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Abstract

Eighteen microfossil morphotypes from two distinct facies of black chert from a
deep-water setting of the c. 2.4 Ga Turee Creek Group, Western Australia, are re-
ported here. A primarily in situ, deep-water benthic community preserved in nodular
black chert occurs as a tangled network of a variety of long filamentous microfossils,
unicells of one size distribution and fine filamentous rosettes, together with relatively
large spherical aggregates of cells interpreted as in-fallen, likely planktonic, forms.
Bedded black cherts, in contrast, preserve microfossils primarily within, but also be-
tween, rounded clasts of organic material that are coated by thin, convoluted carbo-
naceous films interpreted as preserved extracellular polymeric substance (EPS).
Microfossils preserved within the clasts include a wide range of unicells, both much
smaller and larger than those in the nodular black chert, along with relatively short,
often degraded filaments, four types of star-shaped rosettes and umbrella-like ro-
settes. Large, complexly branching filamentous microfossils are found between the
clasts. The grainstone clasts in the bedded black chert are interpreted as transported
from shallower water, and the contained microfossils thus likely represent a photo-
trophic community. Combined, the two black chert facies provide a snapshot of a
microbial ecosystem spanning shallow to deeper-water environments, and an insight
into the diversity of life present during the rise in atmospheric oxygen. The preserved
microfossils include two new, distinct morphologies previously unknown from the
geological record, as well as a number of microfossils from the bedded black chert
that are morphologically similar to—but 400-500 Ma older than—type specimens
from the c. 1.88 Ga Gunflint Iron Formation. Thus, the Turee Creek Group microfossil
assemblage creates a substantial reference point in the sparse fossil record of the
earliest Paleoproterozoic and demonstrates that microbial life diversified quite rap-
idly after the end of the Archean.

KEYWORDS
community, ecosystem, Great Oxidation Event, Gunflint microbiota, microfossil, Turee Creek

Group

Geobiology. 2018;16:449-475.

wileyonlinelibrary.com/journal/gbi © 2018 John Wiley & Sons Ltd | 449


www.wileyonlinelibrary.com/journal/gbi
http://orcid.org/0000-0001-6234-1343
mailto:evbarlow@gmail.com

450
= L wiLey- e

BARLOW anp VAN KRANENDONK

1 | INTRODUCTION

Archean sedimentary rock successions preserve only relatively
simple microfossils including filamentous, unicellular and spindle-
shaped microfossils that are often found only in isolated, single
populations (e.g., Czaja, Beukes, & Osterhout, 2016; Klein, Beukes,
& Schopf, 1987; Knoll & Barghoorn, 1977; Kremer & Kazmierczak,
2017; Lanier, 1986; Sugitani, Grey, Nagaoka, Mimura, & Walter,
2009; Sugitani, Mimura, Nagaoka, Lepot, & Takeuchi, 2013; Sugitani,
Mimura, Takeuchi, Lepot, et al., 2015; Sugitani, Mimura, Takeuchi,
Yamaguchi, et al., 2015; Wacey, Kilburn, Saunders, Cliff, & Brasier,
2011; Walsh, 1992; amongst others). It is not until the c. 1.88 Ga
Gunflint Iron Formation, Canada, that a variety of microbial forms
with more complex morphologies are preserved, such as Kakabekia,
Eoastrion and Eosphaera (Barghoorn & Tyler, 1965). In contrast,
Meso- and Neo-Proterozoic rocks contain many diverse examples
of microfossils with complex morphology, often preserved alongside
other microfossils in communities. Examples include the following:
Tappania plana from the 21.4 Ga Ruyang Group, China (Lan etal.,
2014; Yin, 1997; Yin, Xunlai, Fanwei, & Jie, 2005), c. 800-900 Ma
Wynniatt Formation, Canada (Butterfield, 2005a, b) and c. 1.5 Ga
Roper Group Australia (Javaux & Knoll, 2016); Shuiyousphaeridium
macroreticulatum, also from the Ruyang Group (Yin, 1997);
Bangiomorpha pubescens from the c. 1.2 Ga Hunting Formation,
Canada (Butterfield, 2001; Butterfield, Knoll, & Swett, 1990); and
Bonniea dacruchares and other vase-shaped microfossils from the
c. 750 Ma Chuar Group, USA (Porter, Meisterfeld, & Knoll, 2003).
However, the early Paleoproterozoic fossil record surrounding the
c. 2.45-2.32 Ga Great Oxidation Event (GOE; Bekker et al., 2004;
Farquhar, Bao, & Thiemens, 2000; Holland, 2002) is particularly
sparse.

Microfossils have recently been reported from black chert in
the c. 2.45-2.21 Ga Turee Creek Group, Western Australia, by
Schopf et al. (2015) and Fadel, Lepot, Busigny, Addad, and Troadec
(2017). Both studies described similar tangled, cobweb-like masses
of filamentous microfossils, but proposed different metabolic in-
terpretations: a sulfur-cycling biocoenose (Schopf et al., 2015) and
an iron-oxidising community (Fadel et al., 2017). Here, we build on
this previous work by presenting a comprehensive description of a
diverse assemblage of newly discovered microfossils from different
outcrops of the same unit as previously described, including a num-
ber of forms not previously reported from rocks of this age. These
include microfossils from two distinct communities, permineralised
in two distinctly different black chert facies; nodular and bedded.
Both of these black chert facies occur within a few metres strati-
graphic height of one another, and both within deeper-water facies,
offshore from a shallow-water dolomitic stromatolite-thrombolite
reef complex (Barlow, Van Kranendonk, Yamaguchi, lkehara, &
Lepland, 2016). A benthic, deeper-water community with possible in-
fallen planktonic forms is preserved in the nodular black chert facies,
whilst the bedded black chert facies preserves a shallower water,
likely phototrophic community in organic clasts that were trans-
ported into the deeper-water setting. Eighteen distinct microfossil

morphotypes, as well as films interpreted as preserved extracellular
polymeric substance (EPS), are described, including two forms that
are new to the geological record. Part of the Turee Creek microfossil
assemblage described here from the bedded black cherts is mor-
phologically similar to, yet 400-500 Ma older than, type specimens
from the c. 1.88 Ga Gunflint Iron Formation (Barghoorn & Tyler,
1965; Fralick, Davis, & Kissin, 2002) and is 100-300 Ma older than
the slightly older Gunflint correlatives (e.g., the c. 2.1 Ga Franceville
Group in Gabon; Amard & Bertrand-Sarfati, 1997; Lekele Baghekema
etal.,, 2017). Combined, the nodular and bedded black chert facies
described here provide insight into an early Paleoproterozoic eco-
system at the time when life was adapting to the rise of atmospheric

oxygen.

1.1 | Geological setting

The Turee Creek Group (TCG) consists of, from base to top, the
Kungarra, Koolbye and Kazput formations (Thorne & Tyler, 1996;
Thorne, Tyler, & Blight, 1995; Trendall, 1979). The TCG lies con-
formably on the Boolgeeda Iron Formation of the older Hamersley
Group and is unconformably overlain by the Beasley River Quartzite
of the Wyloo Group. The minimum age of the TCG is 2,209 + 15 Ma,
as determined from SHRIMP U-Pb dating of zircons in the Cheela
Springs Basalt that overlies the Beasley River Quartzite (Martin,
Li, Nemchin, & Powell, 1998). A maximum age of the TCG is
2,449 + 3 Ma; the age of the Woongarra Rhyolite that conform-
ably underlies the Boolgeeda Iron Formation (Barley, Pickard, &
Sylvester, 1997). Krapez, Miiller, Fletcher, and Rasmussen (2017)
reasoned that the TCG may have been deposited much earlier, be-
tween 2,445-2,420 Ma, based on detrital zircon geochronology
and estimated sedimentation rates. In addition, the Meteorite Bore
Member, which sits within the Kungarra Formation of the TCG, is
interpreted to have been deposited towards the end of the GOE
(Williford, Van Kranendonk, Ushikubo, Kozdon, & Valley, 2011).
Combined, it is likely that the majority of the TCG was deposited
across the rise of atmospheric oxygen, c. 2.4 Ga.

This study is focused on black chert units that reside in the
deeper-water part of a stratigraphic succession that conformable
overlies a shallow-water dolomitic stromatolite-thrombolite reef
complex from the TCG. This succession lies to the north-west of
the Hardey Syncline, near the old Duck Creek Homestead. The
~350 m (true thickness) shallow-water reef complex and conform-
ably overlying deeper-water succession crops out for ~15 km along
strike on the eastern limb of a tight, faulted, north-west-plunging
syncline that was labelled the “Kazput Syncline” by Barlow et al.
(2016) (Figure 1). The TCG dolostone unit at this locality strikes
NW-SE and dips, on average, 37° to the SW (Barlow et al., 2016;
Martin, Powell, & George, 2000; Van Kranendonk, 2010). Relatively
shallow-water stromatolites and thrombolites at the base pass
through dolomitic turbidites into deeper-water, thinly bedded do-
losiltite, shale and thinly bedded ironstone with black chert nod-
ules, followed by thinly bedded dolosiltite with thin beds of black
chert (see figure 20 of Barlow et al., 2016). The shale and ironstone
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FIGURE 1 Geological map showing the location of the studied unit on the eastern limb of the “Kazput Syncline” within rocks of the
Turee Creek Group, which conformably overlie the Boolgeeda Iron Formation of the Hamersley Group. Note the tightly folded, north-west-
plunging “Kazput Syncline” is unconformably overlain by the open and continuous Duck Creek Syncline (for further detail regarding the
unconformities in this area, please refer to figures 1 and 2 of Barlow et al., 2016). The area along the green line was mapped in this study
and designates the extent of the stromatolitic dolomite ridge (labelled “studied unit”). The extent along strike of the deeper-water nodular
and bedded black chert units is represented by the area between the two green circles along this line, with the locality of Fadel et al. (2017)
shown by a green cross [Colour figure can be viewed at wileyonlinelibrary.com]

units were interpreted by Barlow et al. (2016) as the deepest point
in the exposed succession (end of a transgression), with the return
to thinly bedded dolosiltite with interlayers of bedded black chert

signifying the beginning of a regression. Overlying units are cut off
by a fault that follows the axial plane of the “Kazput Syncline” (see
figure 2 of Barlow et al., 2016).
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The “Kazput Syncline” is a tight, north-west-plunging fold struc-
ture that is part of an older generation of folds and faults that pre-
date the younger, and much larger, Duck Creek Syncline (DCS),
whose axial plane lies ~25 km further to the west (Figure 1; Barlow
et al., 2016; Geological Survey of Western Australia, 2017; Martin &
Morris, 2010; Van Kranendonk, 2010). The DCS is a large (~20 km
half wavelength), open, north-west-plunging fold structure that
contains the major outcrops of the younger, c. 1.8 Ga Duck Creek
Dolomite, including the well-studied Duck Creek Gorge locality
(Figure 1; Grey, 1985; Grey & Thorne, 1985; Knoll & Barghoorn,
1976; Knoll, Strother, & Rossi, 1988; Schopf et al., 2015; Walter,
1972; Wilson et al., 2010).

Barlow etal. (2016) interpreted the dolomitic stromatolite-
thrombolite reef complex to be part of the Kazput Formation, based
on mapping that identified an immediately underlying unit of quartz-
rich sandstone that they correlated with the Koolbye Formation
in the Hardey Syncline further to the south-east. Instead, Krapez
et al. (2017) classified the stromatolitic dolomite ridge as part of
the underlying Kungarra Formation. Despite these different inter-
pretations of the specific formation, the important point is that all
researchers agree that the studied unit belongs to the TCG (e.g.,
Barlow et al., 2016; Fadel et al., 2017; Hickman & Van Kranendonk,
2012; Krapez, 1996, 1999; Krapez et al., 2017; Martin, 1999; Martin
& Morris, 2010; Martin etal., 2000; Powell & Horwitz, 1994;
Simonson, Schubel, & Hassler, 1993; Trendall, Compston, Nelson, De
Laeter, & Bennett, 2004; Van Kranendonk, 2010; Van Kranendonk,
Mazumder, Yamaguchi, Yamada, & lkehara, 2015; Williford et al.,
2011). As we have no further evidence to directly support either
interpretation, we simply refer to the succession studied here as be-
longing to the Turee Creek Group.

