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Abstract: Many euhedral dolomite crystals and related pores are found in the microbial siliceous stromatolite dolomite and
siliceous oolitic dolomite in the Fengjiawan Formation of the Mesoproterozoic Jixian System in the southern Ordos Basin.
With the application of the microscope, scanning electron microscope, cathodoluminescence and in-situ trace element
imaging, it can be seen that different from the phase I dolomite that was damaged by silicification, the intact euhedral phase
II dolomite occurred through dolomitization after silicification, concentrated mainly in the organic-rich dark laminae of the
stromatolite and the dark spheres and cores of the ooids. A considerable number of phase II dolomite crystals were
dissolved, giving rise to mold pores and vugs which constituted the matrix pores and also the major pore space of the
Fengjiawan Formation. The formation and dissolution of the dolomite were controlled by the microenvironment favorable,
respectively, for carbonate precipitation and dissolution under the influence of microbial biological activities and related
biochemical reactions. The driving force and material supply of dolomitization and dissolution were confined to the fabrics
enriched with microorganisms, which are highly autochthonous. This mechanism may be a key factor for the development
of Precambrian dolomite and related reservoirs, in the context of the domination of microbial rocks.
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1 Introduction
The Precambrian ecosystem is characterized by the
predominance of microorganisms. Under the interaction
between microbial biological activities and carbonate
deposition, microbial carbonate rocks (hereinafter referred
to as microbial rocks), as the main components of the
Precambrian marine carbonate rocks, thrived in the
Archean and the Proterozoic, especially in the
Mesoproterozoic (Riding, 2000, 2006; Johnston et al.,
2009; Bosence et al., 2015; Peters et al., 2017). Although
very ancient and mostly deeply buried, Precambrian
microbial rocks are widespread, with huge thicknesses and
specific types of pore spaces, possessing considerable oil
and gas resources, which have become hotspots in
carbonate reservoir research. With continuous increase in
the exploration degree of both medium-buried and shallow
-buried hydrocarbon resources, against a backdrop of
severe energy shortage, oil and gas exploration has been
extending into more ancient and deeply-buried carbonate
strata in sedimentary basins. Precambrian microbial rocks
are extensively distributed in the Sichuan Basin, Tarim
Basin, North China platform and other areas in China,
with a low degree of exploration. They have become the
new exploration targets for potential oil and gas resources
(Li et al., 2013; Luo et al., 2013; Liu et al., 2016). In the
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Ordos Basin, previous carbonate oil and gas exploration
and research mainly focused on the Paleozoic, with the
Precambrian being poorly studied. The Precambrian
carbonate rocks in the basin are mainly in the
Mesoproterozoic Jixian System, composed of extremely
thick microbial rocks with stromatolite as the
representative. With the recent discovery of asphalt and
natural gas, the microbial rocks in the Jixian System have
been selected as a new potential exploration target.
The sedimentation of the Precambrian carbonate rocks
involved a large amount of microbial biological activities,
in which the biologically-induced mineralization played a
key role in the formation of various microbial rocks
(Riding, 1991, 2000, 2002, 2008, 2011a; Gerdes et al.,
1994; Reid et al., 2000; Folk and Lynch, 2001; Wen et al.,
2004; Flügel, 2010; Chang et al., 2013). This mechanism,
involving a series of metabolic reactions, can also exert a
non-negligible influence on further diagenetic alteration
and the evolution of the pore space, which has a direct
impact on reservoir formation. Although some progress
has been made in the study of microbial diagenesis in
recent years, the relationship between microbial biological
activities and pore space evolution in the carbonate rocks
is still a new subject to be explored. In addition, the origin
of Precambrian dolomite has always been debated in
academic circles. For example, the primary and secondary
origins of the dolomite, the formation process of the
dolomite and its relationship with microbial biological
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activities are all scientific issues worthy of discussion. The
present study shows that the primary structure,
dolomitization and dissolution are key controlling factors
for the formation of microbial carbonate reservoirs,
particularly for the development of the matrix pores (Li et
al., 2015). Research on dolomitization and dissolution in
microbial rocks is of great importance to an in-depth
understanding of pore space evolution and is significant
for the study of the origin of large-scale Precambrian
dolomite and related reservoirs.
2 Geological Setting
Prokaryotic
microorganisms
represented
by
cyanobacteria flourished and participated in the
construction of carbonate rocks in the Proterozoic,
generating a variety of bio-sedimentary structures known
as microbial rocks, such as stromatolite and thrombolite
(Kennard and James, 1986; Aitken and Narbonne, 1989;
Riding, 1991, 2011a; Mei, 2007). Stromatolites, with their
varying shapes and inner structures constructed by
microorganisms, are the most noticeable examples, with
an extremely large scale, as well as great thickness and a
widespread distribution. It is not only a representative of
the microbial rocks, but also a distinctive feature of
Precambrian carbonate rocks, which peaked during 1000–
1400 Ma in the Mesoproterozoic. With the progress made
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in related research in recent years, the microbial origin of
the oolite in ancient carbonate strata, including the
Proterozoic, has also been studied and confirmed (Brehm
et al., 2004, 2006; Duguid et al., 2010; Plee et al., 2010;
Mei, 2012; Zhou et al., 2017). Similar to the construction
of the stromatolite, microorganisms also played a key role
in the formation of the cores and spheres of some ooids.
Steady sedimentation in the Ordos Block began in the
Mesoproterozoic, with the first set of sedimentary cover
on the metamorphic crystalline basement. The
northeastern part was uplifted and the southwestern
margin was sedimentarily depressed during the deposition
of the Jixian System. Shallow sea shelf clastic and
carbonate rocks constituted the Jixian System, represented
respectively by the Wangquankou and Luonan groups on
the western and southern margin of the basin, with a
maximum geological age of about 1400 Ma and a
maximum sedimentary thickness of 1700 m, gradually
decreasing to zero, from south to north and from west to
east. Its coverage is mainly on the border of Shaanxi and
Gansu and in the northern part of Ningxia (Fig. 1a), which
is roughly located on the middle part of the southwestern
margin of the North China Plate. The Jixian System
consists, ascending through the succession, of the
Longjiayuan, Xunjiansi, Duguan and Fengjiawan
formations (Chen et al., 1999) on the southern margin of
the basin (Fig. 1b). Carbonate rocks occur mainly in the

