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Abstract

Stromatolites have been widely reported from the Archean and Paleoproterozoic
successions worldwide, and they could represent one of oldest life forms on Earth. Of
these, a group of small stromatolites occur as microdigitate low-relief columns, and
are also conspicuous in the field. However, biogenicity of these microdigitate
stromatolites (MDSs) has long been disputed due to to the abundance of radial-fibrous
texture and a lack of convincing microfossils. New examples of MDS are documented
from the Mesoproterozoic Wumishan Formation of the Jixian area, North China.
Vertically oriented fibrous fabrics are conspicuous and penetrate laminae as well as
microscopic spheroids, which point to an abiotic genesis for this specific fabric.
Stromatolite laminae contain abundant spheroids, typically 15-30 pm in diameter,
with single or double outlines and they occur as solitary coccoid-like microfossils or
in small aggregated colonies. Spheroids show strong fluorescence under both green
and purple exciting lights, consistent with their composition of organic matter.
Spheroids are abundant in the Wumishan stromatolites and they are categorized into
two types. The first kind comprises micrite nuclei surrounded by sparitic sheaths,
without nano-particle coatings. A smooth to grainy spheroidal surface defines the first
kind of spheroids that also has a distinct rounded opening, which is often broken

probably due to diagenesis and silicification. The second kind of spheroids is usually
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covered with nano-particles and lacks circular opening on surface. These spheroids
possess large nuclei of single sparitic calcite coated with thin sparry sheaths. Overall,
the Wumishan spheroids resemble coccoidal microorganisms reported from other
Archean-Paleoproterozoic strata worldwide, but they are also better preserved. The
rounded opening on spheroid surface is interpreted as division point of unicells during
reproduction of the life cycle of bacteria akin to Myxococcoides grandis. Clump-like
micro-particle aggregates in nuclei could represent daughter cells released from the
parental envelope, similar to the reproduction process and life cycle suggested for
similar spheroidal microfossils from other similar Precambrian occurrences. The
Wumishan spheroids therefore may represent fossilized prokaryotes that could have
contributed to construct the MDS. Moreover, filamentous microfossils are
occasionally present in the coloumns of stromatolites, and they resemble filamentous
cyanobacteria, but may not be major constructors of MDS due to their rarity in the
buildups. Three types of nano-particles are also conspicuous: (1) putative organic
relics, such as fragmented filaments and mucuslike biofilms (purported EPS), (2)
organominerals, including nanoglobules, polyhedrons, and their aggregates, and (3)
dumbbell-shaped nano-particle aggregates. All of these nano-particles are interpreted
to be likely biogenic in origin, and many of them were found from the radial-fibrous
fabrics of carbonate precipitates in the MDS, implying that some heterotrophic
bacteria may have afficliated the precipitation of radial fibers in deep-time
radial-fibrous carbonate precipitates. Therefore, abundant and diverse biosignatures
(spheroids, tubular filaments, and nano-particles) are identified in the Wumishan
MDSs, and we conclude that diverse filamentous and coccoidal

micro-organismscontributed to the formation of the Wumishan stromatolites.

Keywords: Microdigitate stromatolite, coccoid-like spheroids, nano-particles,

Mesoproterozoic, North China

1. Introduction



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

As a laminated microbial deposit, stromatolite is the most commonly recognized
life form in marine ecosystems during the first 2.5 billion years of Earth history and
during a surge of abundance and morphological diversity between 1.6-1.0 Ga
(Awramik, 1971, 2006; Awramik and Margulis, 1974; Awramik and Sprinkle, 1999;
Allwood et al., 2006; Kah and Riding, 2007; Shi et al., 2008; Knoll, 2013; Noffke and
Awramik, 2013; Tang et al., 2013a, b; Riding et al., 2014; Fralick and Riding, 2015;
Tosti and Riding, 2017; Qu et al., 2018; Riding and Virgone, 2020; Baumgartner et al.,
2020; Wang et al., 2021). The early stromatolites experienced a stepwise decline in
abundance from the Mesoproterozoic to Neoproterozoic and reached the lowest
abundance in the end of the Neoproterozoic probably due to frozen climatic regime of
the snowball Earth climate during that epoch (Awramik and Sprinkle, 1999; Noffke
and Awramik, 2013; Chen et al., 2019). The most pronounced evolutionary turnover
of early stromatolites is the major switch from microdigitate stromatolites (MDSs) to
carbonate mega-stromatolites during the Mesoproterozoic (James et al., 1998). The
MDSs are perhaps one of the most morphologically distinct groups among deep time
stromatolites. These stromoatolites proliferated in Neoarchean to Paleoproterozoic
(>1.6 Ga), but declined significantly in Meso- and Neoproterozoic (<1.6 Ga)
(Grotzinger and Knoll, 1999). MDS depletion coupled with proliferation of carbonate
mega-stromatolites coincided with abundance and diversity peaks of all stromatolites
in 1.6-1.0 Ga (Awramik and Sprinkle, 1999; Noftke and Awramik, 2013). Rise and
demise of MDSs therefore are crucial in understanding early evolution of
stromatolites.

However, genesis of MDS has long been disputed due to the abundance of
radial-fibrous texture and a lack of convincing microfossils (Grotzinger and Reed,
1983; Hofmann and Jackson, 1987; Knoll et al., 1993; Sergeev et al., 1995;
Grotzinger and Knoll, 1999; Riding, 2008; Riding and Virgone, 2020). Radial-fibrous
textures are usually interpreted as abiotic acicular aragonite precursors that indicate
calcium carbonate saturation of surface seawater (Grotzinger and Knoll, 1999; Riding
and Virgone, 2020). Such radial fibers are very common in seafloor precipitates (i.e.

aragonite crystal fans) that characterize the Neoarchean to Paleoproterozoic (>1.6 Ga)
3
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carbonate successions worldwide (Grotzinger and Knoll, 1999). As abiotic processes
can contribute to form these circularly concentric and radial patterns, an abiotic
carbonate precipitation scenario is plausible for the accretion of MDSs (Grotzinger
and Reed, 1983; Hofmann and Jackson, 1987; Knoll et al., 1993; Sergeev et al., 1995;
Grotzinger and Knoll, 1999; Riding, 2008), although heterotrophic bacterial
metabolism may have facilitated carbonate precipitation and nucleation during MDS
formation (Knoll and Semikhatov, 1998). However, the ultrastructures of such
radial-fibrous textures in carbonate precipitates have been rarely uncovered, although
their microstructures are often observed under optical microscopes. Thus, whether
some bacteria have involved in facilitating the precipitation of radial fibers in
carbonate settings remains poorly understood.

