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Abstract Biomineralization was a key development in a wide variety of organisms, yet its history prior to
the Ediacaran remains poorly understood. In this paper, we describe ~1420—1330 million year old microscopic
tubes preserved as siderite (FeCOs). In size and shape these tubes closely resemble cyanobacterial sheaths
forming mineralized mats. We consider two competing explanations for their formation. First, the tubes and
associated sediment were originally composed of Ca-carbonate that was subsequently replaced by siderite. In
this case, siderite mineralization was early, but post-mortem, as in early silicification, and preferentially
preserved the more resilient sheath. However, no relict calcite is observed. Second, the Fe-carbonate
mineralogy of the tubes and sediment is synsedimentary. In this case, photosynthetic oxygen may have
precipitated Fe-oxyhydroxide that was promptly converted to siderite by dissimilatory iron reduction (DIR).
Primary siderite mineralization of cyanobacteria has not been described before. Both explanations link
photosynthetic processes to preferential sheath mineralization during the life of the cyanobacteria, as
observed in present-day calcified cyanobacteria. This process might include CO,-concentrating mechanisms
(CCMs) linked to relatively low levels of atmospheric CO,, consistent with empirical estimates of mid-
Proterozoic CO, levels based on paleosols and weathering rinds. In either case, these cyanobacterium-like
fossils preserved in siderite provide an early example of biomineralization and suggest the interactive in-
fluences of both metabolic processes and ambient seawater chemistry.
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1. Introduction

Biomineralization, the ability to influence and
direct mineral precipitation, occurs in virtually all
major groups of organisms (Leadbeater and Riding,
1986; Lowenstam and Weiner, 1989) and was a key
evolutionary innovation (e.g., Knoll, 2003; Wood,
2018). In addition to providing strength, protection,
support, environmental sensing and chemical storage
(Mann, 1988; Cuif et al., 2010), it is commonly linked
to major — often essential — adaptations that utilize
a wide range of biomolecules in the regulation and
mediation of complex processes (Mann, 2001). From
the geological perspective, the widespread biological
precipitation of CaCO; (Meldrum, 2003) has signifi-
cantly contributed to global elemental cycling over
geological timescales, influencing both Earth surface
climate and sedimentation (Cohen and McConnaughey,

2003; Knoll, 2003; Weiner and Dove, 2003; Livingston
et al., 2006; Gal et al., 2015; Drake et al., 2020).
Biomineralization is widely regarded as a signature
feature of Phanerozoic history, directly responsible for
a rich and detailed marine fossil record that has, in
turn, contributed to the precipitation of significant
volumes of CaCOs and silica by invertebrates and algae
(Knoll, 2003).

Biomineralization provides support and protection
for diverse organisms (Westbroek and De Jong, 1983;
Leadbeater and Riding, 1986). The intensification of
biomineralization during Late Proterozoic and Early
Paleozoic invertebrate diversification (Knoll, 2003;
Murdock, 2020) strongly suggests links with protection
from predation (Wood, 2018). From a utilitarian
perspective, it would be tempting to regard biomin-
eralization as a purposeful enterprise centered on
protection and support. However, this may not fully
account for the origins of biomineralization, since it is
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Fig. 1 Geological setting and sampling location. A) Major tectonic subdivisions of China and location of the study area; B) Simplified map
showing the location of the study area; C) and D) Simplified geological maps of the studied sections (modified from HBGMR, 1965 and HBGMR,
1967, respectively). Dashed lines between formations indicate disconformities.

Palaeogeography, https://doi.org/10.1016/j.jop.2023.03.006

Please cite this article as: Tang, D.J. et al., Mesoproterozoic biomineralization: Cyanobacterium-like filamentous siderite sheaths ~1.4 Ga, Journal of



http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Mesoproterozoic biomineralization

3

evident that its processes are deeply rooted in nano-
materials (Krajina et al., 2018) ‘that naturally
assemble themselves’ (Viney, 2004). For this reason, it
is important to identify and understand early examples
of biomineralization (Porter et al., 2003; Cohen et al.,
2017) to address questions regarding its origins, role
and significance.

