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1  | INTRODUCTION

The Proterozoic Eon was a time of major transitions on Earth. In addition 
to the pervasive oxygenation of atmosphere and ocean that begun the 

so- called great oxygenation event (GOE) at 2.4 Ga (Canfield & Teske, 
1996; Holland, 2002, 2006; Lyons, Reinhard, & Planavsky, 2014), vast 
continental shelf basins developed worldwide in the Paleoproterozoic 
Era as a consequence of crustal growth (Fedonkin, 2003). These newly 
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Abstract
Fossil microbiotas are rare in the early rock record, limiting the type of ecological infor-
mation extractable from ancient microbialites. In the absence of body fossils, emphasis 
may instead be given to microbially derived features, such as microbialite growth pat-
terns, microbial mat morphologies, and the presence of fossilized gas bubbles in lithified 
mats. The metabolic affinity of micro- organisms associated with phosphatization may 
reveal important clues to the nature and accretion of apatite- rich microbialites. 
Stromatolites	 from	 the	 1.6	Ga	 Chitrakoot	 Formation	 (Semri	 Group,	 Vindhyan	
Supergroup)	 in	central	 India	contain	abundant	 fossilized	bubbles	 interspersed	within	
fine- grained in situ- precipitated apatite mats with average δ13Corg indicative of carbon 
fixation by the Calvin cycle. In addition, the mats hold a synsedimentary fossil biota 
characteristic of cyanobacterial and rhodophyte morphotypes. Phosphatic oncoid 
cone-	like	 stromatolites	 from	 the	 Paleoproterozoic	 Aravalli	 Supergroup	 (Jhamarkotra	
Formation) comprise abundant mineralized bubbles enmeshed within tufted filamen-
tous mat fabrics. Construction of these tufts is considered to be the result of filamen-
tous bacteria gliding within microbial mats, and as fossilized bubbles within pristine mat 
laminae can be used as a proxy for oxygenic phototrophy, this provides a strong indica-
tion	for	cyanobacterial	activity	in	the	Aravalli	mounds.	We	suggest	that	the	activity	of	
oxygenic phototrophs may have been significant for the formation of apatite in both 
Vindhyan	and	Aravalli	stromatolites,	mainly	by	concentrating	phosphate	and	creating	
steep diurnal redox gradients within mat pore spaces, promoting apatite precipitation. 
The presence in the Indian stromatolites of alternating apatite- carbonate lamina may 
result from local variations in pH and oxygen levels caused by photosynthesis–respira-
tion	in	the	mats.	Altogether,	this	study	presents	new	insights	into	the	ecology	of	ancient	
phosphatic stromatolites and warrants further exploration into the role of oxygen- 
producing biotas in the formation of Paleoproterozoic shallow- basin phosphorites.
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developed shallow- marine niches provided the perfect backdrop for 
abundant growth of primary producing biomass (Fedonkin, 2003; 
Papineau,	2010;	Papineau	et	al.,	2009).	As	the	most	illustrious	pioneers	
in the oxygen- manufacturing business, ancestral cyanobacteria were 
the only organisms with the capacity to produce free oxygen on the 
scale needed to set off the initial oxygenation of atmosphere and oceans 
(Papineau,	2010).	They	have	a	deep	evolutionary	history	(Schirrmeister,	
Antonelli,	&	Bagheri,	2011;	Schopf,	Kudryavtsev,	&	Sergeev,	2010),	re-
flected in the fossil record mainly through their involvement, active (see 
e.g.,	Arp,	Reimer,	&	Reitner,	2001;	Merz,	1992)	or	as	mere	substrates	
(Jones,	Renaut,	&	Konhauser,	2005;	Konhauser,	Phoenix,	Botrell,	Asams,	
&	Head,	2001),	in	microbialite	accretion	(Burne	&	Moore,	1987).

Laminated microbialites, stromatolites, are formed through com-
plex	 interplay	 between	 micro-	organisms	 and	 the	 environment	 (Burne	
&	Moore,	 1987;	 Dupraz,	 Fowler,	 Tobias,	 &	Visscher,	 2013;	 Dupraz	 &	
Visscher,	2005;	Dupraz,	Visscher,	Baumgartner,	&	Reid,	2004;	Grotzinger	
&	Knoll,	1999;	Reid	et	al.,	2000;	Stal,	2000).	Abundant	types	of	micro-
bial metabolisms together influence the geochemistry of microbial mats 
(Baumgartner	et	al.,	2009)	and	lead	to	the	formation	of	biological	fabrics,	
which may be preserved in the fossil record as indicators of past microbial 
responses	to	changes	in	light,	chemical,	or	sedimentary	regimes	(Allwood,	
Walter,	Burch,	&	Kamber,	2007;	Allwood,	Walter,	Kamber,	Marshall,	&	
Burch,	2006;	Grotzinger	&	Knoll,	1999;	Sumner,	1997;	Walter,	1972).	As	
the	main	builders	of	stromatolites	(Grotzinger	&	Knoll,	1999;	Stal,	2000),	
microbes, in particular cyanobacteria, influence stromatolite lamination on 
a micro- level and also exert considerable control on the macro- scale mor-
phology	of	accreting	stromatolites	(Dupraz	&	Visscher,	2005;	Grotzinger	
&	Knoll,	1999;	Reid	et	al.,	2000;	Riding,	2000).	The	issue	of	biogenicity	
sometimes challenges the interpretation of ancient microbialite- like 
structures, but still, a most conspicuous task lies in deciphering what the 
preserved morphological features reveal about the paleoecology of a mi-
crobial	system	(e.g.,	Shepard	&	Sumner,	2010;	Sumner,	1997).	At	best,	the	
synsedimentary preservation of bona fide fossils provides an important 
clue, but in most cases other features must be relied upon to understand 
the environmental and metabolic forces at play within a sedimentary 
microbial	system	(Allwood	et	al.,	2006,	2007;	Grotzinger	&	Knoll,	1999).	
The aim of this study was to investigate the paleoecology of microbial 
mats	from	the	Paleoproterozoic	Chitrakoot	Formation	of	the	Vindhyan	
Supergroup	and	the	Jhamarkotra	Formation	of	the	Aravalli	Supergroup	
(Figure 1), representing some of the oldest examples of massive phos-
phogenesis on Earth. More specifically, we mean to evaluate the morpho-
logical biosignatures and types of metabolism that were likely associated 
with the accretion of apatite- rich stromatolites at these locations.

A	most	 fundamental	 textural	 component	of	 ancient	microbialites	
is micro-  to mesoscale laminations, which, depending on continuity, 
thickness, and inclination, result in a variety of stromatolite shapes and 
forms, many of which have been thought unique to the Precambrian 
Earth	 (e.g.,	Batchelor,	Burne,	Henry,	&	Jackson,	2004;	Walter,	1972).	
Numerous filamentous microbes are able to glide up and down rapidly 
within microbial mats as a response to external (light irradiation, sedi-
mentation)	or	internal	(distribution	of	dissolved	inorganic	carbon,	DIC,	
and	other	chemical	species)	stimuli	associated	with	the	mat	(Alexandre,	
Greer-	Phillips,	&	Zhulin,	2004;	Fenchel	&	Kuhl,	2000;	Garcia-	Pitchel,	

Mechling, & Castenholz, 1994; Hoiczyk, 2000). This phenomenon leads 
to the formation of specific textural components in ancient mats, many 
of which are distinctly biological. Examples of this are the formation and 
preservation in the rock record of reticulated fabrics or tufted microbial 
mats	(Shepard	&	Sumner,	2010;	Sumner,	1997;	Walter,	Bauld,	&	Brock,	
1976). Opinions differ as to what information can be obtained from 
these	kinds	of	microbial	fabrics;	Walter	et	al.	(1976)	argued	that	tufted	
microbial mats, a result of the initial random gliding of filamentous cya-
nobacteria, also reflect the organisms’ responses to incoming light and 
thus can be used as a proxy for cyanobacterial phototaxis in the fossil 
record.	This	opinion	was	recently	challenged	by	Shepard	and	Sumner	
(2010) who, during laboratory experiments with motile cyanobacterial 
Pseudanabaena strains, showed that while cyanobacterial communities 
indeed form tufted mats, pillars, and reticulate structures, the morpho-
logical expressions of these fabrics are the results of undirected, non- 
phototactic, gliding and as such do not attest to the phototrophy of a 
mat system. On the other hand, the formation of tufts and reticulated 
mats, while not solid evidence of phototrophy in the rock record, does 
reflect the presence of motile, filamentous communities and as such 
provides	evidence	for	biogenicity	(Sumner,	1997).

