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Abstract

The fabrics of microbialites preserved in limestones are generally better than in dolostones. What are the fabrics of
the microbialites preserved in heavily dolomitized dolostones? This paper presents an example of a strongly
dolomitized Cambrian microbialite profile. The Xiaoerblak Formation (Cambrian Series 2 Stage 3 and lower Stage 4)
of the Sugaitblak section in Aksu, Xinjiang Uygur Autonomous Region, China is mainly composed of microbial
dolostones. Due to strong alteration by diagenesis, their features, formation and environments have not been fully
understood. Here, based on detailed observation on outcrops and thin sections, we show that this formation
comprises four kinds of microbialites: laminite, thrombolite, thrombolitic laminite, and Renalcis framestone, in five
intervals (Interval I to Interval V). We identified three main types of microbialite fabrics, i.e., clotted fabric, laminated
fabric and skeletal fabric, and established a high-resolution vertical evolution sequence of the microbialites. The
clotted fabric and the laminated fabric were further divided into subtypes. We found that the original fabrics were
mainly affected by dolomitization, recrystallization and dissolution, and the alteration degree of the microbialite
fabric is stronger in the lower part of this formation. The laminated fabric has the strongest resistance to diagenesis,
followed by the clotted fabric. Based on studies of different rock types and sedimentary structures, we concluded
that the sedimentary environment of Xiaoerblak Formation consists of three settings: a) Intervals I to III formed in
restricted tidal flat environments, b) Interval IV and the lower part of Interval V in restricted deep subtidal
environments, and c) upper part of Interval V in shallowing-up open subtidal environments.
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1 Introduction
The term ‘microbialite’ was first proposed by Burne and
Moore (1987) and later modified by Riding (1991) to
‘microbolite’, referring to the organosedimentary de-
posits formed by benthic microbial communities
through trapping, binding detrital particles, and
microbially-induced calcification. Cyanobacteria, bac-
teria, archaea and microalgae are considered as the main
microorganisms involved in microbialite formation

(Golubic 1973; Riding 1991). Microbialites are widely
distributed throughout most of the history of the Earth.
According to the mesostructures, microbial carbonates
can be divided into stromatolites, thrombolites, dendro-
lites, laminites, oncolites and leiolites (Aitken 1967; Rid-
ing 1991; Braga et al. 1995; Han et al. 2009). Besides,
Wu et al. (2018) proposed the term caststone for the
rocks mainly composed of cast fossils of microbes, which
is replaced here by castolite. The fabrics of microbialites
are the basis for recognizing, understanding, and classi-
fying microbialites, as well as determining their forma-
tion environments, and predicting their spatial and
temporal distribution.
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The Cambrian Period is a significant era for the devel-
opment and evolution of microbial carbonates, repre-
senting a distinct transition in the types of microbialites
(Shapiro 2004). During the Cambrian the thrombolites
and dendrolites became widespread and stromatolites
were still widely distributed in spite of the decline in di-
versity and abundance following the Proterozoic (Aitken
1967; Glumac and Walker 1997). The dominant view is
that the decrease in atmospheric CO2 concentration in
the Early Cambrian promoted the cyanobacteria calcifi-
cation mechanism (CCM), and calcified microbial fossils
began to appear widely in laminated stromatolites, non-
laminated thrombolites and dendrolites (Riding 2006,
2012). With the Cambrian explosion and the radiation
of metazoans such as archaeocyaths, coralomorphs and
siliceous sponges, reefs and calcified microorganisms
(e.g. Epiphyton, Renalcis and Girvanella) began to ap-
pear in Early Cambrian strata (Terreneuvian and Series
2) in large quantities, and the number of microbialites
dramatically decreased (Rowland and Gangloff 1988;
James and Gravestock 1990; Wood 1999). At the end of
Cambrian Series 2, the extinction of the main metazoans
reduced the competition for resources with microorgan-
isms. The microbialite started to recover and flourish
gradually till the Early Ordovician together with sparse
sponges (Wood 1998; Kiessling 2009; Adachi et al.
2011). The North China Platform received sedimenta-
tion at the end of Cambrian Series 2, and microbialites
developed during the Miaolingian and Furongian Series
(Chen et al. 2014). The Miaolingian microbialites are
mainly composed of thrombolites and dendrolites, with
Epiphyton as the main rock-forming microorganism,
while the Furongian microbialites are mainly columnar
stromatolites, almost without Epiphyton (Lee et al. 2010,
2014). On the South China tectonic plate, the microbia-
lites and archaeocyaths–microbial reefs occurred in the
Cambrian Series 2 (Wang et al. 1990, 2014). To date few
studies have been carried out on the Cambrian micro-
bialites in South China, and there is no report of Furon-
gian microbial reefs. Cambrian microbialites in the
Tarim Basin, Xinjiang Uygur Autonomous Region,
China are widely distributed and are obviously different
from those in North China and South China: they are
generally composed of dolostones and contain rare fos-
sils, and are mainly found in Cambrian Series 2 Stage 3
and lower Stage 4 Xiaoerblak Formation, Miaolingian
Wuliuan Shayilik Formation (Huang et al. 2016; Zhu
et al. 2019) and Miaolingian Guzhangian Xiaqiulitag
Formation (Huang et al. 2016). The outcrops of the
Xiaoerblak Formation in Keping area, Xinjiang are well
exposed. Research has been conducted on the microbial
carbonates of this formation (Song et al. 2012, 2014; Li
et al. 2015; Xiong et al. 2015; Bai et al. 2018; Zheng et al.
2019). Due to the strong alteration of fabrics by

diagenesis and the destruction of original features of the
microbialites, it is rather difficult to understand their
formation mechanism and environments, and the results
are controversial, which resulted in the inaccuracy in es-
tablishing sedimentary facies models, and failure in sev-
eral exploration wells targeting at the reservoirs of this
formation.
In this study, the macro- and microfeatures of Early

Cambrian dolomitic microbialites from Tarim Basin,
China were analyzed and described. The microfabrics of
the microbialites were identified and classified. The for-
mation environments of this formation were discussed.