Here we describe ~1.4 Ga tubular filaments from
the Jixian area of northern China (Fig. 1) that are
composed of siderite. In overall size and morphology
they resemble the sheaths of cyanobacteria. Their
siderite composition may have involved bacterial me-
tabolisms, such as oxygenic photosynthesis, Fe-
oxidation and DIR. These microscopic tubes are not
the oldest fossils resembling mineralized bacteria
(Klein et al., 1987), but they are exceptionally well
preserved and, so far as we are aware, are the first
fossil siderite tubes of this type to be described.

2, Geological setting

The Mesoproterozoic Xiamaling Formation is
dominated by dark siltstones and shales (Zhang et al.,
2016; Tang et al., 2017, 2018, 2020a; Liu et al., 2019,
2020a) divisible into four members (I to IV) that
constitute a large-scale transgressive-regressive
cycle, with the deepest water deposition in Member
Il (Fig. 2; Tang et al., 2017). The middle part of the
Formation has been suggested to have mainly been
deposited below storm-wave base (Meng et al., 2011;
Zhang et al., 2016). In the studied Jixian section, the
Xiamaling Formation disconformably overlies the
Tieling Formation and only Member | is preserved
(Figs. 2 and 3A). The upper member of the Tieling
Formation is composed of stromatolitic limestone
dominated by carbonate mud. This mud is generally
well-preserved and is interpreted to mainly be a
water-column precipitate (Tosti and Riding, 2017; Wu
et al., 2021). The Xiamaling Formation consists of
three parts (Fig. 2; Ma et al., 2022): (i) Lowermost:
alternating reddish mudstone and green to grey
muddy siltstone rich in glauconite, berthierine and
chamosite (0—1.5 m); (ii) Lower: grey to black silty
shale with abundant siderite concretions and siderite
grainstone-bands (1.5 m—17 m; Fig. 3B and C); and,
(iii) Middle to Upper: green silty shale with numerous
cross-bedded quartz sandstone bands (17 m—160 m).
Taken as a whole, these deposits are broadly inter-
preted to reflect an offshore transitional environment
near and below fair-weather wave base (Ma et al.,
2022). The grainstone bands are commonly <3 m in
width and <10 cm in thickness (Fig. 3B and C), and are
likely storm deposits that were transported from

shallower environments. There can be up to eight
bands in a 1-m-interval, suggesting frequent storm
influence. Abundant fossils occur in these siderite
grainstone bands but no fossils have been identified in
the siderite concretions. Paleogeographically, the
Xiamaling Formation formed in an environmental
setting that was likely linked to the open ocean
throughout its depositional history (Zhang et al.,
2019).

The Xiamaling sediments in northern China are
generally well preserved. Maturation studies of the
organic matter indicate that the sediments under-
went relatively low thermal evolution, with burial
temperatures <90 °C (Zhang et al., 2015; Luo et al.,
2015). Similarly, the polytypes of Xiamaling chamo-
sites are essentially |bb, indicating a burial depth
<2000 m, corresponding to a burial temperature of
<80 °C (Tang et al., 2017). Biomarkers extracted from
Xiamaling black shale suggest that the organic matter
was primarily derived from prokaryotes, with cya-
nobacteria as the major biomass, and also shows low
thermal maturity in the early to middle oil window
(Luo et al., 2015).

The Xiamaling Formation disconformably overlies
the Tieling Formation (Jixian Group) and is overlain by
the Changlongshan Formation of the Qingbaikou
Group (Fig. 2). Zircon and baddeleyite ages are
1418 + 14 Ma for the lower part of Member 1 (Lyu
et al., 2021), 1392.2 + 1.0 Ma and 1384.4 + 1.4 Ma
for the middle part of the Formation (Zhang et al.,
2015), and 1330—1305 Ma for diabase sills in the
upper part of the Formation (Zhang et al., 2017).
These data suggest an overall age for the Xiamaling
Formation within the range ~1.42—1.33 Ga. The fossils
described here, from an interval near the base of the
formation, therefore appear to have an approximate
age of 1.4 Ga.

