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a b s t r a c t
The role of microbial vs. abiotic processes in ooid formation has been a controversial topic for over a century. Recent sedimentological, geochemical and biomarker data indicate that microbes make an important contribution
to the construction, destruction and modiﬁcation of ooids. Here, we present a detailed petrographic and chemical
investigation of well-preserved red oolites from the Lower–Middle Jurassic Nieniexiongla Formation in the Tethyan Himalaya of southern Tibet. Petrographic studies and electron probe microanalysis indicate that the red
coloration is due to the presence of hematite minerals. The hematites show euhedral and amorphous spheroidal
morphology and residual elemental sulfur was detected within minerals. The δ34S values in the leachate
(δ34SNaCl) and in carbonate associated sulfate (δ34SCAS) of red oolites are lower than gray oolites and micritic
limestones. Moreover, δ34SNaCl and δ34SCAS values are lowest in samples with the highest content of hematitic
ooids. Together, these observations suggest that the hematites are transformed from pyrite. The Fe2+ (and
possibly SO2−
4 ) provided by pore-water combined with degradation of syn-depositional organic matter within
ooids produced anoxic microenvironments that facilitated local pyrite precipitation. Some spheroidal pyrites
were subsequently transformed to euhedral crystals through continuous growth of the constituent
microcrystals. This study demonstrates that organomineralization mediated by sulfate-reducing bacteria can
produce pyrite grains within carbonate ooids. The results emphasize the important role that microbial
communities play in the deposition and modiﬁcations of ooids.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
Ooids occur in a wide range of shallow marine and lacustrine environments spanning most of the geological record. They were traditionally regarded as “inorganic grains” (Davies et al., 1978; Trower et al.,
2018), but recent studies have highlighted the role of microbes in ooid
construction and modiﬁcation (Summons et al., 2013; Diaz et al.,
2015; Mariotti et al., 2018; Riaz et al., 2019). Microbes produce mucilaginous extracellular polymeric substances (EPSs), which can act as a
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template for CaCO3 nucleation, passively inﬂuencing mineralization
(Dupraz et al., 2009; Diaz et al., 2013; Diaz et al., 2014). Microbial
metabolisms can also drive localized changes in pH or alkalinity that
can actively induce mineralization (Diaz and Eberli, 2019).
Molecular and isotopic studies have identiﬁed several metabolic
processes associated with ooid formation (Miller and James, 2012;
Pacton et al., 2012; Summons et al., 2013; Diaz et al., 2015; Diaz et al.,
2017; Diaz and Eberli, 2019). CO2 ﬁxation by photoautotrophs is one
important biological process in the formation of modern and ancient
ooids (Pacton et al., 2012; Summons et al., 2013; F. Li et al., 2017;
O'Reilly et al., 2017; Zhang et al., 2017; Latif et al., 2019).
Denitriﬁcation, which is one of the most signiﬁcant nitrogen
transforming processes in ooids, has been suggested to foster the
precipitation of carbonates and most recently, implicated in the
genesis of ooids based on geochemical evidence of microbial activity
(Diaz et al., 2013; Diaz et al., 2015; Erşan et al., 2015). Sulfur isotopes
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close relationship between ooids, microbial activity and the local
redox conditions (Préat et al., 2000; Cornell and Schwertmann, 2003;
Mamet and Préat, 2006). In this paper, we focus on iron-containing carbonate ooids.
The Lower–Middle Jurassic Nieniexionala Formation of the Tethyan
Himalaya sequence in southern Tibet was deposited on a carbonate
platform along the southern edge of the Neo-Tethys ocean. Previous
studies of well-preserved sections have described the lithology, age
and depositional environment (Han et al., 2016; Han et al., 2018).
Within the Nieniexionala Formation there are several horizons of red
oolitic limestone. We present new petrographic and chemical analyses
to investigate the primary mineralogy and identify diagenetic and depositional or post-depositional alteration, providing insight into the inﬂuence of microbes on the formation and modiﬁcation of iron-containing
carbonate ooids in Jurassic seas.

and elevated sulfur contents in leachates suggest that sulfate-reduction
as well as sulﬁde oxidation play a role in CaCO3 precipitation during
ooid formation (Thompson et al., 2008; Diaz et al., 2013; Summons et
al., 2013; Diaz et al., 2014; Diaz et al., 2015). Biological ﬁngerprints,
including branched chain and saturated fatty acids, lipids, and
functional gene analysis further support the presence of these
communities (Summons et al., 2013).
Many current models for ooid formation require alternation between a suspension stage, driven by the action of waves, tides and currents, and a temporary resting stage in the subsurface (Duguid et al.,
2010). In these models, precipitation and crystallization occur in suspension mode, while microbial colonization and EPS production occur
during the resting stage. The precipitation of CaCO3 ooids is thought to
proceed via a metastable intermediate phase, amorphous calcium
carbonate (ACC) (Duguid et al., 2010; Diaz et al., 2015), which later
crystallizes to aragonite or calcite and is modiﬁed by abrasion. Red
ooids are less common, and are usually formed from ferruginous
minerals, e.g., hematite (Préat et al., 2000; Mamet and Préat, 2006;
Barale et al., 2013) and goethite (Einsele, 2000; Di Bella et al., 2019).
These ooids include iron ooids (content of Fe > 15 wt%, Tang et al.,
2015; Bekker et al., 2014) and iron-containing carbonate ooids, in
which the content of Fe is less than 15 wt%.
Iron ooids constitute a recurrent time-speciﬁc facies (Brett et al.,
2012) in the Paleozoic to present (Heikoop et al., 1996; Di Bella et al.,
2019), and are especially common in the Jurassic (Clement et al.,
2019). They usually precipitate with the aid of clastic particles from rivers, hydrothermal ﬂuids or benthic microbial communities (Einsele,
2000). Alternatively, iron ooids could be generated by the replacement
of calcareous ooids. In this case, the iron could be sourced from volcanic
ash (Dreesen, 1989), iron-rich pore waters (Kimberley, 1994) or ironoxidizing bacteria (Préat et al., 2008). In contrast, iron-containing carbonate ooids are relatively rare, and are thought to be associated with
organomineralization mediated by iron bacteria (Préat et al., 2000;
Mamet and Préat, 2006). The iron-rich mineralogy could indicate a