Fig. 1. (a) Map showing the extent of the Precambrian in the Ordos Basin and (b) the sedimentary sequence of the Jixian System
on the southern margin.
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Longjiayuan, Xunjiansi and Fengjiawan formations,
mostly being composed of dolomite, siliceous dolomite
and siliceous rock. Extremely thick stromatolites are welldeveloped in the Fengjiawan and Longjiayuan formations,
with some ‘oolite sandwiches’. Microbially-induced
sedimentary structures (MISS) and related residues can be
found in these typical microbial carbonate rocks. The
Fengjiawan Formation in the Maxia section of the Huating
outcrop was selected as the key object of study, being over
800 m thick, with ideal continuity and large-scale
stromatolites, whose cumulative thickness is close to 2/3
of the total. The geological age of the Fengjiawan
Formation is approximately 1000 Ma, which is at the peak
of global stromatolite development.
3 Dolomite Crystals and Pore Space in Microbial Rocks
3.1 Overview of the fabrics and genesis of the microbial
rocks
A large amount of stratiform to undulating stromatolites
can be seen in the Fengjiawan Formation in the Maxia
section of the Huating outcrop (Fig. 2a, b), which is
believed to have formed in the upper part of the intertidal
zone, with relatively low water energy. The stromatolites
bear a laminar inner structure, which is characterized by
the alternation of light calcium carbonate-rich laminae and
dark organic-rich ones. It is the product of the periodic
biological activities of the microorganisms, involving
microbial
physical
capture,
biologically-induced
mineralization and alternating calcium carbonate
deposition. Each lamina is 0.05 mm to 1.5 mm thick. Most
of the light laminae were transformed into silica, due to
severe silicification in the study area (Fig. 2c). The dark
organic-rich laminae are microbial mats which are a form
of matting tissue composed of the microorganisms and
their secretions of extracellular polymeric substance (EPS)
(Riding, 2000).
Ooids of different size with a diameter mostly around
300–500 µm are found locally within the stromatolite,
reflecting occasional high water energy during
sedimentation. The spheres are similar to the laminae of
the stromatolite, which can be viewed as three
dimensionally closed laminae, with a thickness of 30–50
µm. The dark spheres are equivalent to the microbial mats
and the light ones are calcium carbonate-rich, most of
which were silicified in the study area. The ooids can be
classified into those with dark cores and those with hollow
cores, according to the existence and absence of the dark
core. An obvious dark core can be seen in the center of the
ooid with a diameter of 200–300 µm (Fig. 2d), whereas in
the center of the ooid with a hollow core, only circular
sparry infill can be seen, which is 100–200 µm in diameter
(Fig. 2e). The development of the ooid sphere is similar to
that of the stromatolite lamina, which is closely related to
the construction of the microorganisms through periodic
biological activities. The dark core in the center of the
ooid may be composed of spherical aggregates of
cyanobacteria-dominated communities, as suggested by
laboratory culture (Brehm et al., 2006). The development
of the hollow core may be related to the calcium carbonate
sphere formed by an oxygen bubble released during

