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New trail-like features associated with microbial mats from the early 
Neoproterozoic Sirbu Shale Member (Upper Vindhyan Group), Vindhyan Basin, 
central India
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ABSTRACT
Numerous features, predominantly encountered upon the undersides of bedding planes and interpreted 
to be of biogenic origin, are described from the Sirbu Shale Member of the Upper Vindhyan Group, central 
India. Some of the features display surface trail-like or horizontal undermat burrow-like characteristics typ-
ically associated with microbial mats. Other features suggest the presence of macroscopic metazoans dis-
playing bilateral symmetry or characteristics arguably of locomotion or of frondose origin, one strongly 
reminiscent of the fossil/trace fossil Bunyerichnus. Newly dated to ca 852 Ma (mid-Tonian Period), and thereby 
pre-dating the famed Ediacaran Biota by some 270 million years, these features are analogous to various 
biogenic structures from other stratigraphic horizons globally that, in places, extend back into the 
Paleoproterozoic Era. Additionally, geochemical proxies indicate oxygenated redox conditions prevailed 
within the Vindhyan Basin, which likely assisted these organisms to develop motility. However, whether 
these biogenic trail-like features reflect a subdued state and prolonged ‘slow burn’ of pre-Ediacaran evolution 
within an oxic enclave of an otherwise global anoxic ocean, or an early evolutionary flourish within an 
isolated, oxygenated intracratonic basin within the Rodinia Supercontinent remains to be determined.

KEY POINTS
1.	 New trail-like features are described from the Sirbu Shale Member (Upper Vindhyan Group) in the 

Vindhyan Basin of central India.
2.	 Paleoredox analysis of the depositional environments indicates the Sirbu shales accumulated in a 

shallow oxygenated environment within which microbial mats thrived.
3.	 Newly dated to ca 852 Ma (mid-Tonian) and concluded to be of biogenic origin, these trail-like features 

pre-date, by ca 270 million years, the fossils that constitute the global assemblages of the famed Ediacara 
Biota.

Introduction

Proterozoic organisms generally lacked mineralised or skeletal 
body parts, although biomineralised organisms evolved during 
the latest Ediacaran (Warren et�al., 2017, and references therein). 
Nevertheless, in the absence of soft-tissue preservation, the 
traces of these early organisms, if preserved, can provide essen-
tial insights into their history and paleoenvironment (Glaessner, 
1969; McMahon & Jordan, 2022). It is necessary, therefore, when 
studying Proterozoic fossils and trace fossils, to distinguish 
between abiotic and biologically influenced structures (Becker 
Kerber et�al., 2024; Choudhuri et�al., 2023). Unambiguous trace 
fossils of late Ediacaran age (578–539 Ma), typically displaying 
simple, horizontal surface grazing activity on microbial 

matgrounds (Liu & McIlroy, 2015), have been widely reported 
in association with body fossils (Buatois et�al., 2013; Carbone & 
Narbonne, 2014; Chen et�al., 2013; Crimes & Germs, 1982; Droser 
& Gehling, 2015; Evans et�al., 2020; Fedonkin, 1977; Germs, 1972; 
Glaessner, 1969; Grotzinger et�al., 1995; Hagadorn et�al., 2000; 
Hofmann & Mountjoy, 2010; Jensen et� al., 2005; Jensen & 
Runnegar, 2005; Liu & McIlroy, 2015; Liu, McIlroy, Antcliffe, et�al., 
2010; Liu, McIlroy, & Brasier, 2010; Menon et�al., 2013; Narbonne 
& Aitken, 1990; Seilacher et�al., 2005; among others). However, 
convincing traces older than the Neoproterozoic are rare (El 
Albani et�al., 2019), this rarity possibly reflecting the tiny size of 
the organisms creating grazing traces on microbial mats (Matz 
et�al., 2008) that seemingly covered most Proterozoic subaque-
ous surfaces.
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The commonality of both trace and body fossils within the 
late Ediacaran time frame and the apparent dearth of specimens 
from older sequences has led to a wide-held belief that the 
advent of macroscopic organisms, especially those displaying 
motility, was a late Ediacaran event that took place after the 
Gaskiers Glaciation when the Earth’s atmospheric oxygen rose 
to the present levels (Fike et�al., 2006; Holland, 2006; Kaiho et�al., 
2024; Och & Shields-Zhou, 2012; Wang et�al., 2023; among oth-
ers). Consequently, potential trace fossils encountered in rocks 
from pre-Ediacaran sequences (i.e. older than 635 Ma) are con-
tentious and even when reported (e.g. Lindsay, 1991; Wells et�al., 
1967) are widely met with scepticism and typically interpreted 
as either pseudo-fossils of abiotic origin (Jenkins, 1995; Jenkins 
et�al., 1981; Jensen et�al., 2002), or their host rocks are assigned 
to younger ages than their radiometric dates (e.g. Azmi, 1998; 
De, 2006; Kumar & Pandey, 2008).

Recently, however, the discovery of putative cnidarian fossils 
from ca 615 Ma old rocks in South China (Yuan et�al., 2011), 
Aspidella-like discoidal fossils dated at ca 770 Ma from 
Kazakhstan (Meert et�al., 2011), as well as Aspidella and medu-
soids at ca 850 Ma from central Australia (Plummer & Gorter, 
2024a, 2024b) have extended the likely existence of macro- 
organisms into, not only the early Ediacaran, but also the Tonian 
Period (1000 to 720 Ma). These latter discoveries correlate well 
with the latest molecular-level research, which suggests that 
complex macro-organisms could be as old as 950 Ma 
(Cunningham et�al., 2017; Erwin, 2015; Sperling & Stockey, 2018). 
In addition, numerous evolutionary advances, such as the 
appearance of vase-shaped testate amoebae (Cohen et�al., 2017; 
Riedman et�al., 2018; Strauss et�al., 2014), eukaryotic diversifica-
tion (Knoll, 2014; Riedman & Sadler, 2018; Xiao & Tang, 2018) 
and the possible divergence of crown group metazoans 
(Dohrmann & Wörheide, 2017; Dos Reis et�al., 2015; Maloney 
et�al., 2021, 2024; Tang et�al., 2020; and references therein) are 
all purported to have occurred during the late Tonian (ca 800–
720 Ma). These events broadly coincide with a short-lived upper 
oceanic oxygenation event between ca 810 and 800 Ma (Lu 
et�al., 2017; Wörndle et�al., 2019) and an increase in atmospheric 
O2 levels of between �a10�2  and �a1 of present atmospheric level 
from ca 900 to 750 Ma (Krause et�al., 2022; Wang et�al., 2022). 
Nevertheless, reports of trace fossils from the Tonian Period are 
rare, and the relationship between change in paleoredox and 
biological innovations at that time remains debatable (Maloney 
et�al., 2024). It also remains unclear whether the change in O2 
in surface waters at ca 800 Ma was a regional trend or a more 
widespread event.