2. Geological setting
Southern Tibet can be subdivided into ﬁve tectonic units from north
to south: the Xigaze Forearc Basin, Yarlung–Zangbo Ophiolite, Tethyan
Himalaya, Greater Himalaya and Lesser Himalaya (Fig. 1). Mesozoic
strata are well-developed in the Tethyan Himalayan zone, which was
divided into the northern and southern subzones (Wang et al., 2005)
separated by the Gyirong–Kangmar Thrust. The current studied section,
Menqu (GPS: 28°39′08″ N, 86°02′57″ E), is located in the southern subzone of the Tethyan Himalaya unit (Fig. 1). During the Mesozoic, the Tethyan Himalaya was located along a carbonate platform on the northern
margin of the Indian subcontinent.
The Jurassic strata in the southern subzone consist of shallow-water
carbonate and terrigenous siliciclastic rocks (Jadoul et al., 1998). The Jurassic sedimentary succession, from bottom to top, is composed of
thick-bedded bioclastic limestones of the Pupuga Formation, oolitic
limestones with sandstone intercalations of the Nieniexiongla Formation, marls of the Lanongla Formation, oolitic ironstones of the Dingjie

Fig. 1. Simpliﬁed tectonic map of the southern Tibet (modiﬁed from Pan et al., 2004). Location of the study area is indicated by a red star. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Formation and clastic rocks of the Menkadun Formation (Jadoul et al.,
1998; Li and Wang, 2005; Wang et al., 2005; Han et al., 2016).
The Nieniexiongla Formation consists of gray to light-gray, thin- to
medium-layered mudstones or oolitic grainstones rhythmically interbedded with sandstones (Li and Wang, 2005). Ammonite biostratigraphy indicates a Toarcian–Bajocian age (Yin, 2010). Microfacies
analysis and foraminiferal assemblages indicate a middle to outer
ramp depositional setting (see description of mudstone with ﬁnegrained peloidal wackestone and spiculitic wackestone/mudstone in
Han et al., 2016 and Wan, 1989). A rapid transgression in the Toarcian
is associated with the Toarcian Oceanic Anoxic Event (T-OAE). The negative carbon isotope excursion at the boundary of the Pupuga and
Nieniexiongla formations is interpreted to be a response to the T-OAE
(Han et al., 2018).
3. Material and methods
Eighty samples of carbonate and sandstones lithologies were collected from the Nieniexiongla Formation at the Menqu section. Polished
petrographic thin sections of the samples were investigated by a NikonLV100POL polarizing microscope. Carbonate rocks were classiﬁed using
the extended Dunham (1962) classiﬁcation scheme proposed by Embry
(1971). Carbon isotopic analysis was carried out on bulk carbonate
(δ13C) for forty samples at the Carbonate Reservoir Key Laboratory of
the PetroChina Hangzhou Institute of Geology, using a GasBench II system coupled to a Delta V mass spectrometer (Thermo Fisher Scientiﬁc,
Bremen, Germany). The instrument was calibrated with Chinese national carbonate standard GBW04405 (δ13CVPDB = 0.57‰ ± 0.03‰;
δ18OVPDB = −8.49‰ ± 0.14‰). Values are reported in the
conventional delta notation relative to VPDB. The analytical
reproducibility of the standard was 0.05‰ (1σ) for δ13C and 0.08‰
(1σ) for δ18O.
Four thin sections (17MQ56, 64, 66, 67) from selected horizons of
thin- to medium-bedded oolitic grainstones within the height interval
157.2–164.4 m of the Nieniexiongla Formation at the Menqu section
were studied to investigate mineralogical and chemical compositions
(Fig. 2). Geochemical analysis was conducted on polished and conductive carbon coated thin sections by electron probe microanalysis
(EPMA-1720 (1210229S)) following the general guide for quantitative
analysis by EPMA GB/T15074-2008 (the analytical reproducibility is as
same as ISO 22309: 2006). The oxides of Na, Ti, Si, Co, Mg, Cr, P, Ni, Al,
Mn, K, Fe, and Ca were determined. The analytical reproducibility of
the standard was 1.5% (1σ) for major elements. A ZEISS Supra 55 ﬁeld
emission scanning electron microscope (SEM) equipped with an Oxford
Electrical Refrigeration Energy Dispersive Spectrometer (EDS) was used
to examine the microstructure of ooids in both the polished petrographic thin sections and the fresh rock billets in Secondary Electron
(SE) and Angle Selective Backscatter (ASB) modes. Prior to SEM examination, samples were washed with deionized water in ultrasonic
cleaner three times, then dried to avoid contamination, and subsequently coated in platinum or carbon. The accelerating voltage was 15
kV or 20 kV and the working distance was 5 to 15 mm.
Sulfur isotope analysis of sulfate from the pre-cleaning leachate as
well as carbonate associated sulfate (CAS) from cleaned samples was
conducted in the State Key Laboratory of Biogeology and Environmental
Geology, China University of Geosciences, Wuhan. Methods were modiﬁed from C. Li et al. (2017). Powdered samples were washed by magnetic stirrer for 48 h with >500 mL of 10% NaCl to dissolve most of the
soluble sulfur phases. The sample was then centrifuged and the supernatant separated from the solid. Then 5 mL of 2 mol/L HCl and 30 mL
saturated BaCl2 (~250 g/L) were added to the supernatant to
precipitate barium sulfate (BaSO4). The BaSO4 was collected by a
membrane ﬁlter and dried for the measurement of S isotope values of
soluble sulfates (δ34SNaCl). The washing procedure was repeated
multiple times using Milli-Q water, until there was no barium sulfate
(BaSO4) precipitation from the supernatant when adding 2 mol/L HCl

Fig. 2. Lithology log of the Menqu section. The interval of 157.2 m–164.4 m is enlarged to
show the sample position.

