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Microbialites are important reservoirs for oil and gas. The mineralization of organic
matter in microbialites during early diagenesis can produce acidic fluids that dissolve
carbonate grains, and can also result in an alkaline pore water that precipitates
cement. The mineralization of organic matter in microbialites and its effect on
microbialite reservoirs have not yet been studied in detail. In this study,
quantitative statistical analysis of the two-dimensional spatial occurrence of pores
andmicrobial fabrics, in situ geochemical analysis of specific components (microbial,
transitional zone, and fine spar fabrics), and qualitative evaluation of the implications
for microbialite reservoirs were undertaken on microbialites from Member IV of the
Leikoupo Formation, Sichuan Basin, China. The quantitative statistical analysis shows
that pores are spatially associated with microbial fabrics, but porosity has a poor
correlation with microbial fabric content. In situ geochemical data indicate that
microbialites with different porosities experienced different processes of organic
matter mineralization. The processes of organic matter mineralization such as
oxidation and nitrate reduction can provide more dissolution micropores than the
process related with sulfate reduction, whereas the process of organic matter
mineralization related with Fe–Mn oxide reduction results in cementation.
Micropores created by organic matter mineralization can act as fluid channels for
later dissolution and are important in the development of microbialite reservoirs.
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1 Introduction

Microbial carbonates (i.e., microbialites) are important oil and gas reservoirs, and a focus of
recent research (e.g., Mancini et al., 2013; Rezende et al., 2013; Song et al., 2014; Chen et al.,
2017). Many microbialite reservoirs are petroliferous, such as the Leikoupo Formation in the
western Sichuan Basin (Wang, 2018; Wang et al., 2018; Zhao, 2020) and the Dengying
Formation in the Sichuan Basin (Zou et al., 2014). Microbialites are deposited mainly in
wide range of environments (Harwood and Sumner, 2011). Those microbialites in tidal
environments are likely to be dissolved by meteoric water when relative sea level falls (Li
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et al., 2015; Rezende and Pope, 2015; Song et al., 2017). However, good
microbialite reservoirs are not always developed below karst surfaces,
such as the Dengying Formation in the southern Sichuan Basin. It can
be proposed that the development of microbialite reservoirs is not only
related to secondary dissolution, but also to whether there were pre-
existing channels for fluid to migrate and amplify reservoir space
(Rezende and Pope, 2015).

Microbialites are formed through microbially induced mineral
precipitation, grain trapping, and binding (Riding, 2000). The organic
matter content in modern microbialites is generally high (Decho et al.,
2015). Most organic material is degraded and consumed gradually
during early diagenesis (i.e., through the mineralization of organic
matter; Glunk et al., 2011). Previous studies have proposed that
organic matter mineralization in microbialtes during early
diagenesis can produce acidic fluids that dissolve carbonate
minerals, but can also result in an alkaline pore water environment
that precipitates carbonate cement (Visscher and Stolz, 2005; Dupraz
et al., 2009). Micropores created by dissolution during organic matter
mineralization can provide channels for subsequent meteoric fluids to
accelerate karstification, enlarge pore sizes, and increase reservoir
space. Cementation caused by organic matter mineralization will
block pores, slow karstification, and decrease reservoir space.

Studies on the diagenesis of young sediments have shown that
organic matter mineralization involves a series of complex biochemical
processes (Canfield, 1991; Ingalls et al., 2004; Raiswell and Fisher, 2004),
such as aerobic respiration, nitrate reduction, Fe–Mn oxide reduction,
and sulfate reduction in order of decreasing Gibbs free energy (Forelich
et al., 1979; Madigan et al., 1997; Widdicombe et al., 2011). Aerobic
respiration and nitrate reduction lead to the dissolution of carbonate
minerals, whereas Fe–Mn oxide reduction and sulfate reduction result
in carbonate cementation (Visscher and Stolz, 2005). Therefore, it can
be expected that different processes of organic matter mineralization
will have variable impacts on the development of microbialite reservoirs,
and these effects have not yet been studied in detail.

Microbialites from Member IV of the Leikoupo Formation in the
Sichuan Basin, China, are good hydrocarbon reservoirs and have various
microbial structures and pore types (Wu et al., 2011; Liu et al., 2016). The
giant Pengzhou gas field, which has been recently discovered, has a daily
well production of 42.4 MMCF (1.2 million m3) of gas in the uppermost
fourth member of the Middle Triassic Leikoupo Formation (T2l4

3) (Li
et al., 2016). Therefore, Member IV of the Leikoupo Formation in the
Pengzhou gas field provides ideal material for studying how organic
matter mineralization affects the development of microbialite reservoirs.
In this study, two common types of microbialite dolostone (stromatolite
and thrombolite) and grain dolostone with different porosities inMember
IV of the Leikoupo Formation were investigated. Quantitative statistical
analysis of the two-dimensional spatial occurrence of pores andmicrobial
fabrics, in situ geochemical analysis of specific components (microbial,
transitional zone, and fine spar fabrics), and qualitative evaluation of the
impacts of organic matter mineralization on the development of the
microbialite reservoirs were conducted. The results provide new
constraints on organic matter mineralization and its implications for
microbialite reservoir development.

