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A B S T R A C T

The phosphatic bands of the Halkal Shale of the Neoproterozoic Bhima Basin, record an anoxic paleoenviron-
ment, where only a few episodic depositional events introduced oxygen. In thin-sections, five distinct micro-
facies, caused by biofilms colonizing the ancient sea floor, can be distinguished. The microfacies document that
low sedimentation rate allowed growth of biomass-rich laminae sets, whereas episodic influx of sand led to
stacks of organic laminae alternating with fine sandy interlayers. Such depositional events may have also caused
local rupture of biofilms and the release of small biofilm roll-ups and clasts. The ancient biofilms led to pre-
cipitation of phosphorous and iron-rich minerals and likely contributed to phosphorite formation. In modern
equivalent environments, sea floor-colonizing biofilms include a high abundance of sulfide oxidizing and sul-
phate reducing bacteria.

1. Introduction

Fossil biofilms in marine paleoenvironments are common appear-
ances (e.g., Schieber, 1986, 1989; Walsh and Lowe, 1999; Westall and
Folk, 2003; Tice and Lowe, 2004, 2006; Tice, 2009; Noffke, 2000, 2010;
Heubeck, 2009; Gamper et al., 2012). Occurrences in phosphorites have
been documented by Banerjee (1971a,b), who described phosphatic
stromatolites in the Paleoproterozoic rocks of Jhamarkotra region of
Rajasthan, India. Hiatt et al. (2015) documented an example of fossil
bacteria and biofilms associated with phosphogenesis from the Paleo-
proterozoic 1.85 Ga Michigamme Formation. Crosby et al. (2014) and
Sallstedt et al. (2017) recorded microbial fossils in the Jhamarkotra
stromatolites. Many others have documented examples in the Phaner-
ozoic (e.g., Soudry and Champetier, 1983; Nathan et al., 1993; Lamboy,
1994; Arning et al., 2009). Some reports describe the microbial influ-
ence on the phosphogenic process, such as by cyanobacteria in
Doushantuo phosphorites, China (She et al., 2013); and to sulphur
bacteria in the 2 Ga Zaonega Formation, northwest Russia (Lepland
et al., 2013). Such biofilms are diagenetically preserved by in situ re-
placement of the organic matter by minerals (Noffke, 2010).

The phosphorite accumulation during the Phanerozoic appears to be
related to the primary productivity in the oceans (Filippelli and
Delaney, 1994), however, the driving mechanism during the accumu-
lation of phosphorites in the Precambrian remains unresolved (Nelson

et al., 2010). It is known that the occurrence of phosphorites in Pro-
terozoic is restricted to some periods of global biogeochemical changes
(Papineau, 2010). The earliest phosphogenic event occurred during the
Paleoproterozoic, that is linked to the oxygenation of the oceans and
the atmosphere caused by the advent of oxygenic photosynthesis
(Papineau, 2010).

Proterozoic phosphorites record worldwide changes such as: (1) the
appearance of multicellular life, which affected benthic microbial co-
lonization of the seafloor (Seilacher, 1999; Fedonkin, 2003; Dornbos
et al., 2004; Dzik, 2007); (2) changes in ocean chemistry caused by the
Neoproterozoic Oxygenation Event (NOE), great glacial events and the
breakup of the Rodinia Supercontinent (Canfield et al., 2007; Och and
Shields-Zhou, 2012); and (3) the Neoproterozoic/Cambrian phospho-
genic episode, the Earth’s second major phosphatic interval (Papineau,
2010; Pufahl, 2010; Papineau et al., 2013). Often, microbial substrates
played a key role in the origin of phosphorites deposits (Caird et al.,
2017). The Neoproterozoic-Cambrian time interval help understand the
challenges faced by the benthic life forms due to advent and evolution
of the multicellular life and the decline of precipitated stromatolites
(Awramik, 1971, 1991; Riding, 2006); during this time period the mi-
neral carbonate and phosphate played a crucial role in the process of
biomineralization in the organisms. Our contribution aims to discuss
the biogencity of putative biofilms in the Neoproterozoic phosphatic
lithologies of the Halkal Shale, Bhima Group, south India. The biofilms
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Fig. 1. Geographical and geological map of the study area. (1a) Position of Bhima Basin on the map of India. (1b) Location of the sample sites in the Gulbarga district
(not to scale). (1c) Lithostratigraphic section of the Bhima Group (after Jayaprakash, 2007). (1d) Stratigraphic section of the Halkal Shale, Bhima Group.
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are described and an explanation about the possible microbial me-
chanism responsible for the deposition is offered. Outcrops of the
Halkal Shale may represent a rare occurrence of significant dimensions
for microbial phosphorites of the Neoproterozoic, never before docu-
mented from India.