and saturated BaCl2 (~250 g/L) solution. The cleaned solid carbonate
sample was then dissolved in 4 mol/L HCl. The ﬁltered solution was
treated with 2 mol/L NaOH until pH ≈ 2, followed by addition of BaCl2
to precipitate carbonate-associated sulfate (CAS) as barium sulfate,
which was then centrifuged and dried. The collected barium sulfate
(leachate sulfate and carbonate associated sulfate) was mixed with
excess V2O5 for online combustion, and the resulting SO2 was
measured on a Thermo Scientiﬁc Delta V Plus IRMS coupled with a
Flash elemental analyzer for sulfur isotope composition of the leachate
sulfate and CAS (δ34SCAS). Sulfur isotope compositions are expressed
in standard δ-notation as permil (‰) deviation from the V-CDT
international standard with an analytical error of 0.3‰ (1σ) calculated
from replicate analyses of IAEA standards (NBS-127, IAEA-SO-5, IAEASO-6).
4. Results
4.1. Carbon and oxygen isotope data
Carbon isotope data from the Menqu section are shown in Fig. 3.
δ13Ccarb ranges from +0.28‰ to +2.67‰, with a decreasing trend
from the bottom to the top. Between 0 and 12.8 m, δ13Ccarb values for
ﬁve samples range between +1.76 and +2.67‰, with average of
+2.19‰. Between 12.8 and 179.7 m, δ13Ccarb values vary from +0.28
to +2.04‰, with average of +1.40‰, and the lowest value occurs at
164.1 m. The δ18Ocarb values range from −13.7‰ to −6.6‰, but most
3
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Fig. 3. Proﬁles of stratigraphic distribution of carbonate carbon and oxygen isotopes from Menqu section (this study) and organic carbon isotopes from Nianduo section (Han et al., 2018).
The red line through the data on the right is the 3-point moving average. The blue dashed line indicates the boundary between the Pupuga Formation and the Nieniexiongla Formation.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

lie between −13‰ and −8‰. The highest value occurs at 83.3 m
(Fig. 3). A cross-plot of all δ13Ccarb and δ18Ocarb values shows scatter
(R2 = 0.23; Fig. 4), indicating that the bulk carbonate δ13C signal has
not been inﬂuenced by diagenesis.

The base of the Nieniexiongla Formation coincides with the onset of
the negative carbon isotope excursion, which is interpreted as the onset
of the Toarcian Oceanic Anoxic Event (Han et al., 2018). A negative carbon isotope excursion of ~2.5‰ is recorded in organic matter, and a
smaller excursion of about ~−1.5‰ is recorded in δ13Ccarb (Han et al.,
2018). Negative δ13Ccarb excursion also occurs at the boundary of two
formations in the Menqu section. Together, these observations place
the Menqu section in the Early–Middle Jurassic age and clearly
identify the boundary between the Pupuga and Nieniexiongla
formations. All the studied oolitic grainstones are from the Lower–
Middle Jurassic Nieniexiongla Formation.

4.2. Lithostratigraphy and δ13C isotopic stratigraphy
The Menqu section is located near the Menqu village in the Nyalam
area (Fig. 1), having a total thickness of about 180 m (Fig. 2). In the
lower 0–11.7 m, the carbonate rocks are composed of medium- to
thick-bedded bioclastic grainstone (Fig. 5a), bioclastic wackestone
(Fig. 5b) and framestone (coral reef, Fig. 5c) with a high fossil content,
including Lithiotis (rudist-like sessile bivalve, Nauss and Smith, 1988)
(Fig. 5d), corals (Fig. 5c), bivalves, gastropods (Fig. 5a), sponges and
echinoderms (Fig. 5b).
The Nieniexiongla Formation and the underlying Pupuga Formation
have distinct lithologies, fossil assemblages and δ13C values (Han et al.,
2016; Han et al., 2018). In the Menqu section (Fig. 2), the boundary between the Pupuga and Nieniexiolonga formations occurs at ~11.7 m.
The Pupuga Formation consists mainly of medium- to thick-bedded
(20–50 cm) limestones with abundant bioclasts, e.g., corals, sponges
and bivalves. The top of the Pupuga Formation is marked by a distinctive
Lithiotis-rich interval, which can be traced across the Tethys realm (Han et
al., 2016). The radiation of the Lithiotis fauna is a global event that pinpoints the age to the Pliensbachian in the early to middle Jurassic
(Franceschi et al., 2014). In contrast, the Nieniexiongla Formation is composed of thin to medium bedded (~10 cm-thick) oolitic grainstone intercalated with sandstone (Han et al., 2016). Fossils are rare in this part of the
section. Sedimentary structures include erosive bases (Fig. 5f) and hummocky cross stratiﬁcation, indicating deposition above storm wave base
(Han et al., 2018). Sand lenses also occur (Fig. 5f).

Fig. 4. Cross-plot of carbonate carbon isotopes and oxygen isotopes from Menqu section.
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Fig. 5. (a) Bioclastic grainstone in thin section. Most bioclasts are gastropods, light areas are sparry calcites and dark areas are micritic. (b) Bioclastic wackestone in thin section. Most
bioclasts are echinoderms (yellow arrows), others are calcareous shells, dark areas are micritic and possible peloids. (c) Coral framestones. (d) Shell bed mainly composed of Lithiotis.
(e) The boundary between the red and gray oolitic horizons in the ﬁeld. (f) Sand lenses with erosive bases. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

circumgranular cement rims. The ooids don't show orientated structures under the microscope. Besides, no sedimentary structures have
been observed in ﬁeld, such as cross bedding, parallel bedding, and
hummocky cross bedding. Then it could be inferred that these ooids
haven't been transported.

