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A B S T R A C T

Banded Iron Formations (BIFs) serve as critical archives of early biosignatures; however, uncertainties remain 
regarding the biological affinities, metabolic pathways, and their role in Earth’s early oxidation history. This 
study investigates the Mesoarchean Girar BIF (2850 ± 26 Ma) from the Bundelkhand craton using an integrated 
micropaleontological and geochemical approach to address these questions. Well-preserved spheroidal micro-
fossils, morphologically similar to Huroniospora, are documented. The organic carbon isotopic signatures (δ13C- 
org ranging from − 27.8 ‰ to − 35.2 ‰) indicate a biological origin mainly linked to anoxygenic photo-
synthesizers, methanogenic archaea, or methanotrophic bacteria, and to some extent cyanobacterial activity. 
These observations suggest that Fe2+ oxidation within the Girar-Baraitha BIF was predominantly driven by 
anaerobic photoferrotrophs, rather than abiotic processes. Geochemical proxies, including Sm/Yb versus Eu/Sm 
ratios, point to hydrothermal fluid and seawater mixing in proportions of 1:1000 to 1:100, supported by a 
pronounced positive Eu/Eu* (>2), indicating substantial hydrothermal Fe input. Collectively, these findings 
provide evidence that anaerobic photosynthesis, particularly photoferrotrophy, played a central role in iron 
deposition in the Girar-Baraitha BIF. Abiotic oxidation, while present, was likely a secondary process facilitated 
by localized oxidative conditions. This study contributes to a more nuanced understanding of early Earth’s 
biogeochemical cycles, microbial ecosystems, and the mechanisms driving surface oxidation and iron formation 
during the Mesoarchean.

1. Introduction

Early Earth’s hydrosphere was predominantly anoxic and its chem-
istry was relatively more influenced by the pulsed release of hydro-
thermal fluids from deep-sea hydrothermal vents (Derry and Jacobsen, 
1990; Jacobsen and Pimentel-Klose, 1988; Kappler and Straub, 2005; 
Konhauser et al., 2017; Morris, 1993; Morris and Horwitz, 1983; 
Mukhopadhyay, 2020; Simonson et al., 2003; Wang et al., 2024a, 
2024b). Deep-sea hydrothermal vents also released massive amounts of 
reduced iron ions, i.e., Fe2+, which in the sea surface waters oxidized to 
water-insoluble Fe3+ to form bands of iron-rich sedimentary deposits 
often alternating with silica-rich bands, known as banded iron formation 
(BIF). This phenomenon of BIF deposition occurred on a massive scale 

during 4.3–1.8 Ga (Klein, 2005; Mukhopadhyay, 2020; O’Neil, 2023). 
Among the commonly accepted pathways for Fe2+ oxidation leading to 
BIF in Precambrian marine settings are direct oxidation by anoxygenic 
photosynthesis (Kappler and Straub, 2005; Konhauser et al., 2002), 
photocatalytic oxidation by UV radiation (Braterman et al., 1983), and 
abiotic or biologically-catalyzed reaction (Cloud and Licari, 1968).

Geochemical evidence indicates that the first significant rise in 
global atmospheric oxygen occurred between 2.4 and 1.8 Ga, commonly 
referred to as the Great Oxidation Event (GOE) (Anbar et al., 2007; 
Farquhar and Wing, 2003; Kendall et al., 2010; Lyons et al., 2014; 
Ostrander et al., 2019, 2021, 2024; Planavsky et al., 2014; Rasmussen 
and Buick, 1999). This oxygenation event may have facilitated 
large-scale deposition of banded iron formations (BIFs) via direct 
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oxidation of ferrous iron. Sulfur isotope data, particularly 
mass-independent fractionation, suggest that the Earth’s atmosphere 
prior to the GOE was largely anoxic (Farquhar and Wing, 2003). Isotopic 
signatures of elements such as Fe, Mo, S, Ca, and Mg from carbonates 
and black shales in China, Australia, and South Africa indicate the 
possible presence of localized oxygen-rich ’oases’ in shallow marine 
settings before the GOE (Luskin et al., 2019; Ostrander et al., 2019, 
2021; Peng et al., 2022; Slotznick et al., 2023). However, the extent to 
which these oxygen oases contributed to BIF deposition via direct 
oxidation remains uncertain. Notably, laboratory-based experiments 
have shown that photochemical processes alone are insufficient to ac-
count for BIF formation (Konhauser et al., 2007). In contrast, microbial 
Fe2+ oxidation by anoxygenic photoautotrophs is considered a more 
plausible mechanism for BIF deposition under the anoxic conditions that 
likely prevailed during the pre-GOE interval (Konhauser et al., 2002; 
Posth et al., 2008; Walter et al., 2014).