In this paper, three trail-like features are reported from the 
Neoproterozoic Sirbu Shale Member, Upper Vindhyan Group in 
the Son Valley of central India. The morphological variability of 
these trail-like features is described, while their biogenicity is 
examined from petrographic, micro-CT images and SEM-EDAX 
data and by comparing them with other biogenic structures 
from various pre-Paleozoic stratigraphic horizons globally. An 
attempt to determine the depositional age of these trail-like 
features by Re–Os geochronometry yielded a mid-Tonian age. 
Additionally, to link the existence of these biogenic structures 

with the paleoenvironmental constraints, redox-sensitive trace 
elements (RSEs) and organic carbon isotope proxies were uti-
lised. This research provides new, relevant findings of primitive 
organisms, some seemingly motile, that were living within the 
microbial mats covering the sedimentary substrates of the shal-
low waters of the Vindhyan Basin of central India during the 
early Neoproterozoic.

Geological background

The sedimentary rocks of the Vindhyan Basin in central India 
(Figure 1) are referred to as the Vindhyan Supergroup, which is 
subdivided into the Lower Vindhyan Group (also known as the 
Semri Group) and the Upper Vindhyan Group (Figure 2; Bose 
et� al., 2001). Lower Vindhyan sedimentation started at ca 
1730 Ma and continued until ca 1600 Ma before a depositional 
gap of approximately 400 million years separates it from the 
Upper Vindhyan Group, which dates from ca 1210 to 750 Ma 
(Figure 2). These dates suggest that when deposition of the 
Upper Vindhyan Group was initiated, the Vindhyan Basin was a 
part of the Rodinia Supercontinent (Li et�al., 2008). The Upper 
Vindhyan Group comprises the Kaimur, Rewa and Bhander for-
mations, the latter being subdivided into five members (Figure 
2; Bose et�al., 2001). The trail-like features described herein were 
encountered in the Sirbu Shale Member (maximum thickness 
of 192 m), the topmost shale interval that separates the Lower 
and Upper Bhander Sandstone members (Figures 2 and 3). 
Dominated by mud-rich sediments, Sirbu shale outcrops are 
commonly prone to weathering and thus form steep-sided hills 
unless protected by the sandstone beds of the overlying Upper 
Bhander Sandstone Member. Among the few workable and 
least-weathered sections comprising Sirbu shales was the 
40 m-thick outcrop near Maihar town, Madhya Pradesh, which 
was the focus of this study (Figures 1 and 3).

Age of the studied succession

Numerous geochronological studies have been undertaken on 
the Vindhyan Supergroup (Figure 2, and references therein), yet 
radiometric dating of the Upper Vindhyan sediments has proven 
to be challenging, primarily owing to the absence of included 
pyroclastics/volcanic tuffs that are common in the Lower 
Vindhyan sequence. The complete absence of any recognisable 
Neoproterozoic glacial deposits or glaciated surfaces, coupled 
with a general lack of detrital zircons younger than ca 1000 Ma, 
led to an interpretation that deposition within the Vindhyan 
Basin ceased prior to the start of the Neoproterozoic, which 
correlated with paleomagnetic data (Malone et�al., 2008; Meert 
et�al., 2013; Turner et�al., 2014; Venkateshwarlu & Rao, 2013). 
Nevertheless, the Upper Bhander Sandstone Member has been 
assigned a late Ediacaran age by Lan et�al. (2020) from a single 
detrital zircon (ca 548 Ma U–Pb age) and also by Kumar and 
Pandey (2008) and Pandey et� al. (2023) based on the fossil 
assemblages of possible vase-shaped microfossils, acritarchs 
and some possible megafossils.
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Materials and methods

Petrography

Polished thin-sections were examined under plane and 
cross-polarised light using a Leica DM 750 P polarising micro-
scope with an ICC50P camera and LAS-X scanning software at 
the Birbal Sahni Institute of Palaeosciences (BSIP), Lucknow.

SEM–EDS analysis

Selected carbon-coated thin-sections were analysed in secondary 
electron and back-scattered electron (BSE) imaging modes using 
a JEOL JSM IT500 SEM coupled with a Bruker Lynxeye energy-dis-
persive X-ray spectrometer and an XFlash 4030 Silicon drift detec-
tor and with an FEI Quanta 200 SEM with an EDS (�a2 �m resolution, 
15 kV accelerating voltage, 1 nA beam current, and 11 mm working 
distance) at the University of Poitiers, France. Samples were exam-
ined at varying resolutions and magnifications to provide the finest 
morphological details, textural relationships and mineral chemistry.

X-ray microtomography

The µCT analysis of the selected specimens of Sirbu shales was 
performed at the University of Poitiers, France, on RX-solutions 
Easy Tom XL Duo equipment at the PLATINA platform, IC2MP 
(Chavanod, France) using a Hamamatsu microfocus X-ray source 
and Varian flat panel detector. Slice reconstructions were done 
using XAct software with corrections for imaging artefacts.

Trace-element analysis

A total of 49 shale samples from Facies A, B and C (Electronic 
data file 1) were powdered and analysed at the Department of 
Earth Sciences, Indian Institute of Technology, Kanpur, India, 
using an Agilent QQQ-ICP-MS under both oxygen and helium 
modes following standard protocols (Mukherjee et�al., 2019).

Organic carbon isotope (�13Corg) and total organic 
carbon (TOC) measurement

To measure the amount of organic carbon, both �13Corg and TOC, 
39 shale samples from Facies A, B, and C (Electronic data file 2) 
were acid-treated to remove carbonates, washed in double dis-
tilled water, brought to neutral pH, dried, homogenised and 
analysed using a Flash Elemental Analyser in the Biomolecule 
Isotope Laboratory at BSIP, Lucknow. TOC and �13Corg values (vs 
VPDB) were determined after each sample had been gasified 
to purified CO2 and passed through a CF-IRMS (Delta V 
Advantage), with analytical accuracy monitored using IAEA CH3 
and CH6 standards (±0.1‰).

Rhenium–osmium dating

An attempt was made to establish a depositional age for the 
Bhander Formation using four black Sirbu shale samples from 
the basal Facies A (Table 1) using hitherto untried Re–Os geo-
chronometry. Approximately 0.5 g of each sample was spiked 

Figure 1.  Geological map of the study area showing the stratigraphy of the Vindhyan Supergroup in the Son Valley, central India, and the studied outcrop location 
near Maihar town (red asterisk).
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with a Re–Os isotopic tracer, then digested in inverse aqua regia 
at 260 °C in a high-pressure asher (Anton Paar HPA-S). Osmium 
was extracted with liquid Br2, purified by micro-distillation and 
measured using a negative thermal ionisation mass spectrom-
eter (see Creaser et�al., 1991; Völkening et�al., 1991) using a 
Finnigan MAT262 instrument with appropriate corrections 
applied by an iterative offline routine. Following osmium 
extraction, rhenium was extracted from each sample using 
anion-exchange chromatography and analysed by a Neptune 
MC-ICPMS in Université de Lorraine, France.

Results

Sedimentary facies analysis of the studied succession

A detailed sedimentary facies analysis of the Sirbu Shale 
Member within the 40 m-thick section near Maihar town 
revealed four distinct lithofacies interpreted to have been 

deposited within a mud-dominated shelfal environment fre-
quently interrupted by storms (Table 1; Figure 3) akin to that 
described for nearby sections by Sarkar et�al., (2002, 2004). All 
upward facies transitions (Facies A to B, B to C, and C to D) are 
overall gradational, suggesting deposition in adjacent paleo-
environments. Facies A, a black shale, is inferred to be the most 
distal offshore facies deposited below storm wave base 
(Table�1). Wave ripples atop the sandstone beds of Facies B 
and C suggest deposition between fair-weather and storm 
wave bases while the amalgamated nature of Facies D indi-
cates deposition upon a proximal shelf above fair-weather 
wave base (Table 1). The transitions from Facies A through B 
and C to D are laterally continuous and display coarser grain-
size, greater bed thicknesses and larger bedforms, thereby 
reflecting a gradual progradation of the shoreline (Figure 3c–h).