2 Geological setting

The Sichuan Basin is a subunit of the Yangtze paraplatform in
southwestern China, which extends over an area of ~180,000 km2. It is

tectonically bounded by the Longmenshan fold belt to the northwest,
the Micangshan uplift to the north, the Dabashan fold belt to the
northeast, the Hubei–Hunan–Guizhou fold belt to the southeast, and
the Emeishan–Liangshan fold belt to the southwest (Guo et al., 2004).
During deposition of the Middle Triassic Leikoupo Formation, deep-
seated, strike-slip faults were formed, and the central basin was
uplifted and basin margin areas subsided (Regional Geology of
Sichuan Province, 1988; Li et al., 2014). At this time, an arid
climate existed, the Sichuan Basin transitioned into a restricted to
evaporitic platform (Li et al., 2014). The YaS1 and Ys1 wells
considered in this study are located in the giant Pengzhou gas field
in the western Sichuan Basin (Supplementary Figure S1F).

The Middle Triassic Leikoupo Formation was deposited mainly in
a restricted carbonate platform, including lagoonal, tidal, platform-
edge shoal, and inner platform shoal settings (Ding et al., 2013; Peng
et al., 2014). The Leikoupo Formation conformably overlies the Lower
Triassic Jialingjiang Formation and is unconformably overlain by the
Upper Triassic Xujiahe sandstone.

The Leikoupo Formation in the study area can be divided into four
members (I–IV) from base to top (Regional Geology of Sichuan
Province, 1988; Huang et al., 2011). Member I consists mainly of
muddy dolostone, dolostone, and interbeds of dolomitic gypsum;
Member II comprises gypsum and muddy dolostone or muddy
limestone; Member III is mainly grain dolostone and dolostone;
and Member IV comprises interbeds of dolostone and gypsum (Liu
et al., 2016). Microbialites in the Leikoupo Formation are typically
developed in Member IV, which have been termed “cryptalgal
carbonates” (Liu, 1983), and classified into stromatolites,
thrombolites, oncolites, and cryptalgal laminates (Liu et al., 2016).
Microbialites in the Leikoupo Formation are all contemporaneous and
penecontemporaneous dolomites (Liu, 1983; Liu et al., 2016). After
deposition of the Leikoupo Formation in the Middle Triassic, the
western Sichuan Basin was generally uplifted and exposed, and
subjected to weathering, erosion, and karstification (Song et al.,
2013; Tang, 2013; Liu et al., 2016).

3 Samples and methods

A total of 30 microbialite dolostone and grain dolostone samples
with varying porosities were collected from Member IV of the
Leikoupo Formation in wells YaS1 and Ys1 (Supplementary Figure
S2). The grain dolostones were formed in association with the
microbialites, and are also good reservoirs in the giant Pengzhou
gas field.

Petrological investigations involved characterizing the
morphology, structure, size, and occurrence of microbial fabrics
and pores with a Leica 450C polarizing microscope. Microbial
fabric and pore data (size and occurrence) were plotted on rose
diagrams to examine the relationship between microbial fabrics
and pores on thin sections. We orientated the extension of laminar
films in stromatolites sample to east-west direction which is paralleling
to bedding. However, the orientation of thrombolite sample is
random.

Based on petrographic observations, three typical samples with
different porosities (i.e., YaS-28, YaS-1, and YS-12) were selected for
further detailed study. In situ geochemical profiles of specific
components from the microbial fabric, transition zone, and fine
spar fabric in these three samples were obtained to characterize
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organic matter mineralization. The three specific components were
identified from the size of the carbonate minerals and fabric features
(Supplementary Figure S3F). The microbial fabric is a dark, dense
micrite. Fine spar fabrics analyzed in this study have a crystal size
of <30 μm. In the multi-stage cements, the in situ geochemical
analyses were conducted on the finely crystalline isopachous
dolomite cements that were identified as phase I cements by Wang
et al. (2018). The transition zone is the area between the microbial and
fine spar fabrics (Supplementary Figure S3).

In situ geochemical analyses were conducted with an Agilent 7700e
inductively coupled plasma–mass spectrometer (ICP–MS) coupled to a
GeolasPro laser ablation (LA) system.Detailed operating conditions of the
LA–ICP–MS and data processing are described by Zong et al. (2017). The
laser spot size and frequency were set to 44 µm and 5 Hz, respectively.
Element concentrations were calibrated to reference materials (USGS
carbonate pellet MACS-3 and basalt standards BHVO-2G, BCR-2G, and
BIR-1G) without using an internal standard (Liu et al., 2008). Each
analysis involved background acquisition for 20–30 s, followed by 50 s of
data acquisition from the sample during ablation. Excel-based software
ICPMSDataCal was used to perform off-line data selection, integration of
background and analytic signals, drift corrections, and quantitative
calibrations (Liu et al., 2008).

The petrology study was conducted at Southwest Petroleum
University, Division of Key Laboratory of Carbonate Reservoir,
CNPC, Chengdu, China. LA–ICP–MS analyses were undertaken
at Wuhan Sample Solution Analytical Technology, Wuhan,
China.

4 Results

4.1 Lithological and pore characteristics

4.1.1 Lithology
(1) Thrombolites: The thrombolites are represented by Sample YaS-1,

and are developed near the base and in the upper part of Member
IV of the Leikoupo Formation (Supplementary Figure S2). The
thrombolites contain clots (Supplementary Figure S4A) that
consist of dark grey to black micrites, have an irregular
morphology, and range in size from 0.2 to 2 mm
(Supplementary Figures S4B, C). There are many dissolution
pores between the micro-scale clots, and these pores are always
filled with thin fibrous and bladed dolomite cement.

In general, the thrombolites consist of micritic dolomite and
loosely packed micro-scale clots (Supplementary Figure S4C). In
addition, the absence of typical subaerial sedimentary structures
(e.g., mud chips and fenestrae) suggests a subtidal setting for
deposition of the thrombolitic microbialites.