photosynthesis by the cyanobacteria, analogous to some
calcium carbonate precipitation in present active travertine
systems (Chafetz et al., 1991).
The trace of the microorganisms and their biological
activities is hard to preserve after such a long period of
geological time, but some calcified suspected
microorganisms (Fig. 2f) and faveolate or clotted EPS
(Fig. 2g, h) can still be found in samples from the
Fengjiawan Formation. In addition, some microbial
growth folds, gas chambers, gas-escape structures and
other possible microbially-induced sedimentary structures
can also be seen.
3.2 Characteristics of the dolomite crystals
The stromatolites and oolites in the study area are
extensively dolomitized and severely silicified, resulting
in siliceous stromatolitic dolomite (or siliceous
stromatolite) and siliceous oolitic dolomite (or siliceous
oolite). The primary fabrics of the parent rock were
obfuscated to varying degrees, largely due to silicification,
some of which can only be discerned under crossed
polarization or cathodoluminescence. Two phases of
dolomite, developing before and after silicification, can be
identified, namely phase I and phase II dolomite,
respectively. Most of the crystals of phase I dolomite are
badly damaged by silicification, with poor preservation
(Fig. 3a).
Unlike phase I dolomite, phase II dolomite occurred after
silicification and features intact crystals. Under high
magnification microscope, cathodoluminescence and SEM,
it can be observed that many euhedral phase II dolomite
crystals are distributed along the dark laminae of the
siliceous stromatolite and the dark spheres of the siliceous
oolite (Fig. 3b–f), the crystal size being unexceptionally
proportional to the size of the dark fabrics. For example, the
dark laminae in the stromatolite are wider than the dark
spheres in the oolite and the dolomite crystals in the former
(about 50–150 µm) are accordingly larger than those in the
latter (only about 5–20 µm). In addition, some isolated
euhedral dolomite crystals of about 50–150 µm can be seen
in the relatively large dark cores of the siliceous ooids (Fig.
3g). These phenomena indicate that the distribution of phase
II dolomite is highly fabric-specific, being restricted to the
organic-rich dark laminae of the stromatolite as well as the
dark spheres and cores of the ooid. The size of the dolomite
crystals is evidently controlled by the size of the dark fabric.
It is difficult to conduct research on phase I dolomite, since
it is invariably badly damaged from silicification, whereas
phase II dolomite features clear and intact crystals and
distinct organic-rich fabric selectivity. Therefore, phase II
dolomite is key to dolomite research in microbial rocks in
the study area, which may also be theoretically valuable for
the interpretation of phase I dolomite. Finally, dissolution
can be observed inside some partially corroded dolomite
crystals, with the internal residual structure of the crystals
exhibiting clear rhombic growth traces (Fig. 3h, i).
3.3 Characteristics of the pore space
The majority of the pore spaces in the study area are
matrix pores, including crystal mold pores and vugs. The
crystal mold pores, formed after the dissolution of the
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Fig. 2. Macro- and micro-characteristics of the microbial rocks of the Fengjiawan Formation of the Jixian System in
the Maxia section on the southern margin of the Ordos Basin.
(a) Outcrop stratiform to undulating stromatolite; (b) hand-specimen of localized stratiform stromatolite; (c) light and dark laminae in the
stromatolite under plane polarized light; (d) ooids with dark cores under single polarized light; (e) ooids with hollow cores under plane polarized light; (f) suspected calcified cyanobacterial remains, SEM; (g) suspected faveolate EPS, SEM; (h) suspected clotted EPS, SEM.