Well-preserved microfossils from BIFs older than the Paleoproter-
ozoic are generally rare worldwide (Lepot, 2020). Well-preserved mi-
crofossils from Paleoproterozoic Banded Iron formations have been 
known for more than a hundred years (Broderick, 1919; Gruner, 1922, 
1924; Harder, 1919; Leith, 1903; Moore, 1918). However, the study by 
Barghoorn and Tyler (1965) garnered major attention since they con-
ducted the first systematic examinations and identified the twelve least 
ambiguous species of filamentous, spheroidal, and ellipsoidal fossils. 
Their study was supported by further palaeontological investigations led 
by Cloud (1965) and Cloud and Hagen (1965). These filamentous (e.g., 
Gunflintia minuta) and coccoid (e.g., Huroniospora sp.) microfossils 
generally associated with the iron-rich Precambrian sedimentary rocks, 
were hypothetically interpreted to have a role in iron oxidation 
(Barghoorn and Tyler, 1965; Harder, 1919; Lepot et al., 2017; Shapiro 
and Konhauser, 2015; Walter et al., 1976). It has been suggested that 
spheroidal microfossils belonging to the genus Huroniospora are either 
cyanobacteria (Barghoorn and Tyler, 1965) or heterotrophs (Strother 
and Tobin, 1987). According to a more recent study by Lepot et al. 
(2017), spheroidal Huroniospora and other Paleoproterozoic Gunflint 
microbiota were Fe-tolerant oxygenic photosynthesizers that could 
biomineralize iron inside cells.

The taxonomic ramifications of these fossils are crucial because the 
preservation of bacteria that oxidize Fe2+ would help address important 
issues regarding the genesis of iron formation and offer an intriguing 
narrative in a pivotal period of Earth’s history–the oxygenation of the 
atmosphere (Bekker and Eriksson, 2003; Bekker et al., 2010; Posth et al., 
2013). The palaeontological record between the Great Oxidation Event, 
which occurred 2.4 billion years ago (Ga), and the final Palae-
oproterozoic iron formations, which were deposited 500–600 million 
years later, is dominated by problematic microfossils (Lepot et al., 
2017). Though their affinities, metabolism, and contributions to Earth 
surface oxidation and Fe deposition are unknown, these fossils are 
frequently linked to iron-rich sedimentary strata.

Here, we study a recently well-dated 2.85 Ga (Mesoarchean) BIF of 
the Girar Formation exposed near Baraitha, in Madhya Pradesh, India 
(Mukhopadhyay, 2020; Slabunov et al., 2024) for micropaleontology 
and geochemistry. This BIF section shows excellent preservation of 
solitary and aggregated spheroidal microfossils, which in morphological 
features and size are similar to the genus Huroniospora, convincingly 
described in many previous studies mainly from Paleoproterozoic sec-
tions (Barghoorn and Tyler, 1965; Cloud and Licari, 1968; Knoll and 
Simonson, 1981; Lanier, 1989; Strother and Tobin, 1987; Walter et al., 
1976; Yun, 1984) less convincing from Meso–Neoarchaean the Baba-
budan Iron Formation in South India (Viswanathiah and Ven-
katachalapathy, 1980), and the Soudan Iron Formation in North 
America (Cloud and Licari, 1968).