Perhaps a more convincing structural proxy of photoautotrophic 
metabolism is the preservation of oxygen bubbles produced by cyano-
bacteria in zones of active photosynthesis, sometimes later preserved 
as spherical or nearly spherical porosities within laminated microbialites 
(e.g.,	Bosak,	Liang,	Sim,	&	Petroff,	2009;	Bosak	et	al.,	2010;	Guido	&	
Campbell, 2014; Mata et al., 2012). These structures can be seen form-
ing in active microbial mats and precipitates from hydrothermal pools 
and	 other	 modern	 settings	 where	 microbial	 mats	 abound	 (e.g.,	 Arp,	
Hofman,	&	Reitner,	1998;	Bosak	et	al.,	2009,	2010;	Guido	&	Campbell,	
2014;	Jones	et	al.,	2005;	Love,	Simmons,	Parker,	Wharton,	&	Seaburg,	
1983). Primary porosity in the form of metabolically produced oxygen 
bubbles has also been reported from several fossil microbialites, most 
notably from conical stromatolites similar to the Precambrian form 
Conophyton	(Bosak	et	al.,	2009,	2010)	but	also	from	oncoid-	like	micro-
bialites	constructed	by	oxygenic	phototrophs	(Wilmeth	et	al.,	2015).

While	siliceous	and	carbonate	microbialites	are	rather	evenly	dis-
persed	in	the	rock	record	(Grotzinger	&	Knoll,	1999),	the	distribution	
of phosphatic stromatolites is somewhat more lopsided (Papineau, 
2010), with major deposition episodes at the beginning and end of 
the Proterozoic Eon (Papineau, 2010; Papineau et al., 2009). Tubular 
fabrics resembling filamentous mineralized sheaths can be important 
constituents	of	the	overall	 fabric	 in	phosphorites	 (Alvaro	&	Clausen,	
2010;	Krajewski,	2011)	suggesting	that	filamentous	micro-	organisms	
play	 an	 important	 role	 in	 the	 accumulation	 of	 phosphate	 (Sergeev,	
Gerasimenko, & Zavarzin, 2002). However, the metabolic affiliation of 
these apatite- encrusted fabrics is uncertain.

Our study emphasizes the importance of oxygenic photosynthe-
sizing micro- organisms and their extracellular polymeric substances 
(EPS)	in	the	concentration	of	phosphate	and	subsequent	accretion	of	
Paleoproterozoic phosphatic stromatolites from India. This phenome-
non was primarily manifested by the preservation of tufted microbial 
mats and mineralized bubble- like structures within fine- grained apatite 
laminae in both columnar and oncoid cone- shaped stromatolites from 
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the	Vindhyan	and	Aravalli	Supergroups.	The	presence	in	Vindhyan	stro-
matolites	of	complex	algae	of	probable	rhodophyte	affinity	(Bengtson,	
Sallstedt,	Belivanova,	&	Whitehouse,	2017)	further	supports	the	idea	
of lavish blooms of phosphate- concentrating phototrophic biotas in-
habiting	shallow	niches	in	the	Vindhyan	marine	realm.

2  | MATERIALS AND METHODS

2.1 | The Vindhyan Supergroup

The	 Vindhyan	 Supergroup	 (Figure	1)	 in	 central	 India	 represents	
one of many intracontinental basins that developed worldwide in 
the	Proterozoic	Eon	 (Chakraborty,	2006).	 Sediment	was	deposited	
within basins in shallow epeiric seas, a type of setting that became 
widespread after 2.5 Ga (Chakraborty, 2006; Harries, 2009; Mata 
et	al.,	 2012).	 The	 Vindhyan	 Supergroup	 is	 composed	 of	 slightly	
deformed, but on the whole unmetamorphosed, sedimentary silici-
clastic	rocks,	shale,	and	limestone	of	presumed	marine	origin	(Bose,	
Sarkar,	 Chakrabarty,	 &	 Banerjee,	 2001).	 It	 is	 traditionally	 divided	
into	the	Lower	and	Upper	Vindhyan	sequences	and	exhibits	a	total	
thickness	 of	 approximately	 4,500	m	 (Bose	 et	al.,	 2001).	 Vindhyan	
exposures	 are	 divided	 into	 three	 major	 sectors:	 The	 Son	 Valley,	
Bundelkhand,	and	Rajasthan	sectors,	each	separated	by	unconformi-
ties	 (Chakraborty,	2006).	The	Son	Valley	sector	has	an	ENE-	WSW	
strike and is approximately 3000 m thick (Chakraborty, 2006). The 
Tirohan	Dolomite	of	the	Lower	Vindhyan	Chitrakoot	Formation	has	a	
Pb-	Pb	isochron	age	of	approximately	1.6	Ga	(Bengtson,	Belivanova,	
Rasmussen,	&	Whitehouse,	2009),	a	date	that	is	supported	by	other	
geochronological	work	 in	 the	 region	 (reviewed	 by	Bengtson	 et	al.,	
2017).

A	 total	 of	 15	 samples	 of	 phosphatic–dolomitic	 stromatolites	
were	collected	in	2006	and	2011	from	the	Tirohan	Dolomite	in	the	
Jankikund	 section	 (N25°09′	E080°52′)	 along	 the	Paisuni	 riverbank	
in Chitrakoot. The town of Chitrakoot is located on the border be-
tween	the	Satna	district	of	Madhya	Pradesh	and	the	Banda	district	
of Uttar Pradesh in central India (Figure 1, right star). The approxi-
mately	100-	m-	thick	Tirohan	Dolomite	unit	(Joshi,	Azmi,	&	Srivastava,	
2006)	is	unconformably	overlain	by	the	Upper	Vindhyan	siliciclastic	
Kaimur	Formation.	The	Tirohan	unit	contains	dolomitic–phosphatic	
stromatolites, unbranched, and columnar in shape, around 10 cm in 
diameter, with the phosphate mainly present in the form of interco-
lumnar	clasts,	rims	or	internal	laminae.	Smaller,	cm-	sized,	phosphatic	
stromatolites are also present. The intercolumnar clasts were inter-
preted	by	Bengtson	et	al.	 (2009)	as	 ripped-	off	microbial	mat	chips,	
redeposited in the matrix between columns. Laminated phosphate 
that surrounds many dolomite columns represents phosphatized mi-
crobial mats.

2.2 | The Aravalli Supergroup

The	Paleoproterozoic	Aravalli	Supergroup	 (Figure	1)	 is	well	exposed	
close to the city of Udaipur in Rajasthan, northwest India. The rocks 
have been subjected to a low- grade metamorphism, in the range of 

lower greenschist (Chauhan, 1979), and consist of sedimentary rocks 
unconformably	 overlying	 an	 Archaean	 basement	 of	 gneiss	 known	
as	 the	 Banded	 Gneiss	 Complex,	 BGC	 (Roy	 &	 Paliwal,	 1981).	 The	
Supergroup	is	divided	into	the	Lower,	Middle,	and	Upper	Aravalli	se-
quences. The stromatolite phosphate- bearing Jhamarkotra formation 
is	approximately	35	m	thick	(Papineau,	2010).	The	Lower	Aravalli	con-
stitutes a marine transgressional sequence and was deposited in an 
active rift basin (e.g., Roy & Paliwal, 1981). Phosphatic rocks of the 
Aravalli	 constitute	 an	 economically	 important	 source	 of	 phosphate,	
and they are quarried in one of the world's largest open- pit phos-
phate mines, the Jhamarkotra phosphate mine. The age of the Lower 
Aravalli	has	traditionally	been	reported	as	early	Paleoproterozoic	with	
Pb- Pb isochrone ages around 2–2.5 Ga (Chauhan, 1979; Papineau, 
2010;	 Schleicher,	 Todt,	 Viladkar,	 &	 Schmidt,	 1997).	 However,	 geo-
chronological	and	stratigraphic	dating	in	a	recent	study	by	McKenzie	
et	al.	 (2013)	 suggests	 a	 later	deposition	of	 the	Aravalli	 Jhamarkotra	
formation	around	1.7	Ga,	closer	to	that	of	the	Lower	Vindhyan	phos-
phorites, stressing the importance of further geochronological investi-
gation	into	this	region	(e.g.,	McKenzie	et	al.,	2013;	Melezhik,	Purohit,	
&	Papineau,	2014).	A	total	of	18	samples	were	sampled	along	a	tran-
sect from the Jhamarkotra mine in January 2011. These were mainly 
phosphatic stromatolites in carbonate matrix.