2 | TUREE CREEK GROUP MICROFOSSILS

2.1 | Previous work

Microfossils were first reported from the TCG dolomite ridge local-
ity (north-west of the Hardey Syncline) by Van Kranendonk et al.
(2012), who described four types of filamentous microfossils of
varying width, including two with apparent beaded-cells, tangled to-
gether in cobweb-like masses surrounding clear domains of quartz.
Van Kranendonk et al. (2012) noted that some filaments were excep-
tionally long (hundreds to thousands of micrometres in length) and
posited their origin as possibly sulfur-cycling based on their position
within deeper-water sediments, as well as morphological similarity
to modern sulfur-cycling micro-organisms.

Following on from this initial discovery, Schopf et al. (2015) re-
ported three varieties of filamentous microfossils from a locality
~65 km to the south-east (lat. 22.48°S, long. 116.52°E) of the c.
1.8 Ga Duck Creek Dolomite. These filamentous microfossils range
in size from relatively large (~7-9 um diameter) filaments with pos-
sible 12-15 pm long elongated cells, to thinner (~1-4 um diameter)
filaments with possible bead-shaped cells, to very narrow (<1 pm di-
ameter) thread-like filaments, and are interlaced together in a wispy,

cobweb-like fabric (Schopf et al., 2015). Schopf et al. (2015) inter-
preted these three filamentous forms, along with other morpholog-
ically similar filaments from the younger Duck Creek Dolomite, as
representing the remains of a deep-water sulfuretum community,
on the basis of the deep-water settings, morphological compari-
son of the microfossils with modern sulfur-cycling organisms, and
results from sulfur isotope analyses of inferred microbial pyrite in
the Duck Creek Dolomite samples (84S values ranged from -9.4
to +43.4%o).

Similar filamentous microfossils also preserved in tangled,
cobweb-like masses were reported by Fadel et al. (2017) from the
same dolomite ridge as this current study, but from a slightly dif-
ferent locality (at 22°29.748'S, 116°31.817'E). Fadel et al. (2017)
identified four filamentous forms: “type 1” narrow filaments,
2-3 um in diameter, with a thin continuous sheath (30-100 nm
thick); “type 2” narrow filaments with thin central tubes (1-1.5 um
in diameter), bound by thick granular sheaths (3.5-5 pm wide) and
light and dark banding along their length; “type 3” broad filaments,
3-10 pm in diameter, with thin discontinuous sheaths (50-100 nm
thick); and “type 4" siderite-rich, highly degraded filaments with
poorly preserved granular kerogen. Fadel et al. (2017) interpreted
that the iron present in these samples, in the form of siderite, an-
kerite and minor Fe-silicates, was originally a product of the me-
tabolisms of Fe-oxidising micro-organisms. Similarly, Wilson et al.
(2010) suggested an iron-based metabolism for microfossils pre-
served within cherts in ironstone from the c. 1.8 Ga Duck Creek

Dolomite.

2.2 | New microfossil locality

The microfossil-containing nodular black chert and bedded black
chert facies described here from the TCG dolomite ridge locality
were mapped for ~12.5 km along strike. Hundreds of samples of nod-
ular and bedded black chert were collected between 22°26.291'S,
116°27.888'E and 22°31.021'S, 116°33.151'E (see green circles in
Figure 1), including at the collection site of Fadel et al. (2017). The
stratigraphy of 10 transects across the deeper-water units is sum-
marised in Figure 2a.

Nodular black chert occurs over a ~2 m thick section of inter-
bedded, finely laminated iron-rich shale and fine-grained bedded
dolosiltite, which overlies a ~0.5-1 m thick unit of fissile grey-
weathering shale (Figure 2a,c-e). In some places, nodular chert
in ferruginous deposits also occurs immediately stratigraphically
below the shale, but this is not always exposed. The black chert
nodules are ~20 cm wide by ~7 cm high, on average, but range to
both smaller and larger sizes. Bedding is commonly bent around the
base of black chert nodules (Figure 2d), but in some rare cases, both
the base of a nodule and the underlying bedding are flat. The con-
tact of the chert nodules with the interbedded shale and dolosiltite
layers is wrinkly on a millimetre scale (arrow, Figure 2d). On fresh
surfaces of hand samples, the internal texture of the nodules is uni-
form, cryptocrystalline and very dark blue-black, with no trace of
internal bedding.
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FIGURE 2 (a) Middle and left-hand side columns: summary of facies relationships from Barlow et al. (2016) showing regression (R) and
transgression (T) sequences. Assemblages A-D represent the stromatolite-thrombolite reef, which transitions to deeper-water units in
Assemblage E (see Barlow et al., 2016 for detail). Right-hand side: representative stratigraphic column across the deeper-water section

of stratigraphy summarised from transects of the deeper-water units in this study, including the bedded black chert units, the shale and
the interbedded shale and ironstone unit containing nodules of black chert. In some places, nodular chert in ferruginous deposits also
occurs immediately stratigraphically below the shale, but this is not always exposed. (b) Outcrop photograph of bedded black chert and
thinly bedded dolosiltite. Right-hand side shows location of hand sample, within which most of the images in Figures 8 and 9 were taken.
(c) Outcrop of interbedded shale-ironstone-nodular black chert. (d) Close-up of black chert nodule highlighting the layers bending around
underneath the nodule, indicating silicification precompaction. Contact of chert nodule with surrounding layers is wrinkly on a millimetre
scale (arrow). (e) Fissile, grey-weathering shale that underlies the interbedded shale-ironstone-nodular black chert sequence in (c) [Colour

figure can be viewed at wileyonlinelibrary.com]

Bedded black chert units occur over a stratigraphic thickness of
~4 m, interbedded with thinly bedded dolosiltite, and are present
both underneath and overlying the shale-ironstone-nodular chert
sequence (Figure 2a). Bedded black chert beds are each 2-4 cm
thick (Figure 2b), reaching a maximum of 6 cm thick, and are spaced
every 40-100 cm apart. Individual beds extend for 10’s of metres
along strike before pinching out, and then reappearing.

Distinct, separate communities of well-preserved microfos-
sils are permineralised within the nodular and bedded black chert
units. Nodular black chert contains a wide variety of microfossil
morphologies, including five long filamentous forms of various
thicknesses; unicells; fine filamentous rosettes; and relatively large
(~80-138 um), spherical aggregates of cells. In contrast, bedded
black chert contains microfossils that are preserved both within

and between rounded carbonaceous clasts. These clasts are
~200-1,000 pm in diameter and loosely packed in a grainstone
with a silicified matrix of mosaic microquartz. Many of the grain-
stone clasts are coated by undulating to convolute carbonaceous
films, interpreted as preserved EPS. Microfossils preserved inside
the grainstone clasts include three distinct sizes of unicells; short,
often degraded filamentous microfossils; four types of star-shaped
rosettes; and umbrella-like rosettes. Large, complexly branching
filamentous microfossils were observed in between the grainstone
clasts.

Overall, 18 microfossil morphotypes, as well as films interpreted
as preserved EPS, are described from within black chert from the
TCG ridge (Table 1), including two new morphologies previously un-

known from the literature.
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TABLE 1 Summary of the 18 morphotypes of Turee Creek Group microfossils reported here. Eight are from the nodular black chert unit
and ten from the bedded black chert unit. In addition, kerogenous films in the bedded black chert are interpreted as preserved extracellular
polymeric substances (EPS)

Morphotypes Width
NODULAR BLACK CHERT
Filament type 1 10-14 um
Filament type 2 5-9 um
Filament type 3 1.4-3 um
Filament type 4 0.5-1.2 ym
Filament type 5 3-4 um
Unicell type 1 20 pm
Fine filamentous Individual filaments:
rosette ~0.4 pm
Rosettes: 35-50 um
Spherical 80-138 pm
aggregate*
BEDDED BLACK CHERT
Unicell type 2 3-17 pm
Unicell type 3 12-19 pm
(internal organic
masses)
Unicell type 4 >30-47 pm
Filament type 6 1-2.5 pm

Star-shaped rosette

type 1
(asterisk-like)

Star-shaped rosette

type 2 (sinuous
filaments)

Star-shaped rosette

type 3 (large
opaque central
core, short

tapering filaments)

Star-shaped rosette

type 4 (small
opaque central

core, long straight

filaments)

Umbrella-like
rosette

Large, complexly
branching
filamentous
rosette’

Film coating

grainstone clasts

Individual filaments:
<1.5 pum

Rosettes: avg.
20-25 pm

Individual filaments:
<1 pum

Rosettes: avg. 25 pm

Individual filaments:
<1 pum

Rosettes: avg. 25 pm

Individual filaments:
<1 pm

Rosettes: avg. 35 pm

Mantle: ~37 x 55 pm
diameter

Individual filaments:
~1-3 pm

Rosettes: 75-100 pm

~2 pm thick

Length

>250 pm
~700 pm

~200 pm
100’s of pm
575 um

20 pm
20-30 pm

NA
NA

NA
NA

NA

50-100 pm

10 pm

NA

210 pm

NA
5-8 pm

NA

~15 pm

NA

NA

35-55 um

NA

NA

Cell diameter

No visible cells

Potential cells: ~12 pm long alternating
dark (carbonaceous-rich) and light
(carbonaceous-poor) bands

No visible cells

No visible cells

Smooth sheaths: no visible cells
~20 pm

No visible cells

No visible cells

10-25 pm

3-17 pm
12-19 um

>30-47 pm

4-9 um long segments, possibly elongated
cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

No visible cells

Figure no.
(context)

3a-d; S4
3a-d; S4

3a-d; S4
3a-d; S4

5a

3a-d; 4e; S4

6a-c

7a,c

8a-e; 10a
8a-¢e; 10a

8a-¢; 10a
8a-¢e; 10a

8a-e; 10a

8a-¢e; 10a

8a-e; 10a

8a-e; 10a

8a-e; 10a

8a,b; 10a

8a,b; 10a-c

Figure no.
(microscale)

4a

4b

S1A,B
4a-d; S1B
5b-d; S1C
4f; S1B
6d,e; S1D
7b,d-f; S1E
8g,h,j; S2B
8f,h

8i

8c,d,j; S2C
9a

9b,c

9d,e

9f; SSA
9g; S3B
9h-j; S3C
10d,e; S3D

Note. The two forms marked by an asterisk* (spherical aggregates and large, complexly branching filamentous rosettes) are defined here as new micro-
fossils, previously unknown from the geological literature.
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2.3 | Nodular black chert

Nodules of black chert typically occur dispersed irregularly through-
out the unit of interbedded shale, ironstone and dolosiltite (Figure 2c).
There are three clear types of internal textures that are present within
separate samples of nodular black chert from this unit, and different
microfossils are associated with each. The first texture most commonly
found within nodular black chert samples is that previously described
by Schopf et al. (2015) and Fadel et al. (2017), of relatively long filamen-
tous microfossils of different length and diameter, tangled in a web-like
network surrounding ellipsoidal to partly polygonal domains that now
consist of coarse mosaic to spherulitic microquartz (Figure 3). We ob-
served an absence of pyrite within this texture. The outlines of the clear
domains appear, in some areas, to resemble crystal shapes, and the mi-
croquartz fill becomes coarser towards the centres of these domains.
The second texture within separate samples of nodular black chert is
that of “rivers” of straw-like filaments (different to those filaments in
the web-like fabric above), surrounding circular patches of microquartz
that contain framboidal pyrite (Figure 5a). These first two textures have
minimal trace of bedding at micrometre scale. In contrast, the third type
of texture observed within nodular black chert samples is that of well-
defined layers that consist of dense clumps of organic matter that are
elongated along bedding planes, along with abundant, small organic
clots. Minimal pyrite is observed in texture 3, except within the more
degraded samples. This third type of nodular chert sample preserves
spherical aggregate microfossils, described below, which are unknown

from the geological record and are presented here as a new form.