2. Geology, age and depositional environment

2.1. Geology

The Bhima Group, occupying an area of ~5000 km2, was deposited
on the Archaean granite and greenstone terrain of the Dharwar Craton
and overlain by the Upper Cretaceous-Paleocene Deccan Volcanic
Province (Fig. 1). It is the smallest Proterozoic Basin in India and crops
out in the Gulbarga district of Karnataka State and the Mehboobnagar
and Rangareddy districts of Telangana State in south India. Geology
and lithostratigraphy of the Bhima Group have been established over
the last 150 years (Foote, 1876; Mahadevan, 1947; Janardhan Rao
et al., 1975; Mishra et al., 1987; Kale et al., 1990; Kale and Peshwa,
1995; Jayaprakash, 2007). Various lithostratigraphic schemata were
proposed for divisions of the rocks of the Bhima basin viz., two fold
subdivision, (Foote, 1876; Mishra et al., 1987); three fold sub-divisions
viz., Upper, Middle and Lower (Mahadevan, 1947); five-fold sub-divi-
sion ascribed to two cycles of sedimentation (Janardhan Rao et al.,
1975; Malur and Nagendra, 1994). On the basis of facies analysis of
various litho-successions, a bipartite classification for the Bhima Group
has been proposed and it was concluded that the clastic and carbonate
facies rocks are the product of a single shallow marine transgression
onto an epicontinental depression (Kale et al., 1990; Kale and Peshwa,
1995). Lithology includes largely unmetamorphosed sandstones, shales,
and limestones, with limited occurrences of conglomerate (Mishra
et al., 1987; Kale and Peshwa, 1995; Jayaprakash, 2007). Jayaprakash
(2007) revised the classification of the Bhima Group and reiterated the
existence of five formations namely the Rabanpalli Formation, the
Shahabad Formation, the Halkal Formation, the Katamadevarhalli
Formation, and the Harwal Formation aggregating to 297m. Sood and
Syamal Rao (1984) reported the presence of phosphorite in the Harwal
Formation, north of Gogi and in the Korla Shale north of Darshanpur,
where P2O5 ranges between 15% and 18%. Rocks of different forma-
tions of the Bhima Group are horizontal and exposed in low lying hil-
locks, at isolated places. They are seldom seen in natural contact (i.e.,
overlying or underlying) thereby posing a concern for evolving a con-
sensus on lithostratigraphic sub-division. In a very restricted area near
Hotpet village (N 16°45′; E 76°47′), tectonically disturbed vertical to
near-vertical beds of sandstone overlie the Halkal Formation. These
beds are classified as the Hotpet Formation. Massive coarse-grained
sandstone followed by flaggy limestones constitutes this formation.
Well preserved mat structures have been noticed in the Halkal and the
Hotpet formations (Shukla, 2011). Some Ediacaran fossils are recorded
from Hotpet Formation (Sun and Sharma, 2016).

2.1.1. Halkal Formation
In the Bhima basin, phosphorite occurs in the form of thin beds in

the Halkal Formation which is chiefly constituted of shale and siltstone.
The contact of the Halkal Shale with the underlying Shahabad
Limestone and the overlying Katamadevarhalli Formation is seen near
the village Halkal (16°53′; 76°49′). The best exposure of the Halkal
Shale is seen in Kolkur village (17°4′; 76°45′). In between the shales,
phosphatic bands and nodules are seen in outcrops near Chennur
(16°59′; 76°46′), Gangurthi (17°14′; 77°03′) (Fig. 2), Danduti (17°10′;
77°06′), Jewargi (17°00′; 76°46′) and Hagargundigi (17°09′; 76°44′).
These shales are fissile and friable and greenish yellow to buff coloured.
Das Sarma et al. (1992) reported the presence of phosphatic nodules in
the Halkal Formation in the Kolkur village. In Gangurthi, centimeter-
thick phosphorite bands are present at three levels in the Halkal Shales
(Fig. 2) and designated as upper, middle, and lower bands. These bands