4.3. Microfacies of oolitic grainstones
Oolite samples from 157.2 to 164.4 m (Fig. 2) consist mainly of ooids
with minor bioclasts and quartz grains. Some grains are surrounded by
bladed to dogtooth cement. The intergranular space is ﬁlled by mosaic
crystals, which may indicate the inﬂuence of meteoric water during diagenesis (Javanbakht et al., 2018). The color, size, shape and type of ooids
change gradually through the section. Oolitic grainstones toward the
base are mainly composed of gray colored ooids with diameters ranging
from 300 to 500 μm. Diverse nuclei, including peloids, quartz grains,
bioclasts and pre-existing ooids, are enclosed by cortices exhibiting an
indistinct micritic to radial-ﬁbrous structure (Fig. 6). About 70% of the
ooids are broken. There are some compound and regenerated ooids
(Figs. 6a–d, A.1 and A.2 in Appendix). In contrast, oolitic grainstones toward the top are red in color and smaller, with diameters between 200
and 400 μm. The characteristics of their nuclei and cortices are similar to
the gray ooids, but signiﬁcantly fewer broken red ooids were observed
(Figs. 6e–h, A.2 and A.3 in Appendix). Most ooids are accompanied by

4.4. Geochemical and mineralogical composition of oolitic grainstones
EPMA backscattered electron (BSE) images reveal heterogeneities in elemental composition and mineralogy (Fig. 7; Table 1).
Ooids are mostly composed of calcite (gray color in BSE images, Fig.
7), with average CaO contents of 59.58 wt%, and minor amounts of
MgO (0.49 wt%), SiO 2 (0.37 wt%) and FeO (0.91 wt%). The second
most abundant mineral aside from calcite is quartz, which exhibits
a dark-gray color in BSE images. Quartz occurs as the nuclei or in
the cortex of some ooids and contains 99.16 wt% SiO2 and 0.26 wt%
CaO. There are some iron oxides scattered randomly within
the ooids (white colored grains in Fig. 7). These particles have
5
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Fig. 6. Photos of oolitic grainstones. (a–d) Gray ooids, where broken ooids are common. (e–h) Unbroken red ooids, from the Nieniexiongla Formation. (b) and (f) are under perpendicular
polarized light, others are under plane polarized light. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

than 5% of ooids in the gray layers contained iron oxides (Fig. A.1
in Appendix). From the base (Fig. 7a) to the top (Fig. 7b) of a
single oolitic grainstone bed, the color becomes pinker as the
concentration of iron oxide increases (Figs. A.3, A.4, A.5 in
Appendix). Interestingly, in SEM-EDS analysis, hematite particles
show enrichments in elemental S content which are twice as high
as background calcite (Fig. 8). Besides, EDS spectra of hematite
particles show a peak of sulfur element (Fig. 9).

signiﬁcantly higher FeO contents (average = 80.61 wt%), as well as
minor oxide concentrations of SiO2 (3.53 wt%) and CaO (3.46 wt%).
In the lower gray oolitic horizons, ooids are composed of calcite
and quartz, and iron oxides are rare (Figs. 7a, A.2, A.4 in Appendix).
In contrast, in the upper red oolitic grainstones, almost every ooid
contains varying amounts of iron oxides (Figs. 7b, A.3, A.5 in
Appendix). Over 90% of all of ooids observed in the red layers
contained iron oxides (Fig. A.3 in Appendix). By comparison, less
6
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Fig. 7. EPMA backscattered electron image for two ooids from gray (sample 17MQ56) and red (sample 17MQ66) grainstones of the Nieniexiongla Formation. 17MQ56–03 (a) and
17MQ66–02 (b) are individual ooids within 17MQ56 and 17MQ66 respectively. EPMA points are indicated by green circles, and the data are shown in Table 1. In sample 17MQ56–03,
green circles 1 and 2 are hematite, circle 3 is quartz, and circle 4 is epoxy resin. In sample 17MQ66–02, circles 1–4 are all hematite. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

4.5. Morphology and distribution of hematite

5. Discussion

The majority of ooids containing hematite (‘red ooids’) occur
within red oolitic horizons in the upper part of the section
(>164.14 m). Within these horizons, almost every ooid contains hematite (Figs. 10a, A.3 in Appendix). Hematite grains with diameters
ranging from hundreds of nanometers to tens of microns are distributed across cortices and nuclei of ooids, but rarely in enclosing cements (Figs. 10, A.3 in Appendix). They are distributed randomly
within ooids, and do not concentrate along particular cortices
(Fig. 10b). Their abundance varies between individual ooids with
no systematic pattern. However, in the ooids with quartz nuclei, hematites are concentrated in the cortex (Fig. 10c), whereas in ooids
with CaCO3 nuclei, hematites occur across the nuclei and cortex
(Figs. 10d, 11a).
Two distinct morphologies of the iron oxides have been identiﬁed through SEM-EDS examination: euhedral crystals and amorphous spheroids. Euhedral crystals are generally found in CaCO 3
nuclei, and range from several to tens of microns in diameter
(Figs. 10d, 11a, b, c). In several cases, this type of iron oxide
includes concentric zones that differ in thickness and size
(Fig. 11d, e). The outer zones display regular ﬁve to six-sided
edges in the polished thin section, whereas the inner zones have
irregular edges (Fig. 11e). Amorphous spheroid aggregates are
more abundant and are distributed across the nuclei and cortices
(Fig. 10). Each spheroid aggregate consists of disordered ﬁne
amorphous hematite spheroids, and the diameter of individual
spheroids is up to 1 μm (Fig. 11f, g, h). There are meniscus
coatings that aggregate iron oxide grains, exhibiting different
brightness intensities but same elemental composition with
respect to the spheroids (Fig. 11g).

5.1. Origin of ferruginous minerals within ooids
The red coloration in ooids toward the top of the section is a result of ferruginous particles distributed within ooids. The chemical
composition (Table 1) of the ferruginous minerals indicates that
they are hematite (Franke and Paul, 1980; Préat et al., 2000;
Mamet and Préat, 2006; Hu, 2013). We consider three possible origins for the ferruginous particles within carbonate ooids. Firstly,
they could have been transported into the basin as detrital particles
and incorporated into layers of ooids in the accretion phase. However, the size variability, as well as the presence of both euhedral
and spheroidal forms, rules out this hypothesis. Secondly, they
could have precipitated as authigenic minerals from seawater, indicating ferruginous (anoxic and Fe2+-rich) conditions during precipitation, and potentially, interactions with iron-oxidizing bacteria.
However, if the ooids were deposited under ferruginous conditions,
we would also expect to see ferruginous minerals in the matrix, but
they are restricted to the ooids. The distribution and morphology of
ferruginous particles suggest that they grew in-situ within the
ooids. Thirdly, they could be generated in situ by bacteria/fungi
within ooids, which we would discuss in Section 5.4.
5.2. Evidence of primary pyrite from δ34SCAS and δ34SNaCl
Carbonate associated sulfate is purported to record the primary sulfate sulfur isotope composition of the environment of precipitation
(Lyons et al., 2004). The Toarcian OAE is associated with a large sulfur
isotope excursion, but there is substantial geographic variation. In the
Western Tethys and the European epicontinental sea, δ34SCAS
transitioned from +16‰ to +22‰ (Europe; Gill et al., 2011), whereas
in the Eastern Tethys δ34SCAS was higher, transitioning from +19.1‰
(throughout the Toarcian) to +38.4‰ (Aalenian) (Tibet; Newton et
al., 2011). In the micrite and gray ooids through our section, δ34SCAS
decreases from +35‰ down to +25‰ and then increases to +30‰
(Fig. 12). Our δ34SCAS values are 9–13‰ higher than the European
records, and are generally high compared to the Phanerozoic record,
but they are consistent with other records from the Eastern Tethys.
Geographic variations in δ34S may be a result of differences between
the open sea (Tibet) and epicontinental settings (Europe) (Newton et
al., 2011).
The ﬁve red oolites in a very narrow depth interval (17MQ63–67,
163.0–164.1 m, Figs. 2, 12) span a wide range of δ34S values (δ34SNaCl
ranges from +15.3‰ to +0.3‰, δ34SCAS ranges from +27.2‰ to
+17.1‰). The microfacies of red oolites are highly consistent, so it is

