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Fossil records of calcified cyanobacteria from the Neoproterozoic are rare

despite the high carbonate saturation of contemporaneous seawater. In this

study, we report the discovery of calcified cyanobacteria in microbialites from

the Upper Ediacaran Dengying Formation in South China, based on integrated

field investigations and petrographic analyses of polished surfaces and thin-

sections. Scanning electron microscopy (SEM), energy-dispersive X-ray

spectroscopy (EDS), and X-ray diffraction (XRD) reveal that filamentous sheath

structures are preserved as dense, fine-crystalline dolomite. The tube-like

microfossils are identified as the calcified cyanobacteria Girvanella. This

discovery fills a gap in the fossil record of microbialite-hosted calcified

cyanobacteria spanning the interval from the Cryogenian glaciations to the

onset of the Cambrian Period. Petrographic and mineralogical analyses

indicate that primary high-Mg calcite, precipitated in vivo within Girvanella

sheaths as a likely precursor to microcrystalline dolomite, contributed to the

exceptional preservation of these fossils. The sporadic occurrence of calcified

cyanobacteria may reflect transient episodes of elevated carbonate saturation

driven by fluctuations in seawater chemistry. Concurrently, the possible rapid

evolution of CO2-concentration mechanisms (CCMs) may have enhanced the

calcification capability of cyanobacteria. Thus, these features foreshadowed the

widespread microbial calcification that emerged in the Cambrian.
KEYWORDS

Denying Formation, Girvanella, extracellular polymeric substances, dolomite,
Neoproterozoic, calcification, CO2-concentration mechanism
1 Introduction

Cyanobacteria are prokaryotic organisms that appeared by ~3.5 Ga (Merz-Preib, 2000;
Altermann et al., 2006). They drive much of the Earth’s biological productivity (Lochte and

Turley, 1988), and, as the most abundant photoautotrophs of the Proterozoic

(Schirrmeister et al., 2015), they generated most of the planet’s early oxygen reservoir

(Brocks et al., 2003a, b; Jansson and Northen, 2010). Cyanobacterial biomineralization is a
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major process in the global carbon cycle (Ridgwell and Zeebe,

2005), in which CO2 is fixed through in vivo sheath calcification

(Riding, 2006; Altermann et al., 2006; Kah and Riding, 2007;

Jansson and Northen, 2010; Kamennaya et al., 2012). These

processes played a fundamental role in shaping the long-term

evolution of the Earth’s atmosphere and hydrosphere (Riding,

2011; Demoulin et al., 2019).

Cyanobacterial biomineralization forms a range of carbonate

fabrics, including most Precambrian microbialites (Riding, 2006;

Altermann et al., 2006; Kah and Riding, 2007; Jansson and Northen,

2010; Kamennaya et al., 2012). Almost all cyanobacterial fossils of

that age are preserved in chert (Schirrmeister et al., 2016; Demoulin

et al., 2019; Manning-Berg et al., 2019), shale (Woltz et al., 2021), or

phosphate (Sisodia, 2009). Although microbialites are highly

abundant in Precambrian rocks, fossil records of calcified

cyanobacteria are rare. The paucity of calcified cyanobacteria

prior to the Neoproterozoic (Swett and Knoll, 1985; Knoll et al.,

1993; Turner et al., 1993, 2000), despite the high CaCO3 saturation

state of contemporaneous seawater (Knoll et al., 1993), is known as

the ‘Precambrian Enigma’ (Riding, 1994).