2.3 | Acid maceration

A	10%	acetic	acid	solution	was	used	according	to	the	standard	proto-
col for carbonate dissolution (e.g., Jeppsson, Fredholm, & Mattiasson, 
1985) in order to free phosphatic microbial fossils from the surround-
ing	 carbonate	matrix.	 After	maceration	 of	 phosphatic	 stromatolites	
in buffered acetic acid- filled trays, the remaining phosphatic debris 
was separated into four size fractions (>1 mm; 1–0.25 mm; 0.25–
0.063 mm, and <0.063 mm), washed in tap water, and dried overnight 
at	60°C.	A	Nikon	SMZ-	1000	Stereomicroscope	was	used	to	handpick	
fossils primarily from the 1-  to 0.25- mm fraction for further micro-
scopic analysis.

2.4 | Stable isotope spectroscopy

A	Thermo	Delta	V	Advantage	mass	spectrometer	was	used	to	meas-
ure the isotopic composition of organic carbon (δ13Corg	‰	V-	PDB)	
and total nitrogen (δ13Nair ‰) on decarbonated sediment samples 
containing	phosphatic	stromatolites	 from	the	Vindhyan	Supergroup,	
Jankikund.	 Samples	 consisted	 of	 previously	 untreated	 slabs	 of	 rock	
containing bubble- like spherical objects interspersed within phos-
phatic microbial mats. The results were calibrated against the Protein 
(Casein)	Standard	OAS	 (IVA	33802155,	Batch	No	114859),	and	the	
precision	 was	 evaluated	 via	 High	 Organic	 Sediment	 Standard	 OAS	
Certificate	114522	(IVA33802151,	Batch	no:	BN114522).	Based	on	
replicate analyses of the standards, we report the isotopic carbon 
composition	relative	to	the	Vienna	PeeDee	Belemnite	(V-	PDB)	within	
an error of 0.16‰. The isotopic composition of total nitrogen relative 
to air is reported within an error of 0.21‰, based on replicate analy-
ses of the standards.
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2.5 | Raman spectroscopy

Phosphatic	 thin	 sections	 and	 hand	 specimens	 from	 the	 Vindhyan	
Supergroup	were	analyzed	using	a	confocal	laser	Raman	spectrome-
ter	(Horiba	instrument	LabRAM	HR	800),	equipped	with	a	multichan-
nel	 Peltier-	cooled	 (−70°C)	 1024	×	256	 pixel	 CCD	 (charge-	coupled	
device)	array	detector.	A	514-	nm	excitation	Argon	laser	(Melles	Griot	
543)	with	a	rather	 low	 laser	power	of	1	mW	at	the	sample	surface	
was used to avoid heat- induced damage of the specimens, and all 
spectra on carbonaceous matter were recorded subsurface below 
the enclosing transparent phase to avoid any effects that may have 
been produced during sample preparation. The laser beam was fo-
cused	through	a	100×	objective	to	obtain	a	spot	size	with	a	diameter	
of about 1 μm	using	an	Olympus	BX41	microscope,	and	the	800	mm	
focal	length	spectrograph	of	the	LabRAM	HR	gives	a	spectral	resolu-
tion	of	about	0.4	per	cm/pixel.	Acquisitions	were	collected	using	a	
grating of 1800 lines/mm and a slit of 300 μm. Repeated use of a 
silicon wafer calibration standard with a characteristic Raman line at 
520.7 per cm was used to control the accuracy of the spectral fea-
tures.	Each	spectrum	was	acquired	for	5	×	10	s	in	multiwindow	mode	
over a range of 100–4,000 per cm. The instrument was controlled, 
and Raman data were processed with the software labspec version 
5.78.24.	 All	 the	 presented	 spectra	 were	 baseline	 subtracted	 with	
polynomial fit, and the peak parameters were fitted using Gaussian–
Lorentzian functions.

2.6 | Synchrotron X- ray Tomographic Microscopy

Microbial fossils and fabrics, mainly recovered from acid residue, were 
analyzed	with	Synchrotron	X-	ray	Tomographic	Microscopy	 (SrXTM)	
using	 the	 TOMCAT	 beamline	 (tomographic	 microscopy	 and	 coher-
ent	 radiology	experiments)	at	 the	Swiss	Light	Source,	Paul	Scherrer	
Institute,	 Switzerland.	 The	 samples	 were	 mounted	 on	 3-	mm	 brass	
pegs and analyzed in 1501 stepwise increments over 180o rotation at 
beam	energies	ranging	from	19	to	30	keV.	During	scanning,	the	20×	
and	10×	microscope	objectives	were	used.	The	resulting	voxel	(three-	
dimensional	pixel)	size	for	the	20×	objective	was	0.37	μm for speci-
mens scanned 2012–2014 and 0.325 μm for specimens scanned after 
February	 2014.	 For	 the	 10×	 objective,	 the	 voxel	 size	was	 0.74	μm 
or 0.65 μm,	 respectively.	 During	 scanning,	 1,501	 projections	 were	
acquired equiangularly over 180°, online post- processed, and rear-
ranged	into	flat-		and	darkfield-	corrected	sinograms.	Visualization	and	
analysis software avizo	(FEI	company,	Hillsboro,	US)	were	used	for	to-
mographic reconstructions of the resulting datasets, which consist of 
two- dimensional, stacked images, reconstructed using a Fourier trans-
form	method	(FTM)	algorithm	(e.g.,	Marone	&	Stampanoni,	2012).

2.7 | Optical microscopy

Samples,	in	the	form	of	untreated	slabs,	of	Jankikund	and	Jhamarkotra	
phosphatic stromatolites were cut into pieces of approximately 
3.5	×	2.5	cm	and	 sent	 to	Vancouver	Petrographics,	Canada,	 for	 the	
production of uncovered petrographic thin (30 μm) and thick (150 

and 200 μm) sections. The sections were cut both vertically and hori-
zontally through phosphatic laminated mats. They were examined 
using	 a	Nikon	SMZ-	1000	 stereomicroscope,	 a	 Leica	DMLP,	 and	 an	
Olympus	 BX51	 polarizing	 microscope	 equipped	 with	 an	 Olympus	
DP71	detachable	camera.	The	software	cellsens dimension was used 
for imaging.

2.8 | Environmental scanning electron microscopy 
(ESEM)

Petrographic thin sections of laminated stromatolitic phosphate and 
phosphatic microfossils handpicked from acid residues were mounted 
on brass pegs or aluminum stubs and examined using a low- vacuum 
environmental	SEM	(Philips	XL	30	ESEM-	FEG	and	Quanta	ESEM-	FEG	
650 field emission microscope) with an approximate accelerating volt-
age	 of	 20	kV.	 Elemental	 analyses	were	 performed	 using	 an	Oxford	
EDS	detector	X-	Max	80	mm2.	The	INCA	suite	4.1	and	aztec software 
were	used	for	mapping	and	element	analysis.	Samples	were	uncoated	
because of the use of low vacuum.

3  | RESULTS

3.1 | Aravalli stromatolites

The Jhamarkotra formation contains abundant stromatolites ranging 
from discrete columnar to branching variants together with small, 
steeply convex domical cone- shaped stromatolites (Figure 2a–c). 
Many of these morphologies have been previously described by 
Banerjee	(1971)	and	Chauhan	(1979).	Heights	of	the	columns	range	
from	dwarf	forms	of	approximately	8–20	mm	to	30	cm.	Differential	
weathering can be seen in some columns between susceptible car-
bonate	 and	 more	 weathering-	resistant	 apatite	 (Figure	2c).	 Some	
specimens show stromatolite laminae that are nearly concentric 
and resemble oncoids, although no nuclei have been observed 
in the central part of the structures. However, the growth of the 
oncoidal specimens consistently develops into a directed conical 
type of growth, where superimposed steeply convex layers stack 
on top of each other (Figure 3). The stromatolites mainly consist of 
microcrystalline	apatite	and	dolomite	with	some	 interstitial	Si-	rich	
phases. The phosphatic parts are primarily comprised of calcium, 
phosphorus, and oxygen, but carbonaceous matter is present in 
apatite laminae as dark inclusions, together with trace amounts of 
fluorine	and	silica	(Figure	S1).	Previous	studies	of	the	mineralogy	of	
the Jhamarkotra stromatolites by Papineau et al. (2016) show the 
primary apatite phase to be carbonate fluorapatite (francolite), con-
sistent	with	the	EDS	data.

