 microbial dolomite 
samples are depicted in Fig. 7, illustrating four distinct NMR T2 
curves spectral features: multi-peak and high signal T2 curves 
(MHT), double-peak T2 curves (DPT), single-peak T2 curves (SPT), 
and multi-peak and low signal T2 curves (MLT).Ta
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The MHT is characterized by multi-peak T2 curves and high 
pore signal. These peaks distributed across three ranges: 0–4 ms, 
4–100 ms, and >100 ms (Fig. 7(a)–(c)). The curves indicate the 
presence of intricate, multi-scale pore types, which are typically 
associated with higher porosity.

The DPT has the double-peak T2 distribution and high & me
dium pore signal. The T2 curves exhibit a clear bimodal distribu
tion. The initial peak, observed between 10 and 100 ms, 

corresponds to medium-sized pores, while the second peak, be
tween 200 ms and 2000 ms, is indicative of large pores 
(Fig. 7(d)–(e)).

The SPT has a single-peak T2 distribution and medium pore 
signal. The T2 distribution is mainly concentrated in 10–100 ms. 
The peak distribution of SPT in spongiomicrobialite ranges from 
100 to 1000 ms (Fig. 7(g)–(i)), whereas in residual microbialite and 
thrombolite, it ranges from 4 to 100 ms.

Matrix (framework\Micrite clot) Cement Main pore typesSample

P4-159  Spongiomicrobialite

P4-172  Spongiomicrobialite

P1-160  Thrombolite

P1-183  Laminite stromatolite

Microbial framework
Content: 24.71%

P3-153  Wavy stromatolite

P1-286  Residual microbialite

Microbial framework
Content: 5.97%

Residual framework
Content: 10.25%

Microbial framework
Content: 58.16%

Microbial framework and Micrite clot
Content: 84.19%

Micrite clot
Content: 82.64%

Micrite clot
Content: 54.69%

Micrite clot
Content: 82.71%

Micrite clot
Content: 73.49%

Cement
Content: 12.52%

Cement
Content: 8.44%

Cement
Content: 3.82%

Microbial mold pores
Content: 16.78% 

Microbial-framework pores
and dissolution pores

Content: 8.37%

Intercrystalline pores
and dissolution pores

Content: 3.75%

Microbial mold pores
Content: 2.89% 

Cement
Content: 33.47%

Cement
Content: 13.74%

Cement
Content: 16.44%

Total PSQ-porosity of
P1-183 is less than 2%,
and no obvious pores
are visible under
microscopic examination.

Total PSQ-porosity of
P1-160 is less than 1%,
and no obvious pores
are visible under
microscopic examination.

5 cm

5 cm

5 cm

250 μm

5 cm

5 cm

Fig. 6. Decomposition characteristics and PSQ content variability in microbial dolomites.
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The MLT has peakless and low pore signal T2 curves, the 
porosity is generally lower than 2%. Consequently, the MLT are 
indicative of a high prevalence of micropores, which is consistent 
with the presence of a low-porosity pore system (Fig. 7(f) and 
(g)–(l)). Of note, the MLT are particularly prevalent in thrombolite 
samples.

4.4. Pore system differences in microbial dolomite

The results reveal a range of pore characteristics in microbial 
dolomite, from micrometer-scale intergranular pores to larger 
macroscopic pores, and from primary microbial-associated pores 
to secondary dissolution pores. These features show considerable 
variability among different types of microbial dolomites. The 
intricate pore structure results in a variation in microbial dolomite 
permeability by 2–3 orders of magnitude.