The earliest definitively identified calcified sheaths of the

cyanobacterium Girvanella date to ~750-700 Ma (Swett and

Knoll, 1985), although rare calcified fossils tentatively assigned to

this genus have been reported from pre-Cryogenian strata (i.e.,

~1200 Ma, Kah and Riding, 2007; ~1083-799 Ma, Turner et al.,

1993). Global cooling during the Cryogenian ‘Snowball Earth’

events, i.e., the Sturtian (~717-659 Ma) and Marinoan (~649/639-

635 Ma) ice ages (Hoffman et al., 2017; see Yu et al., 2020 re

Cryogenian glacial terminology), may have hindered cyanobacterial

calcification (Riding, 2006). However, it is not clear why fossils of
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calcified cyanobacteria are rare in the Ediacaran as increasing

temperature and decreasing atmospheric CO2 in the aftermath of

the Snowball Earth glaciations would have generated conditions

suitable for cyanobacterial calcification (Riding, 2006; Min et al.,

2020). Recently, phosphatized calcified cyanobacteria were

identified in the Gaojiashan Member of the Dengying Formation

in southern Shanxi Province, South China (Min et al., 2019, 2020).

Although this discovery serves as indirect proof of cyanobacterial

calcification during the late Ediacaran, direct proof in the form of

calcified fossils of sheath cyanobacteria is still lacking.

The main goal of this study was to search for evidence of

calcified cyanobacteria in microbialites of the Upper Ediacaran

Dengying Formation. For this purpose, we conducted

sedimentological investigations of two field sections (Xianfeng

and Shizhu) featuring microbialites in the Dengying Formation of

the southwestern Sichuan Basin of South China (Figure 1). Through

detailed field studies and petrographic analyses of polished surfaces

and thin-sections (n = 43), fossils of calcified cyanobacteria were

found in four samples (Samples I to IV). Furthermore, we carried

out scanning electron microscopic (SEM) imaging, energy-

dispersive X-ray spectroscopy (EDS) measurements, and X-ray

diffraction (XRD) analysis to show that the filament sheaths of

the calcified cyanobacteria are preserved in the form of dense, fine

dolomite. The results of the present study fill a gap in the fossil

record of calcified cyanobacteria during the late Neoproterozoic,

potentially shedding new light on the ‘Precambrian Enigma’. The

findings also contribute important biological evidence regarding

microbial mat ecosystems, cyanobacterial calcification mechanisms,

and shifts in marine chemical conditions during the Ediacaran-

Cambrian (E-C) transition.
FIGURE 1

(A) Location of study sections (1 = Xianfeng, 2 = Shizhu) containing calcified cyanobacterial fossils. (B) Measured sections of Dengying Formation in
the Xianfeng section. LBG, Labagang Formation; MDP, Maidiping Formation.
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2 Geological setting

The Upper Ediacaran Dengying Formation of the Sichuan

Basin, South China is dominated by dolostone that ranges from

non-fossiliferous to microbial (the latter formerly termed “algal

dolostone”), has been dated to 551 ± 0.7 Ma to 538.8 ± 0.2 Ma

(Condon et al., 2005; Cohen et al., 2023). It conformably overlies the

Labagang Formation, the top of which is marked by black shale, and

is separated from the overlying Maidiping Formation by a parallel

unconformity (Deng et al., 2015). The E-C boundary is readily

recognized on the Yangtze Platform by a lithological change from

dolostone-dominated Upper Ediacaran strata to the phosphorite-

chert succession of the basal Cambrian (Cai et al., 2011). The

sedimentary environment of the Dengying Formation was a

restricted shallow-marine carbonate platform (Shi et al., 2013)

that developed over a Neoproterozoic rifted continental margin

(Jiang et al., 2008). Microbialite, i.e., an in situ laminated organo-

sedimentary structure formed in part by the metabolic activities of

microorganisms such as cyanobacteria (Fang et al., 2003; Lin et al.,

2017; Dupraz et al., 2009), is abundant in intra-platform bioherms

(Zhou et al., 2017) and tidal mats (Song et al., 2017) of the Dengying

Formation. This formation can be divided into four members based

on microbialite abundance. Microbialites are rare in the lowermost

Deng-1 Member, which mainly comprises unfossiliferous

dolostone, and in the thin (3 m) Deng-3 Member, composed of

blue-gray to dark gray siliciclastic rocks. In contrast, they are

abundant in the Deng-2 and Deng-4 members, both dominated

by algal dolostone (Figure 1). Calcified cyanobacteria were

discovered in the upper part of the Deng-2 Member of the

Dengying Formation, which represents deposits on a shallow-

marine carbonate platform.
3 Methods and samples

Forty-three fresh samples were collected from the Deng-2

Member of the Dengying Formation of the Xianfeng and Shizhu

sections and sawn open perpendicular to the bedding direction.