2. Geological settings and age

The Indian subcontinent hosts five major Archean cratons: the 

Bundelkhand and Aravalli Cratons lie north of the Central Indian Tec-
tonic Zone (CITZ), and the Dharwar, Singhbum, and Bastar Cratons lying 
south of the CITZ. The Bundelkhand Craton (Fig. 1) is predominantly 
composed of K-rich Neoarchean granitoid, intruding into the tonalite 
trondhjemite granodiorites (TTGs) and greenstone complex of Paleo- 
Mesoarchean age (Joshi et al., 2017; Kaur et al., 2014, 2016; Mondal 
et al., 2002). There are three distinct regions within the Bundelkhand 
Craton: Northern, Central, and Southern Bundelkhand. The Central and 
Southern Bundelkhand terrains are usually home to greenstone belt 
complexes associated with the Banded Iron Formation (BIF) (Singh 
et al., 2021).

The Central Bundelkhand terrain preserves remnants of Paleo-
archean (3.4–3.2 Ga) mafic–ultramafic complexes (Singh et al., 2019) 
and hosts the extensive Meso-to Neoarchean Central Bundelkhand 
Greenstone Complex, which extends over 150 km. This complex in-
cludes the Babina and Mauranipur greenstone belts, along with a small 
fragment enclosed within granitoids (Malviya et al., 2006, 2022; Singh 
and Slabunov, 2015, 2016; Slabunov and Singh, 2019). Lithologically, 
the greenstone complex is subdivided into two stratotectonic associa-
tions. The earlier association comprises (1) ultrabasic to metabasalts, (2) 
metavolcanic rhyolites and dacites, and (3) banded iron formations 
(BIFs), while the later association consists predominantly of felsic vol-
canics and BIFs. All units and associations are juxtaposed along tectonic 
contacts (Singh and Slabunov, 2015; Slabunov and Singh, 2019).

Structurally, the Central Bundelkhand Greenstone Complex repre-
sents a tectonic collage in which the constituent lithologies have un-
dergone multiple episodes of metamorphism. Geochronological data 
indicate that felsic volcanic rocks from the early and late associations 
crystallized during the Mesoarchean (~2.81 Ga) and Neoarchean 
(2.54–2.56 Ga), respectively (Singh and Slabunov, 2015; Slabunov and 
Singh, 2019). Evidence for early accretion is provided by 
amphibolite-facies metamorphism under elevated pressure conditions, 
while collisional processes have been dated to between ~2.70 and 2.43 
Ga (Saha et al., 2011; Slabunov and Singh, 2021). The most recent 
metamorphic overprint, corresponding to prehnite–pumpellyite facies 
associated with rift-related tectonism, is dated to the Paleoproterozoic 
(1.9–1.8 Ga) (Colleps et al., 2021; Sibelev et al., 2021a, 2021b).

The Southern Bundelkhand terrain is predominantly composed of 
Neoarchean K-rich granites, with subordinate occurrences of greenstone 
lithologies represented by the Girar Greenstone Belt, as well as 
mafic–ultramafic layered and gabbroic intrusions, tonalite–-
trondhjemite–granodiorite (TTG) suites, and sanukitoids. Recent in-
vestigations in this region have identified two large gabbro–diorite 
intrusions and a Mesoarchean mafic–ultramafic lopolithic body known 
as the Ikauna Complex (Hiloidari et al., 2021; Ramiz and Mondal, 2017; 
Singh et al., 2019; Singh and Slabunov, 2016; Slabunov et al., 2017, 
2018).

Using the Sm-Nd isochron, Hiloidari et al. (2021) have calculated the 
age of the metavolcanics (basalt) from Girar to be 2.99 Ga. U-Pb zircon 
geochronology zircon separated from the Girar BIF yielded an age of 
2850 Ma (Slabunov et al., 2024). According to Hiloidari et al. (2021), 
the Girar greenstone belt is composed of two formations: 1) quartzites 
and 2) BIFs with interlayered basalts in the southern portion of the belt. 
Both the BIF and the Girar belt quartzite/BIF boundary are composed of 
hematite and quartz with substantial bedding (Figs. 1–3). Quartzites are 
characterized by thick schist (meta-argillite) laminae, smaller quartz 
pebble conglomerates, and low-grade metamorphism of fuschite, chro-
mite, and hematite-bearing quartz arenite (Slabunov et al., 2017). It was 
proposed that the 3.43 and 3.35 Ga zircons found in the Girar belt 
quartzite were derived from the preceding crust, most likely TTG 
(Slabunov et al., 2017). According to a recent study, Mesoarchean (2.99 
± 0.19 Ga) arc-type basalt is linked to the BIFs in the Girar region 
(Hiloidari et al., 2021).