(2) Stromatolites: The stromatolites are represented by Sample YS-12,
and are developed mainly in the middle part and base of Member
IV of the Leikoupo Formation (Supplementary Figure S2). The
stromatolites comprise alternating slightly wavy dark and light
layers (Supplementary Figure S4D, Figure 1A). The darker layers
are micritic dolomites, whereas the light layers are mainly fine
spar dolomites (Supplementary Figure S4C). The laminations in
the stromatolites are laterally continuous and have a constant
thickness of ~0.2 mm.

The slightly wavy layers and fine grain size (i.e., generally micrite)
suggest that the stromatolites were deposited in a low-energy
environment (Supplementary Figure S4E). Furthermore, the
development of fenestral pores in the stromatolites (Supplementary
Figure S4F) implies deposition in an upper intertidal or supratidal
setting.

(3) Grain dolostones: The grain dolostones are represented by Sample
YaS-28, and are found in the lower and upper parts of Member IV
of the Leikoupo Formation (Supplementary Figure S2). Many
loosely packed grains, composed of micrite, are visible under the
microscope (Supplementary Figure S4H). The poorly sorted
grains are moderately rounded, spherical or ellipsoidal, and
range in size from 0.2–0.5 mm. The inter-granular space
contains micritic and sparry dolomitic cement (Supplementary
Figure S4I).

The large grain size of the grains suggests that the grain dolostones
were deposited in a higher-energy setting than the thrombolites and
stromatolites. The grain dolostones are often associated with the
thrombolites and stromatolites, and form a common lithofacies
association of thrombolites, grain dolostones, and stromatolites in
ascending order (Supplementary Figure S2). Therefore, the grain
dolostones are inferred to have been deposited between the lower
intertidal and upper subtidal settings.

4.1.2 Pore characteristics
There are various pore classification schemes for microbialite

reservoirs (Liu et al., 2016; Wang et al., 2017). To investigate the
spatial relationship between microbial fabrics and pores, the pores in
the microbialites were classified into five types based on the relative
spatial occurrence of pores to microbial components and fabrics.
These types comprise intra-clot, inter-clot, intra-microbial laminae,
inter-microbial laminae, and inter-granular dissolution pores.

(1) Intra-clot dissolution pores: This type of pore is not well
developed in the thrombolites. Intra-clot dissolution pores are
isolated and have small sizes, usually ranging from 0.03 to 0.2 mm
(Figures 1B, C). Some intra-clot dissolution pores are partially
cemented by microcrystalline dolomites (Supplementary
Figure S4B).

(2) Inter-clot dissolution pores: These pores are relatively abundant in
the studied samples, and present mainly in the thrombolites.
Inter-clot dissolution pores have good connectivity and vary in
size from 0.2–1.0 mm (Figures 1D, E).

(3) Intra-microbial laminae dissolution pores: These pores are mainly
developed in the stromatolites. Intra-microbial laminae
dissolution pores are developed in the darker laminations, have
their long axes parallel to the laminations, and are <0.1 mm in size
(Figure 1F).

(4) Inter-microbial laminae dissolution pores: These pores are mainly
present in the stromatolites, are more common than intra-
microbial laminae dissolution pores, and are typically large
(0.2–2.0 mm). The inter-microbial laminae dissolution pores
occur between the darker laminations, and also have their long
axes parallel to the laminations (Figures 1A, G).

(5) Inter-granular dissolution pores: These pores are most common
in the grain dolostones, are well connected, and have large sizes of
0.5–1.0 mm (Figure 1H).
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4.2 Geochemistry of the microbialite
components

Trace elements can be used to track organic matter mineralization
and carbonate diagenesis (Banner, 1995; Webb and Kamber, 2004;
2011). In particular, the elements Ce, Cr, Fe, Mo, and Cu are closely
related to the process of organic matter mineralization (Shaw et al.,
1990; Piper, 1994; Zheng et al., 2000; Algeo and Maynard, 2004).

The LA–ICP–MS data are listed in Table 1. In general, the
concentrations of Cr, Mo, and Cu are low and show limited

variation, with concentrations of 0.31–1.73 ppm (average =
1.16 ppm), 0.41–6.16 ppm (average = 2.86 ppm), and
0.04–0.93 ppm (average = 0.36 ppm), respectively. However, Fe
concentrations in all samples have significant variations. Sample
YS-12 has the highest Fe concentration of 217–521 ppm, whereas
Sample YaS-1 has the lowest Fe concentration of 75.1–97.1 ppm.

Trace element concentrations of specific components
(i.e., microbial, transitional, and fine spar fabrics) vary in the
different samples (Table 1; Figure 2). In Sample YaS-1
(thrombolite), the lowest Cr concentration was observed in the

FIGURE 1
Pores charachteristics of microbialites in Member IV of the Leikoupo Formation. (A) Vuggys developed along the laminations in stramatolites; (B,C) The
intra-clots dissolution pores with poor connectivity; (D,E) Inter-clots dissolution pores with a good connectivity; (F) Small intra-lamina dissolution pores; (G)
Inter-lamina dissolution pores; (H) Inter-granular dissolution pores.
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TABLE 1 Trace and major elements concentrations (ppm) of specific components.