The porosity of the spongiomicrobialite varies widely, with a 
minimum porosity of 0.06%, a maximum of 14.84%, and an average 

of 3.79%. The stromatolite has good reservoir properties, with 
porosities ranging from 0.06% to 8.87%, with an average of 3.78% 
(Fig. 8). The spongy framework in spongiomicrobialite and the 
laminated framework in stromatolite are conducive to primary 
pore formation. This primary pore system, abundant in both types, 
facilitates diagenetic fluid transport, resulting in the enrichment of 
secondary dissolution pores and cement. The porosity of residual 
microbialite is between 0.01% and 7.96%, with an average of 3.52%. 
The porosity ranges from 2% to 5%. The residual microbialite of the 
Qigebrak Formation underwent significant  diagenetic alteration, 
resulting in the modification of sedimentary texture and primary 
pores. The porosity of thrombolite is 0.007%–5.58%, with an 
average of 1.22%. The porosity distribution of most thrombolite 
samples ranges from 0% to 3%. Thrombolite exhibits a higher 
concentration of micrite clots characterized by significant  varia
tions in size, shape, and sortability. The predominant pore types in 
thrombolite are a limited number of primary pores and isolated 
solution pores (Fig. 9).
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Fig. 7. NMR T2 curves characteristics of microbial dolomite in the Qigebrak Formation. (a) Multi-peak and high signal T2 curves (MHT) in spongiomicrobialite. (b) MHT curves in 
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5. Discussion

5.1. Characterization of microbial dolomite pore systems in 
response to NMR

The pore type, morphology, size and PSQ-porosity of the mi
crobial rocks of the MHT show a certain correlation (Fig. 10). 
Spongiomicrobialite and stromatolite of MHT predominantly 
feature microbial-associated pores, such as microbial-mold pore 
(Fig. 10(a)–(b)) and microbial-framework pores (Fig. 10(c)–(d)), 
with few dissolution pores and cavities. Conversely, residual 
microbialite of MHT exhibits a higher presence of intercrystalline 
pores and dissolution pores and cavities (Fig. 10(e)–(f)). The T2 
curves of the MHT in three distinct lithological samples exhibited 
peaks of pore signals across various relaxation time intervals, 
suggesting the existence of multiscale pores including micropores, 
mesopores, and macropores within the samples (Fig. 10(g)). The 
microscopic quantitative statistics are also consistent with the fact 
that almost all samples from the MHT are rich in pore types and 
also have high PSQ-porosity (5%–25%) (Fig. 10(h)).

The pore system exhibits various types of pores, differing in size 
and shape, facilitating favorable conditions for hydrocarbon stor
age and transport. Thus, the MHT T2 curves likely signify a diverse 
and multiscale pore system within microbial dolomite.

The microbial dolomite of DPT shows significant  diagenetic 
alteration, with the original morphology of the microbial-related 
pores altered. Microbial-framework and microbial-mold pores in 
spongiomicrobialite underwent varying degrees of dissolution and 
cementation (Fig. 11(a)–(c)), leaving only a few primary pores intact. 
The pore types found in residual microbialite mainly comprise 
intercrystalline pores, dissolution pores, and cavities (Fig. 11(d)–(f)), 
with their formation closely linked to mineral recrystallization and 
dissolution during diagenesis (Zhang et al., 2011). The T2 curves of 
DPT microbial dolomite exhibit a distinctive “double-peak” pattern 
(Fig. 11(g)). The quantitative analysis of rock texture reveals that the 
DPT samples have a PSQ porosity of approximately 10%. Within this, 
intercrystalline pores, dissolution pores, and cavities exhibit PSQ 
porosities of around 5%. Pores associated with microbial activity and 
fractures demonstrate PSQ-porosity ranging from 1% to 2% 
(Fig. 11(h)). Hence, DPT T2 curves typically indicate a pore system 
primarily characterized by intergranular and dissolution pores.