One half was polished using a polishing machine, and the other half

was used in thin-section preparation. The uncovered thin-sections

were examined using a Nikon Optiphot 2-POL optical microscope

equipped with a CM2000 digital camera and Imageview imaging

software, to examine petrographic features. Samples I to IV yielded

evidence of calcified cyanobacteria, and these thin-sections were

then prepared for SEM analysis. Both the thin-section and SEM

analysis were conducted at the State Key Laboratory of Oil and Gas

Reservoir Geology and Exploitation in the Chengdu University of

Technology. The locations of fossils in the thin-sections were

marked with a black permanent marker under the optical

microscope for easy location during SEM analysis. An ultra-thin

coating (ca. 10 nm) of gold was then deposited on the marked thin-

sections by low vacuum sputter coating. SEM imaging and energy-

dispersive X-ray spectroscopy (EDS) measurements were

performed using a ZEISS Sigma 300 SEM with an integrated EDS

detector (Bruker Quantax 200 with X Flash 630 Detector).
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Samples were imaged using secondary electrons, and the Atomic

Number, Absorption and Fluorescence effect (ZAF) correction

method was used for semiquantitative results. Forty-two SEM

images were obtained to check the microstructures of the fossils.

EDS measurements were performed at 10 kV accelerating voltage

with a working distance of 7.1 mm, with results calculated as both

quantity % and atomic %. Bulk samples of ~10 g weight were split

from the unpolished half of each sample, gently crushed, and

ground to a ~200-mesh powder using an agate pestle and mortar.

XRD analyses were carried out at Sichuan Keyuan Testing Center of

Engineering Technology Limited Liability Company with a

PANalytical Empyrean powder-ray diffractometer using the

quantitative analysis method of diffraction peak integration

intensity to generate X-ray diffraction spectra.
4 Results

4.1 Meso-structures

Samples I and II exhibit parallel mm-scale laminae that are

generally laterally continuous and densely spaced in the vertical

direction (Figures 2A, C). The laminae are straight or slightly wavy,

with the individual undulations of the latter being 1-2 mm in length

and 0.5-1.5 cm in height. In each sample, dark microcrystalline

layers alternate with light layers composed of more coarsely

crystalline material, both layer types showing uneven thicknesses

ranging from 0.5 to 1 cm (Figures 2A, C). Tube-like microfossils

were observed in the upper laminae of Sample I and between the

laminae of Sample II. At higher magnification, it was observed that

the dark layers are thicker than the light layers (Figures 2B, D). The

samples also exhibit abundant vugs filled with drusy dolomite in

irregular shapes (Figures 2B, D).

Sample III consists of two sediment layers that are separated by a

scoured surface (Figure 3A). The lower unit consists of dark-colored

peloidal dolomite, whereas the upper unit consists of crystalline

dolomite and sparry cement showing a reduced abundance of

dark-colored clasts up section. The dark-colored clasts are

fragments of the lower peloidal dolomite, broken up by high-

energy processes. The cyanobacterial fossils examined in this study

are present above the irregular surface (Figure 3A). This clastic layer

is approximately 1 cm thick and is characterized by a layer filled with

light-colored cement clasts and dark-colored microbial clasts

(Figure 3B). The clasts are irregular in shape and exhibit various

sizes and shapes, with the dark-colored clasts generally being ovate

and the light-colored clasts rodlike to ovate. All of the clasts probably

represent rip-up clasts from the underlying sediment layer.