3. Material and methods

Twenty-five samples were collected from Member
| of the Xiamaling Formation along freshly exposed
road cuts near Tielingzi village (40°05'16.68"N,
117°24'7.95"E), ~95 km east of Beijing (Figs. 1 and 2).
Samples were cut into chips and only the fresh central
parts were used for mineralogical/geochemical ana-
lyses and thin section preparation. Prior to analysis,
the samples were cleaned, dried and ground to
powder (~200 mesh) in an agate mortar to avoid
contact with metals. Macroscopic features were
observed in the field and microfabrics were examined
microscopically in thin-sections. Ultra-structures
were investigated in thin sections using a Zeiss Supra
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Fig. 3 Major depositional characteristics of Member | of the Xiamaling Formation and the underlying Tieling Formation in the Jixian section
near Tielingzi village, Jixian County, northern China. A) Disconformable boundary between the Tieling and Xiamaling formations. The upper
Tieling Formation is dominated by stromatolitic limestone, while the basal Xiamaling Formation consists of iron-rich silty mudstone and
siltstone; B) Grey silty shale interbedded with siderite-grainstone bands (arrowed) containing abundant Xiamalingella siderite tubes; C) Close
view of a siderite-grainstone band (black-white arrow) that contains Xiamalingella tubes, and of siderite-nodules (red-yellow arrow) that lack

Xiamalingella, in silty shale.

55 field emission scanning electron microscope
(FESEM) under 20 kV accelerating voltage with a
working distance of -15 mm. A secondary electron
imaging detector (SE2) was used to characterize
topographic features, and an AsB detector was used
to reveal compositional differences (backscattered
electron, BSE, image). Samples were coated with ~8-
nm-thick carbon prior to analysis. Elemental con-
centrations of micron-sized spots were semi-
quantitatively analyzed using an energy dispersive
X-ray spectrometer (EDS) connected to the FESEM,
operated at 20 kV with a working distance of ~15 mm.
For carbon isotope analyses, sample powders were
drilled from polished slabs, avoiding weathered sur-
faces and recrystallized areas.

The C—O0 isotope analyses were conducted at the
State Key Laboratory of Biogeology and Environmental
Geology, China University of Geosciences (Wuhan).
About 150 ng—400 ug of powder was placed ina 10 mL
Na-glass vial, sealed with a butyl rubber septum, and
reacted with 100% phosphoric acid at 72 °C after
flushing with helium. The evolved CO, gas was
analyzed for 3'3C and 5'80 using a MAT 253 mass-

spectrometer coupled directly to a Finnigan Gas-
bench Il interface (Thermo Scientific). Isotopic values
are reported as per mille relative to the Vienna Pee
Dee belemnite (V-PDB) standard. Analytical precision
was better than +0.1%. for 3'3C and +0.1%. for 3'%0,
based on replicate analyses of two laboratory stan-
dards (GBW 04416 and GBW 04417).

4. Results and discussion

4.1. Mineralization of cyanobacterial sheaths

Xiamalingella filaments (see 5 Systematic pale-
ontology) are closely interwoven in mat-like bundles
and appear benthic (Fig. 4A—F). In detail, the tube
walls are fine-grained siderite (Fig. 4E—H) with black
grains resembling iron minerals (Fig. 4F). They have
been preserved by impregnation with a fine-grained
mineral which is now, and may originally have been,
siderite. Small filaments have commonly been
described from grains in cherts (e.g., Zhao et al.,
2020), as well as from phosphorites (e.g., She et al.,
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Fig. 4 Microscopic features of Xiamalingella filaments in siderite bioclastic grainstone from the Lower Xiamaling Formation. A—C) Abundant
filaments in siderite grainstone clasts (arrows); D) Interwoven arrangement showing filaments with circular cross-sections and well defined
walls; E) Microscopic features of siderite tubes, showing their sheaths with constant thickness (arrows and dashed lines); F) Siderite tubes
with dark mineral inclusions in the walls (arrows); G) Enlargement of panel E, showing the small mineral size in the sheath (arrow and dashed
lines) compared to the cement filling the tube; H) Siderite tube containing dark minerals (arrows), possibly resembling mineralized cell

material.

2013, figure 2j) and iron formation (e.g., Dodd et al.,
2018, figure 9), and some of these granules are side-
ritic (e.g., Stefurak et al., 2014, figure 1).