2.3.1 | Long filamentous microfossils

At least four different filamentous microfossil types are recognised
within the tangled network (texture 1) described above: (1) thick
filaments, 10-14 um wide and >250 pm long (Figure 4a); (2) 5-9 pm
wide and ~700 pm long filaments with alternating, ~12 um long dark
(carbonaceous-rich) and light (carbonaceous-poor) bands (Figure 4b);
(3) 1.4-3 pm wide and ~200 pm long filaments (Figure S1A,B); and (4)
thin, thread-like filaments, 0.5-1.2 pm wide and 100’s of microme-
tres long (Figure 4c,d).

In one thin section cut perpendicular to bedding, 150-350 pm
long filamentous microfossils are oriented parallel to one another
and aligned vertically relative to bedding (Figure 4e). These filaments
are overlain by a ~50 um thick layer of more densely packed hori-
zontal filaments that are aligned parallel relative to bedding (arrows,
Figure 4e). This vertical-horizontal arrangement is repeated in multiple
areas throughout the sample (arrows in Figure 3a), in some cases up to
three tiers at a time, across a thickness of ~1,500 pm (Figure S4). This
vertical-horizontal arrangement is interpreted as a preserved life array,
with the filamentous micro-organisms in original growth position.

A fifth filamentous form observed in other samples of nodular black
chert (texture 2) is characterised by hollow, straw-like filaments, 3-4 pm
wide and up to 575 pm long (Figure 5). This form does not occur within
the tangled filamentous networks in Figures 3 and 4, described above,

but is commonly preserved in aligned “rivers” of filaments encircling
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patches of microquartz that contain central clusters of framboidal pyrite
grains (Figure 5a). More rarely, these filaments are bent (Figure 5b). The
lack of observed cell remains in any of these straw-like filaments could
indicate that they were dead for a longer period before being silicified,
compared to filament type 2 described above (Figure 4b), and, as a re-
sult, lost the internal cell detail. These straw-like filaments could be the
external sheaths of filamentous bacteria, as sheaths are more resistant
to decomposition than the cells they once housed (Bartley, 1996).
Petrographic observations show that the alignment and orienta-
tion of both the filaments in the tangled networks and the straw-like
filaments appear to be unaffected by the growth of silica crystals in
the matrix, as the filaments are observed to be continuous, straight
through silica grain boundaries (Figures 4c,d and 5c¢,d). This is true of
even the smallest (~1 pm diameter), thread-like filamentous micro-
fossils (Figure 4c,d). Indeed, silica crystals are often observed grow-
ing off filamentous microfossils, in towards the centres of the clear
microquartz spaces (Figure 3d). This supports the notion by Fadel
et al. (2017) that silica crystallisation was not responsible for the de-
velopment of the tangled network pattern, but that this represents a

primary texture of the community structure.

2.3.2 | Unicellular microfossils

Within the tangled network of filamentous microfossils (nodular
black chert texture 1) are type 1 unicells, ~20 pm in diameter (ar-
rows, Figure 4F). These single spherical cells are generally uniform
in size and appear to be filled by organic matter, rather than hollow
as in the case of unicellular microfossils from the bedded black chert
described below. The dense unicells are spaced throughout the tan-
gled filamentous microfossil network and occur as isolated cells, not
in aggregates. They are particularly well developed in the vertically

oriented array of filaments shown in Figure 4E.

2.3.3 | Fine filamentous rosettes

Fine filamentous rosettes consist of extremely thin, short filamen-
tous microstructures, ~0.4 pm wide and 20-30 pum long, which radi-
ate out from a single point (Figure 6). In general, these thin filaments
are straight, but in some examples, they are slightly wavy along their
length (e.g., red arrows, Figure 6d). The radiating rosettes are com-
posed of kerogen (Figure S1D), are sometimes asymmetric, and vary
in overall diameter from ~35 to 50 um depending on the number of
thin filamentous microstructures clumped together. The rosettes are
generally preserved in radial, fibrous quartz, yet do not appear to be
the nucleation site of silica spherulites (Figure 6b,e). The fine filamen-
tous rosettes are observed both within samples containing the larger,
tangled filamentous microfossils (i.e., nodular black chert texture 1),
and those containing the spherical aggregate microfossils (texture 3).

2.3.4 | Spherical aggregate microfossils

Relatively large spherical aggregate microfossils (~80-138 pm in di-
ameter) are observed within nodular black chert texture 3. These
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microfossils consist of densely packed aggregates of smaller cells

(~10-25 pum in diameter) that create a honeycomb-like network of
organic matter (Figure 7). These microfossils have a distinctive rind,
or halo, which is free of the fluffy organic material that is distrib-
uted throughout the rest of the sample (e.g., see Figure 7d; Figure
S1E). Very fine-grained microquartz occurs within, and in the halo
immediately around, the spherical aggregates. This microquartz is
significantly finer than that which fills the surrounding area and is

FIGURE 3 Nodular black chert
texture 1, showing the tangled microfossil
network. (a) Large stitched image of

the tangled network of filamentous
microfossils and unicells separating clear
ellipsoidal domains of quartz. Note the
faint, spaced layers (arrows) in which the
filamentous life arrays are preserved (box
shows location of b-c). (b) Close-up of (a)
(box shows location of Figure 4e). (c) Same
view as (b), under cross polars, showing
that finer-grained quartz rims the clear
domains and coarsens inwards, with some
centres chalcedonic (top right of image).
(d) Edge of tangled filamentous network
surrounding a clear ellipsoidal domain,
under cross polars. Microcrystalline
quartz crystals appear to initially grow
from the tangled network out towards the
centre of the clear domain, which consists
of macrocrystalline quartz crystals,
showing that quartz growth did not cause
the tangled network texture [Colour
figure can be viewed at wileyonlinelibrary.
com]

apparent in examples where spherical aggregates are cut thin by the
section (Figure 7a-c). Protruding into the fine-grained, kerogen-free
halo are irregularly shaped, thin kerogenous structures that extend
out from the main spherical body (arrows, Figure 7e,f).

With changing focal depth under the microscope, it is clear that
the aggregates are spherical in shape. They range in size, at least in
part, depending on where the thin section surface intersects the

spherical aggregate or the individual cells; that is, if the microfossil is
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FIGURE 4 Microfossils within the
tangled network of nodular black chert
texture 1. (a) Large filamentous microfossil
10-14 pm wide (type 1). Parts of filament
types 3 and 4 are also in focus. (b) Dense,
tangled filamentous microfossil network,
displaying filament types 2-4. Note the
prominent dark (carbonaceous-rich) and
light (carbonaceous-poor) banding along
the length of filament type 2 (arrows).

(c) Two thin, thread-like filamentous
microfossils (type 4) twisted around one
another (arrows). (d) Same view as (c),
under cross polars, showing that the
orientation and shape of these filaments
appear to be independent of silica crystal
growth. (e) A unique arrangement of
filaments preserved in life array: the

bulk of the image contains vertically
aligned filaments, bracketed with
horizontally aligned filaments (arrows)
above and below. (f) Arrows highlight
type 1 unicellular microfossils (image
overexposed to view unicells more clearly
amongst the tangled filaments) [Colour
figure can be viewed at wileyonlinelibrary.
com]

sliced closer to the bottom of the sphere, the width will appear smaller
than if sliced directly through the middle. This also affects the opacity
of the spherical aggregate; it is denser when sliced near the top or in

the centre of the microfossil, as opposed to across the bottom.

2.4 | Bedded black chert

Bedded black chert beds are, on average, 2-4 cm thick, but can be up
to 6 cm thick and are interbedded with thinly bedded dolosiltite. Chert
beds are most often black, but are also sometimes grey-coloured. They
occur every 40-100 cm up-section and continue for 10’s of metres
along strike, before pinching out, then reappearing. In thin section,
the bedded black cherts are composed of well-rounded, elongate to
spherical and sometimes cuspate-shaped clasts consisting of kerog-
enous material and microfossils (Figures 8 and 10). The kerogenous
clasts range in size from ~200 to 1,000 pm in diameter and contain a
regular distribution of organic material throughout (Figure 8c-e; Figure
S2A), lacking any evidence of either concentric layering or a central
nucleus, as in ooids (Boggs, 2009). The clasts consist of kerogen in fine-
grained microquartz that is significantly finer-grained than the coarser,
mosaic microquartz that fills the matrix between the clasts (Figure 8b).

Carbonate rhombs (~80-120 um in size) show growth zoning, are

generally ferruginous, and occur exclusively within the kerogenous

clasts. Thin, commonly highly ornate, kerogenous films (~2 pm thick)
coat the outside of most kerogenous grainstone clasts (Figure 10).
Nine microfossil morphologies are recognised within the grain-
stone clasts. These include three distinct types of unicells, short
filamentous microfossils, four distinct morphologies of star-shaped
rosettes, and umbrella-like rosettes. The star-shaped rosettes and
umbrella-like rosettes are similar to, but 400-500 Ma older than, type
specimens of Eoastrion and Kakabekia umbellata, respectively, from
the c. 1.88 Ga Gunflint Iron Formation (Awramik & Barghoorn, 1977;
Barghoorn & Tyler, 1965; Cloud, 1976). A tenth microfossil morpho-
type that consists of large, complexly branching filamentous rosettes
was found in between the clasts, and is considered here to represent
a new type of microfossil, previously undescribed from the literature.

2.4.1 | Unicellular microfossils

Well-preserved unicells are abundant within the grainstone clasts
(Figure 8c-j), much more so than those in the nodular black chert
microfossil assemblage. These unicells from within clasts are gen-
erally perfectly spherical, with well-defined cell walls, and have

been divided into three categories based on size (unicell types 2-4:
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FIGURE 5 Hollow, straw-like
filamentous microfossils (type 5), within
nodular black chert texture 2. (a) “Rivers”
of filaments encircle patches of finer-
grained silica with central clusters of
framboidal pyrite grains (black crystals).
(b) In rare cases, straw-like filaments

are sharply bent. (c, d) Thick “rivers” of
straw-like filaments (d under cross polars).
Arrows point to the same microfossil,
highlighting that the orientation and
shape of these filaments appear to

be independent of mesoquartz grain
boundaries; their alignment is irrespective
of crystal growth [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 6 (a) Fine filamentous rosettes within the nodular black chert comprise extremely thin, short filamentous microstructures

(red arrows). Orange arrows indicate non-filamentous kerogenous clots. (b) Same view as (a), under cross polars, showing the rosettes are
preserved within radial, fibrous quartz. Note that the clots of kerogen directly beside the rosettes are also within radial, fibrous quartz, but
are not elongated into filamentous shapes (orange arrows). (c) Fine filamentous rosette within nodular black chert. Note lack of outer “rim,”
like in similar-looking forms reported in Tyler and Barghoorn (1954). (d) Close-up of rosettes: red arrows point to curved filaments, and blue
arrow highlights a central point from which the thin filamentous microstructures radiate. Orange arrows show non-filamentous clots of
kerogen. (e) Same view as (d), under cross polars. Orange arrows indicate kerogenous clots that, despite also being preserved within fibrous
quartz, do not have a filamentous form [Colour figure can be viewed at wileyonlinelibrary.com]

Table 1). Type 2 unicells (Figure 8g-j) range from ~3 to ~17 pm in dividing cell was observed, in which two oval-shaped unicells share
diameter and resemble Huroniospora Barghoorn from the Gunflint a straight cell wall (septum?), and appear to be encased in a circular
Iron Formation (Barghoorn & Tyler, 1965). One example of a possible outer wall (Figure 8g). Type 3 unicells are slightly larger (up to ~19 um
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FIGURE 7 Spherical aggregate
microfossils within nodular black chert
texture 3. (a-c) Spherical aggregates are
preserved within finer quartz than the
surrounding matrix and appear less dense
when they are cut by the thin section
(arrows show location of aggregates).