Sample IV is a typical stromatolite, composed of overlapping

and undulating layers of light and dark layers that exhibit convex

upward curvature. Compared to Samples I and II, Sample IV has a

more regularly layered structure. Voids filled with white coarse

crystalline cement are common, especially in areas of upward-

arching microbial laminae (Figures 4A, B). The dark layers exhibit

horizontal continuity with few interruptions. At higher

magnification, it can be observed that the dark layers, which have
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thicknesses >2 mm, exhibit a uniformly dense structure without

visible finer laminae (Figure 4B). The tube-like microfossils are

present in the dark layers.
4.2 Microstructures

4.2.1 Microstructures of Samples I and II
The main petrographic feature of Samples I and II is a

lamelliform fabric consisting of alternating dark-colored

microcrystalline and light-colored more coarsely crystalline laminae

(Figures 5, 6). The white laminae are 50-200 μm in thickness and

laterally continuous. The dark laminae have thicknesses exceeding

100 μm and contain abundant thin-walled tube-like microfossils. The

tube-like microfossils, which are restricted to the thinner laminae that

consist of a denser microcrystalline material, are unevenly distributed

within each lamina (Figures 5B, E, 6B, D). Laterally within an

individual dark lamina, fossil outlines become vaguer as the lamina

becomes interrupted by irregular light plaques (white arrows in

Figures 5A, D). Alternating with the dark laminae, the light

laminae are characterized by less continuous lateral extents and

frequent interruptions by patches of dark microcrystalline material.
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The tube-like microfossils consist of an outer filament

sheath of darker material around a clear (microcement-filled)

interior. Individual sheaths have uniform external diameters of

approximately 30 μm and smooth surfaces, with uniformly thin

walls and open ending. The walls consist of dark gray microcrystals,

whereas the interior of the tube consists of a more coarsely

crystalline dolomite cement (Figures 5C, F, 6B, D). The tube-like

fossils typically occur as dense clusters, tangled together irregularly

(Liu et al., 2016; Riding, 2011; Mei et al., 2021), yet they are never

twisted together into nodules. The intersection of the thin-section

plane with the tubular fossils yields cross-sections ranging from

round to elliptical, reflecting the tubular structure of these

organisms. Most tubes have an axial length of less than 100 μm,

with the longest being ~200 μm (Figure 5B). The interiors of the

tubes are devoid of any visible organs, axial walls, or other features.

Individual tubes are interwoven horizontally and obliquely,

reflecting prostrate growth in the form of a filament sheet. Erect

filaments (i.e., with growth perpendicular to bedding) are rare.

These microfossils consist of non-tapering, unbranched or presence

of false branched (white arrows in Figure 5F), relatively straight or

slightly sinuous microcrystalline tubules and are generally

surrounded by microcrystalline cement.
FIGURE 2

Reflected light photographs of polished slabs showing meso-structure of microbial laminae containing calcified cyanobacterial fossils (toward the
upper layer of the rock). (A) Sample I, two layers of dense parallel superposed laminae (between the yellow solid lines as indicated by the yellow
double-sided arrows on the right) alternate with a layer rich in cement-filled primary vugs. (B) Close-up of area of dotted rectangle in A. (C) Sample
II, which has similar character to Sample I. (D) Close-up of area of dotted rectangle in (C) Scale bars: A = 1 cm; B, C = 0.5 cm; D = 2 cm.
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4.2.2 Microstructures of Sample III
Microstructures of Sample III, under the optical microscope, are

characterized by rip-up intraclasts surrounded by a thin fringe of

isopachous fibrous dolomite cement, embedded in bright crystalline

coarse-grained dolomite (Figure 7A). The clasts mainly consist of

masses of tube-like microfossils and dark dense microcrystalline
Frontiers in Marine Science 05
cement. They have distinctive and regular margins and vary in

diameter from < 100 μm to 1 mm. The clasts exhibit a variety of

shapes, including roughly circular, or elongate, oval, and irregular.