Several coarsening-upward parasequences are identified 
within the studied section, ranging in thickness from 1.5 to 
11.5 m (Figure 3e). The upward transition from a coastal playa 

Figure 2. L ithostratigraphy of the Vindhyan Supergroup and published geochronological age data determined using di�erent radiometric techniques (Bickford et 
al., 2017; George et al., 2025; Gilleaudeau et al., 2018; Gopalan et al., 2013; Gregory et al., 2006; Kumar et al., 1993; Kumari et al., 2024; Li et al., 2008; Rasmussen et 
al., 2002; Ray et al., 2002, 2003; Sarangi et al., 2004; Seilacher 2007; Tripathy & Singh 2015; Vinogradov et al., 1964).
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Figure 3. S edimentological appraisal of the studied succession. (a) Detailed sedimentological log showing constituent lithological units and paleocurrent patterns 
of sole features and ripples of the studied outcrops of the Sirbu Shale and Upper Bhander Sandstone members. Positions of possible biogenic traces (red arrows) and 
black shale samples for Re–Os isotope analysis (black arrows) are shown. (b–d) Outcrop photos of (b) black shale (Facies A), (c) grey shale interbedded with thin and 
lenticular sandstone (Facies B), (d) sandstone interbedded with grey shale (Facies C: note sandstone beds are sheet-like and thicker than those of Facies B). (e) Several 
coarsening upward parasequences (white inverted triangles) identi�ed within the studied Sirbu Shale Member section. (f) Hummocky cross-strati�cation within 
Facies D. (g) Current crescents present on the bedding plane of Upper Bhander Sandstone Member. (h) Sketch showing the paleogeographic disposition of various 
sedimentary facies identi�ed within the Sirbu Shale Member.
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(Lower Bhander Sandstone Member) to open shelf suggests 
limited transgression at the bottom of the Sirbu Shale Member, 
while shoreline progradation towards the top induces a gradual 
upward coarsening as the Sirbu shales transit into the Upper 
Bhander sands (Figures 2 and 3; Table 1). Wave-rippled sand-
stone beds vertically transitioning to reddish mudstone (Facies 
E) are observed within the Upper Bhander Sandstone Member 
(Figure 3g), suggestive of a storm-affected beach paleogeog-
raphy (Figure 3h), as also concluded by Bose et�al. (1999) and 
Sarkar et� al. (2004). The Sirbu Shale and Upper Bhander 
Sandstone members are thus partially coeval and the product 
of a highstand systems tract, the former being deposited within 
a relatively deeper part of the shelf and the latter in the 
coastal part.

Rhenium–osmium dating

Results of the Re–Os analyses are presented in Table 2. All data 
have been corrected for the blank contribution (Os: 0.34 ± 0.2 pg; 
Re: 8 ± 8 pg). Total 2� uncertainties related to in-run analytical 
precision, reproducibility of the liquid standard, variability of 
the analytical blank and possible isobaric interference of 187ReO3 
on 187OsO3 estimated by monitoring mass 233. Re–Os isotope 
results are plotted in Figure 4a along with the regression line 
and its associated age (852 ± 49 Ma), the initial 187Os/188Os ratio 

(0.491 ± 0.013) and the MSWD value that were obtained using 
the Isoplot routine of Ludwig (2003). As three of the four anal-
yses are tightly clustered, the correlation line could be viewed 
as a two-point isochron that, along with the low concentrations 
of TOC, Re and Os, indicates this radiometric age should be 
interpreted with caution. Nevertheless, this date is consistent 
with, and supportive of, a Tonian age for the Sirbu Shale Member 
of the Bhander Formation atop the Upper Vindhyan Group 
(Figure 2). This age is supported by the total absence of 
Neoproterozoic glacial deposits or glaciated surfaces within the 
basin, suggesting that Upper Vindhyan sedimentation had ter-
minated before the onset of the global Sturtian Glaciation event 
that marks the onset of the Cryogenian Period. The trail-like 
features described below from the Sirbu Shale Member are thus 
concluded to be of mid-Tonian age.

Descriptions of the trail-like features from the Sirbu 
Shale Member

A series of trail-like features have been recovered from freshly 
excavated siltstones/fine sandstones encased within mud-
stones (Facies B; Table 1) of the Sirbu Shale Member. These 
features are compared with similar-looking fossils/trace fossils 
found elsewhere dated to ca 2.1 Ga (Gabon), ca 620 Ma (South 
Australia), 578–565 Ma (Newfoundland), 548–545 Ma (Namibia) 

Table 1. S edimentary facies analysis and paleoenvironmental interpretation of the studied interval of the Sirbu Shale Member.

Facies Description Interpretation

Facies A: Black shale Black shale approximately 2 m thick with millimetre-scale planar 
lamination. Siltstone interbeds are rare. Present only at the base of the 
section (Figure 3b).

Planar lamination within shale and the absence of 
siltstone interbeds suggest slow sedimentation rate 
and deposition in the most distal part of the shelf 
below the storm wave base (Figure 3h).

Facies B: Grey shale 
interbedded with lenticular 
siltstone

Dominated by grey shale with millimetre-scale planar lamination (Figure 
3c) and rare siltstone interbeds with lenticular geometry (5–8 cm thick 
and 8–12 cm wide). Siltstone beds are internally massive or planar 
laminated, with wave ripples on top. They show gradational upper 
contact with the associated grey shale, commonly in the presence of 
fading ripples. Prod marks and small-scale gutters are present on their 
soles.

Deposition in distal o�shore, within the storm wave 
base (Figure 3h). Rare lenticular siltstone beds with 
sole features indicate intense storms could touch 
the depositional surface.

Facies C: Sandstone 
interbedded with grey 
shale

Sandstone–grey shale interbedded facies (Figure 3d) with maximum 
thickness �a73 cm. Sandstone beds display sheet-like geometry 
(10.5–15 cm thick). Gutters, up to 14 cm, and tool marks are present 
upon the soles of the sandstone beds. Mud clasts can be concentrated 
at the base of sand beds. Sandstone beds locally amalgamate. Bed 
tops are commonly wave reworked.

Deposited upon the intermediate shelf between 
fair-weather and storm wave bases (Figure 3h). 
Soles of storm-generated sandstone beds bear 
gutters and tool marks, while grey shale interbeds 
likely to be of fair-weather origin.

Facies D: Amalgamated 
sandstone

Maximum thickness of 90 cm. Sandstone beds are laterally persistent with 
�at, sharp bases displaying gutters and tool marks upon their soles. 
They are amalgamated in nature, bearing hummocky cross-
strati�cation grading into wave ripples at bed tops (Figure 3f). Very 
thin grey shale beds (up to 10 cm thick) occur rarely between the 
amalgamated sandstone beds.