of phosphorite are hard and dark brown to black in colour and are
constituted of phosphatic laminae and phosphate particles set in a silt-
size quartz matrix. Black and brown laminae are characteristic in the
analyzed samples. The brown layers are composed of nearly homo-
genous phosphate ground mass with an organic network of fossil mi-
crobial filaments; the dark layers are phosphatic in nature with no
discernible fossil occurrence. Kale and Peshwa’s (1995) study show that
none of the Bhima sediments (both carbonate and clastics) were de-
posited at a depth exceeding 10m. The phosphorite bands are con-
sidered to have been deposited in a shallow, near-shore environment;
the shale units possibly even in depths of less than five meters.

Fig. 2. Field exposures of phosphorite bands of the Halkal Shale seen near
Gangurthi area. (a-b). Note bedded nature of phosphorite; (c) Phosphatic no-
dules seen near Chennur locality, these nodules occur parallel to the bedding
planes.
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2.2. Age

On the basis of U-Pb and Sm-Nd Isotopic studies of the uraniferous
brecciated limestone in the Gogi area, Pandey et al. (2008) suggested
that the age of the Bhima basin is 1270Ma. Comprehensive studies of
limestone xenolith (purportedly part of the Shahabad Formation) by
Dongre et al. (2008) and Chalapathi Rao et al. (2010) suggest Late
Mesoproterozoic age (older than 1090Ma) for the Bhima sediments. C
and O isotopes proposed a post-Varanger depositional age for the Bhima
sedimentary rocks (Kumar et al., 1999).

Microfossil assemblages recovered by several palynologists helped
assign the age for the basin (Salujha et al., 1970; Srinivasa and Sambe
Gowda, 1970; Venkatachala and Rawat, 1973; Viswanathiah et al.,
1976). Sharma and Shukla (1996, 2012) reported various carbonaceous
macrofossils and based on those fossils, assigned a Neoproterozoic age
to the basin. Suresh and Sundara Raju (1983); Das Sarma et al. (1992);
Sharma and Shukla (1996, 2012); and Maithy and Babu (1996) re-
ported carbonaceous forms attributed to Sinosabellidites huainanensis,
Protoarenicola baiguashanensis, Pararenicola huaiyuanensis, Chuaria cir-
cularis and Tawuia dalensis and assigned the Neoproterozoic age to the
basin. The age of the Bhima sedimentary rocks is still under debate, but
at present, a Neoproterozoic age is favored.

2.3. Depositional paleoenvironment

The Bhima basin is constituted of horizontal or nearly horizontally-
layered sequences of unmetamorphosed and tectonically-low deformed
sedimentary rocks. Chemogenic deposits of greater thickness with in-
tercalated thin clastic deposits suggest a relatively stable depositional
realm, whereas alternating clastic and chemogenic lithofacies, such as
rudites followed by granular siliciclastic rocks, mud rocks and thick
carbonate in distal shelf-facies and succeeded by another shale-carbo-
nate-shale sequence, indicate a paleosetting of periodic depositional
events (Mishra et al., 1987).