Slabunov et al. (2024) geochemical study suggested that the detrital 
components of BIFs in the Bundelkhand craton were derived from 
terrigenous mafic and felsic sources. They also found that the 
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geochemical characteristics of these BIFs are similar to other contem-
porary BIFs from different paleogeographic positions. Neodymium 
isotope data (εNd = − 6.57 ‰–3.45 ‰, average value = 0.01 ‰) from 
the Bundelkhand BIFs suggest that the iron incorporated into these Iron 
formations was derived from two primary sources: (1) continental 
crustal inputs and (2) submarine hydrothermal activity.

These lithologies are traversed by NW trending mafic dykes swarms 
and NNE–SSW and NE-SW trending quartz veins (reefs) that represent 
the last magma-related hydrothermal activity in the Bundelkhand 
Craton (Mondal and Ahmad, 2001; Pati et al., 2007). Based on U-Pb 
zircon ages, Slabunov and Singh (2022) proposed that the quartz veins 
formed between ca. 1.87–1.78 Ga. The quartz vein was probably 
emplaced owing to ongoing crustal movements after stabilizing the 
cratonic segment at ca. 2.5 Ga. Some believe these results come from 
shear zones within granitic rocks (Roday et al., 1995), while Pati et al. 
(2007) suggest the role of late-stage hydrothermal process for their 
origin. The mafic dykes were emplaced at two discrete time intervals 
along two prominent orientations: along NW–SE at 2.0 Ga, and along the 

ENE–WSW at 1.1 Ga (Pradhan et al., 2012) from an enriched mantle 
source (Mondal and Ahmad, 2001).

3. Methodology

3.1. Sampling

A total of five BIF samples from roughly 20 cm vertical intervals were 
collected from horizontally laminated facies of a 1-m-thick section of the 
Girar BIF near ruin Fort Baraitha (24◦17′34.598″ N; 78◦56′31.819″ E), 
Chhatarpur District, Madhya Pradesh (Figs. 1–3). The collected samples 
were prepared and processed for thin sections (two longitudinal sections 
and two horizontal sections of 30–40 μm thick) at the BSIP Section 
Cutting Laboratory to perform petrography (using Leica DM2700 P LED 
polarising microscope) and FESEM studies. The BIF samples were also 
processed for the trace elements and organic isotope analysis. Carbo-
naceous microfossils were extracted using the standard acid maceration 
technique described by Grey (1999).

Fig. 1. (a) Map of India highlighting the Bundelkhand Craton (BC). CITZ represents the Central Indian Tectonic Zone. (b) Detailed view of BC, showing the BIF 
sampling site at the Ruin Fort Baraitha location (marked by a star) (Sibelev et al., 2021a; Slabunov et al., 2024).
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3.2. Field Emission Scanning Electron Microscopy (FESEM)

Specimens were mounted on copper stubs using carbon tape and 
subsequently coated with a conductive layer using a JEOL JEC 3000 FC 
sputter coater. Imaging was performed with a field emission scanning 
electron microscope (FESEM; JEOL JSM-7610F) at appropriate 
magnifications.