(b) shows a close-up of the topmost
spherical aggregate in (a). (d) Each
spherical aggregate has a kerogen-free
halo evenly surrounding it. (e) Cells that
make up the aggregate are ~10-25 pm

in diameter, and are made clearer by

the dark, kerogenous outlines which

give this microfossil a characteristic
honeycomb-like appearance. Arrows point
to irregularly shaped, thin kerogenous
structures extending out from the main
body. (f) Same view as (e), under cross
polars, highlighting the rind of extremely
fine-grained microquartz that surrounds
these microfossils. The bright pale yellow
on the right-hand edge is a dolomite
crystal underneath the fossil, within the
thickness of the slide [Colour figure can
be viewed at wileyonlinelibrary.com]

in diameter) and contain an internal dark brown spherical mass
(Figure 8f,h), which could be remnant of an internal organic struc-
ture (Oehler, 1976a). This type of unicell is similar to Leptoteichos
golubicii described by Knoll, Barghoorn, and Awramik (1978). In con-
trast, type 4 unicells are much larger, ranging from >30 to 47 pm in
diameter, and do not appear to contain internal masses (Figure 8i).
Although unicell types 2-4 are observed in close association with
one another, they generally appear only as single, individual cells

rather than as closely packed colonies.

2.4.2 | Filamentous microfossils

Filamentous microfossils are present inside many of the grainstone
clasts (type 6; Figure 8c,d,j). These microfossils are, on average, ~1-
2.5 pm wide and ~50-100 pm long. They are much darker, shorter
and more dispersed than any of the tangled and straw-like filamen-
tous microfossils in the nodular chert. In rare cases, filamentous
microfossils from the grainstone clasts are segmented in fragments,
4-9 um long (arrow in Figure 8j), but in most cases—and unlike the
well-preserved unicells within the clasts—these filamentous micro-
fossils are degraded, with diffuse and patchy outlines (arrows in

Figure 8c).

2.4.3 | Star-shaped rosettes

A range of star-shaped rosettes of different shapes and sizes
were observed in the grainstone clasts (Figure 9a-f), distributed
amongst the filamentous and unicellular microfossils described
above. These are divided into four categories (types 1-4: Table 1).
Type 1 star-shaped rosettes (Figure 9a) occur in close association
with one another and average 20-25 pm in diameter. They typi-
cally consist of 7-15 filaments (<1.5 pm wide by 10 um long) ar-
ranged evenly around a central point, in an asterisk-like shape.
Type 2 star-shaped rosettes are a similar size (averaging 25 um in
diameter) but comprise very wavy, sinuous filaments <1 pm wide
by 210 pm long (Figure 9b,c). Type 3 star-shaped rosettes contain
an opaque central core much larger than the length of the fila-
ments, which are short (5-8 um) and tapering (Figure 9d,e). Type
4 star-shaped rosettes also contain an opaque central core, but
filaments extending from the core are longer (~15 pm), straight,
and do not appear to taper (Figure 9f; Figure S3A). None of the
star-shaped rosettes (types 1-4) display convincing examples of
branching, however, these microfossils do bear similarities with
Eoastrion Barghoorn from the c. 1.88 Ga Gunflint Iron Formation
(Barghoorn & Tyler, 1965).
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2.4.4 | Umbrella-like rosettes

Umbrella-like rosettes were observed within the grainstone clasts and
are much less abundant than the star-shaped rosettes. Umbrella-like
rosettes consist of a “mantle” ~37 pm by ~55 um across, with vein-like
filaments radiating out from a central point (Figure 9g). A thin mem-
brane drapes over and between the filaments, resulting in a distinc-
tive umbrella-like appearance. Associated with these microfossils are
single filaments that appear to connect to, and extend away from,
the central mantle (e.g., arrow in Figure 9g). There are also a number
of unicells above and below these microfossils (i.e., not shown, but
within the focal depth of the thin section) that may also be associated
with these structures. However, the surrounding organic material is
quite densely packed, resulting in an obscured view of the connect-
ing components. These umbrella-like rosettes resemble K. umbellata
described by Barghoorn and Tyler (1965) from the c. 1.88 Ga Gunflint
Iron Formation.

2.4.5 | Branching filamentous rosettes

Large, complexly branching filamentous rosettes, 75-100 pm

in diameter, were observed in between grainstone clasts

FIGURE 8 Bedded black chert
texture and microfossils. (a) Bedded
black chert consists of well-rounded,
elongate to cuspate clasts of organic
material and microfossils. Dashed lines
highlight bedding. (b) Quartz crystals
within clasts are much finer-grained

than those outside of clasts, indicating
two phases of silica precipitation. (c, d)
Close-up of organic-rich clasts containing
unicellular and filamentous microfossils.
Some filaments have patchy, degraded
outlines (arrows in c). (e) A clast densely
packed with unicells. Red box shows
location of (h). (f) Type 3 unicell (~19 pm
diameter) with internal organic material.
(g) Possible dividing unicell: two oval-
shaped cells enclosed by an outer wall,
with a straight shared inner wall (septum?).
(h) Type 2 and type 3 unicells are quite
closely associated with one another and
are hollow with a continuous cell wall,
not dense and grainy like those in the
nodular black chert in Figure 4f. Note

the internal organic masses within two

of the type 3 unicells (arrows). (i) Very
large unicell (type 4: ~35 pm in diameter).
(j) Filamentous microfossil (type 6) with
possible preserved cells (arrow), alongside
unicellular microfossils. Scale for (f) and (g)
is same as bar in (h) (10 pm) [Colour figure
can be viewed at wileyonlinelibrary.com]

(Figure 9h-j). These rosettes consist of relatively large, commonly
gently curved filaments, ~3 um wide and ~35-55 pm long, which
are joined at a central point. Each of the main filaments branch
three to four times (arrows in Figure 9h), into thinner, ~1-1.5 um
wide filaments, creating a dense and complicated framework-like
structure. A web-like membrane connects most of the filaments
(Figure 9i) and, in one example, a single unicell (~14 pm diameter)
is observed in amongst the branching filaments (arrow, Figure 9i),
but it is unclear if this is attached to—and thus part of—the
branching microfossil structure, or a separate unicell entangled

amongst the branches.

2.4.6 | Film coating grainstone clasts

Most of the kerogenous clasts in the grainstone are coated by a thin
(~2 um thick), typically highly convoluted, kerogenous film (Figure 10a,b;
Figure S3D). These films also occur as detached sheets in between clasts
(Figure 10c-¢). The films are commonly highly ornate (Figure 10b), with
a fine, granular, dimply texture and what appear to be cracked surfaces
in places (arrows in Figure 10e). The films generally encircle the grain-
stone clasts, but are attached to the clasts only at spaced points, com-

monly appearing to float around and above the clasts.
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FIGURE 9 Microfossils in the bedded black chert, continued. Scale bar ini = 10 um, for a-j. (a) Type 1 star-shaped rosettes

with short, stubby filamentous structures arranged in an asterisk-like shape. Note the individual filamentous forms (type 6) also
visible. (b, c) Type 2 star-shaped rosettes, with wavy, sinuous filamentous structures. (d, e) Type 3 star-shaped rosettes (red
arrows), with large, opaque central cores and short, tapering filamentous structures. (d) is same specimen as in (e), at a different
focal depth. Note the unicells (types 2 and 4) in (e). (f) Type 4 star-shaped rosette, with opaque central core and longer, straight
filamentous structures. (g) Umbrella-like rosette consisting of radiating vein-like filamentous structures draped by a membrane. A
curved filament, or possible stipe-like structure, is visible above the main fossil body—although slightly out of focus in this view
(arrow). Single unicells are out of focus in the current view, but are present above, below and to the side of the main body. (h-j) A
specimen of the large, complexly branching filamentous rosette at different focal depths. Note this microfossil morphotype is 3-4
times larger than the small, unbranching star-shaped rosettes in (a-f). (h) Arrows highlight multiple levels of branching along single
filamentous structures. (i) A web-like membrane connects between filaments (orange arrow), and a unicell (red arrow) is present
amongst the branches. It is not clear whether the unicell is part of the branching filamentous rosette structure, or an isolated

cell trapped and preserved there. (j) The figure shows whole width of branching filamentous rosette microfossil: arrow highlights

thicker, curved filament [Colour figure can be viewed at wileyonlinelibrary.com]

3 | DISCUSSION
3.1 | Biogenicity of kerogenous structures

All microfossil morphotypes described here from the TCG nodular
and bedded black cherts are syngenetic to the chert samples and
are composed of kerogen (Figures S1-S3). Most microfossils are a
rich, medium to dark brown colour and are quite well preserved,

reflecting the low temperature of metamorphism (~280 + 30°C)
estimated by Fadel et al. (2017). The biogenicity of key morpholo-
gies from the TCG is discussed below, specifically, the new forms
presented (spherical aggregates and large, complexly branching
filamentous rosettes), as well as microfossils that resemble forms
reported previously from other correlative and younger sites, whose
biogenicity has been questioned.
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3.1.1 | Fine filamentous rosettes

The quality of preserved microfossils is related to diagenetic deg-
radation and alteration; an increase in heat and pressure can cause
changes to the texture and shape of a microfossil (Knoll et al., 1988).
These changes can include condensation and granularisation; a col-
our change from dark brown to black; and mobilisation of organic
matter along crystal boundaries (Knoll et al., 1988). For example,
Knoll et al. (1988) observed piliform structures up to 7 um in length
and 0.5 pm in width along the outside of a larger filamentous micro-
fossil. These piliform structures were attributed to the redistribu-
tion of organic material (see figure 12C in Knoll et al., 1988). This
observation mirrors the quartz precipitation effects in an induced
fossilisation experiment by Oehler (1976b), who demonstrated that
redistributed organic matter along fibrous quartz crystal boundaries
can produce fine, short (<4 pm) and spiky filament-like shapes. In this
experiment, organic matter was also mobilised ahead of the spheru-
litic quartz growth fronts to produce an irregular and patchy, almost

sheath-like, rim of organic matter (see figure 5J in Oehler, 1976b).

FIGURE 10 Kerogenous films within
the bedded black chert are thin (~2 pm),
have a granular, dimply texture and are
cracked in places. (a) Large-scale stitched
image of organic-rich grainstone clasts,
with films encircling most clasts (e.g.,
arrows). (b) Close-up of an organic-rich
clast with film coating, creating knobby,
bent, hollow protrusions. Some surfaces
of the knobs are cracked (faint white lines:
e.g., arrow). (c) Films are occasionally
observed as sheets between clasts.

Red box shows location of (d, ), and
blue arrow points to location of Raman
spectroscopy map in Figure S3D. (d)
Close-up of interclast film from (c). Note
the film thickness of ~2 pm (arrows), with
a granular and dispersed halo spreading
away from the film, possibly due to the
mobilisation of organic matter during
quartz precipitation. (e) Same location as
(d), but at a different focal depth. Note
the granular, dimply texture and cracks
(arrows) [Colour figure can be viewed at
wileyonlinelibrary.com]

This abiogenic form closely resembles the “globose colonies” of
thin radiating filaments reported by Tyler and Barghoorn (1954) from
the Gunflint Iron Formation. These thin, ~10-13 um long filamen-
tous forms radiate from a dense central core and are surrounded
by an outer sheath, ~125 um in diameter, which encompasses, but
sits a considerable distance apart from, the radiating filaments (see
figures 1 and 2 in Tyler & Barghoorn, 1954). Due to the similarity in
morphology to the abiogenic forms produced by Oehler (1976b), and
the location of the globose colonies in amongst spherulitic quartz,
an abiogenic origin has been argued for these radiating filamentous
structures (Awramik & Barghoorn, 1977; Oehler, 1976b).

The fine filamentous rosettes presented here from the TCG nod-
ular cherts bear some similarity to those from Tyler and Barghoorn
(1954), in that both examples are commonly found within fibrous
quartz and consist of a mass of thin (~0.5 pm wide) filamentous
structures that radiate out from a central point (Figure 6). Thus, it is
conceivable that the TCG fine filamentous rosettes could have been
produced by the migration of organic matter during fibrous quartz
crystal growth (Oehler, 1976b). In this abiogenic hypothesis, the thin
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filamentous forms could have originated as a clump of organic mat-
ter that quartz spherulites nucleated on, causing parts of the organic
material in the clump to spread along and between the fibrous quartz
crystals, creating fine radiating filaments morphologically similar to
microfossils. On the other hand, in a case of the chicken and the
egg: if there are rosette-splays of thin filamentous micro-organisms
present before silicification, then radial, fibrous quartz may be pre-
cipitated in alignment with the filaments.