In our samples, tubes, associated matrix and
diagenetic cement are all siderite, with low Ca con-
centrations (Fig. 5) and negative carbon isotope values
of the bulk rock (<-10%.; Table 1). The morphological
decomposition of cyanobacteria is commonly a rapid

process, and could occur on a time scale of days to
weeks (Bartley, 1996). In this study, the individual
sheaths are well preserved with relatively constant
thickness (Fig. 4), suggesting synsedimentary sheath
mineralization. We consider two possible explanations
for the primary composition of Xiamalingella tubes:
calcite (CaCOs) (Fig. 6A) and siderite (FeCOs) (Fig. 6B
and C; adapted from Riding, 2006).
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Fig. 5 Composition of cyanobacterial filaments in siderite bioclastic grainstone from the Lower Xiamaling Formation. A) Siderite grain
containing abundant filaments; B) BSE image, showing the compositional difference between the sheaths and the tube-fills; C) Enlargement of
filaments in B, showing dark colored sheaths with constant thickness (arrowed); D) and E) EDS spectra, showing sheaths composed of Mn-rich
micritic siderite, and tubes composed of Fe-rich siderite; F—H) EDS element mapping of B, showing Fe, Mn and Ca distribution; the sand grains
are siderite with high Fe concentration and low Mn and Ca concentrations; the tubes are Fe-rich but Mn-poor, the sheaths are Fe-poor and Mn-
rich.
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Table 1 Carbon and oxygen isotopes of siderite grainstone from

the Lower Xiamaling Formation, Jixian section.

Sample ID 3'3C (PDB)%o 5'80 (PDB)%o
1707XML-06 -12.8 -4.4
1707XML-07 -10.3 -9.4
1707XML-13 -11.3 -4.4
1807TLZ-09.5m -10.5 -4.6
1807TLZ-11.8m -10.9 -5.1

4.2. Primary CaCO;

In vivo cyanobacterial sheath calcification can
occur under conditions that favor the precipitation of
CaCO; minerals, and does not appear to be obligatory
(Riding, 2006). It is best known at the present day in
freshwater streams (Merz-Preil and Riding, 1999;
Pentecost, 2005), and is relatively rarely reported
from present-day marine environments (Riding, 1991;
Planavsky et al., 2009). Nonetheless, calcified cyano-
bacterial sheath microfossils have a good geological
record, albeit strongly fluctuating in abundance, which
ranges from common (e.g., Early Paleozoic, Devonian/

Carboniferous, Late Jurassic/Early Cretaceous) to
scarce (e.g., much of the Late Cretaceous and Ceno-
zoic) (Arp et al., 2001). This distribution has been
suggested to relate to fluctuations in the propensity of
seawater to precipitate CaCO; and also to the ability of
cyanobacteria to utilize CO,-concentrating mecha-
nisms (CCMs) at times of relatively low aqueous CO,
concentrations (Thompson and Ferris, 1990; Merz,
1992; Kempe and Kazmierczak, 1994; Riding, 2006).
Thus, when carbon dioxide levels are relatively low, as
at the present-day, cyanobacteria can utilize HCO3 as
an additional source of dissolved inorganic carbon
(Riding, 1991; Planavsky et al., 2009). The intracel-
lular processes that convert bicarbonate to carbon
dioxide [HCO3 (absorbed from ambient water) — CO,
(used by cyanobacteria) + OH™ (released to sheath)]
result in localized increase in extracellular pH adja-
cent to the cells, which, if local environmental con-
ditions are favorable, can lead to CaCO; precipitation
on and in the sheath (Merz-Prei and Riding, 1999;
Riding, 2006). Sheath structure may also favor calci-
fication (Golubic and Seong-Joo, 1999).
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Fig. 6 Speculative biomineralization pathways for Xiamalingella (adapted from Riding, 2006, figure 3) A) In vivo cyanobacterial sheath
calcification through the CO,-concentrating mechanism (CCM). This could then be followed by transformation into siderite during diagenesis,
by a process similar to silicification; B) Oxidation of Fe(ll) in sheaths by oxygen produced by photosynthesis during illumination, subsequently
transformed into siderite by dissimilatory iron reduction (DIR) during darkness; C) Direct sideritization of sheaths due to pH increase induced
by CCM.
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Proterozoic examples of calcified cyanobacterial
sheaths are mainly Girvanella-like forms, e.g., ~1200 Ma
Society Cliffs Formation (Kah and Riding, 2007; sub-
divided into Iqqittug, Angmaat, Nanisivik, and Ikpiarjuk
formations by Turner, 2009), ~890 Ma Little Dal (Turner
et al., 1993; age from Turner, 2021), 750—700 Ma
Draken Group (Swett and Knoll, 1985; Fairchild et al.,
1991; Knoll et al., 1989, 1991, 1993). Coiled filaments,
similar in form to present-day Spirulina, occur widely in
the Neoproterozoic, variously preserved in pyrite,
phosphate and silica, and are generally referred to
Obruchevella (Knoll and Ohta 1988; Peel, 1988;
Mankiewicz, 1992; Buick and Knoll 1999; Sergeev and
Schopf, 2010; Moore et al., 2017). In addition, late Edi-
acaran phosphatic filamentous fossils associated with
Obruchevella in Shaanxi, China, have been compared
with Girvanella and Subtifloria and also include Rivu-
laria-like Cambricodium (Min et al., 2020).