Moreover, some Paleoproterozoic MDSs preserve successive layers of botryoidal
quartz, which have been interpreted as evidence for chemically oscillating reaction
during the oxidation of biomass during organic diagenesis (Goodwin and Papineau,
2021). Botryoidal malachite carbonate can also produce abiotic stromatolite-like
morphologies such as turbinate and columnar (Papineau, 2020). In general, however,
stromatolites are generally interpreted as biogenic in origin, and their occurrences in
Paleo- and Eoarchean (3.2 to 3.8 Ga) could represent some of the oldest forms of life
on Earth (Hofmann, 2000; Allwood et al., 2006; Altermann et al., 2006; Schopf et al.,
2007; Noftke and Awramik, 2013; Nutman et al., 2016; Qu et al., 2018; Baumgartner
et al., 2020). This is because modern and ancient stromatolites have formed through
repetitive accretion of microbial mats, their precipitates, and/or entrapped inorganic
materials (Riding, 2000; Dupraz et al., 2009).

The general picture of the transition from MDSs to mega-stromatolites
abundance in strata is well recorded in the Mesoproterozoic successions of North
China, which are well-exposed in the Jixian area of Tianjin City. In the exposed
succession there, which is up to 10 km thick, the geobiological record is among the
best-preserved from this period in China (Fig. 1). Stromatolites are also extremely
abundant and exceptionally preserved, but concentrate mainly in two units, the

Wumishan Formation and Tieling Formation, apart nearly 1000 m from one another,
4
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at the lower and upper parts of the Mesoproterozoic succession, respectively, although
they also occur sporadically in other horizons (Zhu et al., 1994; Zhang et al., 1984,
Seong-Joo and Golubic, 1998, 1999; Shi et al., 2008; Tosti and Riding, 2017; Fig. 1).
The Wumishan stromatolite assemblage is characterized by MDSs that have low-relief
columns, while the Tieling stromatolite assemblage contains massive, branching,
high-relief columnar and domal forms (Zhu et al., 1994).

The Wumishan Formation is one of the most widespread Mesoproterozoic unit in
North China (Zhu et al., 1994). Abundant coccoids assignable to Myxococcoides
grandis, after Horodyski and Donaldson (1980), have been described from cherty
laminar limestone in this formation, and they were interpreted as the subsidiary
mat-builders or mat-dwellers (Zhang, 1984, 1985). Stromatolites are also commonly
present in the Wumishan Formation, and numerous examples from different localities
have long been described in terms of mega-structures and morphology (Liang et al.,
1984; Qiu and Liang, 1993; Mei et al., 2008), but little has been published on their
geobiologic features and biogenicity (Tang et al., 2013b). These nanometer-scale
ultrastructures were interpreted as the product of microbial activity, which are similar
to the organomineral ultrastructures observed in experimental cultures (e.g., van Lith
et al., 2003) and in modern mineralized microbial mats (e.g., Glunk et al., 2011).
However, the builders of MDS and biogenicity of microfabrics still remain enigmatic.
In addition, all Wumishan MDS are partly silicified, which could have promoted
exceptional preservation of microbial structures therein as seen elsewhere (Schopf et
al., 2007; Seong-Joo and Golubic, 1998, 1999; Kremer et al., 2012; Chen et al., 2014).
Accordingly, this study aims to document detailed geobiological features and
biosignatures in macro- to microstructures from the silicified MDS of the Wumishan

Formation to provide insights to evaluate their biogenicity.

2. Geological background

The carbonate-dominated sedimentary formation was deposited in a rift basin in

the North China Craton synkinematically with the break-up of Columbia and the
5
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subsequent assembly of Rodinia during the Mesoproterozoic (Tang et al., 2013b; Wan
et al., 2015). The Mesoproterozoic succession is composed of part of the Changcheng
and the whole Jixian groups. The former includes the Tuanshanzi, Dahongyu, and
Gaoyuzhuang formations, while the Jixian Group comprises the Yangzhuang,
Wumishan, Hongshuizhuang, and Tieling formations (Zhu et al., 1994; Fig. 1). This
Mesoproterozoic succession is well exposed in Jixian area, which is situated along the
northeastern margin of the North China Craton.

The described MDS was collected from the lower Wumishan Formation in the
Mopanyu section (GPS: 40°9.131'N; 117°23.740'E) of Luozhuangzi Town, Jixian
County, near Tianjin City in North China (Fig. 1). At this locality, the Wumishan
Formation succession is exposed in road cuts along the Jixian-Luozhuangzi highway.
This formation is in conformable contact with the underlying Yangzhuang Formation
and with the overlying Hongshuizhuang Formation (Zhu et al., 1994). Lithologically,
the Wumishan Formation, up to 3336 m in thickness, is characterized by alternations
of dolomite and limestone. The entire formation appears rhythmically banded.
Microbialites include both stromatolites and thrombolites, which usually occur in the
thicker parts of the parasequence (Mei et al., 2008; Tang et al., 2013a, b).

The Wumishan Formation is subdivided into four members (Chen et al., 1980).
Of these, Member 1 is mainly composed of laminated dolostones interbedded with
calcareous shales, and thrombolites and cherty bands. This member was likely
deposited in the lower to upper parts of subtidal zone of shallow platform setting.
Member 2 is dominated by massive laminated dolostones and thrombolitic dolostones
which are interpreted to be deposited in upper subtidal to intertidal settings. Member 3
is characterized by thick-bedded thrombolitic and laminated dolostones, which were
likely deposited in lower subtidal to lower intertidal settings. Member 4 is comprised
of medium-bedded, laminated and micritic dolostones of upper subtidal to intertidal
facies (Shi et al. 2008). Overall, this formation was deposited in subtidal to peritidal
environments on a shallow carbonate platform (Mei et al., 2001, 2010; Zhou et al.,
2006; Shi et al., 2008; Shi and Jiang, 2011; Tang et al., 2011). Cherty bands and

nodules are commonly present in thinly laminated, peritidal dolostone. The studied
6
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MDS occurs in the thicker unit of cyclic sequences in Member 1 (Zhu et al., 1978;
Zhu, 1982; Liang, 1984; Zhu and Liang, 1993; Fig. 2). The MDS-bearing strata of
Member 1 comprise thin-bedded, laminated dolomites, thick-bedded dolostone, and
calcareous dolomitic shales (Fig. 2). Meter-thick depositional cycles are conspicuous
in the field, and each cycle comprises calcareous shales or thin-bedded laminated
dolostone in the lower part, and relatively thick-bedded thrombolitic or stromatolitic
or laminated dolomites in the upper part (Fig. 2). The lower units were usually
deposited in lower part of subtidal (LST) zone, while the upper units were usually
interpreted as the deposition of the middle to upper parts of subtidal (MST-UST)
zone . Detailed stratigraphic and facies analysis revealed that each cyclic sequence
indicates a shallowing-upward deposition in a prograding carbonate platform (Shi et
al. 2008; Tang et al. 2011). Accordingly, the studied MDSs appear in the upper unit of
a meter-thick depositional cycle and were deposited in middle part of subtidal zone in
a shallow carbonate platform (Tang et al., 2011).