Several observations that may help clarify the origin of the TCG
fine filamentous rosettes are outlined below:

1. Numerous examples of clots of organic matter directly beside
the fine filamentous rosettes are not redistributed in elongated
or filament-like shapes, despite also lying within fibrous quartz,
and despite some clots being the nucleation site for silica
spherulites (Figure 6a,b,d,e);

2. Some fine filamentous rosettes appear to be within quartz that is
neither fibrous, nor spherulitic, but finely granular (see Figure 6e:
rosette on right-hand side);

3. None of the fine filamentous rosettes observed in the Turee
Creek nodular black cherts have a rim of surrounding organic
matter like the “sheaths” in Tyler and Barghoorn (1954) or the
rims in the induced abiogenic forms in Oehler (1976b);

4. The thin filamentous microstructures described here are much
longer, 20-30 um in length, compared to those in Tyler and
Barghoorn (1954; ~10-13 um in length) and to the abiotic ver-
sions in Oehler (1976b; <4 um in length);

5. The thin filamentous microstructures are also commonly wavy
along their length (see red arrows in Figure 6d), whereas abio-
genic varieties in Tyler and Barghoorn (1954) and Oehler
(1976b) mirror the largely straight growth of the fibrous silica
crystals;

6. The Turee Creek fine filamentous rosettes show a range of occur-
rences, not just as isolated radiating splays, but also as clusters
emanating out from the surface of larger filamentous microfossils,
and from organic material (not shown in figures here); and,

7. The morphology of the fine filamentous rosettes described here is
very uniform, with a high degree of repeatability in both the size
of the rosettes, and of the individual filaments that comprise the
rosettes. Such uniformity is unexpected should the forms arise
through redistribution of organic matter, which ought to produce
a variety of sizes depending on the degree of remobilisation and

the rate of silica nucleation and crystallisation.

Combined, these observations lend weight to a primary, microfossil
origin for the fine filamentous rosettes, however, a few of the points
above could equally argue for a migration origin. Thus, further analysis
is required to confirm the biogenicity of these organic microstructures.

3.1.2 | Spherical aggregates

An argument for the abiological origin of the cells that comprise the
spherical aggregates could centre on the formation of these cells by
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the redistribution of originally dispersed organic matter around mes-
ocrystalline quartz crystals. However, this is considered unlikely, as
the very fine grain size of quartz that occurs within these microfossils
is an order of magnitude finer than the cells themselves. Furthermore,
the microquartz in the halo surrounding the spherical aggregates is
also very fine-grained, yet there are no cellular structures within this
outer halo (Figure 7). Thus, the cellular forms making up the aggre-

gates cannot be the result of remobilisation around quartz crystals.

3.1.3 | Unicells with intra-cellular organic masses

Some of the unicells in the bedded black chert grainstone clasts
contain distinctive, intra-cellular organic masses (Figure 8f,h), which
could be the remains of a nucleus or other internal cellular structure
(e.g., Oehler, 1976a). These organic masses also could have formed
from degraded, collapsed and/or shrunken cells, with the remaining
spherical outline being the preserved sheath or envelope (Golubic
& Hofmann, 1976; Hofmann, 1976). Alternatively, the organic
masses could have resulted from postmortem degradational effects
(Hofmann, 1976; Knoll et al., 1978). At this stage, therefore, the likely
origin of the organic masses inside some of the unicells in the bedded

black chert grainstone clasts is unclear.

3.1.4 | Branching filamentous rosettes and star-
shaped rosettes

Both the large, complexly branching filamentous rosettes from
within the matrix of the Turee Creek bedded chert grainstone and
the smaller, star-shaped Eoastrion-like rosettes found within the
grainstone clasts resemble, at least in broad overall morphology,
the modern form Metallogenium. Metallogenium is a ~2-15 pm wide
rosette-shaped bacterium with flexible tapering filaments, on the
end of which form spherical bodies, through which these bacteria
are thought to multiply (Klaveness, 1977; Reitner, 2011; Zavarzin,
1981). Metallogenium could be a manganese and iron oxidiser, as it
is often encrusted in these elements (Klaveness, 1977; Zavarzin,
1981), however, its biological affinity is still unknown (Klaveness,
1999; Reitner, 2011). Thus, the ancient equivalent, Eoastrion, could
represent a fossilised metal-oxidising micro-organism (Knoll et al.,
1988). Alternatively, as Eoastrion does not contain any convincing
cellular parts (Klaveness, 1977), it is possible that it formed as the
result of the radial displacement of organic matter during diagen-
esis; a recent nanoscale study could not find diagnostic evidence
for, or against, a biogenic origin (Lekele Baghekema et al., 2017).
However, the fact that Metallogenium and Eoastrion have been de-
scribed from a range of living and fossil discoveries, including back
to c. 2.4 Ga (this study), in each case with consistently similar fea-
tures in terms of size and shape, and within assemblages of micro-
fossils of undisputed origin (e.g., cellularly preserved filamentous
microfossils and unicells showing cell division), strongly suggests
that Eoastrion is a bona fide microfossil. Whether Eoastrion and
Metallogenium represent the same micro-organism remains to be

determined.
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3.1.5 | Kerogenous films

An abiogenic method for the formation of the commonly ornate
organic films coating the grainstone clasts could be that the films
were formed from the remains of various organic components ad-
sorbing or polymerising onto the clasts, or coating early diagenetic
knobby cements. However, the fact that the films occur both sur-
rounding clasts and as separate films floating in the matrix between
the clasts (Figure 10), and are observed to curl up along edges (e.g.,
Figure 10c-e), precludes these abiotic methods of film formation.
As the films have a primary thickness of ~2 pm (i.e., where there is
dense kerogen), surrounded by a secondary granular, slightly blurred
halo ~2-3 pm thick, it is likely that some of the organic matter was
redistributed away from an original film surface during silicifica-
tion (see arrows in Figure 10d). Therefore, we conclude that the
kerogenous films are most likely preserved EPS that enclosed the
kerogen- and fossil-rich clasts, and were formed through microbial
activity before the clasts were cemented together by the mosaic mi-
croquartz matrix.

3.2 | Comparison with Gunflint Iron Formation
microfossils

Some of the microfossils in kerogenous grainstone clasts from the
TCG bedded black chert facies are morphologically similar to mi-
crofossils from the younger (c. 1.88 Ga), shallow-water Gunflint
Iron Formation, first described by Barghoorn and Tyler (1965). For
example, the unicellular microfossils described here resemble both
Huroniospora Barghoorn and L. golubicii. The smaller unicellular
forms in this study (type 2: Figure 8g,h,j) resemble Huroniospora, and
are in the same size range as these younger counterparts (1-16 pm
in diameter: Barghoorn & Tyler, 1965). Barghoorn and Tyler (1965)
described three species in this genus, based on differences in wall
thickness and texture; Huroniospora microreticulata, Huroniospora
macroreticulata and Huroniospora psilata. However, Awramik (1976)
noted that the distinctions between the three species may vary due
to abiotic factors, such as mineral precipitation or cell degradation
during diagenesis. This was confirmed by Wacey et al. (2012), who
used FIB-TEM to show that wall reticulation in Huroniospora resulted
from small-scale redistribution of organic matter during nanocrys-
tal silica precipitation. Similarly, Lepot et al. (2017) found that at the
nanoscale, variation in cell wall thickness was correlated with quartz
crystal distribution and cell diameter, noting an apparent true differ-
ence between thin-walled and thick-walled Huroniospora varieties.
Thus, when combined with cell diameter and nanoscale analysis, cell
wall thickness may be a valid classification feature.

The slightly larger (up to ~19 um diameter) type 3 unicellular
microfossils described here (Figure 8f,h) contain internal cellular
masses, comparable to Gunflint L. golubicii unicells identified by
Knoll et al. (1978: plate 1; 5-31 um in diameter). In addition to the
type 2 and 3 unicellular forms, a population of even larger (type
4) unicellular microfossils are preserved, which range in size from

>30 to 47 pm in diameter (Figure 8i). These large unicellular forms

do not fit the size distribution of Huroniospora Barghoorn (1-16 pm)
or L. golubicii (5-31 pm, avg. 13.5 pm) type populations described in
Barghoorn and Tyler (1965) or Knoll et al. (1978). The larger, type
4 unicellular microfossils described here could be a continuation in
the size distribution of L. golubicii, except for the fact that the type 4
unicells do not have the internal organic structures that are common
in L. golubicii, and they are up to 16 pm larger than those reported in
Knoll et al. (1978). Therefore, we contend that the population of type
4 unicellular forms in the Turee Creek Group bedded black chert rep-
resents a distinct, separate type of unicellular microfossil.

Barghoorn and Tyler (1965) also documented two species of the
filamentous microfossil Gunflintia from the Gunflint Iron Formation
shallow-water deposit, both of which are known to be up to
300 pm long: Gunflintia minuta (~1-2 pm wide) and Gunflintia gran-
dis (~2.5-5 um wide). The internal cells of Gunflintia vary between
equidimensional and two to three times longer than wide, and are
generally characterised by constrictions around the septae (see fig-
ure 4 of Barghoorn & Tyler, 1965; and figure 2D,G and figure S13A of
Lepot et al., 2017). The filamentous microfossils in the Turee Creek
Group bedded chert grainstone clasts described here (Figure 8c,j;
Figure S2C) could be comparable to Gunflintia Barghoorn, as they are
a similar size (~1-2.5 pm wide and ~50-100 pm long) and have what
appears to be a probable internal cell length of 4-9 um. However, it
is unclear whether the Turee Creek filamentous forms display the
typical constrictions around the septae: some examples are too
patchy and degraded to clearly see the internal cellular arrangement
(Figure 8c; Figure S2C), and other examples with apparent cells
(Figure 8j) lack evidence of the filament edges constricting around
the septae. Thus, the Turee Creek filamentous microfossils from
the bedded black chert facies could represent a different filamen-
tous form altogether, as the outline of the filamentous microfossil in
Figure 8j appears much smoother than the Gunflint filaments, with
probable cells that are two to almost four times longer than wide.

Alternatively, the smoother Turee Creek filamentous forms could
be G. minuta subtype 1 (Lepot et al., 2017), which are G. minuta mor-
photypes that consist of an organic tubular sheath, inside of which
no cells or internal organic material are preserved. In this case, the
cell-like segments in the Turee Creek filamentous microfossils could
be the result of fragmentation of the micro-organism before, during
or after silicification. However, we consider fragmentation before
silicification unlikely, as the segments are at regular intervals. In a
similar way, we consider fragmentation during or after silicification
unlikely, as the immediately adjacent Huroniospora-like unicellular
forms are unaffected by breakages in their structure. Overall, the
type 6 filamentous microfossils presented here are too small and de-
graded to clearly determine whether they constrict at the septae, so
we cannot definitively assign them to Gunflintia.

The star-shaped rosettes reported here (types 1-4: Figure 9a-f;
Figure S3A) resemble Eoastrion Barghoorn from the Gunflint Iron
Formation in both size and descriptive morphology. Eoastrion con-
sists of a variable number of filaments, commonly sinuous, that ra-
diate irregularly from a generally opaque central body, which varies
in size (Barghoorn & Tyler, 1965). Two species of Eoastrion were
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described by Barghoorn and Tyler (1965): Eoastrion simplex, with sim-
ple, radiating filaments; and Eoastrion bifurcatum, with bifurcating
filaments radiating from a larger central core. Gunflint Eoastrion ro-
settes are ~10-30 pm in diameter with individual filaments ~1.5 um
wide and 3-18 pm long (Barghoorn & Tyler, 1965; Cloud, 1965).