2 Geological settings
The study area is located in the northwestern margin of
the Tarim Basin (Fig. 1a), and tectonically belongs to the
eastern part of the Keping fault uplift of the Tabei uplift,
approximately 90 km away from Aksu City. At the end
of the Neoproterozoic, the Tarim Plate began to split
under the influence of a series of extensional move-
ments, and successively went through rifting, depression
and shallow sea deposition periods, forming three iso-
lated carbonate platforms during the Early Cambrian,
namely, the Western Tarim, Rossi and Kuluketag plat-
forms. The Western Tarim platform distributes the lar-
gest area of the three. The study profile is located at the
northwestern edge of the Western Tarim platform for
its superb outcrops of the Cambrian (Zhao et al. 2011;
Zheng et al. 2019). According to the latest stratigraphic
division scheme (Huang et al. 2017; Zhu et al. 2019), the
Xiaoerblak Formation in the Keping area overlies the
Yuertusi Formation of the Terreneuvian and is overlain
by the Usugar Formation of the Series 2 (Fig. 1b). The
Yuertusi Formation is a succession of siliceous rocks,
black shales and argillaceous carbonate deposits, varying
in thickness from 1m to 20m, and is a good source
rock. In the later period, the carbonate platform contin-
ued prograding northwestwards, and gradually evolved
into firstly a restricted platform and later an open plat-
form during the sedimentation of the Xiaoerblak Forma-
tion. The Xiaoerblak Formation comprises more than
100 m of dolostones, and can be clearly subdivided into
two members by color of outcrops (Fig. 1c): the Lower
Member and the Upper Member. The Lower Member is
composed of dark gray thin-bedded dolomicritic dolos-
tones, and the Upper Member is mainly light-colored,
thin- to medium-bedded or mound-bearing bedded
dolostones, which have better physical property as the
main exploration target. In this paper, a detailed study of
the microbial carbonates of the Xiaoerblak Formation in
the Sugaitblak section in Aksu area, Xinjiang was carried
out, based on field observations and thin section
examination.
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3 Method and terminology
A series of outcrop data were collected for laboratory ana-
lyses including GPS coordinates, photographs, samples, alti-
tude and thickness of strata, lithology association, special
textures and structures of rocks. A total of 120 petrographic
thin sections were made from the samples collected at 1.5
m interval on average, and were analyzed under the plane
polarized light (PPL) and cross polarized light (XPL).
The term ‘laminite’, which Friedman et al. (1973) defined,

refers to the biogenetic laminated carbonate rocks related
to algal mats. Monty (1976) proposed the term ‘cryptalgal
laminites’ for one of the three types of layered cryptalgal
carbonates that are laterally continuous and characterized
by a subcontinuous planar lamination ranging from less
than a millimeter to several centimeters. In this paper we
use ‘laminite’ to refer to sheet-like laminated microbialite.
The term ‘thrombolitic laminite’ used here refers to

the laminite that consists of thin dark-colored dolomicri-
tic laminae and the alternative thick clotted layers. The
terms ‘mesoclot’ and ‘microclot’ are used for clots of dif-
ferent scales, the former for clots on cm-scale, and the
latter for clots on mm-scale (Shapiro 2000).

4 Outcrop characteristics
According to this field measurement, total thickness of
the Xiaoerblak Formation in the Sugaitblak section is ~

187 m. All thin sections were smeared with mixture of
mordant red 3 and 5% diluted hydrochloric acid for
30 seconds, slowly rinsed with running water for 3 mi-
nutes. Only a few thin sections from the top of the
Lower Member turned red, indicating that the Xiaoer-
blak Formation mainly consists of microbial carbonates
which are almost entirely composed of dolostones. The
microbialites present two kinds of shape on outcrop.
The Lower Member is characteristically thin- to
medium-bedded, the lower part of the Upper Member is
thin-bedded, and contains scattered microbial mounds,
and the middle–upper part of the Upper Member is
medium- to thick-bedded. The main types of microbia-
lites include thrombolite, laminite, thrombolitic laminite
and some microbial framestones. According to lithology,
the Lower Member can be subdivided into three parts
(Intervals I to III; Fig. 2), and the Upper Member is fur-
ther divided into two parts (Intervals IV and V).
Interval I is 35 m thick of black thin-bedded dolomi-

critic dolostone (Figs. 2, 3a), powder crystalline dolo-
stone, and some coarse crystalline dolostone, with a
single layer being 2–10 cm thick. Birdseye structures
occur at the bottom of this interval (Fig. 3b). The bird-
seye structures have regular shapes, generally in the
shape of flat ellipses, and have a size of (0.2–1.5 mm) ×
(0.2–0.5 mm). The birdseyes are unevenly distributed,

Fig. 1 a Map of the northwestern margin of the Tarim Basin and location of the Sugaitblak section (red star) (after Li et al. 2015). The inset map
of China is modified after the Standard Map Service of the National Administration of Surveying, Mapping and Geoinformation of China (http://
bzdt.ch.mnr.gov.cn/) (No. GS (2016)1603); b Stratigraphic framework of the Terreneuvian and Series 2, Cambrian in Keping area, Tarim Basin (after
Huang et al. 2017; Zhu et al. 2019); c Outcrop photograph of the Sugaitblak section (red star)
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Fig. 2 Stratigraphy and macro- and microfeatures of the Xiaoerblak Formation of the Sugaitblak section, Tarim Basin, Xinjiang, China
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and in some places are arranged into horizontal lines.
The birdseye structures gradually decrease upwards and
the laminites (Fig. 3c) appear simultaneously in the
upper part of Interval I, probably due to change in the
depositional environment. The laminites are comprised
of powder and fine crystalline dolomites without grainy
sediments. The laminations in the laminites are parallel,

straight and laterally continuous, and have a uniform
interval of less than or equal to 1 cm.
Interval II is about 38 m thick, seems to be thin-

bedded, in black color on fresh outcrops, with dissol-
ution pores in several horizons, giving the outcrops a
honeycomb appearance (Fig. 3d, e). The horizons with-
out dissolution pores are composed of fine dolomite.