Deposition within the proximal shelf, above fair-
weather wave base (Figure 3h).

Facies E: Wave rippled reddish 
sandstone/mudstone 
(Upper Bhander Sandstone 
Member)

Well-sorted sandstones with sharp erosional bases, graded in nature, 
vertically transforming upward into thin reddish mudstones. Multiple 
lenticular sandstone beds stacked one upon another, but thinning 
landward (Bose et�al., 1999; Sarkar et�al., 2004, 2011). Tool marks (e.g. 
prod marks, groove casts, brush marks) present upon their bases. 
Internally the sandstone beds exhibit planar to wavy laminae and 
hummocky cross-strati�cation, which grades upward into wave ripples 
with sharp, bifurcated crests, eventually capped by thin, reddish 
mudstones without any sign of discontinuity. The reddish mudstones 
are replete with desiccation cracks, water recession marks. Current 
crescents and parting lineations also present on the sandstone 
bedding planes (Figure 3g). Wave ripple crests show NNW–SSE trend.

Planar laminated, well-sorted sandstones with current 
crescents and parting lineations present on their 
bed surfaces likely deposited in a nearshore beach 
environment (Figure 3g,h; Bose et�al., 1999). 
Frequent presence of water recession marks and 
desiccation cracks also support a coastal 
depositional environment. Amalgamation of 
sandstone beds and presence of hummocky 
cross-bedding indicate the occasional storm 
intervention. Vertical change in lithology and 
sedimentary structures without any discontinuity 
supports episodic deposition under the in�uence of 
oscillatory and waning �ows (Bose et�al., 1999; 
Sarkar et�al., 2004, 2011).
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and, more generally, 564–527 Ma. These features are preserved 
at multiple levels as positive and negative epirelief generally 
under the surfaces of the fine-grained sandstone beds of 
Facies B (Figure 3a). Features 1 and 2 occur in high numbers 
upon the sole of any single sandstone bed while features 3 
and 4 are lone samples. Tool marks, such as prod marks and 
recurved grooves, are observed on a number of samples. 
Closer scrutiny aided by micro-CT scanning also recognises 
differences in the ridge patterns of features 1 and 2, differen-
tiated by their preserved length and associated characteristics 
(Figure 5b).

Feature 1: horizontal, straight ridges associated with 
dimples

Description
Feature 1 denotes the ridges with lengths of up to 9 cm (Figure 5) 
that generally occur on the base of bedding planes. They have 
a central furrow and circular dimples of millimetre-scale diame-
ters and negative epirelief at regular intervals, generally on both 
sides of, and in connection with the furrow (Figure 5a, c, d). The 
ridges are generally sub-parallel to each other, and individual 
sandstone beds generally host multiple features (Figure 5a, c, f). 
The central furrows are filled with fine silt-sized particles (Figure 
6a). Typically, one end of these ridges displays a large, elongated 
‘dimple’ set at an angle to the central furrow, while the other end 
is tapered and either in line with, or at a slight angle to the central 
furrow (Figure 5c). Under the petrographic microscope, the 
ridges show the presence of dark, wavy microbial laminae with 
frayed edges that cover the underlying silt grains, while some 

grains are trapped in between the crinkled laminae (Figure 6a). 
Some long, thin, tubular structures, which entangle with each 
other, are observed within these dark, crinkly microbial laminae 
under the petrographic microscope (Figure 6b–d).

Interpretation
Subaqueous shrinkage cracks have a wide range of morpholog-
ical diversity and lengths (McMahon et�al., 2017), which raises 
the question of whether or not feature 1 represents similar 
cracks. Most intrastratal shrinkage cracks, however, are recorded 
within heterolithic facies in which cracks are generated within 
an underlying mudstone and later filled by overlying silt/sand-
sized particles (McMahon et�al., 2017, and references therein). 
Such cracks in sandstone lithology preferentially occur on bed-
ding surfaces and within ripple troughs (Choudhuri et�al., 2023; 
McMahon et�al., 2017; Sarkar et�al., 2006). By contrast, feature 1 
ridges within the Sirbu Shale Member are hosted upon the soles 
of siltstone and fine-grained sandstone beds. For the feature 1 
ridges to be spanned by regularly spaced circular dimples and 
terminated by unique dimples in all occurrences would be highly 
fortuitous through a purely physical or chemical abiogenic ori-
gin, such as shrinkage/intrastratal cracking or tool marks. The 
identification of dark, crinkly microbial mat and tubular struc-
tures within the feature 1 ridges (Figure 6) points towards a 
microbial origin. The dark, crinkly laminae covering and trapping 
the silt-sized quartz grains (Figure 6a, b) indicates the baffling, 
trapping and binding activity of the microbial mats (Choudhuri, 
2020; Noffke et�al., 2003; Schieber et�al., 2007). The nature of the 
bundling and entanglement of long, tubular structures is con-
sistent with preserving discrete filamentous micro-organisms. 

Table 2. R esults of the Re–Os analyses of Sirbu Shale Member Facies A black shales.

Sample AC-1 AC-2 AC-3 AC-4

Mass 0.56386 0.51585 0.50168 0.5072
Re (ppb) 0.307 0.164 0.118 0.225
Re uncertainty 2� (ppb) 0.015 0.016 0.016 0.016
187Re (M/g) 1.0E–12 5.5E–13 4.0E–13 7.5E–13
Os (ppb) 0.03 0.018 0.013 0.134
Os uncertainty 2� (ppb) 0.0004 0.0004 0.0004 0.0013
188Os (M/g) 1.80E–14 1.09E–14 7.66E–15 8.80E–14
187Re/188Os 57.2 50.8 51.8 8.6
187Re/188Os uncertainty 2� 2.9 5.1 7.5 0.6
187Os/188Os 1.2935 1.2796 1.2194 0.6138
187Os/188Os uncertainty 2� 0.0193 0.0429 0.0346 0.004

Figure 4.  (a) Re–Os isochron of black shales (Facies A) from the Sirbu Shale Member. Bivariate plots between (b) Ce/Ce(SN)* vs Th and (c) PrSN/YbSN vs Th indicate 
negligible detrital input within the Sirbu shale samples (after Ma et�al., 2023).
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The feature 1 ridges are therefore deemed to be more likely the 
manifestations of a biological community.

Comparison with global examples
Circular dimples regularly distributed on both sides of the ridges 
are a characteristic of feature 1 within the Sirbu Shale Member. 

Singular rows of circular dimples are a feature of the early 
Mesoproterozoic to end Ediacaran fossil Horodyskia, a metaphyte 
comprising a generally wavy series of uniformly sized bulbous 
zooids (‘string-of-beads’) emanating with very regular spacing from 
a horizontal stolon (Fedonkin, 2003). Although Horodyskia fossils 
are known from Tonian deposits in North China (Li et�al., 2023), 
unlike Horodyskia, the dimples along the feature 1 ridges preserved 

Figure 5.  Examples of horizontal ridges from the Sirbu Shale Member. (a) Horizontally oriented, straight patterned ridges preserved as positive and negative epire-
lief on the sole of a �ne siltstone bed; note the wrinkle structure (white dotted lines) present at the lower-left side of the sample related to feature 2 ridges (Sample 
No. Sirbu/V16). (b) Micro-CT image of the sample Sirbu/V16 showing two di�erent ridge patterns: feature 1 ridges (white arrows) have the greatest length, a central 
furrow, and circular dimples (negative relief) at regular intervals on both sides of, and in connection with, the furrow; feature 2 ridges (yellow arrows) display a curvy 
nature and prominent wrinkle structure at one end. (c) Sketch of feature 1 ridge showing a large elongated ‘dimple’ set at an angle to the central furrow terminating 
one end while the other end is tapered and commonly in line with, or at a slight angle to the central furrow. (d, e) Samples displaying multiple feature 1 ridges running 
sub-parallel to each other (Sample Nos. Sirbu/SS4 and Sirbu/SS5, respectively).
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upon the Sirbu Shale Member samples vary in size and are always 
associated with a central ridge rather than a buried stolon.