Previously, these Wumishan MDSs were assigned to Pseudogymnosolen sp.
(sensu Zhu et al.,, 1978; Liang et al., 1984; Cao, 1991; Qiu and Liang, 1993;
Medvedev et al., 2005; Mei et al., 2008, 2010; Tang et al., 2013b). In contrast, other
authors have treated similar MDSs from the Precambrian successions as a typical
example of abiotic stromatolite (Grotzinger and Knoll, 1999; Grotzinger and James,
2000; Riding, 2008). Therefore, the specific scientific question for this work is “Are
the Wumishan MDSs abiotic in origin?”

A zircon U-Pb age of 1622 £+ 23 Ma is known from a tuff bed in the Dahongyu
Formation in Jixian (Lu et al., 2008). Li et al. (2010) obtained zircon U-Pb dates of
1560 + 5 Ma (LA-MC-ICP-MS) and 1559 + 12 Ma (SHRIMP) from the same tuff bed
at the upper Gaoyuzhuang Formation in Yanqing County, near Beijing. Li et al. (2014)
dated a bentonite bed at the top of the Wumishan Formation and obtained zircon
U-Pb ages of 1483 + 13 Ma and 1487 + 16 Ma. Su et al. (2010) reported zircon U-Pb
ages of 1437 £ 21 Ma and 1372 + 18 Ma from the overlying Tieling and Xiamaling
formations of the Jixian Group, respectively (Fig. 1B). These zircon-based

radiometric ages from the Mesoproterozoic succession in North China are thus all
7
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self-consistent and contstrain the age of Wumishan Formation between 1483 £+ 13 Ma

and 1560 + 5Ma.

3. Material and methods

Both polished slabs and petrologic thin sections were made to examine internal
fabrics and diagenetic features of the stromatolite. Freshly broken and polished chips
were prepared for thin sections and micro-analysis with an HITACHI-SU8010 Field
Emission Scanning Electron Microscope (FESEM) equipped with an iXRF energy
dispersive spectrometry (EDS). The samples were cleaned using DI water and coated
with gold for surface texture imaging in secondary electron and EDS analysis. In this
study, we employed Raman spectroscopy to assess the structural characteristics of
organic matter in the stromatolites. A WITec 0300 Confocal Raman system coupled
with a Peltier-cooled EMCCD detector was used. Raman spectra were acquired using
a 532 nm laser with output power between 3 to 10 mW, an aperture pinhole (optic
fiber) of 50 um in diameter, a 100 X objective, and an integration time of 0.5 seconds
for 100 spectra that were averaged. Fluorescent imaging analysis is applied to check
for the presence of organic matter in stromatolite using a Zeiss Scope.Al fluorescence
microscope X-Cite SERIES 120Q. Fluorescent images were captured under both blue
exciting light (wavelength 450-490 nm) and purple exciting light (wavelength
510-560 nm). When these photons interact with organic matter in a specimen, a
strong fluorescence is emitted in both green and red colours, respectively for the
excitation wavelengths used. In contrast, when organic matter content is low, the rock
appears dim and without fluorescence (Cuif et al., 1990; Reitner and Neuweiler, 1995;
Russo et al., 1997, 2000; Mastandrea et al., 2006; Chen et al., 2014; Luo et al., 2016;
Fang et al., 2017). The FESEM, micro-Raman, and fluorescence microscope are all
locatedd at the State Key Laboratory of Biogeology and Environmental Geology
(BGEG), China University of Geosciences, Wuhan. The terminology and methods to
document stromatolite microfabrics follow Shapiro (2000) who observed microbial

fabrics at three different scales.
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4. Results

4.1. Non-stromatolite facies

Substrate of MDS comprises dolomitic limestone, which has a micritic texture
(Fig. 3A). Microbial fossil fragments and cavity fills were usually recrystallized and
altered to dolomite. Inter-columnar facies is dominated by micrite with abundant
fragments of stromatolites and cavities filled with euhedral dolomite and siliceous
crystallites. The capping facies of the MDS is dominantly composed of micrite
occasionally with clotted structures, which have a typical thrombolitic texture (Fig.

3A, C).

4.2. Stromatolite macroscopic texture

In outcrops, diameter range of stromatolite columns stromatolites are 2-5 cm
thick and occur as broad, laminated domes in the lower part of the section and digitate,
low-relief columnar colonies in the upper part. Inter-columnar stromatolite spaces are
filled with dolomite, micrite peloids, stromatolite fragments, and cavities (Figs. 3 and
4). Stromatolite columns are mostly 1-2 cm high and 0.2-0.8 cm wide, with
maximum height up to 4.5 cm and width up to 1.0 cm. Low domical stromatolites
initially developped on dolomitic wackestone (Fig. 3). In most cases, digitate, thin and
low-relief columns developed on broad domal stromatolite (Fig. 3). The thin, digitate
columns branch frequently (Figs. 3A and C), and occasionally merged together to
form broad columnar colonies, which have second-order branching (Figs. 3A, and C).
In plane view, discrete columns show small, concentrically laminar, circular to
sub-circular domes, with densely packed and slightly convex or flat tops (Fig. 3B).
These Wumishan stromatolites have patterns identical to those of other microdigitate
stromatolites described from the Neoarchean to Paleoproterozoic (>1.6 Ga) (Schopf et

al., 2007; Seong-Joo and Golubic, 1998, 1999; Shi et al., 2008; Kremer et al., 2012;
9
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Wang et al., 2021).

On polished slabs, stromatolite columns comprise brown carbonate with distinct
alternations of dark and light colored laminated layers in sharp contrast with
interspaces between columns, which are typically composed of light colored dolomite
and cavities with microspar (Fig. 3). The intercolumnar dolomite also shows
authigenic columnar laminations (Fig. 3C). Crude laminae are flat to gently convex
and crinkled (Figs 3A, 3C and 4A-C). Successive growth spheroids are evident in
stromatolite columns (Figs. 3A and C). The laminae of a given growth stage are not
necessarily parallel or convergent with the underlying laminae, but usually form
gently convex laminar pattern in digitate columns and slightly wavy, the columnar
branching and non-branching stromatolites with some turbinate (widening-upwards)
and anastomosed (a window between conjoined columns that split and re-attach)

structures (Figs. 3A and C).

4.3. Stromatolite microstructures visualized by microscopy

Under polarized light microscopy, light colored laminated layers are 30 to 160 1
m in thickness (average around 60 1 m), and often contain abundant, densely-packed
light to dark brown spheroids. There are also abundant micron size dolomitic rhombs
and some dolomite-filled cavities that appear clear and transparent (Fig. 4). In
comparison, dark colored laminae are richer in organic matter and relatively thicker,
between 200 and 1200 um in thickness (average around 700 pum), and they are also
filled with abundant small, rounded spheroids (Figs. 4E—G). Solitary spheroids often
aggregated together to form consortia of clearer brown colour than the laminae in
which they occur (Figs. 4E-G). Dark colored laminae are also occasionally disrupted
by dolomite-filled cavities (Figs. 4C-E).