Generally, the smaller clasts are more circular, while larger clasts

have more irregular or elongate shapes. Meanwhile, the bar- and

oval-shaped clasts do not exhibit any directional arrangement.
FIGURE 3

Reflected light photographs of polished slabs showing meso-structure of microbial clasts containing calcified cyanobacterial fossils (toward the
upper layer of the rock). (A) Sample III, two sedimentary microfacies, divided by a scoured surface (yellow dotted line). Solid line illustrates the
boundaries of the microfacies. (B) Close-up of area of dotted rectangle in (A) Scale bars: A = 1 cm; B = 0.5 cm.
FIGURE 4

Reflected light photographs of polished slabs showing meso-structure of microbial laminae containing calcified cyanobacterial fossils (toward the
upper layer of the rock). (A) Sample IV, stromatolite with undulating layers, wide crests and sharp troughs. (B) Close-up of area of solid rectangle in
(A) Scale bars: A = 5 cm; B = 0.5 cm.
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The clasts have been partly or wholly recrystallized to a bright

crystalline material with planar to subangular shapes (Figure 7A).

The wholly recrystallized clasts exhibit thin microcrystalline rims.

The external diameters of the filaments in Sample III are nearly

the same as those of the fossils in Sample I. The fossils with round or

oval shapes in cross-section, which might be coccoid cyanobacteria,

are densely distributed in the central area (Figure 7B) and randomly

scattered throughout the matrix. In the outer part of the clasts,

curved tubules more than 1 mm in length lie parallel to the outer

margin of the clasts, forming an outer multilayer envelope

(Figure 7B). The tails of the elongate clasts are mostly lacking

round or oval tubules, although they contain curved tubules parallel

to the margins or the axial direction (Figure 7A). The presence of

the curved tubules, forming an envelope around the clasts, controls

whether the margins are regular or irregular. Moreover, the internal
Frontiers in Marine Science 06
diameters of the curved tubules, which are filled with bright

microcrystalline carbonate, are greater than those of the round or

oval tubules.

4.2.3 Microstructures of Sample IV
The laminae (lamelliform fabric) texture of Sample IV consists

of alternating dark dense microcrystalline material and more

coarsely crystalline white material (Figure 8). The width of the

white laminae varies inconsistently, often interrupted by

microcrystalline structures, leading to discontinuities within

individual laminae. Some of the boundaries between the dark and

white layers are also blurred. The tube-like microfossils are

randomly located within the densest part of the laminae, which is

composed mainly of microcrystalline material. The individual

attributes, encompassing size and morphology, as well as the
FIGURE 5

Thin-section microphotographs of laminated microstructures in Sample I. (A, D) Dense dark microcrystalline laminae alternating with light-colored
more coarsely crystalline material. The tube-like microfossils are distributed unevenly within the dark laminae. (B, C, E, F) Magnified views of the
laminae, highlighting details of the tube-like microfossils. Dotted rectangles in (A, B) show the areas of (B, C), respectively; likewise for (D–F).
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collective structural arrangement of these fossils, closely resemble

those exhibited by Samples I and II (Figure 8).

4.2.4 Microstructures under SEM
Filament sheaths, which appear as dark gray microcrystalline

material (Figures 9A, B, G, H) under the optical microscope, are

defined by dense and fine dolomite crystals under the SEM
Frontiers in Marine Science 07
(Figures 9C–E, I–K). The microcrystalline dolomite is made up of

euhedral rhombs with planar surfaces, which vary in size from < 2 μm

to nearly 5 μm across (Figures 9E, K). The irregular microcrystalline

filling between or inside the cylinders has variable crystal sizes of up

to 10 μm. EDS analyses of fine crystals in the sheaths (Figures 9F, L)

revealed a chemical composition of nearly 50 mol% MgCO3 and 50

mol% CaCO3, which verifies their dolomitic mineralogy. The high
FIGURE 6

Thin-section microphotographs of laminated microstructures in Sample II. (A) Dense dark microcrystalline laminae alternating with light-colored
more coarsely crystalline material. The tube-like microfossils are distributed unevenly within the dark laminae. White arrows in (A, C) show clasts
without any tube-like microfossils. (B, D) Magnified views of the laminae, highlighting details of the tube-like microfossils. Dotted rectangles in (A, C)
represent the areas of (B, D), respectively.
FIGURE 7