Sedimentation in the Bhima basin commenced with the deposition
of a thin conglomerate/grit bed marking the Eparchaean unconformity.
Pebbly character of the lowermost beds and preservation of a set of
sedimentary structures, such as rill marks, ripple marks, and desiccation
cracks (Akhtar, 1977), are suggestive of very shallow water conditions
of the tidal flat environment. The other sedimentological studies in-
dicate that the coarse clastics were deposited in the supratidal to in-
tertidal zones, while the siltstone and shales were deposited in the in-
tertidal to subtidal depositional zones of the shallow marine setting
(Kale et al., 1990; Kale and Peshwa, 1995). In the Halkal Shales, the
grey, khaki green, blackish buff colors of the lower beds are char-
acteristic of euxinic to hypersaline environments, whereas, the pale
pink to flesh red colors are attributed to agitated water circulation and
exposure to the atmosphere which allowed the iron-oxides to attain
ferric state (Jayaprakash, 2007). Mathur (1979) reported presence of
glauconite in an outcrop of a flaggy, fine-grained sandstone and silt-
stone sequence near Udmeshwaran which belonged to the lower Bhima
Formation (=Rabanapalli Shale named by Mathur, 1977). Presence of
glauconite in sandstone also confirms a marine influence indicating that
the lower Bhima beds were possibly deposited slowly under saline,
weekly reducing shallow marine conditions (Mathur, 1977; Mudholkar
and Kale, 1982; Jayaprakash, 2007). Hydrodynamically stable condi-
tions in the basin resulted in the deposition of thick limestone beds
above the shales. Alternating limestone and clastic facies towards the
top are indicative of increasing hydrodynamic action in the basin.
Geochemical studies suggest hydrodynamically calm closed-basin con-
ditions for the Bhima basin such as those prevailing in a modern hy-
persaline environment (Sathyanarayan et al., 1987).

3. Material and methods

Microscopic facies are well preserved in the phosphatic units of the

Halkal Formation. In order to study the facies, petrographic thin sec-
tions of the phosphatic bands were investigated under light microscope
(Nikon Eclipse 80i). Raman spectroscopy analyses were carried out at
Birbal Sahni Institute of Palaeosciences on a Renishaw 588v04 in-
tegrated Confocal Raman System and its library. For Raman analysis,
standard uncovered petrographic thin sections were prepared that al-
lowed optical and chemical maps to be superimposed. All the analyses
were carried out by using a 514 nm laser, 2400 l/mm grating, and 20X
objective lens. Focus mode was regular. Maps were acquired using the
obtained Raman spectra. Because carbon and hematite both have major
peaks in the 1320–1350 cm−1 region, the presence of organic carbon is
confirmed using the 1600 cm−1 peak (Marshall et al., 2011; Noffke
et al., 2013; Bower et al., 2016). Quantitative X-ray-diffraction mea-
surements of the different bands of phosphorite samples were carried
out on a Rigaku D/MAX 2400 X-ray diffractometer with a wide-angle
goniometer at the Indian Institute of Technology, Bombay, Mumbai,
India. Samples were ground using mortar and pestle and sieved to
prepare homogeneous fine powder (1–50 µm) and placed in the dif-
fractometer. The equipment was set on the following specification. X-
Ray Anode: Cu – kα (λ=1.54056 A); Scan Range: 5.0–60.0 (°2θ); Step
Size: 0.02; Scan Speed: 3°/min; Voltage and current: 40 kV and 20mA.
The 2θ of each major reflection is measured and compared with ana-
lyses of standards. England Finder coordinates and slide numbers are
provided for all the illustrated biofilm facies in thin sections which are
deposited in the repository of the Birbal Sahni Institute of Pa-
laeosciences, Lucknow, India under statement no. 1484.

4. Results

4.1. Biofilm microfacies

A succession of carbonaceous shale and siltstone of the Halkal
Formation exposed near Gangurthi includes phosphatic bands. In thin-
sections perpendicular to the bedding, the phosphorite bands display a
great variety of microfacies. The microfacies are of µm to mm scales and
characterized by brown-opaque microfacies resembling the net-work of
a microbial mat composed of filamentous textures. However, no in-
dividual filaments (body fossils), like they are typical for chert lithol-
ogies, can be recognized. The various microfacies morphologies can be
grouped into five microfacies types. They are described in the fol-
lowing.

4.1.1. Microfacies (i)
Microfacies (i) displays a stack of fine laminae composed of organic

matter (Fig. 3a). The thickness of such stacks ranges between 50 and
200 µm. The fine laminae are brown-opaque. Noteworthy, dark brown
laminae alternate with light brown colored laminae. Thicknesses of
individual dark and light brown laminae range from 5 to 15 µm. The
laminae are not straight, but slightly irregular-wavy. Individual lenses
of accumulated quartz grains may occur in between the laminae. Such
lenses are between 70 and 100 µm wide and 10 to 30 µm high. The
laminae around the lenses are bent. The edges of the stacks appear
frayed, suggesting that they are large fragments of an originally lat-
erally continuous layer.