The SPT microbial dolomite typically exhibits a single predomi
nant pore type, with only one to two pore types present in the ma
jority of the tested samples. Sample P1-278 contained only a small 
number of microbial-framework pores and microbial-mold pore 
with uniform sizes (Fig. 12(a)–(b)). In Sample P1-307, intercrystalline 
pores predominated and exhibited uniform sizes (Fig. 12(c)–(d)). 
Sample P1-317 displayed a scarcity of microbial-mold pore 
(Fig. 12(e)–(f)). The pore diameters of P1-278 are notably larger than 
those of P1-307 and P1-317, leading to variations in their SPT T2 
curves. Specifically, the peak relaxation time of P1-278 ranges from 
500 to 1000 ms, whereas the peak relaxation times of P1-307 and 
P1-317 range from 50 to 100 ms (Fig. 12(g)). In addition, P1-278 has a 
higher pore signal than the other two. The SPT typically indicates 
pore systems characterized by a single primary pore type, fewer 
secondary pores, and uniform pore size (Fig. 12(h)).

Most MLT microbial dolomite samples lacked obvious primary 
microbial-related pores, with rare instances of dissolution pores. 
Primary textures such as foamy microbial framework 
(Fig. 13(a)–(b)), microbial lamination structures (Fig. 13(c)–(d)), 
and micrite clot (Fig. 13(e)–(f)) were well preserved. MLT T2 curves 
typically lack distinct characteristic peaks or exhibit low peak pore 
signals (Fig. 13(g)), with porosity usually below 2% (Fig. 13(h)). 
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Therefore, MLT generally signifies a pore system characterized by 
the absence of both primary microbial-associated pores and sec
ondary dissolution pores.

In conclusion, the T2 curves accurately portray the distinct pore 
structure characteristics of various types of microbial dolomites. 
This provides a solid foundation for comprehensive understanding 
and differentiation of these rock pore systems. NMR T2 curves is 
dominant for a specific  type of microbial dolomite. Specifically, 
MHT and SPT are prevalent in spongiomicrobialite (Figs. 10 and 12). 
DPT is dominant in residual microbialite (Fig. 11), and MLT is 
predominant in thrombolite (Fig. 13).

5.2. Vertical differentiation of pore systems controlled by high- 
frequency depositional cycles

High-frequency sedimentary cycles orchestrate vertical pore 
system differentiation through the coupling mechanism of 

microbial dolomite fabric construction and penecontemporaneous 
fabric-selective dissolution (Wang et al., 2023). In the vertically 
multi-cycle dolomite system of the Qigebrak Formation in Well 
QT1 (Fig. 14(a)), spongiomicrobialites developed in the middle- 
upper parts of shallowing-upward cycles. These dolomites 
contain microbial-framework pores and microbial-mold pores, 
which underwent penecontemporaneous meteoric freshwater 
fabric-selective dissolution, forming MHT/DPT-type T2 curves. The 
vertical distribution of nuclear magnetic resonance (NMR) T2 
curves shows a strong correlation with porosity cyclicity 
(Fig. 14(b)–(c)). In contrast, thrombolites at the lower parts of cy
cles, constrained by low-energy depositional environments, are 
dominated by MLT-type T2 curves (Fig. 13(g)).

This discrepancy originates from two key aspects: On the one 
hand, the vertical variations in dolomite fabric and textures 
controlled by high-frequency sedimentary cycles govern pore 
types and distribution. For instance, spongiomicrobialites are 
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system in stromatolite. (e) Pore morphology in residual microbialite: casting sheet image of P1-286. (f) Simplified diagram of the MHT pore system in residual microbialite. (g) T2 

curves of MHT microbial dolomite. (h) PSQ-porosity of MHT microbial dolomite.
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predominantly concentrated in the middle-upper parts of cycles, 
exhibiting well-developed compaction-resistant microbial 
frameworks with fewer micrite clots, and consequently higher 
primary porosity (Fig. 10(h)). In contrast, irregularly clustered 
thrombolites in the lower parts of cycles contain abundant irreg
ular micrite clots and limited primary porosity. On the other hand, 
penecontemporaneous meteoric freshwater dissolution further 
amplifies  vertical heterogeneity in microbial dolomite pore sys
tems. In highstand systems tract (HST) platform-margin reef-shoal 
complexes (middle-upper parts of cycles), fabric-selective disso
lution pores formed through meteoric freshwater leaching, 
whereas low-energy environments (lower parts of cycles) lack 
significant penecontemporaneous dissolution (Shen et al., 2015). 
Comparable documentation derives from Miocene microbial 

carbonates in southeastern Spain, where vertical stacking of 
distinct sedimentary sequences-comprising oolites, microbialites 
(thrombolites, stromatolites), bioclastic sands, and coralgal reefs- 
is governed by relative sea-level fluctuations (Lipinski et al., 2013).