3.1.1 | Microfabric characteristics of the 
Jhamarkotra stromatolites

The stromatolites vary slightly with respect to form and lamina- inclination. 
Some	 examples	 are	 columnar	 with	 moderately	 convex	 domical	 lami-
nae, but most specimens have steeply convex laminae that significantly 
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thicken toward the middle (e.g., Figure 3b,c). Laminae either consist of 
irregularly sized apatite–dolomite bands, approximately 80–500 μm thick 
(dolomite) up to 1 mm thick (apatite), or they are mainly phosphatic with 
darker and lighter apatite bands with traces of interspersed dolomite.

The stromatolite laminae, when well preserved, show a distinct fil-
amentous or thread- like apatitic microfabric (Figure 4a–c). The filamen-
tous structures appear to be oriented primarily parallel to lamination 
(Figure 4b,c), but as column flanks are often steep, this sometimes leads 
to	the	impression	of	a	vertical	direction	of	the	filamentous	fabric.	At	the	
apical part of most of the columns, the filament- like structures morph into 
tufts with a clear vertical incline (Figures 3b,c, and 4d). This pattern results 
in considerably thickened stromatolite crests and a cone- like appearance.

3.1.2 | Primary intralaminar porosity in Jhamarkotra 
stromatolites

Fenestrae	are	common	 in	the	Aravalli	stromatolites.	 In	the	columns	
with an oncoidal cone- like growth, fenestrae range in size from 
200 μm up to more than 1 mm forming irregular voids, typically in the 
crestal part of the structures (Figure 4e). Most abundant, however, 
are spheroidal to slightly irregular globules infilled with dolomite, or 
more seldom with a silica- rich phase or apatite (Figures 4a–c and 5). 
Sizes	vary	between	50	and	500	μm, with a mean cross- sectional size 
of approximately 150–200 μm.	When	these	structures	appear	in	stro-
matolites that show a well- preserved mat fabric, they are consistently 
interspersed in- between filamentous or thread- like fabrics that encir-
cle them in a way similar to so- called hourglass structures described 
by Mata et al. (2012). These structures are interpreted as bubbles 
stabilized by filamentous micro- organisms (compare Figures 4a,b, 5a 
and	 15c,d	 in	Mata	 et	al.,	 2012	 to	 Figure	5a–c	 in	 this	 study).	 Knoll,	

Wörndle,	and	Kah	(2013)	also	reported	similar	structures	within	dia-
genetic	 chert	 nodules	 from	 the	 Upper	 Mesoproterozoic	 Angmaat	
Formation,	 Canada	 (compare	 Figure	 9b,c	 in	 Knoll	 et	al.,	 2013	 to	
Figure	5e	herein).	Some	globular	structures	also	appear	to	have	been	
slightly compressed against each other, which resulted in small areas 
of	 foam-	like	 fabrics	 (Figure	5e).	 A	 dark	 brown-	black	 rim	 often	 sur-
rounds the globules, especially where mat fabrics are less well defined 
(Figure 5f).

3.2 | Vindhyan stromatolites

Samples	 collected	 from	 the	 Lower	 Vindhyan	 Tirohan	 Dolomite	 at	
Jankikund consist of non- branching, columnar stromatolites, usually 
approximately 10 cm wide, with a height of 15–30 cm (Figure 6a). 
The columns are generally surrounded by a fine- grained matrix of do-
lomite where angular to slightly rounded microbial phosphate clasts 
have been redeposited (Figure 6a,b). The majority of the intercolumnar 
clasts are governed by the shape of their constituent microbial fabrics 
and appear somewhat contorted; they were thus probably not strongly 
lithified	at	breakup	from	the	main	microbial	mat	(Bengtson	et	al.,	2009).

Microcrystalline dolomite constitutes a major phase of the larg-
est stromatolites, but fossil- rich phosphate is present as laminations 
or	 as	 laminated	 rims	 surrounding	 the	 columns	 (Figure	6c,d).	 Smaller	
centimeter- sized stromatolites in the form of phosphatic columns or 
domes can also be found at Jankikund, and were collected for this 
study. Phosphate is present in the form of calcium phosphate with car-
bon,	silica,	and	sometimes	iron	as	minor	constituents	(see	Figure	S2).	
Stable	isotope	analysis	of	organic	carbon	associated	with	the	Vindhyan	
microbial mats shows an average δ13Corg	value	of	−30.43	‰	(std	2.69)	
(Table	S1).

F IGURE  1 Map	of	central	India	showing	the	Vindhyan	and	the	Aravalli	Supergroups.	After	McKenzie	et	al.	(2013)	[Colour	figure	can	be	
viewed at wileyonlinelibrary.com]
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3.2.1 | Microfabric characteristics

The Jankikund stromatolites are characterized by laminated mi-
crobial mat sequences represented by convex laminae, approxi-
mately 100–500 μm thick, with a gentle upward incline. They 
contain alternating dark and light apatite layers (Figure 6e–g) or 
interbedded sequences of microcrystalline dolomite and apatite 
(Figure 6h). Lamination varies between fairly continuous laminae 
and	 irregular	 lenses	 or	 patches.	While	 the	 lighter	 bands	 mainly	
consist of radially oriented fibrous apatite crystals forming en-
crusting rim, cluster, or void- filling cement (Figure 6g), Raman 
analysis of Jankikund mats shows that the dark apatite laminae 
have a considerably higher organic carbon content than the lighter 
bands. Raman spectroscopy confirms the organic nature of the 
carbon,	 which	 can	 be	 seen	 as	 characteristic	 D	 and	 G	 bands	 at	
1,350	 and	 1,600	 per	 cm,	 respectively	 (Figure	7a).	 While	 carbo-
naceous matter is present in both light and dark apatite phases, 
albeit in more abundance in the darker ones, it is absent within 
dolomite laminae (Figure 7b), suggesting that the dolomite rep-
resents a later diagenetic phase, presumably replacing a primary 
calcite phase. This is also consistent with the apparent lack of fos-
sils within dolomite parts as opposed to the apatite bands, where a 
fossil microbial mat biota forms the basis of laminae and functions 
as a framework for the Jankikund stromatolites (Figures 8 and 9). 
While	the	fossils	may	be	present	in	both	light	and	dark	apatite	mat	
layers, they are mostly confined to the dark laminae where they 
are abundant (Figure 6f).

3.2.2 | Microfossils

The	 Vindhyan	 fossil	 biota	 has	 been	 characterized	 by	 Sallstedt,	
Bengtson,	 Broman,	 Crill,	 and	Canfield	 (2017	 [submitted	 to	Palaios]) 
and consists of mat- constructing filamentous and coccoidal elements 
as well as mat- dwelling filaments for the most part representative of 
other Paleo- Mesoproterozoic microbial biotas. Larger filamentous 
and lobate forms are interpreted as probable eukaryotic red algae 
(Bengtson	et	al.,	2017).	One	of	the	most	abundant	types	of	fossil	 in	
the Jankikund assemblages is represented by large, 15–25 μm in di-
ameter, tubular, mat- constructing filaments. These were vital in gov-
erning	the	shape	of	laminae	in	the	Vindhyan	microbial	mats.	The	most	
well- preserved tubular filaments are found in phosphatic intraclasts, 
where they form filamentous tufts with a commonly parallel growth 
direction (Figure 8a,b). In situ, within the mats, the tubules are slightly 
less well preserved and often appear as filament or thread- like mat 
fabrics with a common upright to slightly inclined growth direction 
(Figure 8c,d). In a few samples of laminated phosphate, there are alter-
nating erect/prostrate fabrics where the upright layers consist of tufts 
of tubular filaments that have been slightly melded together during 
recrystallization and the horizontal layers of more irregularly oriented 
although largely prostrate filaments (Figure 8e,f). The mat- building 
filaments	 were	 interpreted	 by	 Sallstedt	 et	al.	 (2017	 [submitted	 to	
Palaios]) to represent empty cyanobacterial sheaths similar to those of 
the fossil genus Siphonophycus	(Schopf,	1968).

Other	mat-	constructing	organisms	 in	the	Vindhyan	stromatolites	
are unicellular coccoids, preserved as casts or infilled with apatite, 

F IGURE  2 Phosphatic stromatolites from the Jhamarkotra phosphate mine, Rajasthan. (a, b) Fresh broken surfaces with mainly cross- 
cut	(a)	and	longitudinally	cut	(b)	columns.	(c)	Differential	weathering	of	carbonate	and	apatite	in	columns	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

5 cm 5 cm 5 cm

(a) (b) (c)

www.wileyonlinelibrary.com


     |  145SALLSTEDT ET AL.

varying in width between 2 and 5 μm (Figure 9a,b). These organisms 
form slightly wavy laminae comprised of thousands of specimens and 
are one of the most abundant types of fossils within the mats. Mat- 
dwelling elements are mainly represented by lightly curved or coiled 
6-  to 10- μm- wide filaments occurring as single specimens or in smaller 

groups within dark apatite laminae (Figures 6f and 9c). They are ei-
ther preserved as molds in apatite or fully or partly infilled by apatite 
and vary from dark brown- orange to black when seen in transmitted 
light. Often a faded rim of encrusting apatite surrounds the filaments 
(Figure 9c, arrows).