Fig. 3 Outcrop and thin section features of Intervals I and II of the Xiaoerblak Formation (Cambrian Series 2) of the Sugaitblak section, Tarim
Basin, Xinjiang, China. a Black thin-bedded dolomicritic dolostone in Interval I. A single layer is 2–10 cm thick. Hammer length = 35 cm. b
Micrograph of birdseye structures (bir) in lower part of Interval I. The sparry calcite filled granulated birdseyes are variable in size (0.1–1 mm in
diameter) and are unevenly distributed. c Thin-bedded laminites in the upper part of Interval I with straight parallel laminae. d and e Black
honeycomb dolostones in Interval II with hollow pores and calcite-filled pores
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The honeycomb horizons are composed of fine to
medium dolomites. The pores are usually lenticular or
irregular in shape, being 0.5–2 cm in diameter and aver-
aging 0.8 cm, spacing at 2–10 cm distances, and account
for 30%–50% of the rocks. Some pores are hollow
(Fig. 3d), while others are almost wholly filled with cal-
cite (Fig. 3d).
A succession of 10-m-thick stratiform thrombolites

occurs at the top of this interval, as 5–10 cm thick pla-
nar beds without laminations (Fig. 4a, b). These throm-
bolites are characterized by a framework of the mottled
surface attributed to the contrasting fine and coarse
dolomite. The mesostructure is comprised of a net-like
framework of mesoclots. Most of the mesoclots are fused
with each other and interconnected, composed of fine and
microcrystalline dolomites or clay-sized minerals, and the
inter-clot spaces are cemented by medium or coarse dolo-
mites. The mesoclots are mm-scale, with a width of less
than 1 cm, and have conspicuous margins without obvious

orientation. The bulging body of mesoclots exhibits a stron-
ger weathering resistance than the inter-clot rocks.
Interval III is 20 m thick, mainly composed of gray

thin-bedded argillaceous dolomicritic thrombolitic lami-
nites (Fig. 4c, d). The thrombolitic fabrics are mm-scale,
so analysis of them mainly depends on microscope. On
the outcrops, the laminations have a high content of
argilla and are yellow-greenish in color. The laminations
are laterally continuous and slightly crinkly. The dark
fine dolomite laminae and the light coarse dolomite lam-
inae form 0.2–0.3 cm thick couplets. The single lamina
is extremely thin, and often ranges from 0.3 cm to 0.1
cm in thickness (Fig. 4d).
Interval IV is about 25 m thick, containing scattered

thrombolitic mounds, and the intermound facies is dark
thin-stratiform dolostone with a single bed in ~ 10 cm
thick. Differing from the traditional microbial reefs built
by various types of calcimicrobes and shelly metazoans
(Shapiro 2004), the mounds are mainly comprised of

Fig. 4 Outcrop and thin section features of the upper part of Interval II and the Interval III of Xiaoerblak Formation (Cambrian Series 2) of the
Sugaitblak section, Tarim Basin, Xinjiang, China. a and b Stratiform thrombolites at the top of the Interval II. Some dark mesoclots (marked in gray
color) are fused with each other and interconnected with width less than 2 cm, composed of fine and microcrystalline dolomites or clay-sized
minerals, and the inter-clot brighter spaces (marked in pale orange color) are cemented by medium or coarse dolomites. c Thin-bedded
argillaceous dolomicritic dolostones in the Interval III. d Close-up of the black square in the lower part of c. Most laminae are continuously
straight with few in microrelief. The dark fine dolomite laminae and the light coarse dolomite laminae are parallel to each other and the
thickness of them is less than 0.3 cm
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dolomicritic dolostones and fine crystalline dolostones
lacking fossils. A total of nine microbial mounds (M1–
M9) were observed within an outcrop wall of 150 m
wide and 20m high (Fig. 5). The mounds are in various
sizes, mostly in domelike shape (M1–M6) and others be-
ing irregular (M7–M9). The width of mounds is about
10 m on average and the height is less than 10 m. The
mounds are internally massive without laminations and
conspicuous sedimentary structures. It is difficult to dis-
tinguish the mesostructures on the surface of dome
thrombolites in this interval, and all of the structural fea-
tures are based on the microscale observation.
Interval V is about 69 m thick, composed of grayish

yellow thin- to medium-bedded dolostones (Fig. 6a). Its
lower part is mainly dolomicritic thrombolitic dolostone
without clear mesoclots on the surface like the thrombo-
lites in Interval IV; while the upper part consists of dolo-
grainstones, with a few trilobite fossils. There are various
types of microbialites in the upper part such as throm-
bolitic laminites, Renalcis framestones, clumpy thrombo-
lites and some stromatolites (Fig. 6c). The thrombolitic
laminite is a combination of superposed laminites and
thrombolites making up 50%–60% of the total microbia-
lites. The dolomicritic laminae in thrombolitic laminite
are usually laterally continuous but crinklier than those
in Interval III. In some places the laminae are gently
convex with truncated laminae on both sides. The single
layer of laminites is about 0.5 cm in thickness on aver-
age, slightly thinner than the 0.5–1-cm-thick thromboli-
tic layers between them. The mesoclot in thrombolitic
layer is irregular and chaotic (Fig. 6b), and much smaller

than that in Interval II. The thrombolitic laminites grad-
ually decrease up the section, with an increase in the
sand-sized intraclasts, indicating change in environmen-
tal conditions.

5 Fabrics
The fabric of microbialites refers to the size, shape and
arrangement of their minerals. The variety of fabric fea-
tures can reflect different hydrodynamic conditions, de-
position rates, types of microbial communities, seawater
temperature and saturation, and other environmental
conditions (Turner et al. 1997). The fabrics of microbia-
lites can be observed and described on different scales.
At present, the classification of fabrics on mesoscale
(e.g., polylobate, mesoclots, etc.) and microscale (e.g.,
peloids, filamentous microbial cements, spherulites, etc.)
of Shapiro (2000) are widely used. The mesoscale fabrics
are cm-sized and are visible to the naked eyes, and con-
sist of mesoclots and the lighter-colored patches be-
tween them, or dark-colored laminae and the alternative
lighter-colored laminae. The microscale fabrics (< 1 mm)
are the microscopic petrographic characteristics of the
mesoclots that can only be observed under microscopes.
Based on mesoscale features, Riding (2011) divided
microbialites into dendrolites, stromatolites, thrombo-
lites and leiolites.
The study of fabrics on the microscopic scale is im-

portant to explore their genetic mechanism and forming
environments. Laminated fabric and clotted fabric are
the most common two types of fabrics. In addition to
them, there are skeletal fabric, binding fabric and other