Most spheroids with single or double outlines, solitary or in small colonies are
concentrated in dark colored laminae, with some scattered over entire MDS columns.
Within spheroidal aggregates, a few solitary spheroids usually connect each other to

form paired spheroids or short chains (Figs. 5, 6A and B). Single spheroids are mostly
10
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15-30 pm in diameter with individuals having 20-25 pum diameters most frequently
occurring (Fig. 5F).

Fibrous fabrics are also conspicuous under polarized light microscopy and are
partly recrystallized and replaced by quartz (Fig. SE, brown area). Single fibers are
fine and between 10 and 15 pum in width, straight, and radially-oriented (Fig. 5E,
white arrow). These vertically oriented fibers are more prominent in dark colored
laminae than in light colored laminae. They usually penetrate laminae and some
spheroids (Fig. 5E). In particular, many fibrous fabrics radiated to form individual
spheroids with concentric laminations and their geometric centre is located where
there are groups of spheroids.

Few transparent to translucent filaments composed of brown organic matter occur
out of the columns (Figs. 6C and D). The filaments are about 5 um in diameter,
mostly straight or slightly curved and parallel-aligned, some are fractured, but none
have branches. They are similar to the specimens reported in early discoveries (Liang
et al., 1984).

Fluorescent imaging reveals that aggregates of spheroids have strong
fluorescence under both green and purple exciting light. This contrasts with the
absence or weak fluorescence of coarsely grained dolomite cement (Fig. 7). Strong
fluorescence under both purple and green excitation indicates the presence of organic

matter closely associated with the spheroids.

4.4. Nanoscopic structure (SEM observation)

4.4.1. Microscopic spheroids

SEM imaging shows high concentrations of tiny, rounded coccoid-like spheroids
are pronounced in dark colored laminasets (Fig. 8). No framboidal aggregates of
pyrite occur in the studied Wumishan stromatolites. However, two types of spheroids
are distinguished. The first kind comprises micrite nuclei surrounded by sparitic
sheaths, without nano-particle coatings (Figs 8). Like those observed under

microscope, two or three solitary spheroids are usually connected to form pairs or
11
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short chains, with the longest chain being composed of four or five spheroids (Figs.
8A-B, F-G). However, most spheroids occur as solitary individuals and they
aggregate to form consortia of dozens to hundreds of spheroids (Figs. 8A-B, F-G).

Single spheroids embrace nanoscopic grains on surfaces (Figs. 8C-D, 9B—H).
These nanoscopic grains are composed of tiny irregular sparitic calcite crystals that
are replaced by silica (Si, O elements) now (Fig. 8E). One distinct rounded opening
usually occurs on spheroid surface (Figs. 8 F-H, 9B, F-G, I). However, most openings
have irregular margins as outer envelopes are easily broken around the openings
possibly be due to diagenesis and silicification (Figs. 8F-H, 9H-I). The well-preserved
round openings are 3—8 um in diameter and surrounded by 8-10 nano-crystals of
calcite that form rough and irregular edges (Fig. 9I). A few bacterial clump-like
nano-particle clusters are observed in nuclei when the outer envelope of some
spheroids is broken near the circular opening (Fig. 8@G) or in cross section of single
spheroid (Fig. 9D).

The second kind of spheroids is usually enveloped with thin layers of
nanometer-scale particles (Figs. 10A-D). Most spheroids are fully coated with
nanoscopic grains (Figs. 10A, C-D), but some are only partly coated with
nano-particles (Fig. 10B) or, occasionally, lack outer nano-particle coatings (Fig. 9C).
When the coating nano-particles are removed, no circular openings are observed on
spheroid surface. Solitary spheroids comprise typically large nuclei of thick coarse
sparitic calcite crystal, 15-20 um in diameter, coated with thin sparry sheaths, about 2
to 3 um in thickness (Figs. 10C, F-G). The central crystal of spheroids is typically
replaced by silica (Figs. 10F—G) and represents an empty nucleus and indicating a
close empty system inside spheroid. EDS elemental mapping analysis shows that
single spheroids are, however, dominated by O, Si, Mg, Ca, and C that show

alternations between silicification of original carbonate and dolomitization (Fig. 10E).

4.4.2. Nano-particles
Carbonate nanometer-scale particles, comprising clusters of euhedral crystals

(Figs. 9G, I), are abundant and usually surround spheroid surfaces or scattered on
12
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sediments (Figs. 10A-B, D). These nano-particles are mostly ellipsoidal or
subspheroidal to rhombus in outline, although some of them are amorphous (Figs. 9G,
I, 10B, F-G. Most nano-particles are 0.2—0.5 um in diameter, with maximum size up
to 1 um (Fig. 9).

Some ultrastructures recognized by Tang et al. (2013a) from the Wumishan MDS
are also present in our samples, including filaments, films, nanoglobules (Ng), and
polyhedron (Po) aggregates (Figs. 11A-B, F-G). Polyhedra are extremely abundant
and 45-200 nm long. Small polyhedrons can coalesce into larger (100-200 nm)
polyhedrons (Fig. 8F), and also, together with nanoglobules, cluster to form
polyhedron aggregates (Fig. 11E). Nanoglobules are usually <45 nm in diameter.
They cluster to form polyhedron aggregates or other colonies (Figs. 11C-QG).
Filaments and films are also seen to associate closely with all of these putative
organic components (Figs. 11F-G). They are partially replaced by small nanoglobules
or small polyhedrons (Figs. 11F-G). In addition, the dumbbell-shaped bursts of
nanoglobules are also well preserved and have two distinct bell-like aggregates (Figs.
11C-D), each 1.2-1.6 um in diameter. They are connected by one short rod-like
structure, 1.0 to 1.2 um long (Fig. 11C). The primitive form of dumbbell-shaped
bursts comprises two closely arranged bell-like aggregates, ~3.0 um long (Fig. 11D).

EDS analysis indicates that polyhedrons (Fig. 11H), nanoglobules (Fig. 111), and
mucuslike filaments (Fig. 11J) share the same elemental composition, all enriched in
Si and O, with subordinate amounts of C, Mg, and Ca, which indicates that calcified
organic relicts were replaced by silica during diagenetic silicification. In summary,
three types of nano-particles are evident in MDS laminae: (1) putative organic relics,
such as fragmented filaments and mucuslike biofilms (purported EPS), (2)
organominerals, including nanoglobules, polyhedrons, and their aggregates, and (3)

dumbbell-shaped microparticle aggregates.