F IGURE  3 Oncoidal conical stromatolites from Jhamarkotra. (a) Globular objects within black apatite laminae. (b) Convex conical 
laminae;	arrows	point	to	dark	kerogenous	matter.	(c)	Convex	conical	laminae	that	thicken	toward	the	middle	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

(a)

(c)

(b)
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200 µm 400 µm
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Macroscopic thalli found in situ within phosphatic mats in the 
Jankikund stromatolites show a remarkable cellular organization and 
have	been	described	in	detail	as	probable	red	algae	by	Bengtson	et	al.	
(2017). They have even cell walls and display characters suggestive 
of a thalloid morphotype (Figure 9d,e). This includes a pseudoparen-
chymatous organization of cells leading to outward splaying “cell- 
fountain” structures (Figure 9e) similar to those of phosphatized algal 

thalli	described	by	Zhang,	Yin,	Xiao,	and	Knoll	(1998),	among	others,	
from	the	Ediacaran	phosphatic	Doushantuo	Formation,	China.

3.2.3 | Primary intralaminar porosity

The stromatolitic apatite laminae are characterized by abundant globular 
objects of different sizes (Figures 6e, h, 8d, and 10). These objects can be 

F IGURE  4 Stromatolite	filamentous	fabrics	from	Jhamarkotra.	(a)	Globular	objects	interspersed	within	the	fabric.	(b)	Close-	up	of	filamentous	
fabric from same specimen as (a), with filamentous structures oriented parallel to the steeply inclined laminae. (c) Filamentous fabrics 
surrounding	globular	objects	(d)	Tuft-	like	stromatolite	apex.	(e)	Fenestrae	in	crestal	area	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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found in tightly compressed groups, resembling a somewhat distorted 
foamy fabric (Figure 10a) or in groups that have mostly retained their 
individual spheroidal morphologies (Figure 10b–f). The globules can be 
empty, partly infilled with apatite, or infilled with secondary dolomite. 
They are concentrated in the dark biofilm bands (e.g., Figure 10f,g), and 
the size of the globules ranges from approximately 50 μm to approxi-
mately 1 mm. The outer surface is usually smooth, but some specimens 
have a thin encrusting granular layer (Figure 10c). This layer does not 
penetrate into the contact zone between adjacent globules (Figure 10d), 
indicating	that	it	formed	from	the	outside	during	diagenesis.	Void-	filling	
apatite often forms a 5-  to 30- μm- thick rim over the internal wall of the 
globules (Figure 10g–i). The remaining interior of the globules is either 
empty or filled with secondary calcite or dolomite, occasionally with ir-
regular material (Figure 10i). The apatite matrix surrounding the globules 
is often smooth, but sometimes filament or thread- like fabrics enclose 

the	 globules	 (Figures	8d	 and	 10c)	 in	 a	 way	 resembling	 the	 Aravalli	
globules (e.g., Figures 4a–c and 5). Tufted filamentous fabrics in the 
Vindhyan	mats	were	sometimes	found	in	association	with	larger	irregu-
lar fenestrae infilled with diagenetic dolomite (Figure 11a–c).

4  | DISCUSSION

4.1 | Activity of motile filamentous micro- organisms 
in the Vindhyan and Aravalli stromatolites

Recent	dating	of	the	Lower	Aravalli	Jhamarkotra	Formation	suggests	
that	 the	Aravalli	 phosphorites	 are	 likely	 closer	 in	age	 to	 the	1.6	Ga	
phosphatic	 Vindhyan	 stromatolites	 than	 previously	 recognized	 (see	
discussions	 in	 McKenzie	 et	al.,	 2013,	 2014;	 Melezhik	 et	al.,	 2014;	
Papineau et al., 2016). This new age was based on a large population 

F IGURE  5 Globular	objects	in	Jhamarkotra	phosphatic	stromatolites.	(a)	Detail	showing	spherical	globule	enmeshed	in	a	filamentous	fabric.	
(b)	Assemblage	of	globules	with	dark	lining	in	degraded	filamentous	fabric.	(c)	Spherical	globule	enmeshed	in	a	filamentous	fabric	(d)	Abundant	
globular	objects	of	varying	size.	(e)	Slightly	compressed	“foamy”	globules	enmeshed	within	a	filamentous	fabric	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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of detrital zircon grains giving U–Pb ages of 1.7–1.9 Ga. The possibility 
that the Chitrakoot and Jhamarkotra Formations are roughly contem-
poraneous offers significant comparisons between apatite distribu-
tion and microbial fabrics within the phosphatic stromatolites from 
the two formations. Even though the degree of preservation and the 
morphology of stromatolite columns differ between the two regions, 
the relationship between phosphate and stromatolites remains the 
same; in both regions, the distribution of phosphate is spatially con-
fined to stromatolites of potential cyanobacterial and algal origin (e.g., 
Chauhan,	1979;	Bengtson	et	al.,	2009,	2017;	Sallstedt	et	al.,	[submit-
ted to Palaios]) indicating that oxygenic phototrophic biotas may have 
been key players in phosphorite formation in both of these areas. 
Indeed,	the	tufted	filamentous	or	tubular	fabrics	in	the	Vindhyan	stro-
matolites	are	very	similar	to	those	of	the	Aravalli,	although	fabrics	are	
generally	better	preserved	within	the	Vindhyan	mats	 (e.g.,	Figures	8	
and 11d,e). Tufted morphologies and other microbial fabrics produced 
by filamentous bacteria have been described from ancient deposits 
(e.g.,	Buick,	1992;	Sumner,	1997)	as	the	results	of	gliding	within	fila-
mentous	 communities	 (Shepard	 &	 Sumner,	 2010)	 and	 preservation	
through	rapid	mineralization.	Vertical	or	near-	vertical	growth	among	
filaments may also reflect a response to chemical or sedimentological 
influences	within	microbial	mats	 (e.g.	Stal,	2000;	 Jones	et	al.,	2005;	
Shepard,	Stork,	Oberstadt,	Armstrong,	&	Sumner,	2008;	Seong-	Joo	&	
Golubic, 1999). The cyclic filamentous fabrics preserved in some of the 
mats with alternating vertical prostrate growth positions (Figure 8e,f) 
resemble the type of fabrics that can be seen in microbial hot spring 
environments and have been attributed to diel migration of filamen-
tous cyanobacteria within microbial mats (e.g., Garcia- Pitchel et al., 
1994;	Konhauser,	Jones,	Phoenix,	Ferris,	&	Renaut,	2004;	Konhauser	
et	al.,	2001;	Stal,	2000).	Curiously,	these	types	of	cyclic	fabrics,	while	
certainly important testimonies to the rapid preservation of microbes 
in	 the	Vindhyan,	are	 rather	 rare	within	 the	mats,	perhaps	 indicating	
episodes of specific preservational conditions.

The presence of fossil- rich, kerogenous dark apatite laminae al-
ternating with light, fossil- poor apatite layers shows that dispersed 
mat carbon was integrated within the Jankikund apatite stromatolite 
matrix in a cyclic fashion (e.g., Figure 6e,f). The lighter laminae mostly 
consist of diagenetically encrusting void- filling apatite, or fibrous ap-
atite	rims	enclosing	organic	material	(Krajewski,	1984;	Sallstedt	et	al.	
[submitted	to	Palaios]). This could reflect a seasonal accretion of mi-
crobial	mats	in	the	Vindhyan,	where	periods	of	extensive	organic	bio-
film growth and early apatite impregnation of microbial communities 
alternated with periods of non- growth and increased phosphatization 
of	diagenetically	degraded	mat	material	(Gomez,	Kah,	Bartley,	&	Astini,	
2012;	Konhauser	et	al.,	2001).