Although it is not clear whether individual filaments bifurcate
in the Turee Creek examples, or just overlap other filaments within
the focal depth of the slide, the similarities in size and morphology
between the TCG star-shaped rosette microfossils and Eoastrion
Barghoorn from the Gunflint Iron Formation are striking. We re-
port four different types of star-shaped rosettes from the Turee
Creek assemblage (types 1-4; Figure 9a-f). The overall size ranges
(~20-35 pm) and filament dimensions (<1.5 pm wide by 5-15 um
long) of these four types are comparable to Gunflint Eoastrion
rosettes. Type 1 star-shaped rosettes of the Turee Creek Group
assemblage are ~20-25 pm in diameter (Figure 9a) and resemble
both E. simplex from Barghoorn and Tyler (1965: see figure 6, parts
2-6) and Eoastrion “type 1" from Lekele Baghekema et al. (2017:
see figure 4E, ~13 um diameter). However, it should be noted
that Turee Creek type 1 rosettes also look similar to K. umbellata
Barghoorn, without the spheroidal bulb (e.g., figure 7, part 10 of
Barghoorn & Tyler, 1965). In a similar way, Turee Creek type 2
star-shaped rosettes (Figure 9b,c) closely resemble E. bifurcatum
(see figure 6, part 7 of Barghoorn & Tyler, 1965), albeit the Turee
Creek examples have a more tangled nature. Turee Creek type 3
star-shaped rosettes (Figure 9d,e), which contain a large opaque
central core and short, tapering filaments, resemble yet other de-
scribed examples of E. bifurcatum (see figure 5, part 2 of Barghoorn
& Tyler, 1965). Turee Creek type 4 star-shaped rosettes, which are
up to ~35 pm across and consist of a central core and long, straight
filaments, do not directly resemble Eoastrion forms described by
Barghoorn and Tyler (1965). However, they do appear similar to
“type 2" Eoastrion identified by Lekele Baghekema et al. (2017),
although these younger forms are much smaller (~22 um diameter)
than those described here.

The umbrella-like rosettes from the Turee Creek bedded black
chert clasts (Figure 9g; Figure S3B) distinctly resemble K. umbel-
lata from the Gunflint Iron Formation (Barghoorn & Tyler, 1965).
Kakabekia umbellata specimens consist of a tripartite structure: a
crown or mantle (5-30 pmin diameter), a stipe, and a bulb (Barghoorn
& Tyler, 1965). The crown contains radiating, vein-like thickenings
that extend from a central point and are covered by a membrane,
creating the umbrella-like shape. The TCG umbrella-like rosettes are
similar, in that these also contain a mantle with a thin membrane
that connects radiating, vein-like filaments, as well as a stipe and
nearby unicells that are comparable to possible bulb-like structures
(Figure 9g; Figure S3B), although the connections between the stipe
and bulb parts of the Turee Creek example are obscured by the rela-
tively densely packed surrounding organic material.

Gunflint-type microbiota are found in multiple other localities
worldwide, ranging from c. 1.6 Ga through to c. 2.1 Ga, including the
c. 1.6 Ga Barney Creek Formation (Oehler, 1977), c. 1.65 Ga Paradise
Creek Formation (Cloud, 1976), c. 1.8 Ga Duck Creek Dolomite
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(Knoll & Barghoorn, 1976) and c. 1.88 Ga Frere Formation (Tobin,
1990) in Australia; the c. 1.88 Ga Sokoman Iron Formation in Canada
(Knoll & Simonson, 1981); the c. 2 Ga Tyler Formation in Michigan,
USA (Cloud & Morrison, 1980); and the c. 2.1 Ga Franceville Group
in Gabon (Amard & Bertrand-Sarfati, 1997; Lekele Baghekema et al.,
2017). It has been noted previously that the presence of Gunflint-
type microfossils across a wide age range (~500 Ma) is best explained
by microbiota representative of a particular Paleoproterozoic envi-
ronment, rather than a specific biostratigraphic horizon (Hofmann,
1976; Knoll & Simonson, 1981; Lepot etal., 2017; Tobin, 1990).
That is, the Gunflint microfossils are generally preserved by early
silicification in stromatolitic units from subtidal settings (Awramik &
Barghoorn, 1977; Lanier, 1989). The oldest currently known exam-
ples of Gunflint-type microbiota are from the c. 2.1 Ga Franceville
Group in Gabon (Amard & Bertrand-Sarfati, 1997; Lekele Baghekema
et al., 2017). Thus, the presence of Gunflint-type microfossils in the
TCG microfossil assemblage highlights the persistence of silica-rich
subtidal microbial environments throughout the Paleoproterozoic
(Tobin, 1990), and pushes the occurrence of Gunflint-type microbi-
ota back a further ~300 Ma, to c. 2.4 Ga.

3.3 | Two distinct microfossil communities

Two distinct communities of microfossils have been discovered
within separate nodular and bedded facies of black chert within the

Turee Creek Group outcrops studied here.

1. Nodular cherts, from within the interbedded shale and ironstone
sequence, contain three clear groups of textures that originate
from separate samples of nodular chert within the same se-
quence. Texture 1 consists of a variety of microfossils tangled
in a web-like network that wraps around ellipsoidal to partly
polygonal domains of coarse mosaic to spherulitic microquartz.
Separate samples of nodular chert from the same sequence
contain the narrow, straw-like filaments encircling clusters of
framboidal pyrite (texture 2), and still other samples preserve
the spherical aggregates within layers of dense clumps of elon-
gated organic matter and abundant, small organic clots (texture
3). In summary, microfossil types present within nodules include
filamentous microfossils (types 1-4); dense, type 1 unicells of
one size distribution (~20 pm); straw-like (type 5) filaments up
to 575 pm in length; fine filamentous rosettes with extremely
thin (0.4 pm), short filamentous microstructures; and a distinctive
type of microfossil consisting of relatively large (up to 138 pm
in diameter), spherical aggregates of cells.

2. Microfossils observed in the bedded black chert facies are en-
tirely distinct from those of the nodular chert, with no overlap-
ping “species” between the two. The microfossils are preserved
mostly within rounded to cuspate clasts of organic material (9
morphotypes), but one morphotype is found within the matrix
material between the clasts. The microfossil assemblage within
the clasts consists of: three categories of unicells based on size
(types 2-4); filaments that are often degraded (type 6:



BARLOW anp VAN KRANENDONK

466
% L wiLey- e

~50-100 pm long); star-shaped rosettes (types 1-4: ~25 pm wide);
and umbrella-like rosettes, ~37-55 um wide. Large, complexly
branching filamentous microfossils (75-100 pm in diameter) are

preserved in between the kerogenous clasts.

3.3.1 | New microfossil occurrences

Two new microfossil morphologies are reported here: spherical
aggregates from nodular black chert samples and large, com-
plexly branching filamentous rosettes from bedded black chert
samples.

The spherical aggregate microfossils are relatively large, up to
138 pm in diameter, and have a distinct, honeycomb-like appear-
ance due to the aggregated nature of the comprising cells (Figure 7).
These microfossils are permineralised within very fine-grained mi-
croquartz that extends out into a perfectly spherical rind that evenly
surrounds each aggregate. This outer rind, or halo, is clear of the
clots of kerogen that fill the space beyond the aggregates (Figure 7d;
Figure S1E), which may suggest an outer envelope (which could be
the remains of a capsule or EPS?) associated with this microfossil.
Thin, often bent, kerogenous structures project from the main body
of the aggregates out into the halo (e.g., Figure 7; Figure S1E). These
irregular structures could be explained in a number of ways: a pri-
mary feature of the structure of the microfossil, such as flagella,
which would help it to move; the edges of cells that ruptured to
release spores or were unintentionally burst due to environmental
pressure; or degradation of the structure after cell death but be-
fore preservation, giving the impression of processes. The spheri-
cal aggregate microfossils, with their large size, consistent spherical
structure and unique kerogen-free halo, are unlike any other forms
known from either older or younger rocks, and thus, are considered
here a new microfossil form.

The large, complexly branching filamentous microfossils
(Figure 9h-j) are broadly similar in overall shape to other rosette
forms, such as Eoastrion and Kakabekia from the Gunflint Iron
Formation, as well as the star-shaped rosettes (types 1-4) and the
umbrella-like rosettes described here. However, we consider this
larger, complexly branching filamentous microfossil to be a distinct
morphospecies, based on its significantly larger size (three to four
times larger than Eoastrion rosettes, and two to three times larger
than Kakabekia, based on average radii) and the complex nature
of the branching. In particular, the large structures described here
contain clear examples of multiple levels of filament branching,
away from a central node, which creates an intricate framework-
like structure (Figure 9h) that supports a fine, membranous web-like
fabric (Figure 9i). This complex framework structure is quite distinct
from anything previously described from the Gunflint, or any other
unit (Amard & Bertrand-Sarfati, 1997; Awramik & Barghoorn, 1977,
Barghoorn & Tyler, 1965; Cloud, 1976; Knoll & Barghoorn, 1976;
Knoll et al., 1988; Schopf et al., 2015; Wilson et al., 2010), and we
therefore propose that this microfossil should be classified as a dis-
tinct, new form.

3.3.2 | Preservation of Turee Creek Group
microfossil communities

Studies show that microbial decomposition occurs in the order of
days to weeks (Bartley, 1996; Decho, Visscher, & Reid, 2005), so that
in order to become fossilised, any microbial life must be buried or
permineralised relatively quickly. The vast majority of Precambrian
microfossils are preserved in cherts, or stromatolites that were si-
licified early (e.g., c. 3.4 Ga Strelley Pool Fm: Sugitani et al., 2010;
c. 3.3 Ga Buck Reef Chert: Walsh & Lowe, 1985; c. 3 Ga Farrel
Quartzite: Sugitani et al., 2007; c. 2.5 Ga Gamohaan Fm: Czaja et al.,
2016; amongst others). Less commonly, microfossils are preserved
in shales (e.g., c. 1.5 Ga Roper Group: Peat, Muir, Plumb, McKirdy,
& Norvick, 1978; 21.4 Ga Ruyang Group: Yin, 1997), but rarely are
microfossils preserved in carbonates due to the destructive nature
of carbonate crystal growth (Grotzinger & Knoll, 1999; Schopf,
Kudryavtsev, Czaja, & Tripathi, 2007). Thus, early permineralisa-
tion by silica plays a critical role in preserving the morphology of
micro-organisms.

The two communities of TCG microfossils presented here are
predominantly very well preserved and the microfossil morphol-
ogies are demonstrably primary; their arrangement appears to be
unaffected by silica growth (e.g., Figures 4c,d and 5c,d). Evidence
at outcrop and thin section scale of both the nodular and bedded
black chert units indicates very early silicification of the microfossils.
For example, outcrop observations of the interbedded shale, iron-
stone and dolosiltite layers bending around the black chert nodules
(Figure 2c,d) highlights silicification of the nodules prior to compac-
tion arising from sediment burial. This is reflected in thin section,
where the spherical nature of both the unicellular and spherical ag-
gregate microfossils points to silicification before even slight burial
or compaction by overlying sediments. In addition, there are multiple
examples of very well-preserved microfossils and associated mor-
phological features, including the filamentous microfossil life array
(Figure 4e), the tangled filamentous network (Figure 3), the probable
cellular compartments within filaments (Figure 4b), the preservation
of very thin filamentous microstructures (~0.4 pm wide) in the fine
filamentous rosettes (Figure 6), and the cells of the spherical aggre-
gate microfossils (Figure 7). Spectacularly, the web-like membranous
material draping the large branching filamentous rosette microfossils
from the bedded black chert (Figure 9i), and the delicate, highly or-
nate external structures of the microbial EPS coating of some of the
grainstone clasts (Figure 10a,b), also point to very early silicification.