4.1.2. Microfacies (ii)
Opaque, carbonaceous particles of round to oblong morphologies

are typical for microfacies (ii), (Fig. 3c and d). In close-up view, the
opaque particles appear undulose, meaning some areas are dark brown,
whereas other areas appear lighter. Filamentous textures may surround
individual particles, e.g. in Fig. 3d. Particle sizes range from 100 to
250 µm (longest diameter). The outline of the particles is irregular,
showing very small embayments and lobes. Some particles appear more
edgy than others. Fraying of edges, however, like in microfacies (i),
does not occur.
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4.1.3. Microfacies (iii)
Microfacies (iii) is characterized by about 5 µm thin, opaque la-

minae that are arranged to a “loose” network (Fig. 3e and f). The ma-
terial in between the laminae is light brown in color. The carbonaceous
laminae are wavy-crinkly, with an orientation between horizontal and
40 degrees. Individual quartz grains occur. Mostly, they have no grain-
to-grain contact. Such quartz grains may show a distinct orientation
with their long-axes parallel to the bedding plane. In one thin-section,
several quartz grains accumulated to a 100 µm long and 60 µm high
lens.

4.1.4. Microfacies (iv)
The microfacies (iv) is characterized by elongated, opaque clasts

that commonly are slightly folded, (Fig. 4 a). The opaque clasts show no
“network”-like arrangement of laminae like microfacies (i) and (iii), but
rather resemble the internal undulose make-up of microfacies (ii). In-
dividual quartz grains occur. The long-axes of the grains do not show
any preferred orientation.

4.1.5. Microfacies (v)
In microfacies (v), individual bedding-parallel laminae that are lo-

cated close to the rock bed surface may appear deformed. In close-up
view, minerals such as pyrite and phosphorite are visible that may have
deformed the laminae during crystal growth (Fig. 4b).

4.2. Raman spectroscopy of microfacies

Raman analyses of the putative fossil biofilms show that the mi-
crobial laminae are carbonaceous in nature (Fig. 5). Raman spectra of
selected areas reveal the presence of two broad carbon peaks: D (Dis-
ordered peak) band and G (Graphite peak) band. The obtained spectra
and the positions and widths of D and G peaks are characteristic of
organic carbon (kerogen). Results on biofilm fragments also include the
D-peak (Disordered peak) at 1338 cm−1 and G-peak (Graphite peak) at
1609 cm−1. Incidentally both carbon and hematite have major peaks in
the 1320–1350 cm−1 region, therefore the presence of organic carbon
needs to be confirmed and mapped using the 1600 cm−1 peak (Marshall
et al., 2011, Noffke et al., 2013). Raman analysis performed on the
folded biofilm shows the absence of the D and G bands. The Raman
spectra from the quartz-rich area lacks a carbon 1600 cm−1 peak. The
carbonaceous laminae include fine grained pyrite and µm scale, ellip-
tical nodules of phosphorous-rich apatite. Biotite flakes may line the
carbonaceous layers, but are rarer compared to quartz grains. In the
shale between the carbonaceous laminae, hematite and allochthonous
quartz grains occur, as well as finely dispersed apatite.

4.3. X-ray-diffraction measurements on biofilms

X-ray diffraction studies of nodules and biofilms present in the
bedded phosphorite revealed the mineral as flourapatite (Table 1,
Fig. 6). It suggests that the Bhima phosphorite is sedimentary in nature.
These are associated with major to minor quantities of quartz,

Fig. 3. Biofilm microfacies in the Neoproterozoic Halkal Shale, Bhima basin, south India. (a, b) Biofilm microfacies (i) is a stack of carbonaceous laminae. Note the
alternating dark and light laminae. (c) Biofilm microfacies (ii) are opaque particles with rounded edges; (d) the rounded particles show undulose opacity; (e) Biofilm
microfacies (iii) is characterized by bifurcating and anastomosing laminae entangling a large amount of detrital grains (commonly quartz); (f) Close-up view of (e)
showing net-work produced by brown opaque filamentous textures (a= slide no.-BSIP-16255; Q33; scale-200 µm; b= slide no.-BSIP-16255; S39; scale-200 µm;
c= slide no.-BSIP-16252; T24; scale-100 µm; d= slide no.-BSIP-16252; Q33/4; scale-100 µm; e= slide no.-BSIP-16253; W28/7; scale-500 µm.
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Fig. 4. Biofilm microfacies in the Neoproterozoic Halkal Shale, Bhima basin, south India. (a) Biofilm microfacies (iv) includes bent or rolled-up fragments of organic
matter including some detrital grains; (b) Biofilm microfacies (v) are individual carbonaceous laminae of varying thicknesses due to intra-lamina pyrite crystal
growth; (a= slide no.-BSIP-16253; L45; scale-100 µm; b= slide no.-BSIP-16252; C33/2; scale-100 µm).