5.3. Preservation mechanisms of pore systems controlled by early 
dolomitization

The Ediacaran period, a crucial transitional phase in geological 
history between the Proterozoic and Phanerozoic eras, was marked 
by seawater conditions featuring elevated temperatures, low oxy
gen levels, high palaeosalinity, a high Mg/Ca ratio, increased pH, and 
comparatively low sulfate concentrations (Wood et al., 2017; Hood 
and Wallace, 2018; Mills et al., 2019; Zhang et al., 2020). Microbial 
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activity likely played a significant role in facilitating early dolomi
tization within this unique “dolomite sea” environment (Wang 
et al., 2020; Zhao et al., 2021; Zhang et al., 2022). This dolomite 
exhibits dumbbell-shaped, spherical, and irregular grain morphol
ogies, with diameters ranging from several nanometers to a few 
micrometers (Fig. 15(a)). These grains are typically distributed in 
mat-like structures or clusters (Fig. 15(b)). Scanning electron mi
croscopy revealed tiny filamentous structures, suspected to be 
mineralized microbial fabric such as extracellular polymeric sub
stances (EPS), within the microbial dolomite samples 
(Fig. 15(c)–(d)). The organic molecules in EPS contain numerous 
negatively charged functional groups that efficiently adsorb cations 
such as Ca2+ and Mg2+. These groups also serve as effective nucle
ation sites, thereby promoting dolomite formation (Dupraz et al., 
2009; Braissant et al., 2009; Petrash et al., 2017; Xiao et al., 2024).

Dolomitization processes in the Qigebrak Formation were 
predominantly completed during the penecontemporaneous 
period, as evidenced by recent clumped isotope (TΔ47) and U-Pb 
dating (Chen et al., 2023). These early-formed dolomites generally 
demonstrate enhanced compaction strength and chemical stabil
ity relative to limestone (Schmoker and Halley, 1982; Ehrenberg 
et al., 2006), indicating that early dolomitization may improve 
the resistance of microbial dolomites to compaction enhances 
their chemical stability and resistance to compaction. The dark 
laminations of stromatolite and the sponge-like frameworks serve 
as robust, compaction-resistant structures (Fig. 10(b) and (d)). 
Consequently,high-frequency sedimentary cycles, pene
contemporaneous dissolution, and early dolomitization jointly 
control the vertical differentiation and preservation of early pore 
systems in microbial dolomites.
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5.4. Effects of sedimentary and diagenetic processes on microbial 
dolomite pore system

Porosity and permeability distributions reveal nuanced 
changes in pore size and connectivity that are intricately linked to 
microbial rock depositional structures (Qu et al., 2018). They also 
reflect  the subtle effects of microbial depositional environments 
and diagenetic conditions on the pore system (Brigaud et al., 2014; 
Zhu et al., 2020b; Armelenti et al., 2021; Abdlmutalib et al., 2022; 
Hamd et al., 2022; Rossoni et al., 2024). Influenced by the depo
sitional environment, microbial dolomites exhibit various lithos
tructural features, encompassing histocompositional type, grain 
separability, mud content, and others (Zhang et al., 2022; Vescogni 
et al., 2022; Abdel et al., 2023). Furthermore, the depositional 
environment significantly  influences  lithofacies distribution pat
terns, sedimentary paleomorphology and microbial activities 

(Mettraux et al., 2015; Suarez et al., 2019). The interplay of these 
factors leads to considerable variation in the morphology, abun
dance, and spatial distribution of primary pores within microbial 
dolomites (Qu et al., 2018; Zhai et al., 2023).