3.3. Trace elements analysis

Approximately 30 mg of each powdered sample was subjected to a 
two-step acid digestion procedure for trace element analysis, following 
protocols adapted from Ansari et al. (2023). In the first step, the sample 
powder was transferred into a Teflon digestion tube, to which 5 mL of a 
hydrofluoric acid–nitric acid mixture (2:1 ratio) and 1 mL of perchloric 
acid were added. The tube was securely capped and heated at 120 ◦C for 
7 h using a Q-block system. After digestion, the cap was removed, and 
the contents were evaporated to complete dryness. In the second step, 5 
mL of a hydrofluoric acid–nitric acid mixture (1:2 ratio) and 1 mL of 
perchloric acid were added to the same tube. The mixture was again 
heated and evaporated to dryness under the same conditions. After this 
step, 2 mL of 5 % nitric acid (HNO3) was added, and the solution was 
inspected for clarity. If any solid residue remained, the two-step diges-
tion process was repeated until complete dissolution was achieved. The 
fully digested solution was then diluted with 2 % HNO3 to a final volume 
of 50 mL and stored at 4 ◦C prior to analysis. Standard reference ma-
terials from the United States Geological Survey (USGS)–Cody Shale 
(SCo-1) and Green River Shale (SGR-1b)–along with procedural blanks, 
were processed using the same method. Selected samples were analyzed 
in replicate to ensure data quality, with analytical errors maintained 

below 5 %. The external reproducibility obtained from the analysis of 
the geostandards and repeat samples was within the error limit.

3.4. Organic carbon isotope analysis

The analysis of δ13Corg and total organic carbon (TOC) was per-
formed following the protocol described by Ansari et al. (2020) and 
Agnihotri et al. (2020). Initially, the powdered samples were treated 
with 10 % hydrochloric acid (HCl) to eliminate residual carbonates. The 
acid-treated samples were thoroughly rinsed with Milli-Q water, then 
dried in an oven at 60 ◦C. Once dried, the samples were re-powdered, 
weighed, and sealed in tin capsules. These tin capsules were com-
busted at 950 ◦C in a high-temperature combustion reactor of an 
Elemental Analyzer (VARIO ISOTOPE SELECT®) interfaced with an 
isotope ratio mass spectrometer (IRMS; Precision, Elementar®). During 
combustion, CuO served as the catalyst. The evolved CO2 from the 
organic fraction was purified using a reduction reactor filled with 
reduced copper granules maintained at 650 ◦C. Isotopic measurements 
were calibrated against a set of international and in-house reference 
standards, as described by Agnihotri et al. (2020). Analytical accuracy 
was assessed using ACA (ε-Amino-n-Caproic acid [C6H15NO2]), a pri-
mary standard calibrated against IAEA-CH-3, IAEA-CH-6, and an Inter-
nal standard (Sulphanilamide). For carbon isotopic measurements, the 
standard reference was Vienna Pee Dee Belemnite (Vienna-PDB). 
Analytical precision was routinely monitored through repeated mea-
surements of the laboratory standard ‘sulphanilamide’, with a repro-
ducibility better than ±0.2 ‰.

TOC content was quantified based on the peak area of the CO2 
chromatogram recorded by the mass spectrometer.

4. Results

4.1. Thin section observations

4.1.1. Petrography
The BIF is composed of multiple bands of variable thickness of chert 

(microcrystalline quartz) and hematite-rich layers with reddish-brown 
stains of iron oxide (Fig. 4a and b). Few of the hematite-rich layers 
also show distinguishingly smaller quartz grains compared to the grains 
in the chert layer (Fig. 4a and b). Although not widespread, recrystal-
lization of quartz is evident from the XPL section of a large quartz grain 
in the chert layer (Fig. 4c and d). The recrystallization is a result of 
diagenesis, as no metamorphic alterations could be seen at the quartz- 
hematite boundaries that would otherwise form minerals like chlorite, 
amphibole, or pyroxenes (depending on the metamorphic grade). Also, 
there are no signs of crystallized fluid veins that could have caused 
significant alterations. We also observe a few large hematite grains that 
are euhedral with a distinct hexagonal outline (Fig. 4c and d).