Samples YaS-1 (thrombolite) YS-12 (Stromatolite) YaS-28 (Grain dolostone)

YaS-1-01 YaS-1-02 YaS-
1-03

YS-12-01 YS-12-02 YS-
12-03

YaS-28-01 YaS-28-02 YaS-
28-03

Microbial
fabric

Transitional
zone fabric

Fine
spar
fabric

Microbial
fabric

Transitional
zone fabric

Fine
spar
fabric

Microbial
fabric

Transitional
zone fabric

Fine
spar
fabric

MgCO3

(wt%)
57.3 57.5 55.9 58.0 57.9 58.3 63.2 94.9 76.7

CaCO3

(wt%)
41.8 42.1 43.9 39.7 39.9 39.9 35.9 4.98 23.2

Sr 78.28 63.90 58.07 213.51 120.80 119.90 216.56 144.21 111.09

Na 176.03 177.71 193.15 394.35 349.61 283.37 141.24 56.79 101.86

Mn 12.72 13.58 10.53 19.64 18.32 20.10 12.23 6.77 8.92

Ba 1.34 1.33 0.96 20.57 3.82 4.65 6.37 1.66 14.68

Zn 0.28 0.24 0.07 0.76 0.61 0.60 0.79 0.06 0.01

Al 96.54 65.99 57.21 839.52 825.09 638.78 372.58 64.93 93.77

Th 0.02 0.01 0.02 0.27 0.16 0.18 0.06 0.04 0.08

Zr 0.05 0.13 / 14.24 1.43 0.41 0.76 0.13 0.09

Cr 1.28 0.31 1.24 1.16 1.51 1.73 1.61 1.12 0.45

Fe 75.12 97.17 71.04 520.96 283.9 217.17 239.71 117.99 102.47

Mo 0.41 0.56 1.11 2.29 2.92 2.86 6.16 6.14 3.29

Cu 0.06 0.07 0.2 0.93 0.47 0.37 0.83 0.31 0.04

La 0.09 0.06 0.05 1 0.52 0.58 0.27 0.57 0.74

Ce 0.14 0.19 0.16 1.61 1.13 1.15 0.52 1.42 1.88

Pr 0.04 0.03 0.03 0.23 0.09 0.18 0.02 0.13 0.2

Nd 0.13 0.1 0.09 0.49 0.33 0.56 0.21 0.55 0.56

Sm — — 0.03 0.2 0.06 0.15 0.12 0.23 0.08

Eu — 0.01 0 0.03 0.01 0.01 0.01 0.02 0.01

Gd — 0.02 0.03 0.24 0.12 0.02 — 0.03 0.15

Tb 0 — — 0.04 0.02 0.01 0 0.02 0.01

Dy 0.01 0.01 0.02 0.17 0.13 0.09 0.04 0.03 0.07

Y 0.02 0.03 0.04 1.15 0.36 0.36 0.18 0.49 0.73

Ho 0.01 0 0 0.11 0.02 0.01 0.01 0.01 0.02

Er 0.01 0.01 0.01 0.1 0.03 0.02 0.02 0.04 0.04

Tm — 0 — 0.05 0.01 0.01 — 0.01 —

Yb — — — 0.22 0.06 0.03 0.05 0.04 0.05

Lu — — 0 0.01 0.01 0.01 0 0.01 0.01

ΣREE+Y 0.44 0.45 0.45 5.63 2.92 3.18 1.44 3.6 4.54

NdSN/YbSN — — — 0.19 0.46 1.69 0.36 1.09 1

Ce/Ce* 0.52 1.04 0.78 0.77 1.17 0.81 1.44 1.19 1.13

Eu/Eu* — — 0.90 0.65 0.52 0.45 0.28 0.55 0.84

Mn/Sr 0.16 0.21 0.18 0.09 0.15 0.17 0.06 0.05 0.08
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transitional zone fabric, whereas the microbial and fine spar fabrics
have similar Cr contents. In contrast to Cr, the transitional zone fabric
has the highest Fe content, and the Fe concentration in the microbial
fabric is slightly higher than that of the fine spar fabric. The highest Cu
and Mo concentrations were found in the fine spar fabric, and the
lowest values in the microbial fabric (Table 1; Figure 2C). In Sample
YS-12 (stromatolite), the Cr concentrations increased from the
microbial and transitional zone fabrics to the fine spar fabric,
whereas the Fe and Cu concentrations decreased. The Mo
concentration of the microbial fabric in Sample Ys-12 is lower than
those of the transitional zone and fine spar fabrics (Table 1; Figure 2F).
In Sample YaS-28 (grain dolostone), the Cr, Fe, and Cu concentrations
decreased from the microbial and transitional zone fabrics to the fine
spar fabric. The Mo concentrations of the microbial and transitional
zone fabrics are similar, but higher than that of the fine spar fabric
(Table 1; Figure 2I).

Rare earth element (REE) concentrations of the specific
components in the microbialites were normalized to Post-Archean
Australian Shale (PAAS; McLennan, 1989) and Ce anomalies were
calculated as (Ce/Ce*) = 2 × CeSN/(LaSN + PrSN). In general, the
microbialites in the Leikoupo Formation have low ΣREE+Y contents,
which range from 0.439 to 5.629 ppm. Amongst the three analyzed
samples, Sample YaS-1 has the lowest ΣREE+Y contents

(0.439–0.452 ppm). In Sample YaS-1, the microbial fabric has a
negative Ce anomaly, whereas the transitional zone and fine spar
fabrics have positive and slightly positive Ce anomalies, respectively.
Sample YS-12 has the highest ΣREE+Y content. The microbial fabric is
enriched in heavy REE (NdSN/YbSN = 0.18; Table 1) and has a negative
Ce anomaly. The transitional zone fabric is also enriched in heavy REE
(NdSN/YbSN = 0.46), but has a positive Ce anomaly. The fine spar
fabric in Sample YS-12 exhibits depletion of heavy REE (NdSN/YbSN =
1.69) and a slightly positive Ce anomaly. In Sample YaS-28, the
microbial fabric displays strong depletion in light REE (NdSN/
YbSN < 1; Table 1), whereas the transitional zone and fine spar
fabrics exhibit enrichment in heavy REE and positive Ce anomalies.