Spongiomicrobialite and wavy stromatolite are inclined to form 
in the upper and middle sections of the cycles, while thrombolite 
and flat  laminite stromatolite are more prevalent in the lower 
regions (Fig. (2)). The spongiomicrobialite sample (No. P4-159), 
derived from a high-energy depositional environment in the 
upper-middle part of the cycles, is characterized by a rich diversity 
of microbial mold pore structures (Fig. (6)). The nuclear magnetic 
resonance (NMR) T2 curves of this sample displays typical MHT- 
type features (Fig. 10(g)). In contrast, the laminite stromatolite 
sample (No. P1-183), formed in a low-energy depositional envi
ronment, exhibits significantly limited primary pore development 
(Fig. (6)) and presents MLT-type features in its T2 curves (Fig. (13)). 
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Comparable case studies have been reported from the Upper 
Permian Zechstein Formation in northeastern England. Laminite 
stromatolites and thrombolites, which formed in low-energy 
intertidal (lagoon) and supratidal settings, exhibit poor porosity 
and permeability. In contrast, oolitic dolostones and wavy stro
matolites formed in high energy shallow subtidal environments 
and serve as high-quality hydrocarbon reservoirs (Słowakiewicz 
et al., 2013).

The reef sedimentary system, situated in the upper part of the 
highstand system tract (HST) quasi-sequence group, is susceptible 
to atmospheric freshwater leaching, which results in the forma
tion of fabric-selective pores (Lu et al., 2018; Wang et al., 2023). 
Periodic declines in sea level result in brief exposures of the 
sedimentary system, which intensifies  erosion (Fig. (16)). The 
subsequent periodic exposure and dissolution drive the cyclic 
changes observed in the vertical distribution of microbial dolomite 

pores (Shen et al., 2015; Chen et al., 2023). The primary pores in 
MHT spongiomicrobialite and stromatolite are likely enlarged 
further by dissolution under these conditions.

The Neoproterozoic Ediacaran microbial dolomites underwent 
significant changes in their pore systems due to intricate, multi- 
phase diagenetic fluid alteration processes (Yan et al., 2019; Yang 
et al., 2020b; Chen et al., 2020; Jin et al., 2025). The pathways of 
diagenetic fluid flow and the progression of diagenetic evolution 
ultimately govern the distributional characteristics of microbial 
dolomite pores. This factor significantly influences the formation 
of most DPT pore systems and a subset of MHT pore systems. For 
example, samples P1-294 and P1-310 both underwent significant 
recrystallization processes and experienced strong dissolution 
effects (Fig. 11(d) and (e)). Fig. (16) illustrates the differential 
diagenetic evolution of the pore system in the restored microbial 
dolomites of the Qigebrak Formation.
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The early dolomitization was initiated by mesohaline seawater 
reflux  seepage during the penecontemporaneous period (Zhao 
et al., 2024). Dolomitization of the Qigebrak Formation occurred 
during the penecontemporaneous period (Zheng et al., 2021a, 
2021b), with early dolomitization favoring the preservation of 
primary porosity. Previous geochemical data have well supported 
this perspective. The clumped isotope temperatures (TΔ47) of the 
microbial dolomite matrix are approximately 51 ◦C (Chen et al., 
2023). The carbon and oxygen isotope values (δ18OVPDB, − 5.6‰ 
to − 3.1‰, average = − 4.4‰; δ13CVPDB, 2.3‰–4.3‰, 
average = 3.3‰) fall within the range of Ediacaran seawater (Tang 
et al., 2022). The rare earth element distribution patterns resemble 
those of seawater, showing super-chondritic Y/Ho ratios and light 
rare earth element (LREE) depletion (Zhao et al., 2024).