4.6. Sulfur isotope analysis
The δ34S of carbonate associated sulfate (δ 34S CAS) ranges from
+17.1 to +34.9‰ (Fig. 12, Table 2). δ 34 S CAS in red oolites is
systematically lower than in micritic limestones and gray oolites
(Fig. 13a). The lowest CAS value occurs in sample 17MQ67, which
has the highest abundance of iron minerals. The δ34 S of the
leachate (δ34 SNaCl) ranges from +0.3 to +18.6‰, and is
signiﬁcantly lower than δ34SCAS. δ34SNaCl is systematically lower in
red oolites than in gray oolites or micrite. There is also a positive
correlation between δ34 SNaCl and δ 34 SCAS (Table 2, Fig. 13b, c).
Combined with AsB images, it is clear that samples with a higher
density of ferruginous minerals have lower δ 34 SCAS and δ 34S NaCl
(Figs. A.4, A.5 in Appendix).
7
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Table 1
Results of EPMA analysis on different part of ooids in gray (sample 17MQ56) and red (sample 17MQ66) grainstones of the Nieniexiongla Formation (oxide values are given in molar).
Numbers of 17MQ56–0X and 17MQ66–0X represent individual ooids within 17MQ56 and 17MQ66 respectively. 17MQ56–0X–X and 17MQ66–0X–X are EPMA analysis spots, such as
green circles in Fig. 7. The different parts in a single ooid can be characterized by high content of Fe (Table 1.1), Ca (Table 1.2) or Si (Table 1.3). The chemical composition allows us to
determine these tested areas are composed of ferruginous minerals, calcites and quartz. However, some areas could enriched in both Fe and Ca with minor Si (Table 1.4), which could
due to the tests carried on the adjacent places of different minerals.
Table 1.1. Iron mineral
Data (wt%)

Na2O

TiO2

SiO2

CoO

MgO

Cr2O3

P2O5

17MQ66-02-2
17MQ66-02-3
17MQ66-01-1
17MQ66-04-1
17MQ66-04-2
17MQ66-04-3
17MQ66-05-1
17MQ66-05-2
17MQ66-05-3
17MQ66-03-1
17MQ66-03-2
17MQ66-03-3
17MQ66-06-1
17MQ66-06-2
17MQ66-06-3
17MQ66-06-4
17MQ56-01-1
17MQ56-01-2
17MQ56-01-3
17MQ56-03-1
17MQ56-03-2
17MQ56-04-1
17MQ56-04-2
Maximum
Minimum
Average

0.17
0.27
0.09
0.05
0.16
0.3
0.08
0.1
0.1
0.18
0.04
0.31
0.07
0.07
0.1
0.06
0.01
0.16
0.07
0.18
0.06
0.07
0.02
0.31
0.01
0.12

0.03

0
0.05
0.03
0.05
0.02
0.07
0
0.03

3.89
3.16
5.21
2.65
3.52
4.09
4.16
4.2
3.9
3.68
2.88
5.45
3.27
3.5
2.94
3.32
3.06
3.69
3.13
2.81
2.31
3.64
2.8
5.45
2.31
3.53

0.15
0.08
0.13
0.16
0.15
0.14
0.07
0.05
0.11
0.06
0.09
0.17
0.09
0.1
0.08
0.03
0.13
0.08
0.16
0.19
0.11
0.15
0.17
0.19
0.03
0.12

0.36
0.32
0.34
0.54
0.34
0.45
0.28
0.34
0.34
0.32
0.49
0.43
0.47
0.28
0.49
0.37
0.2
0.31
0.36
0.18
0.2
0.31
0.28
0.54
0.18
0.35

0.02
0.02
0.01
0
0.02
0.03
0.03
0.11
0.03
0.04
0.05
0
0.03
0.01
0.05
0
0.02
0.01
0.03

0.11
0
0.03

0.07
0.13
0.1
0.14
0.1
0.16
0.16
0.04
0.12
0.17
0.13
0.16
0.11
0.21
0.07
0.14
0.1
0.1
0.15
0.11
0.04
0.18
0.08
0.21
0.04
0.12

TiO2

SiO2

CoO

MgO

Cr2O3

P2O5

0.04
0.03

0.44
0.79
0.22
0.12
0.55
0.6
0.64
0.57
0.79
0.12
0.49

0.04
0.07
0.05

0.06

0

0.04
0.02
0.07
0.04

0.01

0.02
0.03

NiO

Al203

MnO

K2O

FeO

CaO

Total

0.73
0.32
0.62
0.22
0.41
3.08
0.63
0.96
0.58
0.47
0.22
1.9
0.47
0.47
0.36
0.39
0.02
0.13
0.25
0.05

0.01
0
0.03
0.03

0.08
0.04
0.01
0.02
0.02
0.29
0.03
0.06
0.03
0.07
0.03
0.09
0.21
0.04
0.05
0.02

0.03
0.16
0.16
0.01
0.05

0.15
0.22
3.08
0.02
0.58

0
0.14
0.14
0
0.04

0.03
0.03
0.03
0.02
0.01
0.01
0.29
0.01
0.06

80.31
83.59
75.98
82.25
81.76
75.87
76.14
79.83
78.59
82.8
82.66
73.11
81.38
79.06
83.6
83.3
84.45
83.32
83.21
77.5
82.31
80.98
82.14
84.45
73.11
80.61