If siderite fully replaced the original minerals
without leaving any relics, then it is possible that
Xiamalingella tubes and associated sediment were
originally CaCOs; and were subsequently synsedi-
mentary diagenetically converted to siderite. In this
case, sheath calcification could have occurred by the
mechanism that has been inferred for other Protero-
zoic examples (Riding, 2006; Kah and Riding, 2007),
i.e., increase in ambient pH due to CCM, connected
with oxygenic photosynthesis, promoted in vivo sheath
calcification. These processes could have occurred
under overall oxygenated conditions. Subsequent up-
ward oxycline migration in seawater associated with
ferruginous conditions could have promoted synsedi-
mentary sideritization of these originally calcareous
tubes and sediment.

Siderite can be formed through primary, early
diagenetic or late diagenetic processes (Tang et al.,
2018 and references therein). However, EDS analysis
of Xiamalingella shows Ca content less than 1 wt%
(Fig. 5D and E). BSE images and EDS analysis results
indicate that the sheaths are composed of Mn-rich
micritic siderite with constant thickness, while tubes
are infilled by Fe-rich siderite with larger grain size
(Fig. 5). In diagenetic siderite, Ca contents can be up
to 4 wt% (Tang et al., 2018, Fig. 6A). The low values of
Ca observed in the Xiamalingella tubes therefore
suggest an original composition that was unlikely to
have been CaCOs.

4.3. Synsedimentary siderite

The Xiamalingella tubes, together with the sur-
rounding matrix and cements, are all siderite (Fig. 5).
The tube-wall (interpreted as the sheath) is Mn-rich
rather than Ca-rich and no calcite relics have been

observed (Fig. 5), suggesting that the siderite is syn-
sedimentary. The formation of siderite requires anoxic
and Fe-rich conditions with high alkalinity but low
sulfate concentrations (e.g., Tang et al., 2018). The
occurrence of abundant glauconite- and berthierine-
rich siltstone also indicates anoxic and ferruginous
conditions (Ma et al., 2022). Therefore, if siderite was
the primary mineral, then O, must have been low or
was consumed very quickly. If oxygen was produced by
photosynthesis then, in this ferruginous environment,
Fe-oxyhydroxide should have formed. However, we
find no evidence of original Fe-oxyhydroxide in the
sheath. If it was originally present, it could have been
consumed by synsedimentary DIR and either removed
in solution or precipitated as siderite, which is sup-
ported by the negative carbon isotope composition
(Table 1; cf. Tang et al., 2018). This permits the pos-
sibility that the siderite could have been primary or
early diagenetic and was bacterially produced by DIR.
Primary precipitation of siderite has rarely been
described, while the early diagenetic formation of
stratiform siderite through DIR has been reported in
Member Il of the Xiamaling Formation (Tang et al.,
2018). In this study, we envisage the following
possible sequence of fabric development in the
siderite grainstone containing Xiamalingella from
Member | of the Xiamaling Formation (Fig. 6B and C).

i) Within diurnal light-dark cycles, amorphous
Fe(lll) oxyhydroxide precipitated during illu-
mination in the cyanobacterial sheaths as a
result of oxygenic photosynthesis (e.g.,
Swanner et al., 2017). If the cyanobacteria
were utilizing a CCM then this could have pro-
duced OH" in the sheath that promoted siderite
as well as Fe(lll) oxyhydroxide precipitation.

ii) DIR continuously converted Fe-oxyhydroxide to
siderite (Rose and Waite, 2005; Lis and Shaked,
2009; Rudolf et al., 2015; Thorne et al., 2015),
possibly as: 4Fe(OH); + CH,0 + 3HCO3; —
4FeCO5; +30H™ + 7H,0 (Heimann et al., 2010;
Tang et al., 2018). This process preserved the
organic sheaths as siderite tubes, and resulted
in the negative composition of the carbon
isotopes.

iii) The mineralized sheaths and associated grains
were synsedimentarily cemented by siderite.

iv) Currents eroded and transported the sediment,
reworking the dense masses of cemented tubes
into millimetric clasts, which were then buried
and cemented by sparry siderite.