Feature 1 is, however, very similar to the undermat miners 
from the 548–545 Ma old Nama Group, Namibia (Bouougri & 
Porada, 2007; Darroch et�al., 2021) and the upper Cambrian suc-
cession of Oman (Seilacher, 1999). The similarities between the 
feature 1 ridges within the Sirbu Shale Member and undermat 
miners of the Nama Group include the wrinkle structures and 
circular pits along the ridges. However, unlike the Nama Group 
and Oman examples, the motility patterns in feature 1 are much 
simpler in morphology. Whereas the Nama Group undermat 
miners show dendritic patterns and form curved furrows with 
irregular lobe-like extensions perpendicular on either side 
(Bouougri & Porada, 2007; Darroch et�al., 2021), the feature 1 
ridges from the Sirbu Shale Member are basically straight to 
slightly curved in nature, with a generally sub-parallel orienta-
tion (Figure 5). Also, the Nama Group trace fossils are longer (up 
to 20 cm) than the longest variety of feature 1 from the Sirbu 
Shale Member. It is possible that, during the early to mid-Tonian 
Period, the motile micro-organisms that potentially created the 
feature 1 ridges in the Sirbu Shale Member of the Upper 
Vindhyan Group were much simpler in form and behavioural 
pattern than those in the younger Nama Group organisms.

Feature 2: horizontal ridges with terminal wrinkle

Description
Feature 2 ridges are straight to slightly curved, having a maxi-
mum length of up to 5 cm displayed in negative epirelief and 

are associated with a prominent wrinkle structure at one end 
(Figures 5a and 7). Although randomly oriented, they do not 
cross-cut each other, and only one sample displays circular dim-
ples that are irregularly aligned along the ridge (yellow arrows, 
Figure 7a), unlike those associated with feature 1 (white arrows, 
Figure 7a). SEM–BSE imaging shows that the matrix partly wraps 
around some tubular structures (Figure 8). Carbon is abundant 
within the tubular structures and generally occurs where oxy-
gen (O) and potassium (K) are depleted. Moreover, K appears 
to be restricted to the edges of the filamentous/tubular struc-
tures, while aluminium (Al) seems to be associated within the 
matrix (Figure 8).

Interpretation
The terminal wrinkle structures at one extremity of the feature 
2 ridges (Figure 7b, c) suggest coexistence with microbial mats, 
thereby strengthening the interpretation of a biogenic origin. 
Additionally, the identification of tubular structures resembling 
microbial filaments within these features favours a biogenic 
origin (Figure 8). Potassium, oxygen and, locally, aluminium 
enrichments within the matrix and carbon enrichment within 
the long tubular structures (Figure 8) corroborate the microbial 
mat interpretation (Choudhuri, 2020). Feature 2 therefore 
appears to be evidence of horizontal motility of micro-organ-
isms in their simplest form that were associated with microbial 
mats (Bouougri & Porada, 2007; Darroch et�al., 2021; Seilacher, 
1999), the microbial mats being the likely source of nutrients 
and oxygen for these burrowing organisms (Bouougri & 
Porada, 2007).

Figure 6. C haracteristics of feature 1 ridges under the petrographic microscope (plane-polarised light). (a) Dark, crinkly microbial laminae with frayed edges 
(arrowed). Note the �ne silt-sized quartz particles trapped between the crinkled laminae indicating the binding activity of the microbial mats (Sample No. Sirbu/SS4 
cut and polished). (b) Dark microbial mat covering underlying silt-sized quartz particles (Sample No. Sirbu/SS5 cut and polished). Note the presence of long, thin, 
tubular structures within these dark, crinkly microbial laminae. (c, d). Enlargements from (b) showing bunches of long, thin, intertwined tubular structures.
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Comparison with global examples
While in basic form the wrinkle structures that terminate the 
feature 2 ridges (Figure 7b, c) bear a passing resemblance to the 
‘pizza discs’ of effaced rangeomorphs in the Ediacaran Avalon 
Assemblage in Newfoundland (see figure 4 in plate 1 of Liu, 
McIlroy, Antcliffe, et�al., 2010), the trails and associated wrinkles 
within the Sirbu Shale Member bear a strong resemblance to 
the ‘string and sheet’ morphologies described from the ca 2.1 
Ga Francevillian biota of Gabon (see figure 3a of El Albani et�al., 
2019). As such, they support the contention that motile 
micro-organisms also existed within and beneath the microbial 

mats (Figure 7) that typified shallow water depositional surfaces 
during Tonian time within the Vindhyan Basin.

Feature 3: horizontal, branching ridge

Description
Feature 3 is preserved on the top of a fine siltstone bed from Facies 
B of the Sirbu Shale Member (Figure 9a). It is �a20 cm long and 
essentially a straight, spiralled, tubular surface feature approxi-
mately 1–2 mm wide with epirelief of approximately 1.5 mm. Twice 
the preserved ridge branches to the right after which the original 

Figure 7.  Examples of feature 2 ridges from the Sirbu Shale Member. (a) Sole of the �ne siltstone bed displaying randomly oriented ridges (Sample No. Sirbu/V1). 
Note the prominent wrinkle structure at one end of the ridge and the presence of circular dimples aligned along the ridges. (b) Enlargement of area highlighted in (a) 
detailing a short ridge and associated wrinkle structure. (c) A series of ridges and associated wrinkle structures (Sample No. Sirbu/V15).
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ridge terminates within approximately 1�cm. From the point of 
bifurcation, the new ridge continues for approximately 8 cm 
before again branching to the right. This composite ridge crosses 
four sediment laminae (Figure 9b), and in the second lamina, it is 
bounded by seemingly smoothed surfaces approximately 1 cm 
wide on each side (Figure 9d). The ridge itself exhibits a seg-
mented, seemingly spiralled nature, with depressions at regular 
intervals between the individual spirals (Figure 9c, d).

Interpretation
The branched ridge pattern of feature 3 appears well structured 
and complex, unlike typical synaeresis cracks. The smoothed sur-
face bounding each side of the ridge upon the second sedimen-
tary lamina (Figure 9d) may indicate the width of a bilateral 
organism smoothing its pathway as it moved. This interpretation 
of motion is supported by the bevelled portion of a short adja-
cent ridge that extends into the smoothed pathway (Figure 9d). 
The bifurcations and spiral nature of the central ridge strongly 
suggest an organic origin, and the repeated discontinuation of 
an older ridge is suggestive of an organism that changed its path-
way, possibly while feeding. Physical processes such as tool marks 
or fluid movement through pipes do not generate such well-pat-
terned structures, while its spiral nature also argues against a 
physical or chemical origin. The structure is thus deemed to be 
biogenic in origin and suggestive of motility.