Thin-section microphotographs of clasts and microstructures in Sample III. (A) The clasts are mainly composed of dense dark microcrystalline
material alternating with light-colored more coarsely crystalline material between the clasts. The tube-like microfossils are distributed unevenly
within the clasts. (B) Magnified view of a clast, highlighting details of the tube-like microfossils.
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carbon content (59.2% and 54.3%) indicates abundant organic matter

within the calcified filament sheaths. Furthermore, the Ca-Mg

carbonate material was classified as having an almost dolomitic

composition through XRD analyses, which show a superstructure

with crystal planes at 101, 015, and 021 (Figure 10).
5 Discussion

5.1 Calcified cyanobacteria in the
Precambrian

According to empirical and modelled paleo-atmospheric

estimates, atmospheric partial pressures of CO2 (pCO2) were

below ~0.4% (= 4000 ppm) at 1200-700 Ma, equivalent to no

more than 10 times present atmospheric level (10 PAL) (Riding,

2006). Global cooling during the Cryogenian ‘Snowball Earth’

period, which comprised the Sturtian and Marinoan ice ages

(Hoffman et al., 2017; Yu et al., 2020), may have temporarily

halted the development of CCMs and hindered cyanobacterial

calcification (Riding, 2006). However, it is not clear why Calcified

cyanobacterial fossils are rare in the interval between the

termination of Cryogenian ice ages and the Precambrian-

Cambrian transition (i.e., the Ediacaran Period) as increases in

temperature and decreases in pCO2 would have generated

conditions suitable for CCMs development (Riding, 2006;

Cui et al., 2016; Min et al., 2020).
Frontiers in Marine Science 08
Silicified cyanobacteria are locally abundant in Proterozoic rocks

(Schopf and Klein, 1992), while calcified cyanobacteria are common

in units of Cambrian and younger age (Riding, 2006); however,

calcified cyanobacteria of Proterozoic age are rare. Our discovery of

calcified cyanobacterium Girvanella microfossils in the Upper

Ediacaran Dengying Formation—the only calcified cyanobacterial

taxon identified in the sections we examined—represents a rare

occurrence; only a few examples have been previously reported.

The earliest confirmed occurrence of calcified cyanobacteria, dated

to 750-700 Ma (Knoll et al., 1993), is in columnar stromatolites of the

Draken Formation in northwestern Spitsbergen (Swett and Knoll,

1985; Fairchild et al., 1991; Knoll et al., 1993). Two examples of older

calcified cyanobacteria (Girvanella) have been reported: one from the

Little Dal Group in northwestern Canada, with an age of 990-775 Ma

(Rainbird et al., 2017; Milton et al., 2017), and the other from the

Society Cliffs Formation (Kah and Riding, 2007), dated to 1105 ± 12

Ma to 1109 ± 37 Ma (Turner and Kamber, 2012).

If during much of the Proterozoic seawater carbonate saturation

levels were high, as seems likely (Knoll et al., 1993), then why was

cyanobacterial calcification so poorly developed in comparison to the

Paleozoic? Riding (1994) dubbed this paradox the ‘Precambrian

Enigma’. The near-absence of calcified cyanobacterial fossils from

the interval of Neoproterozoic ‘Snowball Earth’ glaciation at ~700-

570Ma (Walter et al., 2000) has been attributed to the effects of global

cooling (Riding, 2006). Although Mankiewicz (1992) reported that

cyanobacteria (including Girvanella) are present in Ediacaran-age

formations, they claimed that most Ediacaran or older occurrences
FIGURE 8

Thin-section microphotographs of laminated microstructures in Sample IV. (A, C) Alternating light and dark layers, with tube-like microfossils best
preserved in the densest (darkest) part of dark layers. (B, D) Magnified views of laminae, highlighting details of the tube-like microfossils.
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are questionable, representing poorly illustrated and/or described

taxa, or taxa from poorly dated strata. Consequently, only a

phosphatized fossil assemblage of putatively calcified cyanobacteria

from the Gaojiashan Member of the Dengying Formation in the

Lijiagou section has been offered as indirect evidence of their

existence in the Late Ediacaran (Min et al., 2019, 2020, 2024). As

calcified cyanobacteria are typically identified in thin-section (Riding,

1991), our discovery of calcified cyanobacterium Girvanella provides

direct evidence of such calcified cyanobacteria in the Upper

Ediacaran Dengying Formation.
Frontiers in Marine Science 09
5.2 Cyanobacteria in stromatolites of the
Ediacaran Period