This proposed mineralization process is provisional
pending further study and verification.
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4.4. Biomineralization

Calcified skeletons of invertebrate groups became
relatively common in the late Ediacaran and Early
Cambrian (Penny et al., 2014; Wood, 2018; Murdock,
2020), and possible calcified algae have been re-
ported from the Cryogenian (Horodyski and
Mankiewicz, 1990). Earlier Neoproterozoic records of
biomineralization include phosphatic and siliceous
scales (Allison and Hilgert, 1986; Macdonald et al.,
2010; Cohen et al., 2011, 2017; Morais et al., 2017;
Riedman et al., 2021) and vase-shaped tests (Porter
and Knoll, 2000; Porter et al., 2003), especially since
~800 Ma. In addition to providing support to the or-
ganisms, these adaptations could reflect defensive
mechanisms (Bengtson, 1994; Porter, 2011). In
contrast to these examples, Xiamalingella was a key
development that provides evidence for earlier bio-
mineralization, even if it reflects essentially passive
interaction between the organism and ambient
aquatic chemistry. Cyanobacteria produced similar
calcified tubes during the Cambrian (Elicki, 1999). It is
also possible to regard Xiamalingella siderite tubes
(Figs. 4 and 5) as an example of protective preadap-
tation (Simpson, 1944; Gould and Vrba, 1982) against
future small herbivorous metazoans (Butterfield,
1997), for which cyanobacteria may subsequently
have become prey, e.g., in the Neoproterozoic.

In vivo cyanobacterial sheath calcification has been
regarded as evidence of CCMs (Kah and Riding, 2007;
Liu et al., 2020b). Photosynthetic processes such as
CCM may be linked to relatively low levels of atmo-
spheric CO,, possibly less than ~12 x preindustrial at-
mospheric level (PIAL, 280 ppmyv; Riding, 2006),
consistent with the empirical estimates of coeval CO,
levels based on paleosols (Sheldon, 2006). Primary
siderite mineralization of cyanobacteria has not been
described before. It offers a plausible explanation for
preferential synsedimentary preservation of the rela-
tively resilient sheath, comparable with the preser-
vation observed in calcification.

5. Systematic paleontology

5.1. Taxonomy

Genus: Xiamalingella gen. nov.

Diagnosis: Tubular filaments, circular in cross-
section, non-septate, sinuous; walls smooth, thin,
fine-grained; juxtaposed and interlaced, with mutu-
ally parallel to transverse orientation; forming unat-
tached bundles that appear to be fragments;
preserved in siderite grainstone (Figs. 4 and 5).

Type species: Xiamalingella sideria sp. nov.

Holotype. Specimen number: 1911TLZ-04, re-
pository in the National Infrastructure of Mineral, Rock
and Fossil for Science and Technology, Beijing.

Paratype. Specimen number: 1911TLZ-08, re-
pository in the National Infrastructure of Mineral, Rock
and Fossil for Science and Technology, Beijing.

Name: From its location and inferred syn-
depositional siderite composition.

Historically, different names have been given to
filamentous cyanobacterium-Llike fossils based on their
mineralization as well as morphology. Examples are
Siphonophycus (typically silicified), Obruchevella and
Spirellus (typically phosphatized and helically coiled)
(Peel, 1988; Min et al., 2020), and Girvanella (defined
as a calcified fossil). Thus, in these cases, mineral
composition can be part of the diagnosis. This some-
what idiosyncratic approach may be justified if calci-
fication, as in Girvanella, occurred during life as a
result of bioinduced calcification, and preserves a
specific part of the organism (in this case the sheath).
This may contrast with synsedimentary/early diage-
netic phosphatization and silicification. Here we name
this siderite sheath-like fossil Xiamalingella.

Description: As for the genus. In addition to being
generally sub-parallel, tubes are locally tangled and
oriented transverse to one another.

Filament dimensions: External D = 11 um—52 pm
(mean 27 um, n = 60). Internal diameter 3 um—36 pm
(mean 16 pm); wall thickness 3 um—10 um (mean
6 um) (Figs. 4, 5 and 7; Supplementary Table S1). [Type
Girvanella External D = 35 um—42 pm (Nicholson and
Etheridge, 1878)].