Comparison with global examples
Previous literature cites no global example similar to feature 
3 as observed within the Sirbu Shale Member. Although 

megascopic algal thalli from Tonian rocks in central Australia 
may appear similar (Bykova et�al., 2020; Retallack, 2021), they 
form under terrestrial conditions rather than the fully sub-
merged conditions of the Sirbu Shale Member. A pre-Ediaca-
ran segmented, tubular trace fossil was reported from the ca 
720 Ma Areyonga Formation, Amadeus Basin, Australia (Wells 
et�al., 1967), but it is short and singular, and lacks the bifurca-
tions of feature 3. While spiral patterned tubular fossils 
(Funisia) are numerous in the late Ediacaran Rawnsley 
Quartzite, South Australia (Droser & Gehling, 2015), they are 
of a colonial nature rather than singular like feature 3. Also, 
the simple bifurcations of feature 3 from the Sirbu Shale 
Member are less complex than those displayed by, for exam-
ple, the branching burrow illustrated by Muscente et�al. (2018, 
figure 3f) from Namibia.

Feature 4: arc-shaped feature

Description
Feature 4 is arc-shaped with a sub-median groove surrounded 
by several prod marks (Figure 10a) preserved upon the basal 
surface of a finely laminated siltstone from Facies B. Both the 
concave and convex margins of the arc are prominent and show 
negative relief, with the structure’s inner convex margin slightly 
steeper than its outer concave margin. The preserved length of 
the arc is approximately 9 cm, although it was originally longer, 
as it ends at the broken edge of the sample. The width of the 
arc narrows from 2.8 cm on the broken end to 2 cm where it 
terminates within the specimen and where a fainter, secondary 
arc is evident beyond its outer concave margin (yellow arrow, 

Figure 8. C haracteristics of feature 2 ridges under SEM (Sample No. Sirbu/V15 of Figure 7c). (a) A long, tubular structure. (b) Composite elemental mapping of the 
long, tubular structure using SEM–EDS. (c–f) Elemental breakdown of (b) showing the presence of carbon within the long, tubular structure. Note that K and Al are 
enriched within the matrix that hosts the tubular structure.].
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Figure 9. F eature 3 ridge (Sample No. Sirbu/SS6) from the Sirbu Shale Member. (a) Cast of spiralled, tubular ridge showing branching pattern. (b) Composite ridge 
penetrating four sediment laminae. (c) Close-up of the spiralled and segmented nature of the ridge. Note the presence of depressions at regular intervals between 
the individual spirals. (d) Smoothed surfaces approximately 1 cm wide on each side of the ridge and bevelled end to the adjacent short ridge suggesting a planing 
action across the surface.
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Figure 10a). A sub-median groove, approximately 1.5 mm wide 
and 4.7 cm long showing negative epirelief, separates the con-
cave and convex margins and is prominently visible on the left 
side of the arc, lying approximately 1 cm from the convex mar-
gin and 1.8 cm from the concave outline (Figure 10a). On both 
sides of the sub-median groove, several distinct, irregularly 
spaced, millimetre-scale transverse patterned ridges, displaying 
positive epirelief, are densely packed towards the terminal end 
of the arcuate structure. Towards the concave margin, a few 
ridges are slightly longer, up to 5 mm with a spacing of approx-
imately 2 mm. Another discontinuous, spatula-shaped groove 
approximately 0.5 mm deep with negative epirelief but gentle 
slope is present near the concave margin of the arc and occa-
sionally crossed by some of the transverse ridges.

Interpretation
This feature is difficult to explain by any abiotic sedimentary 
process, and it seems more likely to be a biogenic remnant 
impressed upon the siltstone surface. The abrupt terminal end 
of the impression, along with the closely spaced radial ridges 
and grooves, argues against it being a drag or scratch mark, the 
latter likely to be concentric in nature rather than radial. Also, 
its limitation to the arcuate impression argues against a flow-in-
duced, mat-scale deformation such as Kinneyia, with the inner 
arcuate margin distinctly indicative of a depression within the 

sediment surface. The variable length and spacing of the trans-
verse ridges extending equally on either side of the sub-median 
groove suggest that it may perhaps have been generated by 
the rhythmic movement of a motile organism. The secondary, 
less well-defined arcuate impression adjacent to the outer con-
cave margin (yellow arrow, Figure 10a), on the other hand, sug-
gests either plasticity of a biogenic structure or possibly an 
initial resting place before movement to its final resting place 
of part of a frond-like organism broken from its attachment to 
the sedimentary substrate.

Comparison with global examples
Feature 4 shares a robust resemblance to Bunyerichnus dalgarnoi 
(Figure 10b) from the Moorillah Formation in the Flinders 
Ranges, South Australia, which dates to ca 620 Ma (Glaessner, 
1969; Plummer, 2024b). Both cast and counter-cast of 
Bunyerichnus were discovered, which has variously been 
described as ‘a locomotion trail made by a bilaterally symmet-
rical animal which used rhythmic muscular contractions rather 
than discrete appendages for propulsion’ (Glaessner, 1969, p. 
337); a rhythmical marking possibly created by ‘a tethered struc-
ture moving in a series of small jumps in an arcuate manner 
over the substrate’ (Jenkins, 1995, p. 60); ‘either (i) the tracing of 
a longish (12 cm) stalk like, flexible structure of some complexity 
that swung by currents about a point of attachment or (ii) the 

Figure 10.  (a) Arc-shaped feature 4 (Sample No. Sirbu/V8) showing numerous transverse ridges on both sides of a sub-median groove (white arrow). (b) Comparable 
impression Bunyerichnus dalgarnoi from the Flinders Ranges, South Australia (from Glaessner, 1969). Note adjacent less well-de�ned arcuate impressions (yellow 
arrows), see text for signi�cance.
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imprint of a large (24 cm diameter) discoidal structure … [but] 
… certainly biologic, very probably metazoan, and most likely 
medusoid’ (Cloud & Glaessner, 1982, p. 791); or a ‘probable fossil 
medusa’ (Walter et�al., 1989, p. 218). However, the presence of 
the fainter outer arcuate impression, evident on both 
Bunyerichnus and the Sirbu Shale Member specimen (yellow 
arrows in Figure 10a, b), coupled with the recent description of 
several Aspidella from the same stratigraphic horizon as 
Bunyerichnus, one with a small attached fallen frond, led 
Plummer (2024b) to propose Bunyerichnus to possibly be the 
impression of a fallen/broken rangeomorph.

Feature 4 from the Sirbu Shale Member in the Vindhyan Basin 
of central India is the first discovery of a clearly Bunyerichnus-like 
fossil beyond the Flinders Ranges of South Australia, yet, being 
mid-Tonian (ca 852 Ma) rather than early Ediacaran (ca 620 Ma) 
in age, it pre-dates Bunyerichnus by some 230 million years. It 
could be speculated that the location of these two highly com-
parable fossils on separate continents, coupled with their con-
siderable age discrepancy, supports the contention of Plummer 
(2022, 2024a) that metazoan evolution may not be the contin-
uum we generally assume, but rather a stop-start process of 
separate evolutionary ‘trials’ and extinction events within iso-
lated, intracratonic basins throughout the life of the Rodinia 
Supercontinent.