While	 the	 Aravalli	 stromatolites	 have	 been	 subjected	 to	 low-	
grade metamorphism, comparable to lower greenschist facies, many 
of the smaller stromatolites examined in this study show remarkably 
well- preserved filamentous microbial fabrics consistent with laminae 
formation by filamentous micro- organisms (e.g., Figures 3 and 4). 
Filament bundles assigned to algae, or possibly cyanobacteria, have 
previously been reported from the Jhamarkotra stromatolites by 
Chauhan (1979), and these are analogous to the filamentous fabrics 
and tufts reported here from the Jhamarkotra oncoid conical stromato-
lites	(see	e.g.,	Figure	11d).	While	the	influence	of	slight	metamorphism	
affected the overall directionality of many columnar stromatolites of 
the Jhamarkotra area, resulting in tilting of the columns in the direction 
of shear (Chauhan, 1979), the type of microfabrics found in smaller 
columns appears in many cases to have retained primary textural 
features (e.g., Figure 4a,b). The internal lamination and structure of 
Jhamarkotra stromatolite columns are testimonies of conical growth: 
Firstly,	the	Aravalli	 laminae	are	steeply	convex,	although	slightly	less	
so than some ancient Conophyton	stromatolites	(e.g.,	Kah,	Bartley,	&	
Stagner,	2009).	The	filamentous	mat	fabrics	have	orientations	parallel	
to lamination, a feature that is also described from modern conical 
microbialites	(Walter,	1972;	Walter	et	al.,	1976).	This	filament	orien-
tation results in areas where the filamentous fabric seems to have an 
almost vertical direction along the sides of the columns (Figure 4b,c), 
which is the result of parallel alignment across a steeply inclined lamina 
rather	than	the	result	of	actual	vertical	growth.	At	the	apex,	however,	
laminae often end with a tuft of vertical filaments (Figure 3b,c), as has 
also been reported from cone- forming microbialites from both mod-
ern	(Walter	et	al.,	1976)	and	ancient	(Ruiji	&	Leiming,	2011)	locations.

The tendency for filamentous fabrics to form tufted bundles in the 
axial parts results in considerable thickening of laminations toward 
the	middle	 of	 the	 structures	 (Komar,	 Raaben,	 &	 Semikhatov,	 1965;	
Walter	et	al.,	1976).	Not	only	do	the	crestal	part	of	 the	Aravalli	col-
umns show a frequent tuft- like habit, they have a degree of porosity 
and disordered laminae that is somewhat similar to disordered crestal 
features	from	Archaean	conical	microbialites	(e.g.,	Figure	3b	in	Bosak	
et	al.,	2009).	Overall,	we	envision	the	Aravalli	oncoid	conical	stromat-
olites to be roughly analogous in construction to the Neoproterozoic 
Siphonophycus- dominated conical domal- silicified stromatolites from 
the	Jiudingshan	and	Niyuan	Formations,	South	China	(Ruiji	&	Leiming,	
2011).	We	note,	however,	that	the	Chinese	stromatolites	have	a	con-
siderable preservational advantage with distinct individual filamentous 
fossils, as opposed to the more diagenetically affected mat fabrics 
present	in	the	Aravalli	cones,	and	they	also	appear	to	lack	preserved	
fossil bubble- like structures as opposed to the Paleoproterozoic Indian 
examples.

F IGURE  6 Phosphatic/dolomitic stromatolites from Jankikund, Chitrakoot. Field photographs (a–d) and thin section (e–h). (a) Columnar 
stromatolite with a thick rim of phosphatic intercolumnar material deposited around the columns. Frame shows position of (b). (b) Close- up of 
intercolumnar material from (a). (c) Thick- laminated phosphate (black) around stromatolites (d) Outcrop showing cross- sectional view of crevice 
lined with phosphatic stromatolites (black). (e) Light and dark apatite laminae with abundant globular structures, preferentially in the dark apatite. 
(f)	Light	and	dark	apatite	laminae	showing	filamentous	fossils	(dark)	and	void-	filling/cluster	apatite	(light).	(g)	Several	generations	of	fibrous	rim	
and	void-	filling	apatite	creates	laminated	diagenetic	crusts	in	Jankikund	stromatolite.	(h)	Alternating	dark	apatite	and	light	gray	microcrystalline	
dolomite	laminae.	Note	globular	objects	infilled	with	dolomite	in	the	apatite	layers	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com


150  |     SALLSTEDT ET AL.

Our identification of tufted microbial fabrics, and especially of 
cone-	like	 growth,	 in	 the	 phosphatic	Aravalli	 stromatolites	 is	 signifi-
cant from a biological as well as ecological perspective: Even though 
tufted mats, pinnacles and cones have been described from differ-
ent types of environments on the modern Earth, such as hydrother-
mal	 (Walter,	 1972;	Walter	 et	al.,	 1976)	 and	 lacustrine	 settings	 from	
Yellowstone	National	Park,	Montana	and	Andros	 Island,	Florida,	 the	
United	 States,	 as	 well	 as	 freshwater	 lakes	 in	 Antarctica	 (Andersen,	
Sumner,	 Hawes,	Webster-	Brown,	 &	McKay,	 2011;	 Hawes,	 Sumner,	
Andersen,	&	Mackey,	2011;	Monty	&	Hardie,	1976),	a	common	factor	
is that all of these microbial fabrics were built by phototrophic motile 
filamentous bacteria of cyanobacterial nature, most commonly varying 
species of Phormidium, Lyngbya, or Scytonema	(e.g.,	Flannery	&	Walter,	
2012;	Monty	&	Hardie,	1976;	Walter,	1972;	Walter	et	al.,	1976).	The	
accretion of conical stromatolites has been extensively studied, and 
it is generally believed that motile filamentous micro- organisms, pre-
sumably	cyanobacteria,	have	been	essential	for	cone	formation	(Bosak	
et	al.,	 2009,	 2010;	 Buick,	 1992;	 Flannery	 &	Walter,	 2012;	 Walter,	
1972;	Walter	et	al.,	1976).

Walter	 et	al.	 (1976)	 suggested	 the	 morphogenesis	 of	 cones	 to	
result from cyanobacterial motility, entanglement, and subsequent 
deflection of filaments on top of entangled clumps, presumably as a 
result	of	positive	phototaxis	(Flannery	&	Walter,	2012;	Walter,	1972;	
Walter	 et	al.,	 1976).	 However,	 laboratory	 studies	 conducted	 with	
mat- forming bacteria isolated from both hot spring and lacustrine 
environments have shed light on the various mechanisms related to 
the constructions of filamentous tufts, pillars, cones, or clumps which 
are	associated	with	the	formation	of	cone-	like	microbialites	(Shepard	
&	Sumner,	2010;	Sim	et	al.,	2012).	These	studies	rather	suggest	that	
the deflective movement of filaments over entangled specimens or 
obstacles within a mat does not occur as a result of changing light 
intensities but rather happens irrespectively of irradiance. Instead, lim-
itations of chemical species such as O2 or CO2 could potentially result 
in filaments deflecting upwards and ultimately ending up constructing 
microbial	tufts,	pillars,	and,	in	the	end,	cones	(Shepard	et	al.,	2008;	Sim	
et al., 2012). The formation of these types of morphologies would then 
rather	 reflect	organismal	 responses	 to	DIC,	 in	 the	 ambient	 environ-
ment, or possibly aerotaxis.

4.2 | Gas bubbles indicate photosynthetic activity

Modern microbial mats are known to trap photosynthetically pro-
duced oxygen bubbles in zones of intense photosynthesis. The 
metabolism of phototrophic cyanobacteria can thus create a pri-
mary	 porosity	 within	 microbial	 mats	 (Bosak	 et	al.,	 2009,	 2010),	
which can even, at times, lead to ripping and detachment of the 
mat fabrics (Mata et al., 2012). Microbial mats represent small 
ecosystems in which primary production is nearly balanced by 
organic matter respiration by heterotrophic bacteria in lower lay-
ers, and so bubbles can also be formed by reducing gases such as 
CH4, or possibly H2	(Gerdes,	Klenke,	&	Noffke,	2000).	However,	in	
relatively undecayed laminae, and without other signals like highly 
13C- depleted organic carbon indicating the presence of extensive 

methanotrophy within the mat, bubbles can be used as a signature 
for	oxygen	production	(Bosak	et	al.,	2009,	2010).	The	preservation	
of submillimeter-  to millimeter- sized gas bubbles of photosynthetic 
origin has been described from ancient cone- shaped microbialites 
by	Bosak	 et	al.	 (2009).	 Both	 the	Vindhyan	 and	 the	Aravalli	 phos-
phatic stromatolites contain abundant well- preserved spherical to 
nearly spherical objects, empty or infilled with secondary dolomite, 
or, sometimes, silica- rich phases (Figures 4, 5, 6e,h, 8d and 10). In 
the	Vindhyan,	 these	structures	are	clustered	within	dark,	organic-	
rich	mat	laminae.	While	only	sporadically	(e.g.,	Figures	8d	and	10c),	
enmeshed by filamentous fabrics, these objects likely represent 
bubbles resulting from oxygenic photosynthesis within a viscous 
organic biofilm matrix. Their size as well as their nearly spherical 
shape	 is	 consistent	 with	 the	 structures	 described	 by	 Bosak	 et	al.	
(2009) from Neoarchaean conical stromatolites in the Tumbiana 
Formation.	 The	 Vindhyan	 objects	 appear	 at	 times	 to	 have	 been	
slightly compressed, suggesting that they were stabilized by a flex-
ible	coating,	such	as	EPS,	which	 led	to	the	formation	of	abundant	
foam- like fabrics (Figure 10a–c,f). The directed tubular extensions 
reported	by	Bengtson	et	al.	(2009,	Figure	3G)	in	Jankikund	globules	
appear to have a direct counterpart in the tubes formed by rising 
bubbles	in	modern	photosynthetic	mats	(Bosak	et	al.,	2010,	Figure	
4).	Significantly,	 the	bubble-	like	 features	of	 the	Vindhyan	mats	all	
occur within fine- grained in situ laminae and contribute to primary 
porosity.