4.4.3. Raman spectroscopy of organic matter and associated minerals
Laminated domal stromatolites with and without spheroids were analyzed by

micro-Raman spectroscopy (Figs. 12 and 13). Raman spectra show that the typical
13
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features of disordered organic matter with the two main broad bands centered at
around 1350 and 1600 cm™ in the laminated dome without spheroids (Fig.12). Raman
spectra of carbonate in the domal stromatolite have bands at 154, 281, 712 and 1086
cm’! that are assigned to calcite (Fig. 12B). Raman spectra show the typical features
of disordered organic matter with two broad bands at around 1350 and 1600 cm™ in
the rims of microscopic spheroids (Fig. 13B), which are identical to organic matter
from domal stromatolites without spheroids (Fig. 12B). The organic matter in the
spheroids also has a peak at 465 cm’!, which represents microcrystalline quartz in
their interior (Fig. 13). The bands at 176 and 299 cm!, and most notably at 1090 cm’!
for the main carbonate peak, occur in the Raman spectra of organic matter in the host
rock, indicating the occurrence of dolomite in the mineral matrix (Rividi et al., 2010).
In this study, we use the intensity ratio of the band at 1350 vs.1600 cm™ (denoted
as [-1350/1600, Figs. 12 and 13), to characterize the structural order of organic matter
(Bonal et al., 2006; Foucher et al., 2015; Qu et al., 2015, 2017, 2018). In order to
further investigate this organic matter and associated minerals, two-dimensional
Raman hyperspectral imaging was performed (Figs. 12 and 13). The intensities of the
bands at 1350 cm™! and 1600 cm! confirms the ubiquitous presence of organic matter
in the MDS. The Raman spectral parameter [-1350/1600 reflects changes in the
degree of disorder of the organic matter. The D-band and G-band maps show high
concentrations of organic carbon in discontinuous organic laminae and spheroids in

the stromatolites (Figs. 12B and 13B).

5. Discussion

5.1. Morphology of the Wumishan MDS

Both macroscopic and microscopic features of the Wumishan stromatolites are
identical to that of typical microdigitate stromatolites, which have been described
from the Neoarchean to Paleoproterozoic (>1.6 Ga) worldwide (Grotzinger and Reed,

1983; Hofmann and Jackson, 1987; Knoll et al., 1993; Sergeev et al., 1995;
14
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Grotzinger and Knoll, 1999; Tang et al., 2013b). In North China, the morphologically
identical tiny stromatolites were first reported by Liang et al (1984) from the
Wumishan Formation of the Jixian section, Tianjin City, North China. Similar forms
of stromatolites were later discovered in many other places, such as Eastern Asia,
North America, Australia, and South Africa (Liang et al., 1984; Grey, 1984; Grey and
Thorne, 1985; Hofmann and Jackson, 1987). These MDSs have been assigned to
different taxa, such as Microstylus in Siberia (Komar et al., 1966), Asperia in Canada
(Semikhatov et al., 1979), Lenia-Stratifera in Hudsun Bay, South Africa (Hofmann,
1977), and Pseudogymnosolen in China (Liang et al., 1984). They, however, should
belong to the same taxon in terms of similar shape, size, type of branches, structure of
sidepiece, and microfabrics (Liang et al., 1984). In Jixian some putative filamentous
cyanobacteria were also found in the cherts in which the stromatolites grew (Liang et
al., 1984), and most of them are identical to Eomycetopsis Schopf. However, none of
them occurred in stromatolite columns or laminae, but in the interspace between
columns and inter-stromatolite parts (Liang et al., 1984). Accordingly, the possible

stromatolite-builders have long remained enigmatic.

5.2. Geobiologic features and biosignatures

5.2.1. Filaments and spheroids

Liang et al. (1984) identified these filaments as Fomycetopsis Schopf (1968),
Animikiea Barghoorn (1965) and Rhicnonema Hofmann (1976) based on their
colonial characteristics and morphology. Here, the filaments can be identified as
Siphonophycus sp., most similar to reported occurrences from the Bitter Spring
Formation in Australia. Their characteristic elongated morphology of transparent to
translucent body bound by organic cell walls, and without branches and separation
which were different from the Eomycetopsis sp., Aninikiea sp., and Rhicnonema sp.

Although some Archean—Paleoproterozoic spheroids are suspected to be
pseudofossils (Rouillard et al., 2020), many similar coccoid-like spheroids have been

widely reported in microbial mat deposits and stromatolites from both ancient and
15



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

modern environments (Folk, 1993; Reid et al., 2000; Kremer and Kazmierczak, 2005;
Perri and Tucker, 2007; Brigmon et al., 2008; Noftke and Awramik, 2013; Chen et al.,
2014; Luo et al., 2014; Lan et al., 2020). These spheroidal objects are usually
interpreted as either fossilized bacteria (Folk, 1993; Reid et al., 2000; Noftke et al.,
2003; Chen et al., 2014; Luo et al., 2014, 2016; Fang et al., 2017; Wu et al., 2017) or
mineral forms induced abiotically or biologically (Brigmon et al., 2008). The
Wumishan spheroids resemble coccoid-like objects in most observed aspects,
however they are about two times larger than the coccoid-like spheroids reported
elsewhere (She et al., 2014). In particular, fluorescent imaging reveals that spheroidal
aggregates also tend to form consortium (Fig. 7), which resembles remarkably unicell
colonies of the cyanophytic affinity in present-day stromatolites (Schopf and Sovietov,
1976). In addition, strong fluorescence under both purple and green excitation
indicates the presence of organic matter, as observed in stromatolites of other ages
(Cuif et al., 1990; Reitner and Neuweiler, 1995; Russo et al., 1997, 2000; Mastandrea
et al., 2006; Chen et al., 2014). Lastly, while there exists a range of abiotic biomorphs
that can form spheres similar spherical morphology and siliceous composition as
those observed in the Wumishan MDS (Rouillard et al., 2018; Garcia-Ruiz, 1994), the
geobiological context of the Wumishan stromatolite specimens, co-occurrence with
filamentous micro-structures, and abundance of organic matter makes it more likely
that the Wumishan spheroids are biological in origin. Hence, the Wumishan spheroids
likely represent fossilized bacteria, which may have built the Wumishan MDSs or
contributed to biomineralization as they are common in laminae.

Zhang (1985) described a diverse microbiota from the Wumishan MDS of the
adjacent Beijing area. Of these, cell-like coccoids assigned to Myxococcoides sp.,
resemble superficially spheroids documented here in morphology and size. The
former are abundant and densely packed. They constitute the main part of the
organic-rich laminae and have been considered as the main mat-builders (Zhang,
1985). Similarly, the colonized coccoid-like spheroids are abundant and form dense
populations in the Wumishan MDS. The Wumishan spheroids therefore may also

have played a similar role in building the MDS, like those cell-like coccoids reported
16
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from the same formation of the Beijing area (Zhang, 1985).