Material: 25 specimens.

Remarks: In morphology and individual tube size,
Xiamalingella resembles Girvanella (Nicholson and

Etheridge, 1878), but is distinct in its bundled
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Fig. 7 Xiamalingella sideria dimensions from the Jixian section,
based on 60 individual tubes in 5 well preserved samples.
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arrangement. In this respect it resembles the cable-
like arrangement of Subtifloria (Maslov, 1956), which
is common in the Lower Cambrian (Elicki, 1999), and
its junior synonym Botominella Reitlinger (Riding and
Voronova, 1984), but it may also differ in locally hav-
ing tubes oriented transverse to one another (Figs. 4
and 5).

Occurrence: Present in 25 thin sections of a total
of 25 samples from one locality.

Type-locality: Tielingzi village, Jixian, Tianjin,
northern China.

Geological horizon: Lower part of Member | of the
Xiamaling Formation.

Age: ~1.42—1.33 Ga (see 2 Geological setting).

Lithology and depositional environment: Grain-
stone composed of bioclastic siderite, deposited in
offshore transitional zone below fair-weather wave
base.

5.2. Comparisons

In overall size and shape, Xiamalingella (Figs. 4, 5
and 7; Supplementary Table S1) not only broadly re-
sembles relatively large cyanobacteria but also small
green algae, such as Cladophora whose fossil record
can be traced back to at least to ~1 Ga (Tang et al.,
2020b). However, in addition to more complicated
morphologic features, Cladophora-like algae usually
also show well-defined branching, and can be up to 100
microns or more in diameter (Boedeker et al., 2018).
Furthermore, although Cladophora can be preserved
by being encrusted by CaCOs during life, e.g., in non-
marine tufa deposits (Riding, 1979; Bosence and
Gallois, 2021), this calcification is external to the
organic material and irregular, and does not usually
present the appearance of being a distinct calcified
‘wall’ of even thickness.

The general size, circular cross-section, well-
defined wall, non-septate character, and lack of
branching in Xiamalingella (Figs. 4, 5 and 7) all broadly
resemble similar features in calcified fossils inter-
preted as cyanobacterial sheaths that belong to the
Girvanella Group (Riding, 1991, p. 66). In particular,
Xiamalingella is similar to apparently unbranched
forms with filaments arranged in closely juxtaposed
aligned cable-like ‘bundles’, such as Subtifloria, best
known from the Cambrian—Ordovician (cf. Riding and
Fan, 2001, Figure 3d). Paleozoic Subtifloria filaments
range in internal diameter up to ~20 um (Riding and
Fan, 2001, Figure 5) and -39 um (Feng et al., 2010)
in external diameter.

In the same region of northern China, cyano-
bacterial fossils in the ~1.58 Ga (Tian et al., 2015)
Gaoyuzhuang Formation include  sheath-like

Siphonophycus, Palaeolyngbya and Obruchevella
(Zhang and Li, 1985; Shi et al., 2017; Zhao et al.,
2020). Silicified multi-trichomous cyanobacteria
resembling Schizothrix and Microcoleus have been
reported from the lower part of the Gaoyuzhuang
Formation (Seong-Joo and Golubic, 1998). In shape and
arrangement, the genus Xiamalingella (Figs. 4 and 5)
resembles some silicified fossils referred to Siphon-
ophycus, such as those described by Zhao et al. (2020,
figures 4b and 6f), from Member | of the Gaoyuzhuang
Formation and Member Ill of the Wumishan Formation.
Siphonophycus, widely reported from the Precam-
brian, is generally identified as cyanobacterial sheaths
(Bartley, 1996; Schopf, 2006; Sergeev et al., 2012),
although these fossils might have been produced by
other similarly shaped-microbes. Our Xiamalingella
specimens range 5 um—37 pm (mean 16 um) in internal
diameter. In this respect, they are somewhat larger
than Siphonophycus, including examples described
from the Jixian Group, and similar in size to relatively
large examples of Girvanella (Fournie, 1967, table Il),
which is common in the Paleozoic.