In	 the	 Aravalli,	 the	 absence	 of	 body	 fossils	 puts	 all	 the	 more	
emphasis on interpreting other morphological characteristics. The 
abundant bubble- like structures that sometimes cluster around the 
apex, possibly in the spots of maximum photosynthesis, are simi-
lar	 to	 the	 fossil	 oxygen	 bubbles	 described	 by	 Bosak	 et	al.	 (2009).	
The	size	of	the	bubbles	in	the	Aravalli	stromatolites	ranges	between	
50 μm and 500 μm, and the mean size of approximately 150–200 μm 
is consistent with the most common and stable bubble sizes in the 
fossil	 record	 (e.g.,	 Bosak	 et	al.,	 2009).	 The	 connection	 between	
cone- like filamentous growth and fossil bubbles is significant, as it 
supports	the	interpretation	of	the	Aravalli	oncoid	conical	stromato-
lites as having been formed by motile filamentous and presumably 
cyanobacterial communities.

4.3 | Carbon isotopes and rhodophyte- like fossils 
highlight the significance of oxygen production in 
Vindhyan stromatolites

The simple morphologies of filamentous and coccoid cyanobacte-
ria make them difficult targets for taxonomical identification in the 
rock record, which is why the presence of complex eukaryotic fossils 
of	probable	 red	 algal	 nature	 (e.g.,	Bengtson	et	al.,	 2017)	 embedded	
within	 the	cyanobacteria-	like	 filaments	 in	 the	Vindhyan	mats	 is	 sig-
nificant.	Because	of	their	prominent	multicellular	and	algae-	like	mor-
phology, these fossils may be important in constraining the type of 
setting	in	which	the	Vindhyan	stromatolites	were	deposited,	and	their	
presence in the mats highlight the oxygen- producing nature of the 
Vindhyan	biota.	Together	with	the	tufted	microbial	fabrics	produced	
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by putative cyanobacterial fossils and the preservation of bubble- like 
objects in pristine mat laminae, these evidences together point toward 
a shallow setting where primary production was dominated by cyano-
bacterial and algal photosynthesis.

A	bulk	average	δ13Corg	value	of	−30.43	‰	of	organic	carbon	within	
in	the	Vindhyan	stromatolites	(see	Table	S1)	provides	further	support	
of Calvin cycle carbon fixation and the activity of oxygenic phototro-
phs	 (i.e.,	 Johnston	 &	 Fischer,	 2012;	 Schidlowski,	 Hayes,	 &	 Kaplan,	
1983).	As	the	Vindhyan	isotopic	values	represent	bulk	carbon	within	
the mats and have not been measured in situ on individual fossils, this 
value should be considered together with the other morphological 
factors suggesting an oxygen- producing setting. However, while we 
cannot exclude the possibility of a mixed carbon isotopic signal, the 
activity of, for example, methanogenic bacteria would have resulted in 
significantly	lower	carbon	isotope	fractionations	of	up	to	−40	to	−60	
‰ (Fischer et al., 2009; Hayes, 1994), suggesting a heavy influence 

of	Calvin	cycle	metabolism	on	carbonaceous	matter	in	the	Vindhyan	
stromatolites.

4.4 | Phosphogenesis associated with microbial 
communities

Many studies from modern and fossil phosphogenic environments 
report similar associations between abundant microbial fabrics, fos-
sils,	 and	 phosphate	 deposition	 (Bailey,	 Joye,	 Kalanetra,	 Flood,	 &	
Corsetti,	 2007;	Bailey	et	al.,	 2013;	Crosby,	Bailey,	&	Sharma,	2014;	
Lepland	et	al.,	2014;	Schulz	&	Schulz,	2005;	She	et	al.,	2013;	Soudry,	
1987;	Soudry	&	Champetier,	1983).	For	example,	several	studies	have	
focused on the presence and potential activity of sulfur- oxidizing 
bacteria	 (Bailey	 et	al.,	 2013;	 Goldhammer,	 Brüchert,	 Ferdelman,	 &	
Zabel,	2010;	Schulz	&	Schulz,	2005)	in	the	formation	of	sedimentary	
phosphorites	(Bailey	et	al.,	2007;	Lepland	et	al.,	2014).	Possible	iron-	
oxidizing bacteria have also been described from Jhamarkotra phos-
phorites (e.g., Crosby et al., 2014), indicating steep redox gradients 
within	the	Aravalli	microbial	mounds	 (Crosby	et	al.,	2014;	Papineau,	
Purohit,	Fogel,	&	Shields,	2013).	The	ability	of	sulfur	and	iron-	oxidizing	
bacteria to store intracellular polyphosphate, polyP, represents a plau-
sible mechanism for concentrating phosphate within the oxic zone 
(Bailey	 et	al.,	 2013;	 Crosby	 et	al.,	 2014;	 Goldhammer	 et	al.,	 2010;	
Schulz	&	Schulz,	2005).	Chemolithotrophic	bacteria	harness	 the	en-
ergy from hydrolysis of intracellularly stored polyP, and in conditions 
of high sulfide, or in oxygen- depleted waters, polyP may be released 
as	 orthophosphate	 and	 lead	 to	 supersaturation	 of	 apatite	 (Brock	&	
Schulz-	Vogt,	2011;	Goldhammer	et	al.,	2010;	Schulz	&	Schulz,	2005).	
She	et	al.	(2013),	on	the	other	hand,	reported	on	the	contribution	of	
cyanobacteria to phosphatization of granular phosphorites from the 
South	China	Doushantuo	Formation,	highlighting	 the	 importance	of	
apatite precipitation within the organic exopolymeric matrix of cyano-
bacterial communities to the accretion of granular phosphorites.

4.5 | Potential influence of phototrophs on apatite 
precipitation

An	 important	 phosphate	 sink	 in	marine	 non-	upwelling	 zones	 is	 the	
precipitation and subsequent accumulation of authigenic apatite in 
sediments	(Diaz	et	al.,	2008;	Ruttenberg	&	Berner,	1993).	As	opposed	
to the specific environments commonly inhabited by sulfur- oxidizing 
bacteria, the Paleoproterozoic phosphatic stromatolites described 
herein seem to have been formed along a well- lit, relatively shallow- 
water carbonate platform, as indicated by the mineralogy, tufted 
cyanobacteria- like filaments, and conspicuous multicellular red algae 
(e.g.,	Bengtson	et	al.,	2017).	Laboratory	studies	(e.g.,	Diaz	et	al.,	2008;	
Mukherjee, Chowdhury, & Ray, 2015) show that modern oxygenic 
phototrophic microbial communities, for example cyanobacteria of 
Lyngbya type and diatoms, accumulate phosphate by internal polyP 
storage within their trichomes or frustules, indicating that cyanobac-
terial communities can be locally important in concentrating phos-
phate in shallow- water sedimentary environments. Cyanobacteria 
also contribute to diurnally fluctuating pO2 regimes within microbial 

F IGURE  7 Raman spectra from Jankikund stromatolite. (a) First-  
and second- order Raman spectra in the range of 100–4,000 per cm2 
from a dark apatite layer with kerogenous matter at 1,350 and 1,600. 
(b) Raman spectra from a dolomite layer. Note absence of kerogenous 
peaks at 1,350 and 1,600, respectively
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F IGURE  8 Filamentous	stromatolitic	fabrics	from	Jankikund.	SrXTM	(a,	b),	thin	section	(c,	d),	and	polished	surface	section	(e,	f).	(a,	b)	Partly	
translucent volume texture renderings showing tufted filament fabric. The fossils were obtained by acid maceration. (c) In situ filamentous 
fabric	showing	upright	to	slightly	inclined	growth.	(d)	Filaments	(arrows)	form	a	tuft	around	a	globule	within	an	apatite	mat	layer.	(e)	Alternating	
upright/prostrate filamentous fabrics. Upright filaments form tufts, and entangled filaments form a dense mass below and above the tufts. 
Frame	indicates	position	of	(f).	(f)	Enlargement	of	dense	entangled	filaments	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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mats, a feature that might be important for apatite precipitation, as 
it would help to establish steep local redox gradients, affecting the 
release	of	bioavailable	phosphate	within	 the	mats.	Diurnal	 fluctuat-
ing oxygen levels caused by cyanobacterial photosynthesis may also 
be significant for iron pumping, by which phosphate bound to iron 
oxyhydroxides can be released in periods and/or areas of low oxygen 
levels	(Föllmi,	1996).