Fig. 5. Raman spectrographs of biofilm microfacies. The box in each photo shows the area of investigation. (a) Biofilm facies (ii) shows D-peak (Disordered peak) at
1341 cm−1 and G-peak (Graphite peak) at 1606 cm−1; (b) Biofilm facies (iv) shows D-peak at 1339 cm−1 and G-peak at 1606 cm−1; (c) Biofilm facies (ii) shows D-
peak at 1338 cm−1 and G-peak at 1609 cm−1. (d, e, f) show biofilm facies (i).
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muscovite and kaolinite.

5. Discussion

Morphologically we interpret the microfacies as in situ fossilized
biofilms. The biofilms probably developed in a shallow subtidal area
close to the shoreline.

Microfacies (i) is here interpreted as fossil biolaminites. Such bio-
laminites are stacks of organic layers that each represents a generation
of biofilm. The alternating pattern of dark and light brown laminae may
be the result of seasonal growth, as it is known from cyanobacteria-
dominated microbial mats in modern tidal and sabkha settings (Gerdes
and Krumbein, 1987). Such biolaminites develop at sites of low net
sedimentary input. This low sedimentation rate is reflected also in our
samples by the comparably low amount of detrital quartz grains in the
biolaminites. Low to moderate bottom currents may have provided
sufficient nutrient supply, however did not exceed an erosional
threshold that would have prohibited biofilm build-up. This biofilm
facies resembles in morphology to the Klb laminations described from
the ca. 3 Ga Buck Reef Chert, South Africa, where similar paleocondi-
tions existed (Tice and Lowe, 2006).

Whereas microfacies (i) may record thicker biofilms that colonized
sites of favourable growth conditions, microfacies (iii) may represent a
less mature biofilm stage. The anastomosing and bifurcating morphol-
ogies of the laminae in microfacies (iii) resemble the Klm laminations in
Tice and Lowe (2006), the carbonaceous shale in Schieber (1986,
1989), and the endobenthic microbial mat fabrics in Noffke (2010). All
studies describe a relatively high amount of detrital grains in the mi-
crobial facies.

Some of the Buck Reef biofilms may have experienced episodic
erosion during minor reworking events (Tice and Lowe, 2006). During
such an event, the water motion ripped up the biofilm and redistributed
the small fragments to other sites. Also, our microfacies (i) and (iv) may
have been subjected to stronger bottom currents causing mechanical
disruption and fragmentation of some of the organic layers. Subsequent
transport by saltation and rolling transport across the sea floor may
have formed the rounded particles of microfacies (ii). Their morphol-
ogies record an effective binding capacity of the ancient biofilms
(Walsh and Lowe, 1999; Tice and Lowe, 2004, 2006).

Some of the biofilms may include a few detrital grains that appear to
‘float’ in the organic matrix. Whereas, silt-sized grains may have been
derived by fall-out of suspension, sand-sized, ‘floating’ quartz grains
may also represent particles from the substrate that were pulled upward
during the growth of the biofilms. The orientation of the ‘floating’
grains with their long-axes parallel to the bedding suggests such an
origin, because such grains dragged upward by biofilm tend to rotate
during this transport (Noffke, 2010).