3.79
1.7
5.62
1.72
1.61
4.08
7.18
3.73
4.98
1.78
1.78
8.28
1.93
4.56
1.64
1.69
1.97
2.29
2.88
7.47
1.85
2.75
4.19
8.28
1.61
3.46

89.61
89.64
88.15
87.77
88.11
88.57
88.89
89.45
88.84
89.67
88.42
90
88.05
88.31
89.41
89.33
89.98
90.22
90.38
88.57
86.94
88.36
90.22
90.38
86.94
89

NiO

Al2O3

MnO

K2O

FeO

CaO

Total

0.05
0.02
0.02

0.04
0.01
0.06
0.08
0

0.08
0
0.04

0
0.02
0.01
0.01
0.05
0.01
0
0.05
0
0.01

1.17
0.13
0.1
0.06
1.43
0.21
1.3
2.87
2.87
0.06
0.91

57.34
58.58
58.53
59.99
54.41
58.21
58.03
55.41
59.99
54.41
57.56

60.05
59.79
59.11
60.49
57.87
59.51
60.4
59.43
60.49
57.87
59.58

0.01
0.02
0.05
0.02
0.08
0.01
0.06
0.05

0.03

0.08
0.06
0.02
0.04
0.01
0.04
0.02
0.02
0.03
0.01
0.09
0.08
0.02

Table 1.2. Calcite
Data (wt%)

Na2O

17MQ66-02-1
17MQ56-02-1
17MQ56-02-2
17MQ56-02-3
17MQ56-04-3
17MQ56-05-3
17MQ56-06-2
17MQ56-06-3
Maximum
Minimum
Average

0.02
0.06
0.02
0.03
0.03
0.07
0.02
0.02
0.07
0.02
0.03

0.11
0.01
0.05

0.85
0.11
0.03
0.03
1.2
0.12
0.22
0.42
1.2
0.03
0.37

Data (wt%)

Na2O

TiO2

SiO2

17MQ56-03-3
17MQ56-05-1
17MQ56-05-2
17MQ56-05-4
Maximum
Minimum
Average

0.04
0.04
0.05
0.05
0.05
0.04
0.05

0.06
0.03

99.78
98.6
99.61
98.65
99.78
98.6
99.16

0.04
0.04
0.11
0.01

0.01
0.02
0.05
0.05
0.01
0.03

0.06
0.09
0.05
0.02
0.03

0.06
0.01
0.01
0.07
0.01
0.04

0
0.04
0.07
0.02

0.09
0.02
0.05

0.02
0.07
0
0.03

0.01
0.07
0.1
0.06
0.1
0.01
0.05

NiO

Al2O3

MnO

K2O

FeO

CaO

Total

0.07
0.07
0.01
0.05
0.07
0.01
0.05

0.02
0.05
0.02
0.05
0.02
0.03

0.01
0.02
0.07
0.02
0.07
0.01
0.03

0.04

0.03
0.09
0.08
0.09
0.03
0.07

0.27
0.4
0.24
0.14
0.4
0.14
0.26

100.33
99.24
100.16
99.05
100.33
99.05
99.7

MnO

0.05

Table 1.3. Quartz

0.06
0.03
0.05

CoO

MgO

Cr2O3

P2O5

0.03
0.03

0.01
0

0.03
0.03
0.03
0.03

0.01
0.01
0.02
0
0.02
0
0.01

0.02
0.03
0.02
0.03

0.01
0
0.01

0.04
0.04
0.04
0.04

Table 1.4. Areas with complex elemental composition
Data (wt%)

Na2O

TiO2

SiO2

CoO

MgO

Cr2O3

P2O5

NiO

Al2O3

17MQ66-01-2
17MQ66-01-3
17MQ66-05-4
17MQ56-06-1
Maximum
Minimum
Average

0.12
0.05
0.05
0.18
0.18
0.05
0.1

0.07

5.37
3.28
2.72
3.44
5.37
2.72
3.7

0.08
0.12
0.13
0.07
0.13
0.07
0.1

0.43
0.37
0.43
0.37
0.43
0.37
0.4

0.06
0.04
0.01
0.03
0.06
0.01
0.04

0.07
0.05
0.06
0.11
0.11
0.05
0.07

0.01

1.31
0.53
0.43
0.62
1.31
0.43
0.72

0.02
0.07
0.02
0.05

difﬁcult to explain this range in δ34SCAS through temporal evolution of
seawater δ34S. Given our extensive cleaning protocol, the higher
δ34SCAS values are also unlikely to be affected by laboratory
contamination from matrix-bound sulfur (Peng et al., 2014), and

0.1
0.1
0.01
0.06

0.06
0.06
0.06
0.06
0.06

K2O

FeO

CaO

Total

0.18
0.03
0.02
0.02
0.18
0.02
0.06

59.15
44.42
26.89
33.18
59.15
26.89
40.91

16.92
25.57
39.91
33.01
39.91
16.92
28.85

83.77
74.52
70.64
71.21
83.77
70.64
75.04

instead must represent diagenetic alteration of the carbonate-bound
sulfate.
Red ooids are associated with very low δ34SNaCl, and the sample with
the highest density of ferruginous particles yields the lowest δ34SNaCl
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transformation from precursor pyrite (Lu et al., 2005; Soliman
and El Goresy, 2012). Residual sulfur is a common byproduct of
leaching and chemical weathering of pyrite (Lu et al., 2005;
Soliman and El Goresy, 2012). The low proportion of residual sulfur
in this study suggests a high conversion ratio of hematite to pyrite,
which occurs during intense leaching and/or chemical weathering.
Sulfur is transferred to sulfuric acid and/or sulfate during oxidation
and released into pore water, whereas iron is less mobile during
weathering and remains behind, forming hematite minerals
(Weber et al., 2004; Lu et al., 2005).
Previous studies have documented pyrite completely converting to
hematite pseudomorphs (Mader, 1985) or other iron mineral pseudomorphs (Soliman and El Goresy, 2012). Ferruginous minerals at or
near particle-to-particle contacts could be the result of leaching of interstitial hematite that exhumes the primary fabric (Mader, 1985). Amorphous spheroidal aggregates with meniscus coatings of hematite in
Nieniexiongla red oolites could be the residual structure of precursor
pyrite (Fig. 11f, g, h). During transformation of pyrite to hematite, the
structure of pyrite was partially destroyed.