Fig. 5 Outcrops of the microbialite dolostones of the Interval IV of the Xiaoerblak Formation (Cambrian Series 2) at the Sugaitblak section, Tarim
Basin, Xinjiang, China. The Interval IV which overlies the Interval III corresponds to thin sections S-29 to S-39. Interval III is covered by earth. The
massive microbial mounds (M1 to M9) are in various sizes with dolomicritic cores and the rocks between the mounds (Int.) are black
thin-bedded dolostones
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types (Wu et al. 2018). From thin section examin-
ation, two main fabrics are identified: a) the lami-
nated and clotted fabrics, which are the most
common and variable features in this formation, and
b) skeletal fabrics (Fig. 2). Researchers have made
preliminary studies on the microbialites in this forma-
tion (Song et al. 2012; Huang et al. 2016), but they
are all on mesoscale, lacking detailed description and
classification of microscale fabrics. In this study, the
features and classification of microscale fabrics are
detailed, the clotted fabrics are further divided into
four subtypes: vermicular clotted fabric, reticular clot-
ted fabric, spotted clotted fabric and clumpy clotted
fabric, and the laminated fabric is subdivided into two
subtypes: wavy lamination and compound lamination.

5.1 Clotted fabric
Clot is the basic component of thrombolites, being dark
in color, having distinct and irregular edges, and is com-
posed of micrite or dolomicrite. It was considered to be
the framework of the thrombolites (Aitken 1967), and
formed from microbially-induced calcification or
sediment-trapping. Clots can be divided into mesoclots
and microclots based on scales. In the past 50 years, the
studies on ancient microbialites focused on the inter-
pretation and description of mesoclots. According to
morphology, Du (1992) divided mesoclots into porous clots,
mottled clots and reticular clots. Riding (2000) divided the
thrombolite into seven categories in terms of their genesis,
including calcified microbial thrombolite and coarse aggluti-
nated thrombolite. Harwood Theisen and Sumner (2016)

Fig. 6 Outcrop features of Interval V of the Xiaoerblak Formation (Cambrian Series 2) at the Sugaitblak section, Tarim Basin, Xinjiang, China. a
Grayish yellow thin- to medium-bedded dolostones. b The thrombolitic laminites. The laminae are continuous in the interval of less than 0.5 cm.
Sometimes the laminae became convex in shape (in yellow arrow). Between the laminae are thrombolitic layers (in blue dashed circles) and the
mesoclots are too small to distinguish being chaotic. c The dome-like stromatolite (in yellow dashed line) in the upper part composed of
dolomicrite in the height of about 13 cm. d Densely distributed microbial mat relics-like laminations (in yellow arrows) in thrombolitic laminites
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classified Cambrian thrombolites in the Great Basin into
eight types, including hemispherical microdigitate, bushy, co-
alescent columnar and massive fenestrated.
Except for the description of mesoscale characteristics

of microbialites in the Xiaoerblak Formation, the micro-
scale features are the prime focus in this paper. It is
worth noting that the term ‘clotted fabric’ used in this
article refers in particular to microclot fabrics. Our
microscopic examination reveals that the thrombolitic
microclots in the Xiaoerblak Formation is internally
composed of dolomicrite or powder crystalline dolomite,
and are in different shapes (e.g., vermicular, elliptical, ir-
regular, reticular, etc.). The light-colored material be-
tween microclots is composed of fine dolomites,
medium dolomites, or coarse dolomites, and are called
bright spots. The bright spots have relatively smooth
edges, and are distinct from the dissolution pores which
generally have bay-shaped outlines, and may represent
the primary pores formed in the growth stage, but filled
with cement during the diagenesis stage. The primary
pores can have two origins: the pores left by the mi-
crobes that had functioned as builders during the forma-
tion of the microbialites, but decomposed after their
death, and the remaining voids among the microclots.
The former type is usually small in size and require
microscope study. On the basis of the morphology of
microclots, the clotted fabrics are further classified into
the four fabric subtypes: vermicular clotted fabric, re-
ticular clotted fabric, spotted clotted fabric and clumpy
clotted fabric.

5.1.1 Vermicular clotted fabric
The vermicular microclots are expressed by an undir-
ected arrangement of worm-like dark clots in the bright
matrix (Fig. 7a, b, c). They are irregularly curved, and
are composed of dolomicrites. In this paper, three pa-
rameters are used here to constrain the morphology of
the microclots, which are length, width and angle of
curvature, and we take the total length of the straight
segments that comprise a sinuous microclot as its
summed length. The length of the vermicular microclots
in the thrombolites of this formation varies a lot, ranging
from 0.1 mm to 0.8 mm with no conspicuous patterns,
while the width is relatively uniform, ranging between
0.1 mm and 0.15 mm. Most of the worm-like microclots
are slightly curved with the bending angle concentrated
at 150°–170°, even some seem like straight rods. All of
the vermicular microclots are disorderly distributed
within the spar-filled groundmass, most being evenly
isolated spacing at an average distance of less than 0.5
mm, but few contacted with each other producing a cha-
otic area which made the vermicular outline blurred.
The cement among the microclots is usually made up of
two kinds of dolomites: one is the fine–medium

crystalline hoary dolomites. These dolomites are distrib-
uted around the microclots usually in irregular shape
and showing light-gray shadow on the surface. The other
type is the medium to coarse dolosparite which are close
to the hoary dolomites and far away from microclots.
Bright dolosparite often forms a regular rhombic shape,
and is larger than hoary dolomites, which hints at the
existence of enough space to grow. There are also some
voids between some dolosparite, and they are considered
to be the result of burial dissolution for special bay-
shaped outlines. Overall, the area ratio of the dolomi-
crites to the cements almost reaches 1:1. The special ar-
rangement of microclots and cements naturally
produces a gradual transition of color from dark to
bright. However, due to recrystallization, some micro-
clots have been altered from black dolomicrite to
yellowish-brown powder crystalline dolomite, making
the edge of the vermicular microclots blurred and diffi-
cult to separate from the surrounding cements. The ver-
micular fabric mainly occurs in the Interval IV
associating with the reticular clotted fabric, spotted clot-
ted fabric and even laminated fabrics.