One open question about Neoproterozoic phosphorites is which
group of microorganisms may have composed biofilms. Modern phos-
phorite formation can be observed on the westward shelves of Africa,
the Americas, Australia and India in tropical up-welling zones (e.g.,
Crosby and Bailey, 2012). Williams and Reimers (1983) suggested that
bacterial fossils in ancient phosphorites may represent chemosynthetic
microorganisms that induced phosphogenesis. In their study, Hiatt et al.
(2015) pointed out that “although the locus and scale of

phosphogenesis has changed, the fundamental relationship between
chemosynthetic microbial communities and phosphate mineralization
has existed over at least the last 1.85 Ga”. Like in the modern, paleo-
marine phosphatic units generally record time spans of mainly, but not
exclusively, reducing benthic conditions leading to the precipitation of
phosphorous in the context of biogenic matter (Sheldon, 1987; Burdige,
2006; Schiffbauer et al., 2014). Phosphogenesis in Neoproterozoic
phosphorite in the stromatolitic peritidial limestones from Salitre For-
mation, Brazil, was restricted to the nearshore area (Caird et al., 2017).
In this case, the phosphate was stored and concentrated in the interior
of stromatolites by the activity of heterotrophic and chemosynthetic
bacteria, which created the redox and sedimentological conditions for
the authigenic precipitation of phosphorus. Criveling et al. (2014)
discussed the source of phosphorous that occurs in phosphatic Cam-
brian carbonates from Australia. They suggest that organic decay and
bacterial iron reduction were responsible for the enrichment of phos-
phates in those sediments, causing precipitation of apatite within small
shelly fossils. In our example, one possible explanation for the pre-
cipitation of phosphates and consequent accumulation of phosphorites
is the ‘extracellular hypothesis’ suggested by Caird et al. (2017). Here,
bacteria create the redox condition for the accumulation of phosphate.
In this case, the phosphate precipitation is a product of the bacterial
metabolism in a phosphorous-rich medium. The own cell wall with
their charge, or the extracellular polymeric substance (EPS) produced
by bacteria may lead the mineral precipitation by providing nucleation
sites and decreasing the activation energy for the reactions to occur
(Ferris, 1989; Crosby and Bailey, 2012). The mechanism triggers when
the oxygen is used as an electron acceptor on the external membrane of
the sulfide-oxidizing bacterial cells, creating an acid medium, which
favors phosphate precipitation. The hypothesis also can explain the
presence of pyrite in the carbonaceous microfacies. The reducing en-
vironment created by the organic matter decay plus the sulfide-redu-
cing bacterial activity (in contact with detrital iron minerals) can pre-
cipitate pyrite (FeS2) (Berner, 1984, Canfield and Rainswell, 1991, Bird
et al., 2001). By using the oxygen as electron acceptor, the sulfide-
oxidizing bacteria can create an acid medium, which favors phosphate
precipitation.

An alternative way is the ‘intracellular hypothesis’. In our example,
the accumulation of the phosphate mineral apatite as µm scale nodules
in the carbonaceous laminae may point towards sulfide-oxidizing bac-
teria such as of the family Beggiatoaceae as biofilm-constituents. Under
oxic conditions, these bacteria can accumulate intracellular polypho-
sphate as a mechanism of energy storage (Schulz and Schulz, 2005;
Brock, 2011). In anoxic conditions, the microbes break the polypho-
sphate into phosphate, increasing the concentration of phosphate in the
deposits. Indeed, Schulz and Schulz (2005) have observed phosphorous-
rich pore waters in modern upwelling deposits overgrown by sulfide-
oxidizing biofilms. Precursor, ‘amorphous’ precipitates crystallize into
apatite over time (e.g., Schulz and Schulz, 2005; Goldhammer et al.,
2010; Crosby and Bailey, 2012). The thickness of the phosphorite de-
posits in the Bhima Basin, and the large amount of accumulated mi-
nerals outsides the fossil biofilms may point toward an extracellular
process. However, due to their small sizes, nodules constituted of
phosphate mineral may point towards intracellular precipitation. The
occurrence of both processes is possible.

Table 1
Results of X-ray diffraction studies of phosphorite samples from the Halkal Formation, Bhima Basin.