5 Discussion

5.1 Occurrence of pores and microbial fabrics

Quantitative statistical analysis of the two-dimensional spatial
occurrence (size and orientation) of pores and microbial fabrics in
the stromatolites and thrombolites was conducted on the
30 microbialite samples. In rose diagrams, it is clear that there is a
good correlation between the orientations of pores and microbial

FIGURE 2
Geochemistry of specific components of microbialites and cathodoluminescence microphotos of Member IV of the Leikoupo Formation. (A,D,G) Laser
ablation locations for specific components in Sample YaS-1, Ys-12, YaS-28, respectively; ① Microbial fabric, ② Transitional zone, ③ Fine spar fabric; (B,E,H)
Shale-normalized REE+Y distribution patterns of specific components of Sample YaS-1, YS-12, YaS-28, respectively (C,F,I) Trace elements (Cr, Fe, Cu, Mo) of
specific components in Sample YaS-1, YS-12, YaS-28, respectively.
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fabrics (Figure 3). In the thrombolites, pores are mainly located
between the clots (Figure 3A), and the sizes and orientations of the
clots coincide with those of the pores (Figure 3B). In the stromatolites,
the pores are mainly developed between the laminations (Figure 3C),
and the pores are arranged parallel to the laminations (Figure 3D). The
excellent correlation between the pore orientations and microbial
fabrics implies that the development of microbialite reservoir space
might have been related to the microbial fabrics.

Previous studies have also shown that pores in microbialites are
controlled by microbial fabrics (Rezende et al., 2013). The reservoir
space in microbialites consists mainly of secondary dissolution pores,
which are generated by the expanding dissolution of primary pores
during later diagenesis, and the primary pores comprise mainly
framework pores and micropores (Mancini et al., 2013). The
formation of micropores in microbialites is related to organic
matter mineralization (Pace et al., 2016). Chafetz (2013) studied
micropores in travertine deposits and considered that micropores
were formed via mineralization of organic matter. These micropores
are expected to provide channels for meteoric fluids to dissolve
carbonate minerals, and the pre-existing micropores can also grow
during secondary dissolution processes (Zhao et al., 2014; Shen et al.,
2015).

Quantitative measurement of the pore and microbial fabric areas
in thin-section suggests there is no positive correlation between
porosity and microbial fabric area (Table 2; Figure 4).
Theoretically, when organic matter mineralization causes
dissolution, the higher microbial fabric content will create more
micropores and more intense secondary dissolution by later fluids.
This might result in a positive correlation between porosity and the
microbial fabric area. However, organic matter mineralization in

microbialtes could complicate this relationship because organic
matter mineralization can result in either dissolution or
cementation (Dupraz et al., 2009). When organic matter
mineralization causes cementation, micropores will decrease and
this will lead to a negative correlation between porosity and
microbial fabric area. The lack of a correlation between porosity
and microbial fabric area in this study might imply that the
studied samples experienced different organic matter mineralization
processes and amounts of secondary dissolution. Therefore, organic
matter mineralization processes in microbialites are important in the
development of microbialite reservoirs.

5.2 Organic matter mineralization in the
microbialites

5.2.1 Evaluation of terrigenous contamination,
secondary alteration, and dolomitization

Before using the LA–ICP–MS trace element data to investigate
organic matter mineralization processes, potential contamination
from terrigenous detrital material should be taken into account
(Frimmel, 2009; Zhang et al., 2014). Marine sediments are complex
mixtures of detrital and authigenic material (Goldberg, 1963), and
each contributes trace elements to the total sediment inventory. The
detrital fraction consists mainly of terrigenous material. The seawater-
derived fraction accumulates as metal oxides, hydroxides, sulfides, and
adsorbed phases (i.e., the hydrogenous fraction), and as CaCO3. The
composition of the detrital fraction reflects sediment provenance,
whereas the composition of the seawater fraction reflects the
depositional conditions and early diagenesis in the marine

FIGURE 3
Quantitative statistics for occurrences (size and orientation) of pores and microbial fabrics in thrombolites and stromatolites showing close correlations
between the pores andmicrobial fabrics. (A,C)Microphotos of thrombolite and stromatolite, respectively; the red area represents themicrobial fabrics and the
blue area represents the pores. (B) Rose diagram showing orientation and size of microbial fabrics and pores in thrombolites. (D) Rose diagram showing
orientation and size of microbial fabrics and pores in stromatolites.
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environment (Piper, 1994). Some high-field-strength elements, such
as Al, Th, and Zr, can be used as useful tracers of the terrigenous
detrital fraction (Goldstein and Jacobsen, 1988; Elderfield et al., 1990).
A positive correlation is expected between ΣREE+Y, trace elements
(Cr, Fe, Cu, and Mo), and Al, Th, and Zr concentrations, if there is
contamination by terrigenous detrital material (Elderfield et al., 1990;
Zhang et al., 2014). The studied samples have poor linear relationships
between ΣREE+Y, trace elements (Cr, Fe, Cu, and Mo), and Al, Th,
and Zr concentrations (Figure 5). In addition, the Al, Th, and Zr
contents in the microbialites are mostly <839.5, <0.2, and <2 ppm,
respectively (Table 1), indicating that the amount of terrigenous debris
is <2%, according to their contents in the upper crust (Al, Th, and Zr
concentrations of 80,312, 10.7, and 190 ppm, respectively; Taylor and
McLennan, 1985). This suggests that the in situ geochemical data were
not compromised by terrigenous detrital material.