5.1.2 Reticular clotted fabric
In this fabric the microclots are in irregularly reticular
shape, and are composed of dark dolomicrites or fine
dolomites (Fig. 7d, e, f). The reticular clotted fabric is
the main subtype of the clotted fabric in the Xiaoerblak
Formation, and consists of two parts: the meshes and
the fillings. The meshes consist of dolomicrite, and have
a width of about 0.01 mm. The fillings in the meshes are
composed of fine, medium or coarse crystalline dolo-
mite, and are in irregular shape. The diameter of the fill-
ings ranges from 0.01 mm to 0.5 mm. This kind of fabric
mainly occurs in Interval II, Interval IV and the lower
part of Interval V. The reticular clotted fabric in Interval
II is mainly composed of fine dolomite, and the fillings
are mainly medium dolomite, with a diameter of 0.05–
0.13 mm (0.1 mm on average). The reticular clotted fab-
ric in the Interval IV and the lower part of Interval V is
mainly composed of dolomicrite, and the fillings are
mainly fine dolomite, with average diameter of 0.05 mm.
It often appears in combination with the spotted clotted
fabric and vermicular clotted fabric. The reticular clotted
fabric in the middle part of Interval V mainly exists in
the bright laminae of the laminated fabric, with an aver-
age diameter of 0.1–0.5 mm. The reticular clotted fabric
has various forms in this interval, but its content is lim-
ited, about 20%–30%, gradually decreasing upwards.

5.1.3 Spotted clotted fabric
In this microfabric, the microclots are spot-like and in
dark color, composed of dolomicrite or powder crystal-
line dolomite (Fig. 8a, b), and have a diameter of about
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Fig. 7 Microscopic features of the vermicular and reticular clotted fabrics of the Xiaoerblak Formation of the Sugaitblak section, Tarim Basin,
Xinjiang, China. a Vermicular clotted fabric, showing vermicular clotted fabric (wo) composed of dark powder crystalline dolomites, at the top of
the Interval III, isolated, cemented by light fine dolomites. b Enlargement of the yellow rectangle in a. The worms are in similar sizes (0.3 mm in
length on average) and distributed in isolation without obvious directions. c Spotted (sd) and vermicular clotted fabrics (wo) comprised of
dolomicrites, in the microbial mounds in the Interval IV, cemented by fine dolomites. d Reticular clotted fabric of the top of the Interval V. e
Enlargement of the yellow square in d, showing the fillings (br) in the meshes composed of fine crystalline dolomites. The meshes are in oval or
irregular shape and vary in size. f The reticular clotted fabric (ret) of the middle part of the Interval I, consisting of fine crystalline dolomites. All
are photomicrographs of thin sections under plane-polarized light microscope
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0.01mm. Some microclots are scattered and isolated, at an
average distance of more than 0.05mm, some are gathered
in clusters, and are about 0.05mm in diameter or larger. The
spotted microclots usually have unobvious edges, and are
cemented by recrystallized powder and fine crystalline dolo-
mites or spars. The spotted microclots in this formation may
have two origins. Firstly, they can be a kind of original micro-
bial microclots formed by microbially-induced precipitation
of coccoidal aggregates during their metabolic activities (Rid-
ing 2000). Secondly, they may be the remaining parts of
previous vermicular or reticular microclots due to
recrystallization. Under the second circumstance, the
spotted microclots are generally surrounded by fine or

medium dolomites, and the trace of dolomicrite left by the
original microclots is preserved in the fine or medium
dolomite. The spotted fabric is mainly distributed in the
Lower Member and the microbial mounds in Interval IV.
Its content is limited to only about 10% due to its small
volume and alteration by strong diagenesis. It is not the
main fabric of the microbialites in this formation, and
often occurs in combination with the vermicular clotted
fabric, reticular clotted fabric and laminated clotted fabric.

5.1.4 Clumpy clotted fabric
In this microfabric, the microclots are in clumpy shape,
are composed of dark dolomicrite, and vary in size,

Fig. 8 Microscopic features of the spotted and clumpy clotted fabrics in the Xiaoerblak Formation (Cambrian Series 2) of the Sugaitblak section,
Tarim Basin, Xinjiang, China. a The spotted clotted fabrics (sd) in Interval I. Some spotted clots are distributed in clusters (clu). The diameter of the
clusters is 0.1–0.25 mm. b The clusters (clu) of spotted clots (sd) between laminae, composed of powder crystalline dolomites, in the Interval III. c
In the middle of the Interval V, the recrystallization has turned the clump’s micrites to powder crystalline dolomites (th), and the irregular clump
was broken into grains, with dolomicrites (mi) between the grains. The places where the dolomicrite have been dissolved were filled with
macrocrystalline dolomite (do). d Clumpy clotted fabrics (th) composed of powder crystalline dolomites with distinct dolomicritic outlines, at the
bottom of the Interval III. All are photomicrographs of thin sections under plane-polarized light microscope
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ranging in diameter from 0.5 mm to 1.5 mm. The dolo-
micrite of the clumpy microclots are mostly recrystal-
lized into powder crystalline dolomite, and only the
black edges are preserved. The interspaces between the
clumpy microclots aerially account for 20% to 25%, and
have been filled by coarse dolomite (Fig. 8c, d). Some
clumpy microclots are isolated and scattered, with
smooth edges, and others are in close contact, and can
reach 70% in content, with sharp outlines. The transition
from angular irregular clumpy microclots to round
grains is present in some thin sections, indicating that
some clumps were broken into grains by water actions.
This fabric is limited in distribution in the Xiaoerblak
Formation, and is not continuous in vertical distribution.
Most clumpy microclots have been fragmentized. This
kind of fabric occurs in the middle and lower part of
Interval V, generally in association with intraclastic
dolostones. The content of the clumpy microclots de-
creases upward the formation, coupling with the in-
crease in the content of intraclastic grains.