The distinct rounded openings are commonly observed on spheroidal surfaces in
the Wumishan MDS (Figs. 8H-J, 9F-I). Bacterial clump-like particles occasionally
aggregated to cluster in the nuclei of spheroids (Fig. 8J). Similar circular openings are
also commonly present on these coccoid-like spheroids reported from the
Mesoproterozoic Gaoyuzhuang and Wumishan formations of the adjacent Beijing and
Hebei areas, North China (Zhang, 1981, 1985). This peculiar structure has been
interpreted as division point of unicells during reproduction of the life cycle of
unicellular microorganisms. The cell divided from this circular opening into two,
three, and four, up to more within an envelope, and the parental envelope released the
enclosed daughter cells (Zhang, 1981), which is an interpretation previously invoked
for the life cycle of some Precambrian microfossils (Knoll and Barghoorn, 1977;
Knoll and Golubic, 1979). Although the reproduction series of a complete life cycle
of prokaryotes is not observed in the Jixian materials, co-existence of microscopic
bacterial clusters and relatively large spheroids with thin envelopes indicate these
cell-like spheroids may have experienced similar reproduction style as part of their
life cycle.

Zhao et al. (2020) reported abundant coccoids from the microbial mats recorded
in the third member of the Wumishan Formation of the Jixian Group. These coccoids
are distributed along the beddings and were identified as Myxococcoides sp., which
have also been recognized from the Wumishan Formation in the Jixian area (Wang et
al., 2021). These microfossils are simple in morphology and uniform in size, and
show various degrees of degradation. They are almost identical to the newly obtained
spheroids from the Wumishan MDS in this study. In addition, comparable
coccoid-like spheroids have been widely reported from the Archean to
Paleoproterozoic successions worldwide, for instance, colonial ensheathed coccoidal
unicells from the ca 3388 Myr old Strelley Pool Chert of Western Australia (Schopf
and Packer, 1987; Schopf, 1992), and solitary or paired microbial coccoidal unicells
and bacterium-like rod-shaped unicells from the ~3260 Ma Swartkoppie Formation

and the ~2600 Ma Monte Cristo Formation of South Africa (Lanier, 1986; Buick,
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2001). All of these Archean—Paleoproterozoic solitary or paired coccoid-like
spheroids have been interpreted as a biogenic origin because they are composed of

organic matter, and special microstructure with biological characteristics.

5.2.2. Nano-particles

Tang et al. (2013a) documented three kinds of ultrastructures from the dark
laminasets of the MDS columns: (1) putative organic relics, such as filaments, their
fragments, and mucuslike films or filaments (purported extracellular polymeric
substances (EPS), (2) organo-minerals, including nanoglobules, polyhedrons, and
their aggregated microparticles, and (3) euhedral crystals mainly constituting
microsparitic strips and the rims surrounding microparticles. The first two types of
nano-particles are also common in the Jixian samples. Filaments, relics of putative
EPS, microparticles, and nanoglobules have been interpreted as organo-mineralized
features, suggestive of a biogenic origin for the Wumishan MDS (Tang et al., 2013b).

It is also known that EPS plays a crucial role not only in calcium carbonate
precipitation (Riding, 2000; Dupraz et al., 2004, Dupraz and Visscher, 2005; Braissant
et al., 2007; Bontognali et al., 2010; Chen et al., 2014; Luo et al., 2014; Chen et al.,
2019), but also in dolomitization processes under subsurface condition (Bontognali et
al., 2010; Krause et al., 2012). This is because EPS might have served as a template to
induce the dolomite formation directly from solutions, and exopolymeric substances
were visualized as an alveolar organic network, within which precipitation of
dolomite was initiated (Bontognali et al., 2010). The ability of EPS to preferentially
bind Mg and Si over Ca may play a crucial role in overcoming the kinetic barriers that
prevent nucleation of dolomite in subsurface environments (Bontognali et al., 2010).

Silicified virus-like nanoparticles have been interpreted to occur in biofilms that
grow around modern hot spring (Peng et al., 2013). Their microstructure is similar to
the nanoscopic grains documented here on the surface of spheroids. Pacton et al (2014)
used contextual metagenomic data and microscopic analyses to show that viruses
occur in high diversity within a modern lacustrine microbial mat, and vastly

outnumber prokaryotes and other components of the microbial mat. Hence, the
18
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nano-particles such as polyhedra and nano-globules found in the MDSs and in
association with spheroidal microfossils may be silicified bacteriophage-types of
viruses. It should be noted that many of these nano-particles were described from
radial-fibrous textures in the Wumishan MDS. Similar nano-particles have also been
found in association with abundant rod-like aggregates from radial fibrous fabrics in
cement fans of small noduar microbialites from the Permian-Triassic boundary beds
in the Tieshikou section of Jiangxi Province, South China (Yang et al., 2019). In the
Permian-Triassic samples, the he irregular nanoparticles, but mostly fibrous biofilms
frequently are seen in the dolomite crystals when their surfaces are corroded (Yang et
al., 2019). Similar fibrous biofilms have also been reported from
dolomite-precipiating environment of a Miocene lacustrine system (Sanz-Montero et
al., 2008) and are also commonly present in modern and fossilized stromatolites and
microbial mats, and they have been interpreted as EPS remains (Dupraz and Visscher,
2005; Noftke, 2010; Luo et al., 2013, 2014; Tu et al., 2016; Xu et al., 2017; Decho
and Gutierrez, 2017; Yang et al., 2017). Accordingly, the radial fibrous fabrics from
the Mesoproterozoic to Phanerozoic and modern stromatolites and microbial mats are
likely of biogenic origin and some heterotrophic bacteria may have involved in
facilitating the precipitation of radial fibers in camodern and deep-time rbonate
precipitates. However, whether these nano-particles obtained from geological samples
can be compared directly to modern EPS remains to be determined (Dupraz et al.,
2009; Decho and Gutierrez, 2017). This is because few studies have revealed how
diagenesis affects the lithification of EPS from living objects to fossilized forms. Thus,
this interpretation, rests on comparisons of morphology and size dimensions and
therefore, more work is needed to determine the true origin of these nano-particles.
Besides, both—clump-shaped and dumbbell-shaped nanoglobule aggregates are
common in the silicified laminae of the Wumishan MDSs (Figs. 11C-E). Some
nano-particles still have relicts of minute dolomite rhombs, although they were mostly
replaced by silica due to silicification. The dumbbell-shaped aggregates of
nano-particles are usually considered an indication of microbial formation of dolomite

in modern and ancient environments (Vasconcelos et al., 1995; Vasconcelos and
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Mckenzie, 1997; Garcia Delcura et al., 2001), strengthening the interpretation that the
nano-particles of MDS are biogenic in origin (Tang et al., 2013b). However,
microscopic dumbbell-shaped mineral habits have also been produced abiotically in
laboratory diagenetic experiments with apatite (Blake et al., 1998). Their exceptional
preservation is probably, in part, due to early silicification that is critical for the
preservation of microfabrics and organominerals in the MDSs (Tang et al., 2013b).
The amorphous silica surrounding microscopic spheroids (Fig. 9G) indicates that the
silicon replacement was earlier than complete degradation of organic matrix or EPS
(Bartley et al., 2000; Berelson et al., 2011). Hence, the combination of evidence from
the MDSs of the middle Mesoproterozoic Wumishan Formation is consistent with a

biogenic origin for this type of stromatolites.