dolomite in a siliceous matrix, are most frequently seen,
with sizes of 5–150 µm (Fig. 4a). The distribution of the
crystal mold pores is evidently fabric-specific, which is
highly consistent with phase II dolomite, indicating that
the mold pore was the result of the dissolution of phase II
dolomite. The vugs can also be commonly seen in the dark
organic-rich laminae and clumps, most of which are less
than 2 mm in size (Fig. 4b). The vugs inside the dark

fabrics are actually composed of numerous crystal mold
pores of the dolomite (Fig. 4c, d). They took shape during
relatively intense dissolution, when a large number of
densely-distributed crystal mold pores of the dolomite
were connected, resulting in large irregular vugs.
Therefore, the formation of most matrix pores is related to
the dissolution of phase II dolomite crystals, to varying
degrees. A small amount of silica and organic matter in
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Fig. 3. Characteristics of the dolomite crystals in stromatolite and oolite of the Fengjiawan Formation.
(a) Phase I dolomite crystal encroached on by silica with poor preservation, SEM; (b) phase II euhedral dolomite crystals with surrounding
iron manganese oxide, SEM; (c) phase II dolomite crystals along the dark laminae of the silicified stromatolite under plane polarized light;
(d) local magnification of photo ‘c’; (e) phase II dolomite crystals along the spheres of the silicified ooids under cathodoluminescence; (f)
phase II dolomite crystals along the dark spheres of the silicified ooid under plane polarized light; (g) phase II dolomite crystals in the core
of the silicified ooid under crossed polarized light; (h), (i) partially corroded dolomite crystal with rhombic growth trace, SEM.

some mold pores can be seen under SEM (Fig. 4e).
It is also found through micro-observation that the
development of phase II dolomite was in the meantime
accompanied by the formation of some pore space. Gaps
on the periphery of many phase II dolomite crystals
surrounded by siliceous matrix can easily be seen, either
under high magnification microscope or SEM (Fig. 4f–i),
as though they were a by-product of the dolomite. It can
be seen that the occurrence of phase II dolomite after
silicification has already played a role in pore space
creation from the very beginning. If these dolomite
crystals dissolved afterwards, mold pores and vugs would
occur, further expanding the scale of the pore space.
Therefore, the formation of phase II dolomite and its
subsequent dissolution is key to the development of most
matrix pores in the study area.
4 Discussion
4.1 Petrogenesis of the dolomite
The formation of the dark laminae, spheres and cores in
the stromatolites and ooids is closely related to the
existence of the microbial community and its construction
through specific biophysical and biochemical mechanisms
(Riding, 2000). The organic-rich fabric selectivity of
phase II dolomite crystals in the microbial rocks fully