5.2 Laminated fabric
The laminations generally have two forms: the straight
lamination and the undulate lamination. The former is
straight and generally formed by inorganic sedimentation.
The undulate lamination, is irregularly curved, and is prob-
ably formed by precipitation of microbial mats. The lamina-
tions discussed below are all microbiogenic laminated fabric.
The laminated fabric refers to the alternation of the dark

laminae composed of dolomicrite and the bright laminae
composed of medium or coarse dolomite. Examination of

all thin sections shows that the laminated fabrics in the
Xiaoerblak Formation are all dolomicrites lacking calcified
fossils, and are called dolomicritic laminated fabrics. It is
noteworthy that the lighter colored rocks between the lam-
inae are composed of clotted thrombolitic dolostone of
powder to medium crystalline dolomite. The dolomicritic
laminae are generally composed of dolomicrite, dark in
color, and are wavy in shape. Based on the features of the
dolomicritic laminae, the laminated fabrics are divided into
two subtypes, the wavy laminated fabric, and the com-
pound laminated fabric (Fig. 9). The compound lamination
is the main type, and can account for more than 70%.
The wavy laminated fabric consists of thin dark-

colored dolomicritic laminae and the alternating lighter-
colored thrombolitic layers that are composed of pow-
der, fine or medium crystalline dolomite (Fig. 10a, b, c).
The dark laminae vertically contact with each other,
some being imbricate, with thrombolitic fabrics filling
the bright layers between the dolomicritic laminae.
Comparing with the compound laminated fabric, the
laminae in the wavy laminated fabric tend to be more
curved with a wide range but mostly have poor continu-
ity, with a length of less than 2 mm laterally. The thick-
ness of a single dark lamina is less than 0.2mm, while the
clotted layers vary greatly in thickness, and are generally
thicker than the dark laminae, ranging from 0.5mm to 2
mm. There are numerous irregular and elongated pores
filled with microspars or coarse dolomite in the bright
layers or even lying near the dark laminae, which can be
formed from dissolution and crystallization. The wavy
laminated fabric is a rare type in the Xiaoerblak

Fig. 9 Subtypes of laminated fabrics in the Xiaoerblak Formation of the Sugaitblak section, Tarim Basin, Xinjiang, China
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Formation, and mainly occurs in the bottom of the Inter-
val V with low content.
The compound laminated fabric (Fig. 10d–i) consists

of dark-colored dolomicritic laminae and the alternative
lighter-colored thrombolitic layers between the laminae.
The dark lamina can be considered as a kind of aggrega-
tion of several singular thin dark laminae. The dark lam-
inae are slightly curved, 0.8–1.2 mm in thickness with
single lamina less than 0.1 mm in thickness, usually
thicker than the dark laminae in the wavy laminated fab-
ric, and have better continuity. The bright layers are
generally greater than 2 mm in thickness, and are

composed of powder to fine crystalline dolomites,
sometimes containing reticular, vermicular or spotted
clotted fabric, and having bright spots composed of
microspar and fine dolomite. There are also voids in
the dark laminae, which are usually filled with powder
crystalline dolomites. It is noted that the bright layers
always contain more pores than the dark laminae, in-
dicating the difference between biomineralization and
inorganic mineralization. The compound laminated
fabric is the dominated laminated type in the Xiaoer-
blak Formation, and mainly occurs in the Interval V,
and in the Interval III.

Fig. 10 Microscopic features of the laminated fabrics in the Xiaoerblak Formation (Cambrian Series 2) of the Sugaitblak section, Tarim Basin,
Xinjiang, China. a, b Wavy laminated fabric consisting of wavy dark-colored dolomicritic laminae (la) and the lighter-colored thrombolitic rock
consisting of reticular clotted fabrics (ret) and filled meshes (br) between the laminae, with irregular pores (po), in the lower part of Interval V. c The
imbricated wavy laminated fabric consisting of dark-colored dolomicritic wavy laminae (la) and the lighter-colored thrombolitic layers between the
laminae, with pores (po), in the lower part of Interval V. d–f The compound laminated fabric consisting of dark-colored dolomicritic lamina (la) or
laminae (mla) and the lighter-colored layers with spotted clotted fabric (sd, clu) and vermicular clotted fabric (wo), in the Interval III. g–i The
compound laminated fabric consisting of dark-colored dolomicritic laminae (mla) and the lighter-colored thrombolitic layers, with vermicular clotted
fabric (wo), pores (po) and filled meshes (br), in the Interval V. All are photomicrographs of thin sections under plane-polarized light microscope
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5.3 Skeletal fabric
This microfabric has a framework consisting of Renalcis
skeletons (Fig. 11a, b). The Renalcis skeletons are
sparsely and irregularly distributed, with a size of (0.5–1
mm) × (0.5–2 mm), and consist of a string of hollow
spherical chambers. Each chamber has a flower-like cav-
ity, which is generally filled with coarse dolomite. The
high variability in size demonstrates that the chamber is
not an individual cell but a colony of numerous cells.
The dark wall of the cavity comprises dense dolomicrite
with distinct smooth exterior and crinkled blurred in-
ternal surface which is presumably inheritance of gelat-
inous colony morphology. To date, the systematic
position of Renalcis is still uncertain. Some researchers
considered it a calcified cyanobacterium related to
chroococcaceae which experienced carbonate diagenesis
involving obliteration of cell morphology (Hofmann
1975; Pratt 1984). Others suggested that it is formed by
bacteria-induced precipitation (Stephens and Sumner
2002). This fabric is distributed in the upper part of
Interval V. Since it contains fragments of Renalcis skele-
tons, and the overlying and underlying layers develop
intraclastic fabric, this fabric is likely formed in shallow
subtidal zone with relatively high water energy.