6. Conclusions

The Wumishan stromatolites are identical to the microdigitate stromatolites in the
Neoarchean to Paleoproterozoic (>1.6 Ga) oceans. The dark colored laminasets
contain abundant and densely-packed coccoid-like spheroids, mostly 15-30 pm in
diameter, which have single or double outlines, and occur as solitary individuals but
most often in small colonies akin to Myxococcoides. Strong fluorescence under both
green and purple exciting light indicates that their composition is dominated by
organic matter, which is independently confirmed by Raman hyperspectral imaging of
highly disordered, indigenous organic matter. Vertically to radially oriented fibrous
fabrics, often with equidistant, circularly concentric layers of organic matters are
pronounced and usually penetrate laminae and some spheroids, suggesting abiotic
genesis for these mineralised growth features. The circular concentricity of patterns in
the MDSs also displays gradients of variable density of organic matter and are also
formed by radially aligned quartz crystals, all of which are geometric patterns
displayed also by chemically oscillating reactions during the oxidation of malonic
acid by bromate and sulfuric acid to carbon dioxide. Microscopic spheroids in the

Wumishan MDSs have two morphologies. The first kind comprises micrite nuclei
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surrounded by sparitic sheaths, without nano-particle coatings, but with one distinct
micron-size rounded opening. The nuclei are usually filled with clump-like
nano-particles. The second kind of spheroids is enveloped with thin layers of
nano-particles, lacks a circular opening on its surface, and possesses large nuclei of
single-crystal coarse sparitic calcite coated with thin sparry sheaths, representing an
empty nucleus. These coccoid-like spheroids resemble cell-like coccoids reported
from the Archean-Paleoproterozoic rocks worldwide. Both rounded openings on
spheroid surfaces and microbial clump-like nano-particle aggregates in microscopic
spheroids may represent the reproduction process (cell-division) part of the life cycle
of micro-organisms. This could have occurred if the cells divided from the rounded
openings into two or more cells within the same envelope, followed by the parental
envelope releasing more daughter cells, in line with interpretations of other coccoidal
microfossils reported from elsewhere. The Wumishan microscopic spheroids therefore
represent fossilized microbes that likely contributed to construct the MDSs. Three
types of nano-particles were found to occur: (1) putative organic relics, such as
mucuslike biofilms (purportedly EPS), (2) organominerals including nanoglobules,
polyhedrons, and their aggregates, and (3) dumbbell-shaped nano-particle aggregates
are also of possible biogenic origin. The multiple different types of biosignatures
reported in the Wumishan MDS thus allow greater confidence in assigning a biogenic
origin to these notable and enigmatic radial-fibrous fabrics and stromatolite

morphologies.
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Fig. 1. A, Geological map of the Jixian area, Tianjin City, North China showing
distributions of Proterozoic rocks and location of the studied Mopanyu section in
Jixian County, Tianjin City. B, Integrating lithostratigraphy and chronostratigraphy of
the Meosoproterozoic succession exposed in the Jixian area showing the horizon of
stromatolite and U-Pb zircon radiometric ages (geological map after Mei et al., 2008).
Abbreviations of stratigraphic units: Q = modern loose sediments, FJS = Fujunshan
Formation, JEY = Jingeryu Formation, XML = Xiamaling Formation, TL = Tieling
Formation, HSZ = Hongshuizhuang Formation, WMS = Wumishan Formation, YZ =
Yangzhuang Formation, GYZ = Gaoyuzhuang Formation, DHY = Dahongyu
Formation, TSZ = Tuanshanzi Formation, CLG = Chuanlinggou Formation, CZG =
Changzhougou Formation, QX = Qianxi Group of the Archean-Paleoproterozoic
metamorphic basement.
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Fig. 2. Composite stratigraphy, microfacies features and palaeoenvironmental
interpretations of the middle part of Member 1 (Wumishan Formation) in the the
Mopanyu section of Jixian County, Tianjin City, North China. A, Lithostratigraphy,
microfacies and palacoenvironmental settings. LST = lower part of subtidal zone,
MST = middle part of subtital zone, UST = upper part of subtidal zone. B, Field photo
showing microdigitate dolomitic stromatolites with mostly non-branching columns
(the coin is 2.5 cm in diameter). C, Field photo of thrombolites yielded from
dolomites showing mottled textures (the pen is 15 cm long). D, Field photo showing
alternations of millimeter- to centimeter-thick black and white chert bands with flat to
slightly convoluted laminations.
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Fig. 3. Polished slab of the Wumishan stromatolites. A, Polished slab in
cross-sectional view showing digitate to microdigitate, low-relief columns of
stromatolites, dolomitic wackestone (white arrows). B, Polished slab of a planar view
of an MDS bed showing circular, domal outlines of stromatolite columns. C, Polished
slab in cross-sectional view showing digitate, branching and non-branching columns
of microdigitate stromatolites.
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Fig. 4. Photomicrographs of the Wumishan MDSs. A, B, Digitate columns branching
and merging occasionally with laminae being destructed occasionally by cavities that
are filled with calcite. C, Close-up of B, digitate columns showing distinct
alternations of light coloured (white) and dark coloured (yellow) laminae. D, Digitate
columns showing distinct alternations of light coloured (white) and dark coloured
(yellow) laminae, flanked with dark coloured interspaces between columns (arrows)
filled with spheroids or stromatolite fragments. E, showing dark coloured laminae that
contain aggregates of spheroids and some small cavities filled with outsized dolomite
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1075  crystals (arrows). F, Close-up of E showing dark coloured laminae that contain
1076 ~ aggregates of spheroids and a cavity-like structure lined with botryoidal features near
1077  the bottom. G, showing spheroids consortia penetrated by tiny vertically orientated
1078  fibrous fabrics.