Filamentous cyanobacteria have a protective
tubular sheath that encloses strands of cells (tri-
chomes). Some filamentous cyanobacteria have one
trichome within the sheath whereas multi-trichomous
filaments have several, sometimes many, trichomes
within a single sheath. Seong-Joo and Golubic (1998)
suggested that the appearance of multi-trichomous
organization ~1.58 Ga could represent a significant
step in cyanobacterial evolution (see Tosti and Riding,
2017, figure 20). However, even the widest multi-
trichomous sheaths of Eoschizothrix described by
Seong-Joo and Golubic (1998, p. 181) do not exceed
~11 um in diameter. Nonetheless, ~1.2 Ga Dismal Lakes
Formation sheaths regarded as multi-trichomous are
18 um—36 pum in diameter (Horodyski and Donaldson,
1980, p. 136 and p. 154). We cannot tell whether
Xiamalingella was multi-trichomous, since only the
sheath appears to be preserved, but this possibility
could help to account for its relatively large diameter,
and would be consistent with its age.

There is a long and diverse record of Archean and
Proterozoic  cyanobacterium-like  fossils  (e.g.,
Horodyski and Donaldson, 1980, 1983; Yun, 1981; Knoll
et al., 1988, 1989; Schopf, 1992, 2006; Sergeev et al.,
1995, 2002; Bartley, 1996; Demoulin et al., 2019),
mainly preserved in chert, and some in phosphate.
Silicified sheath-like Proterozoic fossils referred to
cyanobacteria can be common, for example Anhui-
thrix, Obruchevella, Palaeolyngbya, Siphonophycus
(Schopf, 1968; Sergeev et al., 1994; Sergeev and
Schopf, 2010; Demoulin et al., 2019, table I). In
contrast, only a few occurrences of calcified
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cyanobacterial sheaths are known from the Precam-
brian (summary in Riding, 2012). The oldest reported
well-preserved examples that appear to have been
originally calcified are from the latest Archean
(2.52 Ga) Gamohaan Formation, South Africa (Klein
et al., 1987). These 15—25-um-diameter filaments
are mainly silicified, but retain a few percent ferroan
dolomite that preserves the outlines of aragonite-like
crystals, suggesting that they could originally have
been carbonate-encrusted cyanobacterial sheaths
(Klein et al., 1987). Although  numerous
cyanobacterium-like Archean fossils ranging in age
from ~3.5—2.5 Ga have been described (Schopf, 2006,
table 2), recent assessment recognizes the oldest
confirmed cyanobacterial fossils as mid-
Paleoproterozoic (Demoulin et al., 2019); these are
silicified Eoentophysalis belcherensis (Hofmann, 1976)
in ~2 Ga (age from Hodgskiss et al., 2019) stromatolites
of the Kasegalik Formation (Belcher Supergroup),
Canada.

Morphology and in vivo mineralization of the
sheath are key features that can assist the identifica-
tion of fossil cyanobacteria (cf. Riding, 2006; Kah and
Riding, 2007). Overall, Xiamalingella described here
from siderite sediments in the basal Xiamaling For-
mation resembles the external protective sheaths of
filamentous cyanobacteria, and is sufficiently large to
permit the possibility that it was multi-trichomous. To
our knowledge, Xiamalingella is the first record of a
cyanobacterium-like siderite fossil.

6. Conclusions

In size and shape, ~1.4 Ga Xiamalingella tubes
closely resemble cyanobacterial sheaths that formed
aligned mat-like aggregates. Good preservation in
marine siderite (FeCOs), with no sign of tube degra-
dation, suggests early mineralization. Fe-
oxyhydroxide could be expected to have precipitated
in the presence of oxygen, but is not observed, and
may have been entirely removed by DIR to Fe(ll). A
CaCO; precursor seems unlikely since little Ca®* is
preserved in the tube walls. Photosynthesis that
involved CCM may have promoted siderite precipita-
tion, preferentially preserving the sheath under rela-
tively low levels of atmospheric CO, (<~12 x PIAL). To
account for these observation-based data we propose
the following sequence of events: (i) Sheaths were
impregnated during life by Fe(lll)-oxyhydroxide rather
than by Ca-carbonate; (ii) Conversion of Fe(lll) to
siderite was carried out by DIR; (iii) Subsequent syn-
sedimentary siderite cementation occurred under
anoxic conditions in the presence of abundant

dissolved Fe(ll). These ~1.42—1.33 Ga fossils could be
the first cyanobacterium-like filaments preserved in
siderite to be described, and provide an early example
of biomineralization.
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