Secondary alteration can also have a significant influence on trace
elements. Studies of carbonate diagenesis in Phanerozoic rocks have
generally observed elevated contents of Mn, Fe, and Zn, and

decreasing contents of Sr, Na, and Mg (Brand and Veizer, 1980).
Because the partition coefficient for Sr between carbonate minerals
and water Kmineral/water is <1 and Kmineral/water for Mn2+ is >1 (Banner,
1995), elevated Mn/Sr ratios suggest the influence of diagenetic
overprinting (Popp et al., 1986; Fölling and Frimmel, 2002). The
low Mn/Sr ratios of the present dataset (Mn/Sr < 0.3; Table 1) indicate
there was little secondary alteration.

The analyzed microbial fabrics and cements are dolomitized.
Microscopic observations show that these dolomites are micro-to
finely crystalline, and have planar crystals (Figures 3, 6), indicating
dolomitization at low temperatures during the early stages of
diagenesis (Moore and Wade, 2013). This inference is confirmed
by the high concentration of Na in all the analyzed samples
(Table 1). Previous studies have proposed that the Na contents of
dolomites in the early stages of diagenesis are higher than those in later
stages (Brand and Veizer, 1980). The present data show that the Na
concentrations of the microbial fabrics are significantly higher than
modern seawater, ranging from 110 to 160 ppm (Veizer et al., 1999).
However, the Na concentrations of the dolomite cements are similar to
that of modern seawater. Furthermore, δ13C and δ18O values of micro-
and finely crystalline dolomites of Member IV from the Leikoupo
Formation in the studied area are 1‰–3‰ and −5‰–0‰,
respectively (Lin, 2016; Jiang et al., 2018), which are consistent
with those of global middle to upper Anisian (Middle Triassic)
marine carbonates (−1.0‰ to −2.0‰ for δ13C and −6.0‰
to −1.0‰ for δ18O) (Korte et al., 2005). Wang et al. (2018) showed
that the early dolomite cement (Phase I) in Member IV of the
Leikoupo Formation in the study area has a δ13C value of 1.29‰
and δ18O value of −5.11‰, which are within the ranges of
contemporaneous-penecontemporaneous marine carbonates.
Therefore, the analyzed micro- and finely crystalline dolomites and
dolomitic cements are inferred to have been dolomitized by seawater
at low temperatures. In addition, cathodoluminescence (CL) imaging
showed that the micro- and finely crystalline dolomites and cements
are not luminescent (Figure 2). This is consistent with the high Fe and
low Mn contents of the samples (Table 1).

In summary, the analyzed micro- and finely crystalline dolomites
and cements were mainly dolomitized by seawater at low temperatures
and in early diagenetic stage, and were not subjected to later secondary

TABLE 2 Area of microbial fabrics and pores in microbialites.

Samples Lithology Area of microbial fabrics (%) Porosity (%)

YaS-1-01 thrombolite 10.6 0.7

YaS-1-04 thrombolite 3.7 3.5

YaS-2-02 thrombolite 3.4 1.1

YaS-13-05 thrombolite 6.5 1.5

YaS-20-01 thrombolite 10.5 0

YaS-34-02 thrombolite 3.5 0

YS-11-01 thrombolite 26.2 2.8

YS-13-01 thrombolite 19.3 0.7

YS-17-01 thrombolite 6.3 2.4

YS-12-02 stromatolite 8.3 0

YS-16-01 stromatolite 6.2 2.8

FIGURE 4
Cross plot of microbial fabric area and porosity in microbialits
showing no relationship.
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alteration. The trace element data were also not affected by terrigenous
detrital material and, therefore, are suitable for the study of early
diagenesis in a marine environment (Nothdurft et al., 2004).

5.2.2 Organic matter mineralization processes
In order to decipher the organic matter mineralization processes

in microbialites with different porosities (YaS-1, YS-12, and YaS-28),

LA–ICP–MS was used to analyze the trace elements of specific
components in the microbialites (i.e., microbial, transitional zone,
and fine spar fabrics). The trace element contents of cement and
remnant dissolution components during organic matter
mineralization are proxies for this process (Lovley, 1991; Piper,
1994; Madigan et al., 1997; Algeo and Maynard, 2004; Audry et al.,
2011).

FIGURE 5
Cross plots of Al, Th and Zr versus ΣREE+Y (A–C), Cr (D–F), Fe (G–I), Cu (J–L), and Mo (M–O).
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The Ce anomaly is an important proxy for determining redox
conditions during deposition and organic matter mineralization. Ce3+

can be oxidized to Ce4+ in the modern ocean (Alibo and Nozaki, 1999)
and absorbed onto the surface of Fe–Mn oxides in the form of
Ce(OH)4 or CeO2. Therefore, Ce is sequestered from seawater,
which results in negative Ce anomalies in seawater and microbial
carbonates (Alibo and Nozaki 1999; Guo et al., 2007; Tostevin et al.,
2016). The aerobic degradation of organic matter in microbialites
typically occurs after deposition and above the oxidation–reduction
interface (Oschmann, 2000; Dupraz and Visscher, 2005). The pore
water actively exchanges with seawater and is still in an oxic state and,
therefore, carbonate minerals precipitated from pore waters generally
have a negative Ce anomaly similar to seawater (Figure 6). When the
microbialites are beneath the oxidation–reduction interface, the pore
water is in a weakly reduced to reduced state, where organic matter will
undergo anaerobic degradation. In this case, Ce in the pore water is
reduced to Ce3+ and can substitute for cations (e.g., Ca2+ and Mg2+) in
carbonate minerals (Tostevin et al., 2016), which results in the positive
Ce anomalies of the transitional zone and fine spar fabrics in the
microbialites (Figure 6).