1079
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1081  Fig. 5. Photomicrographs of the Wumishan MDSs. Spheroids consortia in dark
1082  coloured laminae. Colour arrows stand for different kinds of spheroids. A, B, spheroid
1083  with shell-like annulus, red arrows. C, two kinds of spheroids, spheroids with
1084  shell-like annulus, red arrows, and brown solid spheroids, blue arrows. D, four type
1085  spheroids, light brown hollow spheroids, yellow arrows, spheroids with shell-like
1086  annulus amd black core, white arrow, red and blue arrows as described in C. E, brown
1087  four light brown hollow spheroids. Fibrous fabrics (brown area) and single fibers
1088  (white arrow). F, three concatenated light brown spheroids and, in inset, an histogram
1089  of the diameter sizes frequency distribution of 246 individual spheroids measured.
1090

1091

1092
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Fig. 6. Photomicrographs of the Wumishan MDSs. A, Spheroids consortia in dark
coloured laminae. B, Interpretive cartoon of microscopic spheroids and associated
botryoidal features and dolomite rhombs in A. C-D, Slightly curved filaments
between the MDS columns that are mostly parallel-aligned and brown in colour due
to their composition of organic matter.
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‘Fig. 7. Polarized microscope and fluorescent images showing coccoid-like spheroid
consortia. A, D, G, Polarization microscope images. B, E, H, Fluorescence images
(purple fluorescent wavelength 450-490 nm). C, F, I, Fluorescence images (green
fluorescent wavelength 510-560 nm). Organic-enriched particles (arrows) show
strong fluorescence in both green and red colours. Inside laminae rich in organic
matter and microscopic spheroids, note the presence of botryoid-like cavity-structures

lined with dense organic matter around cores almost free of of organic matter in G-1.
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Fig. 8. Secondary electron images of micro-fabrics and aggregates of microscopic
spheroid in dark coloured laminae and EDS analytical results of spheroid surface
(Natural weathering without acid treatment). A-B, aggregates of spheroids. C,
Close-up of boxed area in A showing solitary spheroid having unsmooth surface. D,
Close-up of boxed area in A showing paired spheroids with irregular outline and
unsmooth surfaces. E, EDS peaks of the crossed point in A showing major
components of Si and O, and minor contents of C, Ca and Mg, indicating a
replacement of silica due to silicification. F—H, Close-up of boxed area in B, showing
solitary spheroid having one broken opening (arrows) on surface.
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Fig. 9. SEM images of spheroids detected in light coloured laminae. A, Spheroids
grew on sparry calcites. B, Close-up of boxed area in A showing three spheroids
elevated from sparitic calcite crystals. Note the middle spheroid embraces a distinct
rounded opening on surface (arrow). C, Close-up of boxed area in A showing a coarse
sparitic crystal calcite nucleus (red arrow) surrounded by a thin layer of micrite
envelope (white arrow) in one broken spheroid. D, Close-up of boxed area in A
showing a micrite framboidal nucleus (red arrow) surrounded by coarse calcite crystal
rims (white arrow) in one broken spheroid that is covered partly by background sparry
calcite. E, Close-up of boxed area in A showing one spheroid being covered partly by
background sparry calcite with nano-particles on surface. F, Colony of three
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coccoid-like spheroids, with each embracing one pronounced circular opening (arrows)
and nano-particles on surface. G, Close-up of one spheroid with a distinct rounded
opening (arrow) and nano-particles on surface. H, Close-up of one spheroid that is
broken around the opening (arrow). I, Close-up of one opening on spheroid surface in
G showing rough margins of opening that comprise nano-particles.

Fig. 10. Secondary electron images and EDS elemental mapping of spheroids from
dark colored laminae. A, SEM image showing copious nano-particles covering
spheroids and scattering on rocks. B, One complete spheroid growing in background
calcite crystals with coarse calcite crystal sheaths on surface. Note that nano-particle
aggregates (arrow). C, Close-up of boxed area in A showing that one broken
spheroid possesses coarse calcite crystal nucleus (red arrow) surrounded by thin layer
of sparitic calcite envelope (white arrow), and is covered partly with micrite sheaths
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(nano-particles) . D, Close-up of boxed area in A showing that one spheroid is covered
by thick micrite sheaths composed of nano-particles. E, EDS elemental mapping of
one spheroid in B showing that Si content is limited to the microscopic spheroid and
nano-particles. Oxygen content is high in all phases, whereas Mg, Ca and C content
(dolomite) is low in the spheroid and nano-particles, but high in the host matrix. F and
G, A broken microscopic spheroid in black and white and with features labelled in
various colors, respectively showing a nucleus of coarse calcite (light red) surrounded
by thin sheath of coarse sparitic calcite (purple), which are coated with micrite
(nano-particles) layers (green).

Si

Pt Pt bt
¢ M Ca ¢ Mg Ca ¢ Mg Ca

0 5Kev 0 5Kev 0 ' 5Kev

Fig. 11. SEM images of nano-particles, Po = polyhedrons and Ng = nanoglobules. A,
Nano-particle aggregates. B, Close-up of nano-particle aggregates showing abundant
polyhedrons (Po) and nanoglobules (Ng). C, Close-up of boxed area in A showing
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dumbbell-shaped bursts of polyhedrons (Po) and nanoglobules (Ng). D, Close-up of
boxed area in A showing primitive form of dumbbell-shaped bursts of polyhedrons
(Po) and nanoglobules (Ng) with closely arranged bell-like aggregates. E, Close-up of
boxed area in A showing spherical aggregate of polyhedrons (Po) and nanoglobules
(Ng). F, Nano-particle aggregates containing abundant filaments and mucuslike films
(purported EPS), polyhedrons (Po) and nanoglobules (Ng). G, Close-up of boxed area
in F showing filaments and mucuslike films (purported EPS), polyhedrons (Po) and
nanoglobules (Ng). H-J, EDS analytical results of crossed points in C, D and G,
respectively showing almost same elemental composition patterns of polyhedrons
(Po), nanoglobules (Ng), and mucuslike films, respectively.
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Fig. 12. Optical petrographic images and corresponding Raman maps of areas
corresponding to boxed area showing the spatial distribution (recorded by the
parameter [-1350 and I-1600) of the organic matter in MDS without spheroids. (A)
Transmitted light image of finely laminated domal stromatolite with layers of organic
matter (brown) but without microscopic spheroids. (B) Selected Raman images of the
laminated dome showing D-band, G-band, calcite, and combined images. Raman
spectra for calcite, which shows peaks at 154, 281, 712 and 1086 cm’!, and for
organic matter, which shows peaks at 1350 cm™! (D-band) and 1600 cm™' (G-band).
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Fig. 13. Optical petrographic images and corresponding Raman maps of boxed area
showing the spatial distribution (recorded by the parameter [-1350 and 1-1600) of the
organic matter in the spheroids laminated dome. (A) Transmitted light image of
light-brown spheroids in organic-rich laminae. (B) The Raman spectra obtained in (A),
bands at 176 and 299 cm' that are assigned to dolomite. The peak at 465 cm’!
represents microcrystalline quartz, while the peaks for organic matter are centered at
1350 and 1600 cm™!. Selected Raman images of spheroids in organic-rich laminae for
the D-band and G-band of organic matter, for quartz, and for the combined
hyperspectral image.
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