Paleoredox conditions

Trace-element geochemistry
Redox-sensitive elements (RSEs: e.g. molybdenum, uranium, 
vanadium) are widely used to track the paleoredox conditions 
within a depositional basin (Gilleaudeau & Kah, 2013; Sahoo 
et�al., 2012; Zhang et�al., 2019; among others). These trace metals 
show distinctive behaviours under changing paleoredox con-
ditions and high enrichments under anoxic/euxinic conditions 
(Algeo & Tribovillard, 2009; Scott et�al., 2017; Tribovillard et�al., 
2006; among others), although methods to evaluate their 
enrichment vary considerably and threshold values suggested 
for various redox conditions also differ (Algeo & Tribovillard, 
2009; Scott & Lyons, 2012; Shi et�al., 2021; among others). Rather 
than their absolute concentrations, the enrichment factors (EFs) 
of redox-sensitive trace metals of Algeo and Tribovillard (2009) 
are deemed better indicators of paleoredox conditions.

Molybdenum, for example, requires intensely anoxic condi-
tions and the presence of free H2S for precipitation (Algeo & 
Tribovillard, 2009; Piper & Calvert, 2009; Reinhard et�al., 2013; 
Tribovillard et�al., 2006; Wang et�al., 2021). However, very low 
Mo concentrations in all studied Sirbu Shale Member samples 
(0.63 ppm minimum to 3.72 ppm maximum; Electronic data file 
1) indicate that the shallow sea-water column was neither 
enriched in oxygen, which is necessary for the development 
and establishment of an enriched reservoir of RSE, nor locally 
euxinic, which could have scavenged Mo into the sediment 
(Scott et�al., 2008). Utilising EFs, all Sirbu Shale Member samples 
produced stable ratios (MoEF<3, UEF<3 and VEF<2) that are also 
indicative of the two above scenarios (Figure 11a–c; Electronic 
data file 1). Corroborating this interpretation are Mo/UEF ratios 

of between 1 and 2, and Mo/Al ratios <0.4 (Electronic data file 
1; Scholz, 2018; Shi et�al., 2021).

In addition to Mo, U and V, bi-elemental ratios such as Th/U, 
Ni/Co, V/(V + Ni) and V/Cr can also be used to indicate paleore-
dox conditions (Figure 11d–f). Th/U > 2, Ni/Co < 5, V/(V + Ni)<0.5 
and V/Cr < 2 are the commonly used threshold values to sepa-
rate oxic from anoxic environments (e.g. Jones & Manning, 1994; 
Wignall & Twitchett, 1996), and using these thresholds, all stud-
ied Sirbu Shale Member samples again indicate oxygenated 
conditions of deposition (Figure 11d–f).

Manganese and iron also respond to redox conditions 
(Figure 11g). Mn can exist in soluble Mn(II) or insoluble Mn(IV) 
forms in natural aqueous systems, with Mn(III) acting as an inter-
mediate form (Calvert & Pederson, 1993; Madison et�al., 2013). 
As oxidation of Mn necessitates the availability of free oxygen 
in the water column, it can be used as a redox proxy, with Mn(II) 
converting to Mn(IV) and enriching the sediments as the dep-
ositional environment becomes more oxygenated (Johnson 
et� al., 2016; Ostrander et� al., 2019; Tostevin et� al., 2016). 
Additionally, sedimentary Mn/Al ratios below upper continental 
crust value of ~ 0.008 and MnEF<1 can be used as redox proxies 
(Calvert & Pederson, 1993; Tostevin et�al., 2016). Our studied 
samples show an average Mn/Al ratio of 0.003 and average MnEF 
value of 0.3, which fall into the oxic environmental range 
(Electronic data file 1; Scholz, 2018; Tostevin et�al., 2016). The 
positive correlation between Fe and Mn also corroborates this 
interpretation (Figure 11g; Shi et�al., 2021).

The oxidation state of cerium in seawater (whether Ce3+ or 
Ce4+) depends on the redox condition (e.g. Bau et�al., 1996; Cox 
et�al., 2016). Ce3+ oxidises to Ce4+ and is substantially scavenged 
onto Fe–Mn (oxyhydr)oxides in an oxic environment leaving 
the residual seawater depleted in Ce relative to other trivalent 
Rare Earth Elements (German & Elderfield, 1990; Tostevin et�al., 
2016). Ce/Ce(SN)* values <1 typify oxygenated environments, 
while those >1 are indicative of anoxic conditions (Bau et�al., 
1996; Lawrence & Kamber, 2006; Shi et�al., 2021). Samples from 
the Sirbu Shale Member revealed Ce/Ce* values <1 (averaging 
�a0.95: Figure 11i), comparable with values in modern 
ocean waters.

Organic carbon isotopes
Given that organisms can also absorb Ce from seawater during 
metabolism (Lawrence & Kamber, 2006; Pi et�al., 2013; Xiang 
et�al., 2018), the relationship between TOC and Ce anomaly (Ce/
Ce*) can also be regarded as a proxy for understanding paleore-
dox conditions (e.g. Lawrence & Kamber, 2006; Pi et�al., 2013). 
The �13Corg values for all the samples are depleted varying 
between �28.3 and �24.9‰ VPDB (Electronic data file 2), which 
suggests microbial degradation of cyanobacterial mats (Dean 
et�al., 1984; Harazim et�al., 2013; Pacton et�al., 2008; Sarkar et�al., 
2019; Tyson, 1995). Although the presence of microbial mat-re-
lated sedimentary structures within the Sirbu Shale Member 
corroborates this interpretation (Choudhuri et�al., 2020), their 
low TOC (0.11–0.32 wt%; Electronic data file 2) renders the Ce 
anomaly/TOC cross-plot unreliable for establishing paleoredox 
conditions (Figure 11h).



Australian Journal of Earth Sciences 15

Thus, various redox proxies (RSE and organic carbon isotope) 
indicate that an oxygenated environment prevailed within the 
Vindhyan Basin during the mid-Tonian Period when the sedi-
ments of the Sirbu Shale Member were deposited.

Discussion

New trail-like features from the Vindhyan Basin

Features 1, 2 and 3 described above display none of the char-
acteristics that typify abiotic structures, such as shrinkage 

cracks, drag marks or scratch marks, nor do they display any 
suggestion of vertical disruption of strata that typifies pipe-like 
fluid escape conduits. It is thus concluded that these features 
were most likely formed by biotic processes. Traces of features 
1 and 2 (Figures 5 and 7) are always present in multiple numbers, 
some associated with wrinkle structures or circular dimples, the 
latter generally on either side of the ridges. Feature 3 displays 
a well-patterned segmented and spiralled ridge central to what 
appears to be smoothed margins (Figure 9). These various char-
acteristics suggest that features 1, 2 and 3 may be indicative of 
modes of organic mobility upon microbial mats that typically 

Figure 11.  Bivariate plots of various geochemical proxies for reconstruction of paleoredox conditions of the studied succession. (a) MoEF vs UEF; (b) MoEF vs Mo/
UEF; (c) MoEF vs VEF; (d) V/Cr vs Th/U; (e) Ni/Co vs Th/U; (f) V/(V + Ni) vs Th/U; (g) Mn vs Fe; and (h) (Ce/Ce*)SN vs TOC. (i) Ce/Ce* values are <1 for all the studied shale 
samples.