6 Discussion
6.1 Diagenesis models of microbialite fabrics
Microbialite fabrics are controlled by both microbial
communities and diagenesis. The microbe composition
determines the features of the original fabrics and the
original pores, which both suffer the alteration by dia-
genesis. Diagenesis determines the final fabrics visibly in

thin sections. Examination of the thin sections shows
that the microbialites of the Xiaoerblak Formation have
undergone at least three diagenetic events, i.e., penecon-
temporaneous dolomitization, recrystallization and
dissolution.
The penecontemporaneous dolomitization began the

earliest, changing the calcite and aragonite limestones
into dolomites. Based on the thin sections, the microbia-
lite fabrics composed of micrites are mostly preserved,
and are now composed of dolomicrite. The fabric-
preserving dolomitization was termed as mimic dolomi-
tization, which did not destroy the original fabrics of the
precursor limestones (Sibley 1980, 1982). The mimic do-
lomitization is a common phenomenon occurring exten-
sively in strata during different periods. During the
process of mimic dolomitization, precursor micrites pro-
vided abundant nucleation sites to make the dolomitiza-
tion performed rapidly, and the resultant dolomite
retains the original fabrics (Bullen and Sibley 1984). The
crystal size is the main factor to determine whether the
dolomitization is mimic or not, since smaller crystals are
more likely to provide sufficient dolomite nuclei for
mimic replacement (Sibley 2003). Besides, some authors
considered that the calcite with high magnesium tends
to retain primary fabrics, but the calcite with low mag-
nesium tends to result in fabrics-destroying dolomitiza-
tion (Murray and Lucia 1967). And low temperature was
considered to promote fabric-preserving dolomitization
than high temperature (Machel 2004).
The recrystallization occurred during the whole dia-

genetic stage. According to observation of the thin sec-
tions, the recrystallization degree of the Lower Member

Fig. 11 Microscopic features of the skeletal fabric in the Xiaoerblak Formation of the Sugaitblak section, Tarim Basin, Xinjiang, China. a, b Renalcis
(rel) skeletons with biological fragments (du) and pores (po), at the upper part of Interval V. Both are photomicrographs of thin sections under
polarized light microscope
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is higher than that of the Upper Member. Due to this
process, the original crystals gradually became larger: the
dolomicrite changed into powder or even medium–
coarse crystalline dolomites, which makes it difficult to
distinguish the changed fabrics from the surrounding ce-
ments. The recrystallization in this formation has strong
heterogeneity, and areas of different recrystallization in-
tensities can be observed on a single section, which can
be exampled by a thin section from the microbial
mound in the Interval IV (Fig. 12a). Recrystallization
firstly affected the edge of the microclots, then the inner
part, and lastly the center. Thus, in most cases, the cen-
ter of the microclots consists of dolomicrite, and their

edges can be powder or fine crystalline dolomite, de-
pending on the effects degree of recrystallization. Alter-
ation by strong recrystallization has changed most part
of the microclots, leaving their central parts as small
black dolomicritic spots (Fig. 12c). As to the reticular
microclots, with the development of the recrystallization,
crystals of the meshes and those comprising the fillings
became more and more similar (Fig. 12b), and finally
only the original dolomicrite at the intersection
remained. The laminated fabric in the Interval I has
been severely affected by recrystallization, and consists
of powder crystalline dolomites, being thin, sparse, lat-
erally discontinuous. The rock between the laminae is

Fig. 12 Diagenetic characteristics of the microbialites of the Xiaoerblak Formation of the Sugaitblak section, Tarim Basin, Xinjiang, China. a Due to
the recrystallization, the size of dolomite in the left is larger than that in the right (separated by the yellow dashed line), in microbial mound of
the Interval IV. The reticular fabric remains (se) can be seen. b The recrystallization is stronger than that in a. The reticular fabric (ret) is hard to
observe, in the Interval II. c The recrystallization turned the vermicular fabrics into spotted fabrics (sd), in Interval IV. d The residual single lamina
(la) caused by recrystallization, in the upper part of Interval I, at the bottom of Interval II. All are photomicrographs of thin sections under plane-
polarized light microscope
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composed of fine dolomites, with some dolomicrite left
between the fine dolomite, and the original fabric type is
difficult to identify (Fig. 12d).
This formation has experienced three kinds of dissol-

ution: atmospheric water dissolution in the epidiagenetic
stage, hydrothermal dissolution in the burial stage and
organic acid dissolution (Shen et al. 2016; Bai et al.
2018), which have been studied by previous researchers
(Shen et al. 2016) in details, hence will not be discussed
here. The dissolution events led to the following two re-
sults: firstly, they destroyed the original fabrics of the
microbialites to different degrees, and secondly, they
have improved the quality of the reservoirs. The evolu-
tion of the original fabrics of the Xiaoerblak Formation
controlled by diagenesis is summarized in Fig. 13.
On the whole, the Lower Member of this formation has

been influenced more by the diagenesis than the Upper
Member. For Intervals I and II, the laminae are sparse and
discontinuous rather than dense and continuous, and the
microclots are composed of fine or medium dolomite ra-
ther than dolomicrite, both indicating strong
recrystallization. The development of the fenestral structure

indicates strong dissolution during the epidiagenetic stage.
Interval III is the only part of this formation that contains
limestones, and is inferred to have a diagenetic history dif-
ferent from the Intervals I and II. In this interval the con-
tent of the clotted fabric decreased, and the laminated
fabric is abundant, mainly being single lamination with
good continuity and good preservation. However, the re-
ticular fabric and vermicular fabric between the laminae
have been strongly damaged, leaving spotted fabrics
(Figs. 8b, 10d). The lower part of Interval IV and Interval V
are mainly reticular fabric and vermicular fabric, only par-
tially affected by recrystallization, and the original fabrics
are mostly recognizable. Although the thrombolites be-
tween the laminae contain some dissolution pores, the
recrystallization is weaker, and the lamination is in good
preservation, the laminated types are the most abundant in
the formation, and the reticular fabric and vermicular fabric
are well preserved in some places (Fig. 10).