5.4. The formation of pyrite
Pyrite minerals are usually formed by sulfate reducing bacteria
(SRB) under strictly anoxic conditions, in environments with sufﬁcient
sulfate and organic carbon to drive sulfate reduction (Berner, 1984;
Wilkin and Barnes, 1997; Suits and Wilkin, 1998; Kobluk and Risk,
2007; Kraal et al., 2013). Likewise, methanogenic archaebacteria can
mediate the conversion of FeS and H2S to pyrite (Thiel et al., 2019).
Pacton et al. (2012) showed that sulfate reducing bacteria play no role
in the formation of lacustrine ooids, and there is only limited evidence
for the presence of methane producing archaebacteria and sulfate
reducing bacteria in marine ooids (Summons et al., 2013; Diaz et al.,
2015). Our mineralogical and isotope data suggest a role for sulfate
reducing bacteria in generating pyrite minerals within ooids.
The oolitic grainstones in the Nieniexiongla Formation were deposited in a mid-ramp environment with periodic storm activity (Han et
al., 2018). Additionally, a large proportion of broken ooids and the
sparry calcite cement indicate deposition from high energy environment. Co-occurrence of micritic and radial-ﬁbrous textures in the cortex
suggests deposition under shallow marine conditions with relatively
low levels of agitation (Mei et al., 2020). Therefore, if pyrite was an authigenic water column precipitate, this implies extreme anoxic conditions within well-ventilated shelf environments. Pyrites are not
concentrated on the surface of the ooids, but distributed across the cortices and nuclei, which indicates that material remobilized from within
the ooids played a more important role.
If microbes are closely involved in the formation of ooids, we may
expect them to contain a higher organic matter fraction than other
grains and early cements (Diaz and Eberli, 2019). In general, ooids are
associated with a signiﬁcant amount of organic material (1.9–3.1% loss

Fig. 8. Linear scan of sulfur and iron distribution of a hematite particle by SEM-EDS.
Polished thin section, SEM backscattered electron image.

(+0.3‰, Figs. A.4, A.5 in Appendix). The δ34S of the leachate represents
contaminant S sources that are not bound within the carbonate lattice.
This could include the oxidation products of weathered pyrite
(Marenco et al., 2008). Therefore, the low δ34S associated with red
ooids could be consistent with a primary or early diagenetic pyrite
phase within the ooids, which was later oxidized to hematite. The CAS
fraction for the red ooids could also contain contributions from
weathered pyrite, if neomorphism or recrystallization of the carbonate
minerals occurred during or after pyrite oxidation. Therefore, low
δ34SNaCl and δ34SCAS values, combined with the preservation of
euhedral grains, as well as meniscus coatings that aggregate iron
oxide grains indicate that the precursor mineral was pyrite (Lougheed
and Mancuso, 1973; Mader, 1985; Marenco et al., 2008; Huang et al.,
2019).
5.3. Transformation from pyrite to hematite
Elevated sulfur element concentrations within hematite grains
compared with the surrounding CaCO3 (Figs. 8, 9) further support

Fig. 9. EDS spectra with ﬁtting spectra for hematite particles (yellow arrow on inset) by SEM-EDS. Note sulfur peaks. Inset shows polished thin section. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 10. SEM backscattered electron images of polished thin sections. (a) Ooids containing hematite particles with different nuclei (polished thin section). (b) Hematite particles which do
not concentrate along particular cortices. (c) Ooid with quartz nucleus. (d) Ooid with carbonate nucleus.

restricted to nuclei composed of carbonate fragments. The concentric fabrics observed in euhedral pyrite indicate multi-stage
growth, which could also explain their larger average size of
euhedral particles than spheroid aggregates. Thomas et al.
(2011) documented late-stage pyrite overgrowing earlier generations of pyrite, resulting in chemically zoned pyrite during hydrothermal ﬂuid-ﬂow. However, no Jurassic volcanic rocks or other
indicators of hydrothermal activity are recorded in the southern
zone of Tethyan Himalayas. Instead, spheroid aggregates may
form euhedral crystals through continuous growth of the constituent microcrystals (Ostwald and England, 1979; Ohfuji and Rickard,
2005; Bailey et al., 2010; Soliman and El Goresy, 2012; Wacey et
al., 2015; Wei et al., 2015). Nuclei and inner cortices are more
likely to generate anoxic microenvironments relative to outer cortices (Diaz et al., 2015), which may explain their preferential distribution in the nuclei. We suggest that euhedral pyrites in the
ooid nuclei were developed from the original amorphous spheroidal aggregates.

on ignition; Summons et al., 2013; O'Reilly et al., 2017). Organic matter
degradation within ooids can occur during deposition or during early
burial. In the presence of dissolved sulfate and anoxic conditions, respiration by SRB can drive sulfate reduction, generating HS−. Previous
studies indicate that calcareous ooids may be transformed to iron-rich
ooids when the Fe concentration in ambient water is signiﬁcantly elevated (Einsele, 2000) with possible Fe sources including volcanic ash
(Dreesen, 1989), iron-rich pore water (Kimberley, 1994), or iron-oxidizing bacteria (Préat et al., 2000). However, in our studied case, these
ooids are not completely composed of iron minerals, but remain carbonate ooids with several ferruginous particles. In the presence of reactive
iron, without additional input of Fe, SRB metabolism could facilitate
the nucleation of pyrite (Berner, 1985; Raiswell and Berner, 1986;
Rickard, 2012; Wei et al., 2012). The oxygenation of organic matter
may itself have produced more space within the ooids to allow the incursion of Fe2+-bearing seawater or pore waters. Therefore, anaerobic
heterotrophs present within ooids during their formation may drive anoxic microenvironments that produce local pyrite, despite primary deposition under an oxic water column. This is also supported by Diaz et
al. (2015, 2017) who proposed that sharp redox gradients develop
around spatially structured micro-environments within ooids (bioﬁlms
and pits), as oxygen is consumed by a myriad of aerobic heterotrophs,
allowing sulfate reducers to take over the degradation of organic carbon.
This process may occur during early diagenesis or may even occur coincident with deposition. This has important implications for the use of
ooids as proxy archives for paleo-seawater chemistry.