Evidence for two generations of early silica precipitation is
present in the bedded black chert. Thin section observations show
fine, granular microquartz within the grainstone clasts, whilst sil-
ica radiates from the outside of clasts and fills the interclast space
with a medium-grained mosaic of microquartz (Figure 8b). This
indicates that the first generation of silicification (and likely min-
eralisation of some of the organic carbon to carbonate) occurred
within the clasts and a second generation of silica cemented the
clasts together. The first generation of silicification likely initiated

in shallower water, or possibly in the water column (Siever, 1992),
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supported by the rounded (not flattened) nature of the grainstone
clasts and the preservation of perfectly spherical unicells inside the
organic-rich clasts. The second generation of silicification, cement-
ing the clasts together, would have had to occur rapidly to preserve
the organic content (Figure S3D) of the films interpreted as EPS,
as a study on the decomposition of EPS shows ~30%-50% loss of
C (as 14C02) in 48 hr (Decho et al., 2005). That this second gener-
ation of interclast silicification was also early is further supported
by the grainstone clasts being uncompacted and touching only on
points (Figures 8a and 10a; Lanier, 1989). In summary, to preserve
microfossils both within the transported clasts (unicells, filaments,
star-shaped Eoastrion-like rosettes and Kakabekia-like rosettes)
and between the transported clasts (large branching filamentous
rosettes, as well as the EPS films), two generations of silicification
must have occurred rapidly, before compaction of the grainstone
and diagenesis.

The composition of the Proterozoic ocean is thought to have
been high in dissolved silica (Maliva, Knoll, & Simonson, 2005; Siever,
1957; Xiao, Schiffbauer, McFadden, & Hunter, 2010). Silica precipita-
tion would likely have initiated both in the water column and at the
sediment-water interface, as a result of a sequence of chemical re-
actions involving microbial degradation, pH changes, and silica diffu-
sion gradients between the sea water and buried sediments (Siever,
1992). The relationship between these factors is complex, but ac-
counts for the multiple phases of early silica precipitation apparent
in both the nodular and bedded black cherts described here.

3.4 | Reconstructed basin model

Compiled stratigraphic sections by Barlow et al. (2016), along with
new field observations from this study, highlight the relationships be-
tween different facies at this locality. A shallow-water stromatolite-
thrombolite reef complex at the base of the succession passes up
through turbiditic dolarenites, to thinly bedded dolosiltites interbed-
ded with bedded black chert units. This is followed by deposition of
ironstone with black chert nodules that transitions up-section into
shale. This succession partly repeats itself in reverse up stratigraphic
section, passing from shale to interbedded shale and ironstone with
black chert nodules, grading to ironstone with chert nodules, fol-
lowed by layers of finely bedded dolosiltite interbedded with bed-
ded black chert units. The dolosiltites are interpreted to represent
the far distal toes of the coarser-grained, underlying carbonate
turbidites. Very fine layering in dolosiltite beds and ironstone and
shale units, along with a lack of sedimentary structures characteris-
tic of storm currents (e.g., hummocky cross-stratification), indicates
that these deeper-water units—including the bedded and nodular
black cherts studied here—were deposited below storm wave base
(~50-250 m: Flugel, 2004), and thus could also have been deposited
below the photic zone. The ironstone-nodular black chert sequence
isinterpreted to represent a likely ferruginous chemocline within the
Paleoproterozoic ocean because of the abundant siderite, haematite
and manganese oxide present in these rocks (Figure 2c; Barlow et al.,
2016).
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These facies relationships were used to reconstruct a repre-
sentative depositional basin model (Figure 11) using Walther’s Law,
which states that superimposed strata reflect different parts of the
basin juxtaposed through transgression/regression events. In this
reconstructed basin model, the relative position of the shallow-
water microbialites are based on data from Barlow etal. (2016),
whilst the relative position of the deeper-water units are based on
stratigraphic transects from this study (see summary in Figure 2a,
right-hand side). The shale has been positioned as the deepest-water
unit in the succession, as it was interpreted to have been deposited
at the point of a basin inflexion during the transition between trans-
gression and regression events (Barlow et al., 2016).

The nodular and bedded black cherts are deposited in similarly
deep-water sections of the stratigraphy, yet they preserve distinct,
separate communities of microfossils from different environments:
a deeper-water, primarily benthic in situ community in the nodular
cherts, and, a primarily transported, originally shallower-water com-
munity that is now preserved in the deeper-water bedded black

cherts (described below).

3.4.1 | Nodular black chert

The microfossils preserved in the deep-water nodular black cherts
described here from the TCG dolomite ridge locality are inter-
preted as a primarily benthic assemblage. The tangled network of
filamentous and unicellular microfossils in texture 1 likely grew in
the sediment and/or on the seafloor. The ellipsoidal clear domains
in the tangled filamentous network contain multiple stages of silica
growth. The outermost parts of these clear domains are character-
ised by a rim of microcrystalline quartz that appears to nucleate from
the edges of the tangled networks (Figure 3d). The quartz coarsens
inwards to a macrocrystalline quartz mosaic, with the core of the
clear domains occasionally chalcedonic (Figure 3c,d). This multi-
stage growth could have filled primary void spaces, or replaced a
pre-existing material (e.g., anhydrite—see: Chowns & Elkins, 1974;
Milliken, 1979). Either way, it shows that the tangled distribution of
this filamentous-unicellular microfossil network is likely a primary
feature, indicating a seafloor or subseafloor habitat for these mi-
crofossils, as previously suggested by both Schopf et al. (2015) and
Fadel et al. (2017) for similar occurrences.

In addition, the presence of the alternating vertical-horizontal
filamentous microfossils described here (also part of texture 1:
Figure 4e; Figure S4) provides direct evidence for the tangled net-
work being an in situ assemblage. These alternating filaments are
clearly a life array with permineralised micro-organisms that were
likely preserved in a matter of days. Such an arrangement is typi-
cal of phototrophic microbial communities in modern shallow-water
stromatolites and hot spring sinters, and has been explained by
both daily and seasonal cycles: day or summer results in a vertical
orientation, and night or winter a horizontal orientation (Berelson
et al., 2011; Dupraz, Fowler, Tobias, & Visscher, 2013; Lanier, 1989;
Mata et al.,, 2012; Monty, 1976; Ramsing, Ferris, & Ward, 2000;
Ruff & Farmer, 2016; Turner, James, & Narbonne, 2000; Wagstaff
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FIGURE 11 Model of the depositional basin showing the relationship between key units preserved in the Turee Creek Group dolostone
ridge. The shallow-water stromatolite-thrombolite reef, described in detail by Barlow et al. (2016), passes through turbidites to the deeper-
water units. The relative location of the bedded and nodular black chert units is shown, along with an indication of the probable storm wave

base and relative depth of the interpreted chemocline. The shale represents the deepest-water unit in the preserved succession

& Corsetti, 2010; Walter, 1976). However, the filamentous forms in
the life array described here are preserved in a deeper-water setting.
Therefore, the alternating filament orientation could be explained
by anoxygenic photosynthesis. Alternatively, if this life array assem-
blage lived below the photic zone, the vertical-horizontal orientation
could be attributed to chemotrophy. For example, modern benthic
filamentous sulfur bacteria in deep marine ecosystems are known
to glide vertically between the sediment surface and subsurface,
and sometimes abandon their sheaths to glide horizontally on the
sediment surface (Schulz & Jorgensen, 2001; Schulz, Jorgensen,
Fossing, & Ramsing, 1996). Other modern benthic long filamentous
bacteria do not appear to glide, but instead, their long form bridges
the gap between the sediment surface and deeper layers. These so-
called cable bacteria transport electrons along their length between
the two half-reactions of oxygen reduction at the sediment surface
and sulfide oxidation in the subsurface (Nielsen, Risgaard-Petersen,
Fossing, Christensen, & Sayama, 2010; Pfeffer et al., 2012). Thus,
the vertical-horizontal arrangement of TCG filamentous forms could
be the result of either phototrophic (likely anoxygenic photosynthe-
sisers) or chemotrophic micro-organisms. Regardless of metabolic
origin, this interesting arrangement shows that these filamentous
microfossils were not transported and are preserved in situ, in life
position.

In a similar way, the straw-like filamentous microfossils in nod-
ular black chert texture 2 (Figure 5) are interpreted as a benthic as-
semblage, due to their exceptionally long length (up to 575 pm) that
suggests little or no transport of these filamentous forms.

Despite also being preserved in nodular black cherts from the in-
terbedded shale and ironstone sequence, spherical aggregate micro-
fossils are not present in samples that contain the tangled (texture 1)
or straw-like (texture 2) filamentous microfossils. Instead, spherical
aggregate microfossils are observed within samples that have a dis-
tinctly different texture in thin section (texture 3), which consists
of well-defined beds that contain dense clumps of organic matter
elongated along bedding planes, along with abundant, small organic

clots. The spherical aggregate microfossils are permineralised in very
fine-grained microquartz, whilst the surrounding material is pre-
served in a coarser-grained quartz. This implies at least two phases
of silicification and shows that the aggregates were preserved ear-
lier than the surrounding material. Spherical aggregate microfossils
within the well-defined bedding could have been either transported
from elsewhere and deposited, or, benthic micro-organisms that
lived on or in the organic-rich layers.

If the latter were the case and the spherical aggregate microfos-
sils lived on the seafloor, or within the sediment, then the varying
grain sizes related to the two phases of silicification could possibly
be explained by preferential silicification of organic material. For ex-
ample, microbial structures can be coated in a thin silica crust before
later precipitation of the surrounding matrix (Konhauser, Phoenix,
Bottrell, Adams, & Head, 2001). However, in a benthic interpreta-
tion, it is difficult to envisage a way in which the spherical nature of
both the aggregates and the evenly spaced surrounding halo are pre-
served. On the seafloor (or in the sediment) the spherical aggregates
would have been partly (or completely) surrounded by material,
which would probably have resulted in an oval-shaped or elongated
form, and an unevenly spaced, slightly flattened halo; neither of
which are features observed here. That the spherical aggregates
aren't affected by compaction, despite being preserved within lay-
ers that contain dense clumps of organic matter that are elongated
along the bedding plane, makes a benthic interpretation less likely.

On the other hand, the spherical aggregates could have lived in
suspension in the water column and dropped down into the deeper-
water setting when they died. If this were the case, there would be
little to influence the overall shape of the aggregates of cells except
the naturally preferred physical state of tending towards a minimum
surface area (i.e., a sphere). In this case, an even distribution of silica
could start to form around the aggregates whilst still suspended, con-
sistently preserving the spherical shape of both the aggregate and
the surrounding halo (which could be remains of a capsule or EPS?).
This process also explains the two phases of silicification present
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in texture 3: the distinctly finer grain size within and immediately
surrounding the aggregate microfossils, compared to the coarser
quartz grain size present in the rest of the sample. Thus, owing to
the consistent spherical nature of the aggregate microfossils and the
distinctive, very fine-grained, evenly spaced and kerogen-free halo,
we interpret these relatively large forms as in-fallen, possibly plank-
tonic organisms, which could have dropped into the deeper-water

units from above.

Metabolic interpretations

Both Schopf et al. (2015) and Fadel et al. (2017) described simi-
lar cobweb-like masses of tangled filamentous microfossils but
proposed different interpretations of the likely metabolism of

these micro-organisms. Schopf etal. (2015) interpreted this
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distinct assemblage, sampled from a Turee Creek Group locality
~65 km to the south-east of the c. 1.88 Ga Duck Creek Dolomite
(lat. 22.48°S, long. 116.52°E), as a sulfuretum. This was based on
morphological comparison with modern sulfur-cycling organisms,
and S isotope data of pyrite from samples of a similar filamen-
tous assemblage in black chert from the younger Duck Creek
Dolomite (with 534S values ranging from -9.4 to +43.4%o); no py-
rite was reported from within the Turee Creek Group cobweb-like
assemblage.