Precambrian shelf-wide basins commonly feature widespread

benthic microbial mats that are almost certainly cyanobacterial in

origin (Seilacher and Pflüger, 1994; Schieber, 1999). Some of these

mats were preserved in the form of laterally linked carbonate

stromatolites (Altermann et al., 2006). Given the ubiquity of

cyanobacteria in the terminal Proterozoic (She et al., 2014) and the

diverse phosphatized cyanobacterial fossil assemblages discovered in
FIGURE 9

Comparison of SEM images, petrographic photos, and EDS chemical spectra of tube-like microfossils in two samples: (A–F) Sample I, and (G–L) Sample II.
(A, G) are petrographic microphotographs of thin-sections, with yellow dotted rectangles indicating the positions of SEM images in (B, H). (C, D) and (I, J) are
SEM views of the tube-like microfossils; the white dotted rectangles in (B, H) show the positions of images (C, I), respectively. (E, K) show the sheaths of the
cyanobacteria are composed of euhedral microcrystalline dolomite rhombs with planar crystal faces. Red dotted lines illustrate the outlines of tube-like
microfossils, and yellow dots in images (E, K) indicate the points analyzed by EDS, with the corresponding chemical spectra shown in (F, L), respectively.
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the upper Gaojiashan Member of the Dengying Formation (Min

et al., 2019, 2020, 2024), it is plausible that cyanobacteria played an

important role in the formation of microbial mats in the Dengying

Formation. Analysis of the microstructures of our samples reveals

that Girvanella, via its photosynthetic activity, played a key role in the

lithification of laminated stromatolites in this stratigraphic unit.

The genus Girvanella, a member of the Oscillatoriales family,

was initially described by Nicholson and Etheridge (1878). It is

characterized by calcareous, thin-walled, variably packed, and

unbranched tubular filaments. The tubes, which have a uniform

external diameter typically ranging from 7 to 40 mm, are slightly

sinuous or irregularly tangled (Riding, 1991; Liu et al., 2016; Min

et al., 2020). Girvanella occurs nearly continuously from the

Cambrian to the Cretaceous and is also present in some recent

freshwater environments (Riding, 1991; Arp and Reitner, 2001). It

is commonly found in modern tropical to subtropical shallow-

marine environments, where it forms skeletal stromatolites,

oncolites, crusts on reef surfaces, or distinct microfossils (Riding,

1991; 2000, 2002; Arp and Reitner, 2001; Vennin et al., 2015).
5.3 Episodic calcification of Girvanella in
the Ediacaran and its significance for
paleoceanographic environments

The brownish finely crystalline material that constitutes the thin

margins of the tube-like cyanobacterium Girvanella was identified via

SEM and XRD as dolomite. The microcrystalline dolomite is

characterized by euhedral crystal rhombs with flat crystal planes and

varying sizes, from less than 2 μm to about 5 μm. Girvanella filaments

with a dark cylinder of finely crystalline dolomite (visible in thin-

section; Figure 5) have also been identified within the Draken

Formation, which dates to 750-700 Ma (Knoll et al., 1993).

Cyanobacterial microfossils of Girvanella microfossils typically

exhibit well-preserved tubular morphologies that closely resemble

their original living forms. This mode of preservation is attributable

to, in vivo calcification within their sheaths, driven by CCMs related to
Frontiers in Marine Science 10
photosynthesis (Riding, 2006). CaCO3 precipitates in the sheath, which