indicates that the existence of the microorganisms could
surely provoke the formation of the dolomite, in which the
biologically-induced mineralization played a key role.
Biologically-induced mineralization refers to the
precipitation of certain minerals in an environment
influenced by biological activities (Frankel and
Bazylinski, 2003). The cell surface can provide a site for
crystal nucleation and the microbial biological activities
can affect the crystallization habit of the minerals. There is
a large amount of calcium carbonate precipitate induced
by microorganisms during the formation of stromatolite,
organic oolite and other microbial rocks. For example,
some unique botryoidal isopachous crust can be found
around the in-situ organic-rich fabrics (Fig. 5a–c), which
is silicified aragonite (Fig. 5d) and cannot be seen in
places without any in-situ organic-rich fabrics.
Furthermore, some mineralized nodules can be found on
the surface of suspected microbial fabrics (Fig. 5e, f).
These phenomena to a certain extent substantiate the
existence of biologically-induced mineralization.
Similarly, microbial biological activities in the organicrich fabrics can also create a microenvironment favourable
for dolomite formation, through specific mechanisms
mainly involving increases in alkalinity and sources of Mg
supply (Fig. 6a, b). Firstly, the microorganisms can
increase the alkalinity of the surrounding environment by
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Fig. 4. Dissolution of the dolomite crystals in the stromatolite and oolite of the Fengjiawan Formation.
(a) Mold pores of phase II dolomite crystals along the siliceous ooid sphere in the blue casting thin section under plane polarized light; (b) vugs in
the dark laminae of the stromatolite in the blue casting thin section under plane polarized light; (c) mold pores of phase II dolomite crystals in the
dark lamina of the stromatolite in the blue casting thin section under plane polarized light; (d) mold pores and related dissolved pores of phase II
dolomite crystals, MAPS of SEM; (e) organic matter (yellow circles) and siliceous infill (red circle) in the crystal mold pore of the dolomite, SEM;
(f), (g) gaps on the periphery of phase II dolomite crystals in the blue casting thin section under single polarized light; (h) gaps on the periphery of
phase II dolomite crystals, MAPS of SEM; (i) gaps on the periphery of phase II dolomite crystals, SEM.

producing HCO3– during life and after death, which is
favourable for the precipitation of carbonate minerals. The
acquisition of energy and cations by the microorganisms is
a key process to produce high alkalinity, by means of
either a carbon dioxide concentration mechanism during
photosynthesis of the cyanobacteria (Riding, 2011b) or
anaerobic photosynthesis and sulfate reduction of the
sulfur bacteria (Dupraz et al., 2009). Gaps on the
periphery of phase II dolomite crystals (Fig. 4f–i) resulted
specifically from micro-dissolution of peripheral silica
with an increase of alkalinity in the microenvironment,
accompanying the formation of the dolomite. The
abundant iron manganese oxides surrounding phase II
dolomite crystals (Fig. 3b) also indicate some biochemical
reactions leading to microenvironmental change in the
microbial mat. Secondly, the cell surface and EPS are rich
in organo-functional groups with large specific surface
area, which can not only effectively reduce the barriers to
Mg2+ hydration and improve the activity of Mg2+, but also
efficiently adsorb metal cations including Ca2+ and Mg2+
and release them after death, improving local
concentrations of Ca2+ and Mg2+ (Kenward et al., 2013;
Xiao et al., 2017). At the same time, they can also provide
nucleation sites for minerals (Sánchez-Román et al.,

2008). In addition, cyanobacteria, as the predominant
microorganism in the Mesoproterozoic, contained
chlorophyll-a with Mg at its core (Ai et al., 2003), which
can create a Mg-rich microenvironment after death. All
these can increase the content of Mg in the organic-rich
fabrics generating Mg-rich diagenetic fluid. The in-situ
trace element imaging showed that Mg in the dark laminae
of the stromatolite is clearly high (Fig. 6c), which is a
reflection of Mg-enrichment in the microbial mats and the
resulting concentration of phase II dolomite.
Against a background of extensive silicification, the
development of phase II dolomite in fabrics enriched with
microorganisms relies on a specific driving force and
material supply required in the formation of the dolomite.
Studies show that in the case of microbial death or inactive
metabolism or even being buried and undergoing decay,
some organic macromolecules, especially carboxyl-rich
macromolecules, can still play a role in biologicallyinduced mineralization for a period of time after death
(Petrash et al., 2017). Therefore, biologically-induced
mineralization was still effective for the generation of
phase II dolomite after the formation of phase I dolomite.
Microbial dolomite is a hotspot in sedimentological
research. It is believed that microbial activity can
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Fig. 5. Products of biologically-induced mineralization in the Fengjiawan Formation.
(a), (b), (c) Botryoidal isopachous crust around the in-situ organic-rich fabrics under plane polarized light; (d) radial botryoidal crust around
the in-situ organic-rich fabrics under crossed polarized light; (e), (f) mineralized nodules on the surface of suspected microbial fabrics, SEM.