Furthermore,	 cyanobacteria	 and	 their	 EPS	 are	 generally	 well	
known to play a significant role in precipitation of many types of mi-
crobial mineral fabrics, especially that of CaCO3	(e.g.,	Arp	et	al.,	2001;	
Dupraz	&	Visscher,	2005;	Merz,	1992).	Cyanobacterial	photosynthesis	
leads to a significant rise in ambient alkalinity following the uptake of 
HCO3

− and subsequent release of CO3
2− by cyanobacterial trichomes, 

which,	 in	turn,	 increase	carbonate	supersaturation	(Arp	et	al.,	2001).	

F IGURE  9 Microfossils	and	algae	from	Jankikund;	thin	sections.	(a,	b)	Mat-	building	coccoids.	(c)	Single	curved	filament	with	phosphate	rim	
(arrows). (d) Part of a thallus of probable red algae (Ramathallus lobatus)	with	cells	arranged	in	finger-	like	extensions.	Also	figured	in	Bengtson	
et al. (2017), Figure 13. (e) Pseudoparenchymatous “cell- fountain” structure in a thallus of R. lobatus.	Also	figured	in	Bengtson	et	al.	(2017),	
Figure	16A	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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F IGURE  11 Filamentous structures with tufted growth in Jankikund (a–c, e) and Jhamarkotra (d) stromatolites. Thin sections. (a) Filaments 
associated with irregular fenestrae (white). Frame indicates position of (b). (b) Close- up of (a). (c) Filaments associated with irregular fenestrae 
(white)	(d)	Filamentous	tuft,	Jhamarkotra	(e)	Filamentous	tuft,	Jankikund	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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F IGURE  10 Globular structures interpreted as gas bubbles in cyanobacterial biomats from Jankikund stromatolites. Phosphatic clasts 
obtained	by	acid	maceration	(a–e)	and	thin	sections	of	rock	samples	(f–i).	(a)	Foamy	fabric	with	slightly	compressed,	empty	globules.	(b)	Well-	
rounded globules of varying size (c) SEM	micrograph	of	hollow	globules	enmeshed	in	a	filamentous	fabric.	Note	granular	external	layer.	SMNH	
S156414.	From	Bengtson	et	al.	(2009),	Figure	3A.	(d,	e)	SEM micrographs of empty globules, slightly compressed. Note discontinuity of outer 
granular layer where globules meet (d) and evidence of former flexibility (e). (f, g) Globules infilled with dolomite, mostly concentrated to the 
darker apatite laminae. (h) Globules lined with void- filling apatite and infilled with dolomite. (i) Encrusting void- filling apatite internally lining a 
globule.	Apatitic	matter	has	entered	the	structure	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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In	a	situation	where	abundant	DIC	acts	as	a	pH	buffer	for	the	system,	
the activity of oxygenic photosynthesis may, in places where acidic 
functional	groups	within	the	EPS	correspond	to	the	geometry	of	cal-
cite	 crystal	 nucleation,	 lead	 to	 calcite	 precipitation	 within	 the	 EPS	
biofilm matrix. Reversely, in Ca2+- rich hard water settings, which are 
more prone to changes in pH, mineral precipitation can occur within 
or external to cyanobacterial sheaths, creating microbial tubular car-
bonate fabrics similar to those of Girvanella-	like	microfossils	(Arp	et	al.,	
2001; Merz, 1992). This has been observed in modern environments, 
and microbially (especially cyanobacterially) induced or influenced 
mineralization was a significant process leading to the accretion of an-
cient	microbialites	(e.g.,	Dupraz	et	al.,	2004;	Grotzinger	&	Knoll,	1999;	
Riding, 2000).

While	apatite	 is	a	more	complex	mineral	than	calcite	 in	terms	of	
elemental composition, the two share many properties, for example 
Ca2+ as a main cation (Gulbrandsen, 1969). Thus, calcite and apatite 
are	often	found	in	close	association	in	natural	systems.	In	the	Vindhyan	
and	Aravalli	stromatolites,	this	is	illustrated	by	the	alternating	precip-
itation of calcite and apatite within some stromatolites, suggesting 
the presence in these systems of closely related pH-  and saturation- 
controlled	precipitation	switches	(Figure	6h;	Briggs	&	Wilby,	1996).

Normally, however, the ratio in the marine environment of phos-
phate to carbonate ions is extremely low, which leads to the pref-
erential precipitation of calcite in favor of apatite (Gulbrandsen, 
1969). Thus, for apatite to precipitate, an extensive external source 
of phosphate is needed (see review by Papineau, 2010) along with 
a mechanism to concentrate P locally in order to increase apatite 
supersaturation, for example within a microbial mat. In the case of 
phosphogenesis	within	 the	Vindhyan	 and	Aravalli	 stromatolites,	we	
suggest a scenario where early diagenetic apatite precipitates as a 
consequence of oxygenic cyanobacterial and algal concentration of 
phosphate from a significant outside phosphate source, for example 
related to pulses of increased continental weathering (e.g., Papineau, 
2010). It is possible that rifting within a tectonically active intraconti-
nental basin could lead to local upwelling of nutrient- rich water within 
an otherwise shallow carbonate plateau, thus providing a significant 
source of phosphate to the system (cf Figure 6d). This in turn would 
result in increased primary productivity and promote local precipita-
tion of apatite within the shallow- water cyanobacterial and algal mats. 
In this type of setting, we envision that photosynthesizing stromato-
lite communities provide a local control on fluctuating O2 regimes, 
leading to the formation of steep redox gradients within microbial mat 
pore spaces. This might effectively induce the release of microbially 
stored polyP in anoxic parts of the mats, thus promoting the formation 
of apatite- rich stromatolites in the shallow- water Proterozoic Indian 
basins.

5  | CONCLUSIONS

The identification of phototaxy in the rock record as a mean to 
constrain	cyanobacterial	evolution	is	ultimately	difficult.	While	mi-
crobially derived features in sedimentary rock may provide clues 

to the nature of fossil organisms, these do not by themselves con-
stitute evidence for the presence of oxygenic photosynthesis. Our 
results show that a combination of morphological and geochemical 
methods may provide convincing signals of microbial metabolism 
in ancient phosphatic stromatolites. In particular, the combination 
of a synsedimentary fossil biota containing cyanobacterial and algal 
morphotypes, together with δ13Corg values that can be derived from 
Rubisco- 1 type metabolisms and the presence of abundant fos-
sil bubbles within undecayed in situ- precipitated mats, provides 
evidence for the activity of oxygenic phototrophs in the 1.6 Ga 
stromatolitic	 Vindhyan	 phosphorites.	 Similarly,	 the	 presence	 of	
well- preserved nearly spherical bubbles enmeshed within micro-
bial	tufted	fabrics	 in	the	oncoid	conical	Aravalli	stromatolites	sug-
gests that motile cyanobacteria were associated with phosphate 
mineralization also at Jhamarkotra. The distribution of phosphate 
in	the	Vindhyan	and	Aravalli	follows	a	similar	pattern,	with	apatite	
clearly associated with biogenic stromatolite columns, rims, and 
intercolumnar clasts. These similarities may prove particularly sig-
nificant	in	light	of	the	new	geochronological	dating	of	the	Aravalli–
Jhamarkotra Formation as roughly contemporary with Lower 
Vindhyan	Jankikund	strata.	If	this	dating	is	correct,	it	would	indicate	
the occurrence of a much larger phosphogenic event at the tran-
sition between the Paleo-  and the Mesoproterozoic than hitherto 
understood. Previous studies have, with a few exceptions, focused 
on the role of chemolithotrophic bacteria in phosphorite formation. 
This study suggests that oxygenic phototrophic biotas may have 
played a larger role in the construction of ancient shallow- water 
phosphorites than previously recognized.
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