4.1.2. Micropaleontology
The thin-section photograph reveals a dense aggregation of rounded 

to sub-rounded structures, predominantly exhibiting spherical mor-
phologies (Fig. 5a–e). These structures are uniformly small, measuring 
1.7–9.3 μm (mode value = 5.4 μm, n = 600) in diameter, as inferred 
from the scale bar (Fig. 5a–e). The spheroids are arranged in clusters, 
with localized areas of high density interspersed with clearer regions. 
The outlines or walls of the spheroids are generally thick and sharp. The 
coloration of the microfossils is dominated by reddish and orange hues 
(Fig. 5a–e). The surrounding matrix appears fine-grained and light. 
From a taphonomic perspective, the structures appear moderately to 
well-preserved, retaining their original spherical forms despite evidence 
of mineral overprinting. The spheroidal clusters are found mainly 
associated with the rich silica precipitates (Fig. 5a–e).

Fig. 2. Geological map of the area between Baraitha-Girar and Dhori, showing 
the distribution of various lithological units and structural features (Roday 
et al., 1990). The numbered units are as follows: 1. Quartzite, slates, and 
fuchsite quartzite; 2. Banded magnetite quartzite and magnetite slates; 3. 
Metabasic rocks; 4. Granites; 5. Basal Bijawar conglomerates; 6. Jamuni car-
bonate; 7. Brecciated ferruginous quartzite; 8. Carbonaceous shales; 9. Bandai 
shales; 10. Rohini carbonate; 11. Pillowed tholeiites; 12. Dhori-Sagra and Soda 
quartzite; 13. Banded Iron Formation (BIF); 14. Basal Vindhyan conglomerate; 
15. Vindhyan quartzite; 16. Alluvium lithofacies; 17. Sampling site (Fort Bar-
aitha); and 18. Faults.
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4.2. Carbonaceous microfossils isolated through acid maceration

4.2.1. High-power microscopy
The microfossils in the image exhibit a complex and varied 

morphology. The overall structure consists of irregularly shaped clusters 
(Fig. 5f–i), with individual sub-units displaying spherical to subspherical 
shapes. Some edges appear angular or fragmented. The surface texture 
of the microfossils is granular to amorphous, with certain areas showing 
smoother sub-units. This granular appearance could indicate micro-
crystalline or organic material, while the smoother portions may 
represent preserved internal structures, such as cell walls or sheaths 
(Fig. 5f–i). Additionally, some translucent regions in their interstitial 
spaces can be seen. The presence of stratified or layered features 
(overlapping of spheroids) in the cluster is also present (Fig. 5f–i).

In terms of coloration, the microfossils range from light to dark 
brown tones. This variation in opacity reflects heterogeneity in the 
composition or preservation levels of the microfossils. The scale bar in 
the image reveals that the spheroid diameter ranges from approximately 
1–5 μm (Fig. 5f–i), which is consistent with spheroids observed in the 
thin section (Fig. 5f–i).

4.2.2. Scanning electron microscopy (SEM)
The microfossil in the SEM image exhibits a complex, three- 

dimensional structure with a cauliflower-like or botryoidal shape 
(Fig. 6a–d). It appears to be composed of numerous spherical or ovoid 
structures closely packed together, forming a larger, irregular mass. 
Using the 10 μm scale bar as a reference, the overall diameter of the 
microfossil cluster is estimated to be around 50–60 μm (Fig. 6a and b). 

Fig. 3. (a) Field view of the Girar-Baraitha Banded Iron Formation (BIF) exposure; the person in the image (height = 162 cm) provides scale. (b–d) Close-up 
photographs of the Girar-Baraitha BIF showing well-defined alternating dark and light bands, interpreted as iron-rich and silica-rich layers, respectively. Scales 
shown include a geological hammer (30 cm in length), a 5 Rupees coin (2.3 cm diameter), and a field compass (8 cm diameter).

A.H. Ansari et al.                                                                                                                                                                                                                               Evolving Earth 3 (2025) 100073 

5 



The individual spherical structures within the cluster appear to have a 
diameter of approximately 5–10 μm, with some variation in size 
(Fig. 6a–d). The surface of the cluster is rough and uneven, with 
numerous bumps and projections. Individual spherical structures within 
the cluster are visible, with some appearing to have a distinct cell wall or 
boundary (Fig. 5c and d). The surface of the individual units is not 
perfectly smooth but may exhibit fine surface ornamentation or textures. 