Three of the filamentous microfossils from the tangled network
reported here in the deep-water nodular black cherts from the TCG
dolomite ridge locality resemble, in size and morphology, those dis-
cussed in Schopf et al. (2015) (Table 2). These include the 5-9 um
wide, type 2 filaments with dark and light banding (Figure 4b); the

TABLE 2 Comparison of filamentous microfossils reported here with others thus far described from the Turee Creek Group, by Schopf

et al. (2015) and Fadel et al. (2017)

This study

Location Black chert sampled between 22°26.291'S,

116°27.888'E and 22°31.021'S, 116°33.151'E

Filamentous
microfossil types
reported

Type 1 10-14 pm wide, >250 pm

long

Type 2 5-9 um wide and ~700 pm
long, with ~12 pm long
alternating dark
(carbonaceous-rich) and
light (carbonaceous-poor)

bands

Type 3 1.4-3 pm wide, ~200 pm

long
0.5-1.2 pm wide, 100’s pm
long

Type 4

Type 5 3-4 pm wide, up to 575 pm
long; smooth sheaths, no

visible cells

Type 6 1-2.5 pm wide, 50-100 pm
long; with 4-9 um long
segments, possibly

elongated cells

Schopf et al. (2015) Fadel et al. (2017)

One microfossiliferous black
chert sample from
22°29.748'S, 116°31.817'E

~65 km to the south-east (lat.
22.48°S, long. 116.52°E) of the
c. 1.8 Ga Duck Creek Dolomite

X Possibly comparable to Fadel
et al. (2017) “type 3”
filaments: broad (3-10 pm
diameter) with thin

(30-100 nm) sheaths

~7-9 pm diameter; possible
elongated cells ~12-15 pm long

Probably comparable to Fadel
etal. (2017) “type 2"
filaments: thin central tubes
bound by thick granular
sheaths (total width
5-7.5 pm), with dark and
light “striations” (possible
cells)

1-4 um wide; possible bead- X

shaped cells

Narrow thread-like filaments,
<1 pm wide

Not shown, but reports long
thread-like filaments <1 um
diameter

X Probably comparable to Fadel
etal. (2017) “type 1”
filaments: 2-3 um wide with

thin, continuous sheaths

X

Fadel et al. (2017) “type 4"
filaments are categorised as
such because they could not
be distinguished from types
1-3. “Type 4" filaments are
siderite-rich and highly
degraded, with poorly
preserved kerogen

Note. X: not present or not described in study. All other microfossil types documented in this study (see Table 1 for summary) are not detailed in Schopf

et al. (2015) or Fadel et al. (2017).
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1.4-3 pm wide type 3 filaments (Figure S1A,B; although, these are
not obviously bead-celled like those described by Schopf etal.,
2015); and the thin, 0.5-1.2 um wide thread-like filaments (type
4: Figure 4c,d). The 3-4 um wide straw-like (type 5) filamentous
microfossils here (Figure 5a) are distinct from any of the filaments
presented in Schopf et al. (2015), although they are probably com-
parable to “type 1” filaments of Fadel et al. (2017). The presence of
fine-grained, framboidal pyrite associated with these long straw-like
(type 5) filamentous microfossils may support a sulfuretum inter-
pretation, although, a causal relationship between these filaments
and pyrite crystals is yet to be demonstrated. All other microfossils
within the nodular black chert are distinct from any forms described
by either of the above authors, including; the larger 10-14 pm wide
filaments (Figure 4a), the unicells (Figure 4f), the fine filamentous ro-
settes (Figure 6), and the spherical aggregates (Figure 7).

Fadel et al. (2017) also reported cobweb-like masses of filamen-
tous microfossils from the Turee Creek Group, but from the dolomite
ridge locality at 22°29.748'S, 116°31.817'E (see Figure 1). Described
were three main types of filamentous microfossils, with a fourth cat-
egory for those examples too poorly preserved to place in types 1-3
(see Table 2 for comparison with filamentous types documented
here). The filamentous forms in Fadel et al. (2017) were variably re-
placed by siderite, which increased with decreasing preservation of
microfossils. The siderite was suggested to derive from the reduc-
tion of Fe(lll)-oxides, with filament types 2-4 interpreted as remains
of iron-oxidising bacteria. Fadel et al. (2017) noted that the siderite
is a later mineralisation feature, but suggested that the distribution
of the cobweb-like networks is likely a primary feature of the micro-
fossil community. Our observations support the distribution of the
tangled networks as a primary feature, but none of the filamentous
forms described here are visibly replaced by siderite under the pe-
trographic microscope. Likewise, Schopf et al. (2015) noted a lack of
siderite and did not report siderite replacement of any microfossils,
although, nanoscale techniques were not used.

To account for the differences in interpretation of sulfur- vs.
iron-cycling, and the presence vs. absence of iron-bearing minerals,
Fadel et al. (2017) proposed that the filamentous forms preserved in
the cobweb-like masses may have been able to cycle both sulfur and
iron, as is the case with some modern micro-organisms. Additional
work is currently underway, including carbon isotopic and nanoscale
elemental analyses of the microfossils, and sulfur isotopic analysis of
the pyrite, to try and account for the variability in the presence of
iron associated with the cobweb-like fabric reported in Schopf et al.
(2015) and Fadel et al. (2017). These analyses will provide additional
insights into the probable metabolisms of the tangled filamentous
forms, as well as the other microfossils from the TCG presented
here.

3.4.2 | Bedded black chert

The rounded nature of the grainstone clasts, and the similarity of
contained microfossils to the shallow-water Gunflint-type microbi-
ota, suggests that the clasts were transported from shallower-water

into the deeper-water setting in which they are preserved. We posit
two ways in which this process may have occurred. In the first, the
grainstone clasts could represent ripped-up pieces of microbial mat
that once grew in the shallow waters of the intertidal zone of this
succession and were rounded as they were washed down into the
deeper-water setting, after a storm or other high-energy event.
This is supported by evidence from the modern-day stromato-
lites at Shark Bay in Western Australia, which shows that rounded,
centimetre-sized pieces of microbial mat form as a result of storm
events (Figure 12a). This process is reflected in the shallow-water
part of the Turee Creek stromatolite-thrombolite reef complex stud-
ied here, which contains thin conglomerate beds with subrounded
clasts of ripped-up microbial mat preserved between stromatolite
layers (Figure 12b). Clasts of ripped-up mat can be backwashed
and transported through the stromatolite intertidal zone, become
finer-grained the further they are transported away from the shore,
and eventually be deposited as submillimetre-scale clasts in deeper
water. The rounded nature of the bedded black chert grainstone
clasts, as well as the sparse distribution and random orientation of
the filamentous microfossils within the clasts, supports transporta-
tion (Tobin, 1990). Furthermore, the generally degraded nature of
the filamentous microfossils in the grainstone clasts compared to
those from the benthic community in the nodular black chert sug-
gests a longer period of degradation, consistent with transport away
from their source.

Alternatively, the grainstone clasts could have formed from
floating, globular colonies of micro-organisms on, or near, the sur-
face of the ocean, such as; flocs (Flemming & Wingender, 2001,
2010), suspended aggregates (Decho & Gutierrez, 2017), jelly
bombs (Dupraz et al., 2013; Fowler, 2011; Helm & Potts, 2012),
algal lumps (Monty, 1967; Walsh & Lowe, 1999), or organic aggre-
gates (Riley, 1963, 1970; Riley, Van Hemart, & Wangersky, 1965;
Riley, Wanngersky, & Van Hemart, 1964). Colonies of floating
micro-organisms establish films of EPS designed to protect and
keep the microbial community together (e.g., Decho & Gutierrez,

FIGURE 12 (a) Rounded clasts of microbial mat on the shore

of Shark Bay, Western Australia, washed up after a storm event.

(b) Subrounded, elongate lithified clasts of ripped-up microbial mat
preserved between shallow-water stromatolitic layers in the TCG
dolomite reef [Colour figure can be viewed at wileyonlinelibrary.com]
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2017; Decho et al., 2005). This would explain the presence of the
kerogenous films that coat the outside of the microfossiliferous
and organic-rich clasts in the bedded black chert. Moreover, the
two generations of silicification (i.e., within and between the clasts)
suggest that the clasts may have been at least partly mineralised
prior to transport and final silicification within the deeper-water
environment in which they occur. Thus, perhaps when clumps of
micro-organisms started to silicify, or when carbonate rhombs
started to form within the colonies, these became too heavy and
sunk to the seafloor to be preserved amongst the deeper-water
assemblage (Decho, 2011; see also settled flocs, figure 1 in Decho
& Gutierrez, 2017). The EPS films probably established whilst the
clasts were suspended, or possibly after transport, but prior to
lithification on the seafloor. This floating, globular colony theory
better explains the range of shapes of the grainstone clasts (from
round, to elongate and cuspate), and also better explains when and
how the thin and delicate EPS films were able to form on the out-
side of clasts and yet still be preserved.

Regardless of exact process, the grainstone clasts were trans-
ported from shallower water and the microfossils within the clasts
likely represent a phototrophic community. In contrast, the large,
complexly branching filamentous microfossils that are preserved in
between the kerogenous clasts could represent either a suspended

or a benthic organism.

4 | CONCLUSION

Eighteen microfossil morphotypes, plus kerogenous films inter-
preted as EPS, are here reported as being preserved in two distinct
facies of black chert from deeper-water units of the Turee Creek
Group, from a ridge of outcrop located north-west of the Hardey
Syncline. This ridge forms the eastern limb of the tightly folded
“Kazput Syncline” (Barlow et al., 2016). Reported here are two new
microfossil forms morphologically distinct from any older or younger
examples known from the geological record; relatively large spheri-
cal aggregates of cells and large, complexly branching filamentous
rosettes.

Separate microfossil communities are preserved in distinct
nodular and bedded black chert facies, representing different envi-
ronments of origin. One microfossil community, preserved in deep-
water nodular black cherts interbedded with shale and ironstone,
represents a primarily benthic seafloor-inhabiting community of
micro-organisms that includes at least five varieties of filaments,
dense unicells of one size distribution (~20 pm) and fine filamentous
rosettes. Relatively large (up to ~138 pm diameter) spherical aggre-
gate microfossils, also preserved in the nodular black chert, are likely
planktonic and introduced into the deeper-water units. These spher-
ical aggregates are unknown from the geological record and are pre-
sented here as a new microfossil form.

The other microfossil community is preserved within bedded
black cherts that are interbedded with fine-grained, thinly bedded
dolosiltite. In thin section, the bedded cherts consist of rounded,
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elongate and cuspate-shaped kerogenous clasts that are often en-
veloped by a thin (~2 pm) kerogenous film interpreted as preserved
EPS. The clasts contain amorphous organic material and microfos-
sils, including generally hollow unicells that are divided into three
types based on size; short, degraded filaments; four types of star-
shaped rosettes that commonly contain an opaque central core;
and umbrella-like rosettes. Many of these forms bear resemblance
to microfossils described from the shallow-water deposits of the
younger (c. 1.88 Ga) Gunflint Iron Formation, including Huroniospora,
Eoastrion and K. umbellata. Gunflint-type microbiota described here
fromthe TCG are ~300 Ma older than the previously oldest examples
of Gunflint-type microfossils from the c. 2.1 Ga Franceville Group in
Gabon (Amard & Bertrand-Sarfati, 1997; Lekele Baghekema et al.,
2017).

In addition, large, complexly branching filamentous microfossils
are preserved between the grainstone clasts in Turee Creek Group
bedded black chert units and could represent either a suspended, or
benthic, organism. These are more complex and much larger than
both the star-shaped rosettes and umbrella-like rosettes preserved
inside the clasts, and are thus presented here as a second new mi-
crofossil form.

The grainstone clasts are interpreted as transported from shal-
lower water, either as clasts of ripped-up microbial mat from the in-
tertidal zone or globular colonies of floating microbial communities
from near the ocean surface which, perhaps when silica or carbonate
precipitation commenced, became too heavy and settled into the
deeper-water setting. In either case, the microfossils from clasts in
the bedded black chert studied here were once part of a shallower-
water, probably phototrophic, community.

The two Turee Creek Group microfossil communities docu-
mented here provide previously unprecedented insight into the
diversity of life when it would have been adjusting to the rise of
atmospheric oxygen during the GOE. The fossils in the nodular
black chert, interpreted as a primarily in situ deep-water benthic
community, and those in the bedded black chert, interpreted
as clasts of organic matter and microfossils transported from a
shallower-water setting, provide a wide snapshot of a marine eco-
system from c. 2.4 Ga. These two distinct communities from the
Turee Creek Group create a substantial new reference point in the
sparse fossil record of the earliest Paleoproterozoic and highlight
that microbial life at this time was more diverse than previously
thought.
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