Cementation during the shallow burial period caused the first 
significant reduction in the primary pores of the microbial dolo
mites in the Qigebrak Formation (Chen et al., 2023). Fibrous 
dolomite cements precipitated from marine fluid in the eodiage
netic stage, partially occluding minor pore spaces (Yang et al., 
2020a). Granular dolomite cements by confined  pore fluids  dur
ing the meso-shallow burial stage significantly occluded the ma
jority of early-stage reservoir spaces (Yang et al., 2020a; Chen et al., 
2023). These granular dolomite cements have relatively high fluid 
inclusion homogenization temperatures (80 ◦C–138 ◦C) and 
negative oxygen isotope (− 10.7‰–7.6‰) (Zhao et al., 2024). PSQ 
analysis indicates that the average cement content in the pores of 
spongiomicrobialite, stromatolite, and thrombolite was 10.67%, 
19.66%, and 15.32%, respectively (Table 1). Notably, the 

stromatolite sample P3-153 contained up to 33.47% collodion 
cement (Fig. (6)).

The Keping tectonic event, happening at the close of the Edia
caran Epoch, was the chief factor in the creation of widespread 
dissolution caves in the microbial dolomite. This karstic process 
led to the development of a series of weathered crusts atop the 
Qigebrak Formation (Wu et al., 2021; Zhang et al., 2024). The layer 
spanning from 60 to 80 m below the unconformity undergoes 
varying degrees of dissolution due to freshwater infiltration (Chen 
et al., 2020). Additionally, the primary pores experience subse
quent further dissolution. The δ13C and δ18O values of dolomite in 
the upper part of the Qigebrak Formation under strong meteoric 
dissolution have a simultaneous negative shift (δ13CVPDB, 1‰–2‰; 
δ18OVPDB, − 9‰ to − 7‰), and there is a positive correlation be
tween δ13C and δ18O (Chen et al., 2023). Hence, MHT microbial 
dolomite not only exhibits abundant microbial-framework pores 
and microbial mold pores, but also prominently features non- 
fabric selective pores (Fig. (8)).

After undergoing significant  diagenetic modification,  the mi
crobial dolomite experienced recrystallization, oil and gas filling, 
as well as compaction and dissolution at deeper stratigraphic 
levels. This process led to the destruction of the original sedi
mentary structure, while retaining intercrystalline pores and some 
dissolution pores. It formed residual microbialite of the MHT or 
DPT type. However, in the case of microbial dolomites with poorly 
developed primary porosity, the MLT microbial dolomite is formed 
in a relatively confined  diagenetic environment, where strati
graphic fluid  activity is limited and the original sedimentary 
structure is well preserved (Fig. (13)).
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6. Conclusions

1. The key processes governing the formation and preservation of 
microbial dolomite pore systems have been systematically 
deciphered. Through systematic NMR T2 curve analysis, a 
robust classification framework was established to differentiate 
four distinct pore architectures: (1) microbial framework- 
hosted (MHT) systems exhibiting high porosity with multi- 

modal primary pores, (2) diagenetically-processed (DPT) sys
tems dominated by intercrystalline and dissolution porosity, 
(3) single-pore-type (SPT) systems preserving isolated primary 
pores, and (4) matrix-limited (MLT) systems showing under
developed porosity networks (<2% porosity).

2. The vertical differentiation and preservation of early-stage pore 
systems in microbial dolomites are collectively governed by 
microbial dolomite construction under high-frequency 
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depositional cycles (controlling primary fabric heterogeneity), 
penecontemporaneous short-term dissolution (enhancing pore 
connectivity), and early dolomitization (improving pore pres
ervation through enhanced compaction resistance during 
initial burial).

3. Distinct variations in pore system characteristics and diage
netic evolution are evident among different microbial dolomite 
types. The pore system formation in the Qigebrak Formation 
underscores the influence  of elevated sedimentary environ
ments on primary porosity development, while diagenetic fluid 
alterations contribute to secondary pore formation and the 
transition to MHT or DPT systems. In contrast, SPT and MLT 
systems typically retain their original structure due to limited 
fluid flow.
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