6.2 Formation environments
The original structure of microbialites can indicate some
aspects of their formation environments, such as water

Fig. 13 Evolution models of the microbialite fabrics in the Xiaoerblak Formation of the Sugaitblak Section, Tarim Basin, Xinjiang, China
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depth and hydrodynamic intensity. It is thought that
tabular laminated stromatolites form near the average
high tide level or subtidal zone with weak hydrodynamic
condition, while domal and columnar stromatolites form
in intertidal zone of high water energy, and dendritic
thrombolites form at lagoons of evaporation platform
(Jahnert and Collins 2012; Mettraux et al. 2015). Some
researchers analyzed the formational environments of
microbialites according to their mesostructures, but not
based on the fabrics at microscale, since the relationship
between the fabrics and their formation environments
have not been determined.
Previous researchers believed (Feng et al. 2002, 2006) that

the entire Xiaoerblak Formation was deposited on a sedi-
mentary platform. Bai et al. (2018) thought that the entire
Xiaoerblak Formation in Aksu area was deposited on the
transition from a carbonate slope to a rimmed carbonate
platform, and the thrombolite reef and Epiphyton reef in
the Upper Member mainly formed at platform margin.
Zheng et al. (2019) and others believed that the Xiaoerblak
Formation in the Aksu area belonged to a system of shoals,
tidal flats, and mounds at a ramp.
In this study it was found that the Lower Member of this

formation is mainly composed of dolomicrite and powder
crystalline dolomite, without debris or grains, representing
a low energy marine environment. From the middle of
Interval V, the intraclastic fabric and skeletal fabric began
to increase, both of which are signs of higher water energy.
So, the whole Xiaoerblak Formation experienced a transi-
tion from a limited platform to an open platform.
Interval I is thin-bedded and is composed of dolomi-

crite. It has laminated fabric and birdseye structures in
the lower part, representing intertidal to supratidal envi-
ronments, but these structures become sparse in the
upper part. Since the upper part lacks evidence of tidal
environments, it indicates the deepening of the water.
Interval II is mainly thrombolites, with inconspicuous thin

beds, which may be formed from alteration of thin-bedded
structures. The lower part of this interval contains laterally
elongate dissolution pores of cm size, which may be formed
from dissolution of previous birdseye structures. So this part
originally contains birdeyes, and was formed in intertidal to
supratidal flat environments. The upper part of this interval
lacks birdeye structures, but has reticular fabric and lami-
nated fabric, probably representing low energy subtidal envi-
ronments. Interval III is composed of mm-scale microbial
laminae, representing low energy intertidal to supratidal en-
vironments. Interval IV consists of massive mounds and the
thin-bedded dolostones between the mounds. The mounds
are composed of thrombolites and range from 6m to 20m
in height, which indicates a subtidal depth of more than 20
m. Since there is no evidence of wave action, the top of the
highest mound should be below the fairweather wave base,
which is about 15m for open seas but less than 15m for

restricted waters. Thus this interval is probably formed at a
water depth of > 35m. The lower part of Interval V is reticu-
lar thrombolites, without evidence of wave action, indicating
a low energy subtidal environment. The upper part of this
interval contains laminated and skeletal fabrics in an ascend-
ing order, with some trilobite fossils. The intraclasts and skel-
etal fabrics represent a high energy environment, and the
fossils indicate an open marine environment. So, this interval
is a shallowing-up sequence.
In summary, the Xiaoerblak Formation formed in

three kinds of environments: Intervals I, II and III
mainly on a restricted tidal flat, the Interval IV and the
lower part of the Interval V in a restricted deep subtidal
environment, and the upper part of Interval V in a
shallowing-up open subtidal environment (Fig. 14). The

Fig. 14 Model of microbialites forming environment of the
Xiaoerblak Formation of the Sugaitblak section, Tarim Basin, Xinjiang,
China. MLW: Mean low water; MHW: Mean high water
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sedimentary environments of the Xiaoerblak Formation
seem to impose little restrictions to microbialites which
occur in a wide range of environments from tidal flat to
deep subtidal zone. Except for the Renalcis framestone
with skeletal fabrics that formed in high energy environ-
ments, the other three main types of microbialites, i.e.,
laminites, thrombolites, and thrombolitic laminite, can
develop both in tidal flat and deep subtidal zone, even in
the shallow open subtidal environment. There is no ob-
vious difference in the depth and energy of water be-
tween the thrombolites and laminites. The common
occurrence of the thrombolitic laminites shows that the
thrombolites and laminites formed under similar condi-
tions. It could be the types of organisms that determined
the development of laminites. But it is still hard to dis-
tinguish microorganisms from the rocks intensively in-
fluenced by diagenesis. In terms of specific fabrics of the
microbialites, the reticular clotted fabric and laminated
fabric are the two most abundant types and are widely
distributed in all of the three environments. The ver-
micular clotted fabric tends to mainly occur in the
Upper Member, especially in the microbial mounds
representing a deep-water environment.

7 Conclusions

(1) The Xiaoerblak Formation (Cambrian Stage 3 and
lower Stage 4) of the Sugaitblak section is
composed of bedded or mound-like microbial
dolostones. The mounds are composed of thrombo-
lite dolostones, and the bedded microbialite dolos-
tones include thrombolites, laminites, thrombolitic
laminites and some calcimicrobial framestones. The
main fabrics include clotted, laminated, and some
skeletal fabrics.

(2) The clotted fabric can be divided into four
subtypes: vermicular clotted fabric, reticular clotted
fabric, spotted clotted fabric and clumpy clotted
fabric. The reticular clotted fabric is the dominant
subtype, and mainly occurs in the lower part of
Interval II, Interval IV and lower part of Interval V.
The laminated fabric can be divided into wavy
laminated fabric and compound laminated fabric.
The compound laminated fabric is the dominating
subtype, and is mainly present in Interval V.

(3) The fabrics of the microbialites of the Xiaoerblak
Formation are controlled by the microbial
communities and the diagenesis. The original
microfabrics have been affected by dolomitization,
recrystallization and dissolution. Dolomitization
mainly occurred in the epidiagenetic stage, and is in
mimic mode, without severe affection on the
original microfabrics. The recrystallization and
dissolution have severe affection on the original

fabrics. It seems that the laminated fabric has the
strongest resistance to diagenesis, secondly the
clotted fabric.

(4) The thrombolites are mainly in Interval II, Interval
IV, and the lower part of Interval V. The laminites
mainly occur in Interval I. The thrombolitic
laminites mainly develop in Interval III and upper
part of Interval V, and the Renalcis framestones are
in upper part of Interval V. Intervals I, II, and III
are mainly formed on tidal flats, and Interval IV and
the lower part of Interval V are formed in deeper
subtidal water. The upper part of Interval V formed
in shallowing-up subtidal water.
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