The microbial fabrics of Samples YaS-1 (thrombolite) and YS-12
(stromatolite) have negative Ce anomalies (Table 1; Figure 2), indicating
these microbialites formed in oxic seawater. However, the transitional
zone and fine spar fabrics in all three samples have positive Ce
anomalies, implying that the organic matter in all three samples had
undergone aerobic respiration and begun anaerobic degradation.

If organic matter is not entirely consumed during aerobic
respiration, it will be oxidized further by NO3

− and CrO4
2− in the

nitrate reduction zone (Richard and Bourg, 1991; Oschmann, 2000;
Widdicombe et al., 2011). During this process, CrO4

2− can be reduced
to Cr3+, and Cr3+ combines with OH−to precipitate Cr(OH)3 (Algeo
and Maynard, 2004), and result in Cr concentrations of the fine spar
fabrics will be higher than those of transitional zone fabrics (Figs 9 and
Figs 11). Therefore, the concentration of Cr in fine spar and
transitional zone fabrics can trace the procession of organic matter
oxidization by NO3

−.
The Cr concentrations of the fine spar fabrics in Samples Yas-1

and YS-12 (1.24–1.73 ppm, respectively) are significantly higher than
those of the transitional zone fabrics (0.31–1.51 ppm, respectively;
Table 1; Figure 2), indicating that organic matter in these two samples
was mineralized by NO3

− and CrO4
2–. However, the Cr concentration

of the fine spar fabric in Sample YaS-28 is lower than that of the
transitional zone (Table 1; Figure 2), demonstrating that organic
matter in Sample YaS-28 was not mineralized by CrO4

2−, and that
organic matter mineralization probably ceased in the nitrate
reduction zone.

Organic matter will be oxidized by Fe3+ and Mn4+ oxides when
they are buried deeply. Fe3+ and Mn4+ oxides can be reduced to Fe2+

and Mn2+ and migrate from sediments to pore water during organic
matter mineralization in the Fe–Mn oxide reduction zone (Lovley,
1991; Canfield et al., 1993). Organic matter mineralization will results
in the lower Fe concentration in the fine spar fabric compared with the
transitional zone fabric (Figures 2 and 6). Iron concentrations of the
transitional zone fabrics in Samples YS-12 and YaS-1 (284 and
97.2 ppm, respectively) are higher than those of the fine spar
fabrics (217 and 71.0 ppm, respectively), indicating that organic

FIGURE 6
Pattern of organic matter minerlization, geochemistry characteristics, and porosity evolution in microbialites.
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matter in these samples was mineralized by Fe–Mn oxides. However,
Fe concentrations of the transitional zone and fine spar fabrics are
broadly similar to those of the microbial fabric in Sample YaS-1
(Table 1; Figure 2), suggesting that organic matter in this sample was
not extensively mineralized by Fe–Mn oxides. In Sample YaS-28, the
transitional zone and fine spar fabrics have approximately the same Fe
contents (Table 1; Figure 2), indicating that organic matter in Sample
YaS-28 was not mineralized by Fe–Mn oxides. This is consistent with
the conclusion that organic matter mineralization in Sample YaS-28
ceased in the nitrate reduction zone.

After degradation in the Fe–Mn oxide reduction zone, the remnant
organic matter may be further mineralized in the sulfate reduction zone
(Froelich et al., 1979; Canfield and Thamdrup, 2009). In the sulfate
reduction zone, sulfate can be reduced to bivalent sulfur in the pore
water, which reacts with Cu2+ and MoO4

2− to form insoluble CuS and
MoS2 (Fig. 9; Piper, 1994; Scott et al., 2008). The concentrations of Mo
and Cu in the fine spar fabric will be indeed higher than those in the
transitional zone fabric (Figure 6). In Sample YaS-1, the Cu and Mo
concentrations of the fine spar fabric are higher than those of the
transitional zone fabric (Table 1; Figure 2), suggesting that organic
matter mineralization in this sample involved sulfate reduction. In
Sample YS-12, the Cu and Mo concentrations of the fine spar fabric
are lower than those of the transitional zone fabric (Table 1; Figure 2),
which may be related to the absence of free H2S in the pore water.

In summary, there are subtle differences in the processes of organic
matter mineralization in microbialites with different porosities in
Member IV of the Leikoupo Formation. The organic matter in
Sample YaS-28 (grain dolostone) was mineralized by oxidation and
nitrate reduction. The organic matter in Sample YS-12 (stromatolite)
was mineralized by oxidation, and nitrate and Fe–Mn oxide reduction.
The organic matter in Sample YaS-1 (thrombolite) was mineralized by

oxidation, and nitrate, Fe–Mn oxide, and sulfate reduction, but only to a
limited extent in the Fe–Mn oxide reduction zone.

5.3 Implications of organic matter
mineralization for reservoir development

Organic matter mineralization by aerobic respiration and
nitrate reduction will result in the dissolution of carbonate
minerals and create micropores, whereas mineralization by
Fe–Mn oxides and sulfates will precipitate carbonate minerals
and block pores (Froelich et al., 1979; Visscher and Stolz, 2005).
To simply and qualitatively evaluate the impact of organic matter
mineralization on the development of a microbialite reservoir, it
was assumed that 1 mol of organic matter (CH2O; expressed here
in its simplest form) is equivalent to 1 mol of CaCO3 in volume.
Volume ratios of organic matter to pores of each mineralization
reaction and cumulative ratios of organic matter to pores for the
total mineralization process are summarized in Table 3. For
example, mineralization by aerobic respiration leads to one unit
of CaCO3 being dissolved for every unit of organic matter
consumed. Thus, two units of pores are created by this
mineralization, and the volume ratio of organic matter to pores
during mineralization by aerobic respiration is 1:2 (Table 3).