Fig. 6. Diagrams of the distribution and genesis of phase II dolomite in the stromatolite and oolite of the Fengjiawan Formation.
(a) Distribution patterns of phase II dolomite crystals in the dark laminae of the silicified stromatolite and the dark spheres and core of the silicified ooids;
(b) dolomitization pattern in the dark laminae or spheres of the silicified stromatolite and oolite; (c) in-situ trace element imaging of Mg in the stromatolite; (d) the sequential adjustment of the dolomite crystal in the microbial microenvironment under burial conditions.

Acta Geologica Sinica (English Edition), 2022, 96(4): 1376–1387

1383

Fig. 7. Diagrams of dolomite dissolution and pore preservation in the stromatolite and oolite of the Fengjiawan Formation.
(a) Dolomite dissolution pattern in the dark lamina or sphere of the silicified stromatolite and oolite; (b) silica precipitation in the crystal mold pore
of the dolomite, SEM; (c) interior diagenesis within the organic-rich fabrics (red rectangle) and related pore preservation pattern of the microbial
rocks after silicification of the Fengjiawan Formation.

kinetically weaken the barrier to dolomite formation,
leading to dolomite precipitation at ordinary temperatures.
However, this has become rather controversial, as the
latest study showed that the existence of the
microorganisms could only increase the magnesium
content in minerals which can merely produce high
magnesium calcite or disordered protodolomite, but
cannot directly generate ordered dolomite in the strict
sense. The resulting products are mostly spherical,
dumbbell-shaped or cauliflower-shaped and so on (Zhang
et al., 2015; Xu et al., 2018; Zhao et al., 2022), quite
different in morphology from the replacement dolomite,
which is rhombic, as presented by phase II dolomite in the
study area. The rhombic growth trace inside those partially
-corroded dolomite crystals (Fig. 3h, i) also indicates that
they are most probably the products of sequential
dolomitization. Therefore, it is inferred that, driven by
biologically-induced mineralization that still played a role
after early silicification, some nano-scale nucleus that
grew on EPS might gradually turn into aragonite, calcite,
high magnesium calcite, disordered calcium dolomite or
protodolomite as possible precursors or important
intermediates for the development of ordered dolomite.
The exact initial nuclei inside the rhombic dolomite
crystals are hard to trace after long-term evolution, but the
above-mentioned botryoidal crust and mineralized nodules
related to the in-situ organic-rich fabrics indirectly imply