5.6. Model for the formation of red oolites
We here put forward a two-stage model for the formation of red oolitic limestone (Fig. 14):
Stage 1: Pyrite formation. This stage occurred during ooid formation
and/or early burial. Owing to the microaerophilic or anaerobic microenvironments (spatially structured microenvironments, like
bioﬁlms and pits) present within the ooids (Diaz et al., 2015)
(Fig. 14a, b), SO2−
from ambient ﬂuids, i.e., seawater or pore
4
water, was reduced to HS− with isotopically lighter S by SRB
(Fig. 14c). Fe2+ combined with the HS−, leading to the formation
of pyrites within ooids (Fig. 14d). Spheroidal pyrites in nuclei

5.5. Origin of euhedral pyrite
Amorphous spheroidal pyrites were distributed across both the
cortices and nuclei of ooids. In contrast, euhedral pyrites are
10
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Fig. 11. SEM backscattered electron images of polished thin sections (a, c, d, e) and fresh fragments (b, f, g, h). (a) Two individual ooids with euhedral hematites in the nuclei and
hematite spheroids in the cortex. (b) Euhedral hematite particles. (c) Regular six-sided euhedral hematite particles within an ooid. (d, e) Concentric structures within euhedral
hematite minerals. (f) Hematite spheroidal structure (which consists of multiple spheroids). (g) Meniscus coating (yellow arrow) that aggregates on spheroids. (h) Hematite
spheroidal structure (which consists of multiple spheroids). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

in the red coloration of the ooids. One byproduct of pyrite
weathering is dissolved sulfate with a low δ34S value (Fig. 14f).
Some of this dissolved sulfate remained in the matrix as leachable
sulfur, and some was incorporated into diagenetic carbonate minerals, leading to lower δ34SNaCl and δ34SCAS in the red oolites.

could form euhedral crystals through continuous growth of the
constituent microcrystals (Fig. 14e).
Stage 2: Pyrite weathering. This happened during a later stage, after
lithiﬁcation of the oolites, when oxidizing ﬂuids entered the pore
spaces. The pyrites were transformed into hematite, which resulted
11

X. Liu, X. Chen, R. Tostevin et al.

Sedimentary Geology 426 (2021) 106027
Table 2
Results of S isotope analysis and CAS concentration.
Sample
number

δ34S (‰ VCDT)
Leachate sulfate
(δ34SNaCl)

CAS
(δ34SCAS)

17MQ52

14

34.9

17MQ53

18.6

33.7

17MQ56
17MQ58
17MQ61
17MQ63
17MQ64
17MQ65
17MQ66
17MQ67

14.2
10.9
7.2
7.5
10.3
15.3
7.2
0.3

29.3
24.3
24.5
27.2
24.5
25.9
22.1
17.1

Lithology

Depth
(m)

Micritic
limestone
Micritic
limestone
Gray oolite
Gray oolite
Gray oolite
Red oolite
Red oolite
Red oolite
Red oolite
Red oolite

147.74
149.74
156.74
158.74
161.74
163.04
163.34
163.64
163.94
164.14

This study demonstrates that sulfate-reducing bacteria could live in
anoxic microenvironments within ooids, leading to mineralogical
changes in the carbonate ooids.
While red ooids can be formed from primary iron oxide minerals,
formed in ferruginous waters and agitated hydrodynamic conditions
(Di Bella et al., 2019), or associated with volcanic activity (basalt extrusions, hydrothermal ﬂuids, volcanic ash etc.) (Sturesson et al., 1999), in
other cases, such as this one, hematite is a secondary alteration product
that does not reﬂect the primary depositional conditions. Careful petrographic observations of the distribution and morphology of ferruginous
minerals are needed to determine the authigenic vs. diagenetic vs. secondary minerals.
Sulfate reducing bacteria (SRB) can play a formative role in marine
ooid formation. Although the contribution of sulfate reducing bacteria
in ooid formation is controversial, the microbial communities involved
in ooid deposition leave them enriched in organic carbon. This in turn
supports communities of SRB, which produce sulﬁde, given a sufﬁcient
supply of sulfate. This results in micro-environments within the ooids
that support the growth of pyrite across nuclei and cortices. Ooids are
inﬂuenced by microbial communities at several stages of their formation and represent microcosms that may not reﬂect the ambient depositional conditions.
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6. Conclusions
Ooids in the Nieniexiongla Formation contain a signiﬁcant proportion of hematite, giving the ooids red color. Hematite exhibits
two main morphologies: euhedral crystals and amorphous spheroid
aggregates. Residual elemental sulfur detected in the hematites by
EDS examination indicates that the hematites were most likely
transformed from pyrites. In addition, lower δ34S values in red oolites compared to adjacent gray oolites and micritic limestones further indicate the presence of primary pyrite. The pyrites were
generated by SRB in anoxic microenvironments within the ooids.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2021.106027.
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Fig. 13. Box plots of (a) δ34SCAS and (b) δ34SNaCl for red oolites, gray oolites and micritic limestones. (c) A cross plot of δ34SCAS vs. δ34SNaCl.

Fig. 14. A model showing the formation and alteration of pyrites in red oolites of Lower–Middle Jurassic Nieniexiongla Formation. (a) Step 1. An ooid with organic matter associated with it
in seawater. (b) Step 2. Organic matter being trapped within the ooid by a new layer of carbonate precipitation during accretion phase. (c) Step 3. SRB lived in anoxic microenvironments
generated within ooids. (d) Step 4. HS− generated by SRB metabolism combines with Fe2+ and pyrite spheroids precipitate. (e) Step 5. Spheroidal pyrites evolve into euhedral crystals in
the nuclei of some ooids. (f) Step 6. Later weathering (oxidizing conditions). Pyrite transforms to hematite with residual sulfur of a low δ34S.
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