16 A. CHOUDHURI ET�AL.

covered the sedimentary substrates of the Tonian world. To 
affirm this potential biological affinity, some samples were sec-
tioned, polished and scanned using a petrographic microscope, 
SEM–EDS and micro-CT scanner, identifying dark, crinkly micro-
bial laminae, commonly containing tubular filamentous struc-
tures (Figures 6 and 8), that strengthens the argument for a 
biotic affinity.

Feature 4 is very similar to the impression Bunyerichnus 
(Figure 10; Glaessner, 1969; Plummer, 2024b). While the faint 
impression along the outer margin may indicate movement of 
a frondose structure before finally coming to rest, the transverse 
ridges of variable length and spacing on either side of the 
sub-median groove may suggest plasticity and/or locomotion 
of an organism.

These various features from the Sirbu Shale Member, newly 
dated to 852 ± 49 Ma (mid-Tonian) and deemed to be of organic 
origin, occur in shales that display uncharacteristically low TOC 
and Re–Os concentrations. From the analysis of paleoredox 
proxy elements, the low TOC percentage and Re–Os concentra-
tions appear to be a consequence of the Vindhyan sea having 
been oxygenated when the Sirbu Shale Member and Upper 
Bhander Sandstone Member were deposited (Figure 11). Ansari 
et�al. (2023) discussed the problem of low TOC within the Sirbu 
Shale Member concluding that, although initially deposited 
under suboxic to less-reducing conditions, extensive reminer-
alisation, both in the water column and during early diagenesis, 
reduced the original TOC concentrations of the black shales by 
up to 96%. It is possible, therefore, that Re and Os were released 
as the organic matter was oxidised. Detrital input can also con-
taminate the Re and Os signature of seawater, but the absence 
of correlation between Ce/Ce(SN)* vs Th and PrSN/YbSN vs Th indi-
cates negligible detrital input within the collected samples 
(Figure 4b, c; Ma et�al., 2023).

Paleoredox context of trail-like features in association 
with microbial mats during the Tonian Period

Lying between the so-called environmental stasis that prevailed 
in the Mesoproterozoic Era and the glacial Cryogenian Period 
of the Neoproterozoic Era, the Tonian Period (1000–720 Ma) 
represents a transitional phase marking a period of oxygenation 
of the Earth’s ocean and atmosphere along with several 
advances within the biological community (Cohen et�al., 2017; 
Dohrmann & Wörheide, 2017; Dos Reis et�al., 2015; Knoll, 2014; 
Maloney et�al., 2021, 2024; Strauss et�al., 2014; Riedman et�al., 
2018; Riedman & Sadler, 2018; Tang et�al., 2020; Xiao & Tang, 
2018; and references therein). However, the cause-and-effect 
relationship between the redox change and the evolution of 
complex lifeforms within shallow water environments during 
the Tonian is still unclear and debatable (Maloney et�al., 2024; 
Stacey et�al., 2023). While many researchers have shown evi-
dence for an anoxic, ferruginous global ocean throughout the 
Neoproterozoic with brief pulses of oxic conditions (Maloney 
et�al., 2024, and references therein), some studies have detected 
oxygenated surface waters in different formations in Alaska 
during the late Tonian (Gibson et�al., 2020; Sperling et�al., 2013). 

It is still debatable, therefore, whether changes in redox condi-
tions during the Tonian represent a regional trend or local 
aberrations.

On the other hand, stratified redox conditions during the 
Tonian are reported from many places, including North China, 
Canada and USA (Maloney et�al., 2024; Wang et�al., 2021), where 
oxic shallow water environments acted as oases for macroalgae, 
possibly within intracratonic basins isolated from an otherwise 
anoxic global ocean. It is also noteworthy that diversification 
and the motility of microbial eukaryotes could have been facil-
itated by even a slight rise in atmospheric oxygen (2–3% of 
present level; Mills et�al., 2024). Additionally, recent research has 
shown that the last common ancestors of motile eukaryotes 
could survive at oxygen concentrations as low as 0.5 to 4%, and 
that bilaterian animals can sustain 3% oxygen concentration in 
modern ocean surface waters (Knoll & Sperling, 2014; Levin 
et�al., 2002; Mills et�al., 2014; Palma et�al., 2005; Sperling et�al., 
2013). Such levels of oxygen would have been readily available 
courtesy of photosynthetic organisms living within the micro-
bial mats that covered the sedimentary surfaces of shallow 
shelves all through the Proterozoic Eon (Choudhuri et�al., 2023).

Sedimentological facies analysis of the Sirbu Shale Member 
shows that deposition occurred under shallow shelfal condi-
tions (Figure 3; Table 1). This shallow shelf was commonly agi-
tated by storms that could oxygenate the waters and provided 
seasonal upwelling of necessary micronutrients required by 
trail-maker organisms associated with microbial mats. 
Geochemical signatures of seasonal upwelling and high primary 
productivity in the Sirbu Shale Member are well documented 
by Ansari et�al. (2023). The physical signature of the seasonal 
storm upwelling is also corroborated by the preferential occur-
rence of the trail-like features upon the soles of storm-derived 
fine sandstone/siltstone beds encased within mud. This paper 
thus postulates that micro-organisms, some motile, were living 
within and upon microbial mats under oxygenated shallow 
shelfal conditions within the Vindhyan epeiric sea during the 
mid-Tonian. Further research is needed to determine whether 
these organisms reflect a subdued state and prolonged ‘slow 
burn’ of pre-Ediacaran micro-organisms or support the idea that 
isolated basins within the Rodinia Supercontinent, such as the 
Vindhyan Basin, experienced independent metazoan evolution 
before the start of the Ediacaran Period.

Conclusions

Several trail-like impressions collected from the Tonian aged 
Upper Vindhyan Group of the Vindhyan Basin in central India 
are postulated to have been of biological origin, some likely 
motile, in close association with microbial mats. An attempt to 
determine an absolute age of the Sirbu Shale Member using 
Re–Os radiometric analyses yielded an isochronic age of 
852 ± 49 Ma. Although low TOC content and associated low Re–
Os concentrations potentially weaken the rigour of this age, it 
is consistent with other geochronological studies and, in asso-
ciation with the total absence of glacial deposits and glaciated 
surfaces throughout the entire Upper Vindhyan Group, supports 
the conclusion that these trail-like features were created during 
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the mid-Tonian Period. RSEs show the prevalence of oxygenated 
shallow shelfal conditions in the Vindhyan Basin at this time, 
thereby explaining the low TOCs despite the evidence of biotic 
activity. The presence of biogenic impressions and trail-like fea-
tures of Tonian age supports the contention that the Vindhyan 
Basin, rather than being a unique oxic enclave within an other-
wise global anoxic ocean, was likely an isolated, oxygenated 
intracratonic basin within the Rodinia Supercontinent that wit-
nessed an evolutionary flourish before deposition within the 
basin ceased, extinguishing all life within it, prior to the planet 
falling under the global glacial grip of the Cryogenian Period.
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