The highest volume ratio of pores to organic matter is reached
when the organic matter is mineralized in the nitrate reduction
zone (excluding aerobic respiration) (Table 3). This means that
microbialites in which organic matter has been mineralized by
oxidation and nitrate reduction are likely to contain the largest
volume of micropores, which act as fluid channels for later fluid
dissolution, and likely become the best reservoirs. Sample YaS-28

TABLE 3 Reactions of organic matter mineralization and pore development.

Reactions of organic matter mineraliation Ratio of OM to pore in each reaction Cumulative ratio of OM to pore

Aerobic respiration: CH2O + O2+CaCO3 → 2HCO−
3+Ca2+ 1:2 1:2

Nitrate
reduction: 5CH2O + 4NO−

3+CaCO3 → 6HCO−
3+2N2+2H2O + Ca2+

5:6 1:1.6

Fe-Mn oxides
reduction: CH2O + 4FeOOH + 6HCO−

3+7Ca2+ → 7CaCO3+4Fe2++6H2O
1:−6 1:−0.93

Sulfate
reduction: 2CH2O + SO2−

4 +OH−+Ca2+ → CaCO3+CO2+2H2O +HS−
2:1 1:−0.57

FIGURE 7
Microphotos showing three microbialites with different porosity. The blue area represents pores. (A) Sample YaS-28 has the highest porosity value of
9.11%; (B) Sample YaS-1 has moderate porosity value of 4.91%; (C) Sample YS-12 has lowest porosity value of 0.12%.
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experienced organic matter mineralization by oxidation and nitrate
reduction and has the greatest pore development (porosity =
9.11%) amongst the three analyzed samples (Figure 7A). The
porosity development in Sample YaS-28 might be due to a large
number of pre-existing micropores, which were created by organic
matter mineralization in the aerobic respiration and nitrate
reduction zones. At the end of the Ladinian stage, Indosinian
tectonism resulted in Member IV of the Leikoupo Formation
being exposed at the surface (Zhong et al., 2011; Tang, 2013;
Tan et al., 2014), and meteoric water dissolved the rock along
pre-existing micropores, generating a large number of dissolution
pores in the grain dolostones.

As the organic matter mineralization proceeded further and into
the Fe–Mn oxide reduction zone, CaCO3 cementation occurred (Zeng
and Tice, 2014). The micropores created by the process of aerobic
respiration and nitrate reduction would have become filled, and the
cumulative ratio of organic matter to pores reached its lowest value of
1:−0.93 (Table 3). Cement produced in this process might hinder later
dissolution. If there was remnant organic matter after mineralization
in the Fe–Mn oxide reduction zone, then the organic matter will be
further mineralized in the sulfate reduction zone when the
microbialites are deeply buried (Canfield and Thamdrup, 2009;
Schunck et al., 2013; Li et al., 2015). In the sulfate reduction zone,
organic matter mineralization will elevate the cumulative ratio of
organic matter to pores from 1:−0.93 to 1:−0.57, even though the
sulfate reduction process will cause carbonate mineral precipitation
(Table 3).

The in situ geochemical data suggest that the organic matter in
Sample YS-12 (stromatolite) underwent extensive mineralization
by Fe–Mn oxides but not by sulfate. Considering the cumulative
ratio of organic matter to pores is 1:−0.93 in the Fe–Mn oxide
reduction zone (Table 3), organic matter mineralization in Sample
YS-12 would have produced cement, thereby hindering subsequent
dissolution and pore expansion. As such, the lowest porosity of
Sample YS-12 (0.12%) may be related to its organic matter
mineralization (Figure 7C). In contrast, the organic matter in
Sample YaS-1 (thrombolite) was mineralized by aerobic
respiration, nitrate reduction, limited Fe–Mn oxide reduction,
and sulfate reduction. The final cumulative ratio of organic
matter to pores in Sample YaS-1 should be between 0 and 1:1.6
(Table 3). Thus, organic matter mineralization in Sample YaS-1 did
create micropores, and these micropores acted as channels for
meteoric water for dissolution during subsequent karstification.
Consequently, Sample YaS-1 has a porosity of 4.91% (Figure 7B).

It is clear that organic matter mineralization processes have a
significant impact on the development of microbialite reservoirs.
Micropores created by mineralization of organic matter in
microbialites can provide channels for fluids and are also favorable
sites for later dissolution. However, if organic matter mineralization
produces cement, these cements may prevent the development of a
microbialite reservoir. It should be noted that the micropores created
by organic matter mineralization are almost always micron-sized
(Chafetz, 2013) and make a limited contribution to reservoir space,
but they can act as channels for fluid dissolution and accelerate
karstification.

6 Conclusion

Organic matter in microbialites can be oxidised by oxygen,
NO3–, CrO42–, Fe–Mn oxide and by sulfates. Preliminary in situ
geochemical analyses can trace these organic matter
mineralization processes by Ce anomalies and Cr, Cu and Mo
concentrations in different microbial components and fabrics. It
is proposed that organic matter mineralization creates
micropores that may have acted as fluid channels for later
dissolution that developed good reservoirs. However, these
micropores contribute limited space to the microbialite
reservoir. In contrast, organic matter mineralization associated
with cementation will hinder the development of a microbialite
reservoir.
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