Sample No. Locality Mineral phase Gangue

BSIP-1 Upper band-1 Gangurthi Flourapatite is main apatitic phase. Kaolinite and Muscovite are present in small proportions. Quartz
BSIP-2 Upper band-2 Gangurthi Flourapatite Quartz
BSIP-3 Middle Band Gangurthi Flourapatite Quartz
BSIP-4 Lower Band Gangurthi Flourapatite is main apatitic phase. Muscovite is also present Quartz
BSIP-5 Pandurang temple (Ishwar temple) Muscovite Quartz
BSIP-6 Behind Primary School, Gangurthi Flourapatite Quartz
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Fig. 6. Graphs obtained by the X-ray diffraction studies of phosphorite samples from the Halkal Shale, Bhima Basin, India.
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The presence of pyrite in the biofilm facies is another indication for
bio-precipitation. Ubiquitous sulfate reducing bacteria (SRB) co-occur-
ring with sulfide oxidizing ones produce hydrogen sulfide that in pre-
sence of Fe contributes to subsequent pyrite formation (Joergensen,
1982). The microfacies (v) in the Halkal Shale units may represent
microsites of increased Fe abundance.

Inorganic precipitation of phosphorite minerals in this extremely
phosphorous-rich paleo-system is to be expected and may have been the
cause for the finely dispersed apatite in the background sediments.
Weathering plays an important role in concentration of phosphorite in
carbonate-flourapatite rich zones. Low concentration of trace elements
defines three major associations such as: apatitic phosphorites, ferru-
ginous-clayey phosphorites and weathered (leached) aluminous phos-
phorites (Banerjee et al., 1982). It is established through trace element
studies on the different phosphorite deposits of the world that the in-
tensity of weathering depends on mineral association and a general
tendency for the depletion of CO2 in apatites leads to restrict the mi-
neral transformation beyond fluorapatite stage (Lucas et al., 1980). The
abundance of flourapatite in the Halkal Formation might be due to loss
of CO2 from carbonate-fluorapatite during repeated weathering, meta-
morphic and tectonic cycles experienced by the Proterozoic sedimen-
tary succession besides weathering of rocks (Dayal et al., 1984). This
depletion of CO2 is an indicator of hidden weathering in the rocks
(Banerjee et al., 1982). In modern marine upwelling zones, finely dis-
persed carbonate fluorapatite (CFA) is an abundant constituent in the
sediments (Filippelli, 2011), and may significantly contribute to phos-
phorous enrichment in later consolidated phosphorites. Biotite flakes
located alongside the carbonaceous laminae may have been trapped by
the adhesive mucilage of the biofilm communities as soon as water
motion allowed suspension to settle (see laboratory experiments on clay
particle enrichment by Newman et al., 2016). They are simply al-
lochthonous accumulations reflecting suspension and bed-load (back
ground sediments) during calm hydrodynamic conditions. However,
Ruttenberg and Berner (1993) described the dissolution of such Fe-
bearing minerals under anoxic conditions. Fe-bearing minerals like
biotite actually may absorb phosphorous in nutrient-rich water such as
in upwelling zones. During their dissolution, the adsorbed phosphorous
is released into the deposits (Crosby and Bailey, 2012).

In situ phosphatization of organic matter (e.g., Briggs et al., 1993)
cannot be concluded from the fossil biofilm facies described here, be-
cause there is no direct association of textures with phosphorite. Due to
lack of any recognizable body fossil, any assessment of the taxonomic
group of the ancient microorganisms for this part of the Neoproterozoic
world will remain speculative.

6. Conclusions

Fossil biofilms are reported from petrographic thin sections of the
Neoproterozoic phosphorites of India. They form five distinct types of
microfacies. The biofilms interacted with sedimentary processes in a
shallow sub-tidal area. Small scaled roll-ups of biofilm demonstrate
their effective binding capacity. In thin-section, the opaque brown la-
minae of the biofilms include homogeneous phosphate particles and
organic matter (kerogen) of fossilized cell material and EPS. D and G
bands of Raman analysis of the biofilms establish the organic nature of
kerogen. The cell surface and the redox conditions created by the mi-
crobial metabolism in the immediate surrounding of the microbes in-
duced extracellular mineral nucleation. The large amount and exten-
sion of the phosphates in Halkal Shale points to an extracellular
precipitation by biologically-induced mineralization (when the cell
surface and redox conditions created by the microbial metabolism in-
duce the mineral nucleation and formation of mineral deposits).
However, small size phosphate nodules inside the filaments may have
been caused by intracellular processes. The absence of any recognizable
body fossils (cells or filaments) does not allow conclusions on the
taxonomic position of the microorganisms composing the biofilms.
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