that biologically-induced mineralization can probably
provide dolomite with some forms of initial minerals as
the precursors. These precursors were sequentially
adjusted afterwards in the burial microenvironment
affected by microbial biological activities. They finally
evolved into phase II euhedral dolomite crystals in the
organic-rich fabrics observed nowadays (Fig. 6d).
Consequently, phase II dolomite is supposed to be
dolomite of secondary origin, reliant on biologicallyinduced
mineralization and the existence of
microorganisms as critical promoting factors for dolomite
generation.
Although, due to severe diagenetic alteration and its
poor preservation, it is difficult to trace the origin of phase
I dolomite, the unique developmental features of phase II
dolomite provide solid evidence for the existence of
biologically-induced mineralization and its positive role in
the formation of dolomite and, as a referential case,
strongly implies a similar genesis of phase I dolomite,
which is also affected by microbial biological activities at
an earlier stage. Therefore, biologically-induced
mineralization is an important supporting factor for the
development of dolomite in the study area, which also has
an enlightening significance for study of the origin of
ancient large-scale Precambrian dolomite. In this sense,
dolomite related to biologically-induced mineralization
may be quite extensive, on the grounds that microbial
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rocks dominate the carbonate rocks of the Precambrian.
4.2 Dolomite dissolution and pore preservation
In addition to the metabolic processes which can lead to
alkalinity increase and carbonate precipitation, the
biological activities of some microorganisms can also
reduce the pH of the surrounding microenvironment,
through increasing the content of dissolved inorganic
carbon or production of organic acids, which are
favourable for the dissolution of various carbonate
minerals. These activities include the fermentation of
cyanobacteria, sulfide oxidation of sulfur bacteria,
anaerobic heterotrophy of methanogens, etc. For example,
after the death of a huge amount of cyanobacteria in the
Mesoproterozoic, the organic matter such as proteins and
carbohydrates can be transformed into some volatile fatty
acids, with the aid of anaerobic microorganisms, including
acetic acid, propionic acid, butyric acid and so on, during
which CO2 and carbonic acid can also be produced
(Bengtsson et al., 2008). Either the organic acids or the
carbonic acid produced during these biochemical reactions
can react with the dolomite as indicated in the following
processes, including CaMg(CO3)2 + RCOOH → RCOO− +
Ca2+ + Mg2+ + H2O + CO2 and CaMg (CO3) 2 + H2CO3 →
Ca2+ + Mg2+ + HCO3−, which can easily corrode the
dolomite. Mold pores occurred after the dissolution of the
dolomite crystals, which could further give rise to vugs
when connected, resulting in the development of a large
number of crystal mold pores and vugs in the dark organic
-rich fabrics (Fig. 7a). Afterwards, some silica might
precipitate with the increase in the acidity, blocking part of
the pore space (Fig. 7b), which reflects an obvious pH

alteration of the diagenetic microenvironment, from being
alkaline to being acidic.
Although the mold pores and vugs produced by the
dissolution of phase II dolomite experienced a fairly long
geological period, most of them were well-preserved with
little alteration. On the one hand, the dense silica around
the fabrics enriched with microorganisms impeded
precipitation of external substances. As a result, the water
rock reaction was mainly confined to the interior of the
organic-rich fabrics. The subsequent destructive diagenetic
fluid and material supply affecting the pores and vugs was
relatively limited and further diagenesis was, to a great
extent, constrained after the dissolution of phase II
dolomite. Only some of the previously dissolved silica in
the periphery of the pores and vugs might precipitate again
when the microenvironment turned acidic, which would
not be enough to entirely block the pore space, due to its
limited quantity, favourable for pore space preservation
(Fig. 7c). On the other hand, the ancient Precambrian
carbonate rocks are generally composed of dolomite, the
proportion of limestone being extremely low. For instance,
nearly no limestone was found in the outcrop of the
Fengjiawan Formation in the study area. Due to the
difference in the crystallography of the dolomite and the
calcite, it is much more difficult for dolomite to precipitate
directly from the fluid at ordinary temperatures than it is
for calcite. Therefore, except for some saddle dolomite in
hydrothermal activities or other diagenesis with hightemperature fluid, the chances of the reprecipitation of
previously-dissolved dolomite are fairly low. As a result,
the preservation of the pore space in carbonate rock strata
dominated by dolomite is much better than in limestone,