is composed of extracellular polymeric substances (EPS), resulting in

calcification of the organic remains (Riding, 2006). Therefore, the

organic matter enclosed within the calcified filament sheaths can

reasonably be interpreted as remnants of the original sheath-

associated organic material. Aragonite and high-Mg calcite were the

primary non- skeletal mineralogies of the Ediacaran Period. Calcified

microfossils originally composed of aragonite are prone to dissolution

and recrystallization during diagenesis, often obscuring primary

features such as tubular morphology and wall structures (Li et al.,

2021). A more likely scenario for the presence of microcrystalline

dolomite in the sheaths of the Girvanella specimens of the present

study is early diagenetic dolomitization of a high-Mg calcite precursor

that formed via syn-vivo precipitation within the sheaths. CCMs, the

development of which is thought to have been triggered by a decrease

in atmospheric CO2 and an increase in O2, enhanced photosynthesis

and increased the pH within cyanobacterial cells of the extracellular

sheath. When pCO2 values fell as low as ~10 times the present

atmospheric level (PAL), CCMs were induced to promote in vivo

CaCO3 precipitation in the sheaths of cyanobacteria. This is the most

plausible scenario for the appearance of calcified cyanobacterial fossils

in the Precambrian record. From 700 Ma until the end of the

Neoproterozoic, atmospheric pCO2 was lower than 10 PAL (Riding,

2006). However, together with slowed development of CCMs and

reduced seawater carbonate saturation state due to global cooling,

calcification of cyanobacterial sheaths was still not promoted during the

‘Snowball Earth’ period. The changes in temperature, pO2, and Ca2+

concentrations that occurred in the late Neoproterozoic (e.g., Hardie,

2003) likely elevated the seawater carbonate saturation state by the early

Cambrian, promoting calcification of sheath cyanobacteria (Riding,

2006). Cyanobacterial calcification events (CCEs; Riding, 1992) were

environmentally controlled and reflect periods of elevated carbonate

saturation state (Riding, 2000) and altered seawater chemistry and

atmospheric composition (Riding, 2006).

Calcium carbonate precipitation in cyanobacterial biofilms due to

photosynthetic carbon assimilation is only applicable in settings

characterized by low dissolved inorganic carbon (DIC) and high
FIGURE 10

XRD patterns of Samples I (A) and II (B). Peaks 101, 015 and 021 are superstructure ordering reflections of dolomite.
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calcium contents (Arp and Reitner, 2001). The seawater Mg/Ca

molar ratio exceeded 4 during most of the Ediacaran Period and

gradually declined to around 3 by its end (Li et al., 2021). The

sporadic occurrence of the calcified cyanobacterium Girvanella in the

Dengying Formation may imply abrupt fluctuations in Ediacaran

seawater chemistry (e.g., a decline in the Mg/Ca ratio, thereby

increasing Ca²+ availability), which transiently elevated carbonate

saturation levels. Concurrently, the possible rapid development of

CCMs may have temporarily enabled the calcification capability of

cyanobacteria. Furthermore, the predominance of primary high-Mg

calcite mineralization would have favored the preservation of these

fossils. Thus, this scenario represents a prelude to the widespread

microbial calcification observed in the Cambrian.
6 Conclusions

In this study, calcified cyanobacteria, occurring as dolomitic tube-

like microfossils previously identified as Girvanella, were discovered in

four samples from the Deng-2 Member of the Upper Ediacaran

Dengying Formation in South China. This discovery fills a gap in the

fossil record of calcified cyanobacteria in microbialites of the Ediacaran

Period. The predominance of primary high-Mg calcite, that formed via

syn-vivo precipitation within the sheaths of Girvanella as a potential

precursor to microcrystalline dolomite, would have favored the

preservation of these fossils. The sporadic occurrence of the calcified

cyanobacterium Girvanella in the Dengying Formation likely reflects

transient episodes of elevated carbonate saturation driven by

fluctuations in seawater chemistry. Concurrently, the rapid

development of CCMs may have enabled the ephemeral calcification

capability of cyanobacteria, collectively foreshadowing the onset of

widespread microbial calcification in the Cambrian. Further

investigation of calcified cyanobacteria and their host sediment in the

Algal Dolostone of the Dengying Formation in South China will be

needed to better understand the paleomarine environmental

conditions and ages of these cyanobacterial assemblages.
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