Fig. 8. Diagrams of key diagenesis and porosity evolution of the microbial rocks in the Fengjiawan Formation.
(a) Diagram of key diagenesis of the microbial rocks in the Fengjiawan Formation; (b) diagram of porosity evolution trend of the microbial
rocks in the Fengjiawan Formation.
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whether in the Phanerozoic or in the Precambrian. These
factors are of great significance to the formation of the
ancient Precambrian carbonate reservoirs.
4.3 Key diagenesis and pore space evolution
The development of pore space is balanced by several key
diageneses. Dolomitization, silicification and dolomite
dissolution are three critical diagenetic processes affecting the
development of the matrix pores in the study area. Firstly, in
the contemporaneous to shallow burial environment, the
biologically-induced mineralization in the microbial mats
triggered the precipitation of the aragonite, which was soon
dolomitized, resulting in phase I dolomite. Secondly, the
content of the silica in the Precambrian sediments was
significantly higher than in the Phanerozoic, due to frequent
and violent submarine volcanic activity, which provided the
ocean with rich soluble SiO2 and a large amount of acidic
substances (Li et al., 2010). The main source of SiO2 in the
Proterozoic rock in the North China craton has been
demonstrated to be hydrothermal or highly-related to
volcanic eruption (Wang et al., 2005; Li et al., 2012; Zhang et
al., 2020). In such a paleo-ocean environment, extensive
silicification took place at the early diagenetic stage and most
of the phase I dolomite was silicified. Afterwards, phase II
dolomite soon occurred, driven by biologically-induced
mineralization, which was still effective in the organic-rich
fabrics. Finally, phase II dolomite underwent corrosion,
resulting in crystal mold pores and vugs which were wellpreserved when the microbial metabolism gradually came to
an end and the microenvironment turned acidic (Fig. 8a). The
pH of the diagenetic microenvironment altered constantly
during the process, which was controlled by the metabolism
of the microorganisms and a series of accompanying
biochemical reactions.
As far as the development of the reservoir is concerned,
silicification is the leading destructive diagenesis, which can
greatly block the pore space of microbial rocks with
primarily good porosity and permeability, such as
stromatolites and oolites. The formation and dissolution of
phase II dolomite is the most constructive diagenesis and
the decisive factor for reservoir development in the study
area, significantly enhancing the matrix pores in the
microbial rocks (Fig. 8b) and exerting a positive influence
on non-fabric specific diagenesis, such as karst and
fracturing that might occur in the following stage.
4.4 The autochthonism of dolomitization and
dissolution and its significance
Both dolomitization and dissolution took place in the
organic-rich fabrics, inseparable from microbial
metabolism with the variation of pH in the
microenvironment. The precursor and Mg-rich diagenetic
fluid required in the dolomitization, as well as various
acids causing dolomite dissolution, are all products of
microbial metabolism. The diagenetic system was highly
closed, with little external influence, confined to the
organic-rich microenvironment. The driving force and
materials required in the diagenesis mainly stem from the
microenvironment created by the microorganisms, which
is highly in-situ with weak allochthonous attributes.
Therefore, it can be viewed as autochthonous
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dolomitization and dissolution, dependent on the
biological activities of the microorganisms.
Controlled by microbial biological activities at the early
stage of diagenesis, dolomitization and dissolution roughly
coincided with the deposition and shallow burial of the
microbial rocks during the survival stage of the
microorganisms, till the cessation of all metabolic
reactions following death. The preservation of the pore
space is also attributed to the isolation and autochthonism
of the diagenesis. The matrix pores took shape early in the
shallow burial environment and were well-preserved
thereafter, which is the balanced result of various
metabolic activities of the microorganisms during
deposition and diagenesis. Due to a close relationship with
microbial
biological
activities,
autochthonous
dolomitization and dissolution may be a prominent
dolomitization and reservoir-forming mechanism for a
large number of Precambrian carbonates that are primarily
composed of microbial rocks.
5 Conclusions
1) Two phases of dolomitization, before and after
silicification, can be identified in the stromatolite and
oolite of the Fengjiawan Formation. Phase II dolomite is
highly fabric-specific and is concentrated in the fabrics
enriched with microorganisms. The dolomite is mainly of
secondary origin, as the product of dolomitization. Matrix
pores are the major pore space, including the crystal mold
pores and related vugs resulting from the dissolution of
phase II dolomite.
2) The microbial biological activities provided the
precursor for the dolomite and promoted dolomitization
through
biologically-induced
mineralization.
The
dissolution of the dolomite is closely related to acidproducing biochemical reactions. Both dolomitization and
dissolution stem from the microenvironment created by
the microorganisms, which can therefore be viewed as insitu autochthonous dolomitization and dissolution.
3) The formation and dissolution of the dolomite and
the resulting pore spaces were synchronous with the
metabolism of the microorganisms. These early-formed
matrix pores are very large in number with good
preservation, which can make large-scale reservoirs.
Autochthonous dolomitization and dissolution may be a
prominent mechanism for the development of large-scale
Precambrian dolomite and related reservoirs.
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