There are also visible pores or openings on the surface of the microfossil 
(Fig. 5a–c, d).

The presence of a distinct cell wall or boundary around individual 
spherical structures is evident. The cell wall appears to be relatively 
thick (thickness between ~ 285 nm and ~450 nm) and may have a 
complex structure (Fig. 5a), possibly with multiple layers or ornamen-
tation. The thickness and structure of the cell wall might vary between 

Fig. 4. Microscopic images of BIF (a, b) showing bands of white quartz-rich layers and dark iron oxide-rich layers in (a) PPL and (b) XPL; (c, d) showing subhedral to 
euhedral crystals of hematite grains in relatively large microcrystalline quartz grains and iron stain-rich layer in finer microcrystalline quartz in (c) PPL and (d) XPL.

Fig. 5. (a–e) Thin-section images showing spheroidal microfossil aggregates appearing red due to oxidized iron. The spheroidal microfossils range from 1 to 9 μm in 
diameter. (f–i) Carbonaceous spheroidal microfossil aggregates isolated using the acid maceration technique, with diameters also ranging from 1 to 9 μm. All scale 
bars represent 10 μm.
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different cells within the colony. These internal structures might include 
vacuoles, organelles, or other cellular components.

4.3. Trace elements geochemistry and organic carbon isotope

Trace element results of the Girar-Baraitha BIF are listed in Table 1. 
Detrital elements such as Sc, Ti, and Zr are depleted compared to PAAS 
values, and redox-sensitive trace elements such as Mo, Cr, and U show 
enrichment more than 130, 250, and 6.8 times, respectively (Table 1). 
The cross plot between Sm/Yb vs Eu/Sm shows the mixing of hydro-
thermal fluid with seawater in a ratio from 1:1000 to 1:100 (Fig. 5c). The 
Ce/Ce* anomaly calculated from PASS normalized REE data (equation 
for Ce/Ce* = Ce/ 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
La × Pr2

√
) shows that all five sample data fall in Zone 

IIa, which is characterized by no cerium anomaly and no lanthanum 
anomaly (Fig. 7a).

The PAAS normalized REE + Y of the Girar-Baraitha BIF shows 
similarity with that of an earlier study of the Girar BIF from a different 
location (Fig. 7b). In this study, Girar BIF shows a consistently high 
Europium anomaly (equation for Eu/Eu* = Eu/ 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sm × Gd2

√
) ranging 

from 2.3 to 2.8 (average = 2.53) and Pr/Pr* anomaly [equation for Pr/ 
Pr* = 2 × Pr/(Ce + Nd)] ranges between 0.94 and 1.00. The Y/Ho ratio 
for the Girar-Baraitha BIF ranges between 27.7 and 31.7 and shows a 
statistically significant (p < 0.05) negative correlation with Zr (Fig. 8).

The δ13C-org values for Girar-Baraitha BIF ranged from − 27.8 ‰ to 
− 35.2 ‰ with an average value of − 31.9 ‰ (Table 2 and Fig. 9). TOC in 
these samples ranges between 0.01 % and 0.03 % (Table 2).

5. Discussions

5.1. Morphology, preservation, and biological significance of microfossils 
in the Girar-Baraitha BIF

The overall structure consists of irregularly shaped clusters, with 

individual sub-units displaying spherical to subspherical shapes, 
possibly indicating coccoidal forms. Some edges appear angular or 
fragmented, likely due to diagenetic alteration. The clustered arrange-
ment suggests biological remnants, such as microbial colonies, and 
highlights a possible biological origin for these microfossils. The scale 
bar in the image reveals that the sub-units range from approximately 
1.7–9.3 μm (Figs. 5 and 6), which is consistent with bacterial cells and 
fungal spores. The surface texture of the microfossils is granular to 
amorphous, with certain areas showing smoother sub-units (Fig. 6). This 
granular appearance could indicate organic material, while the 
smoother portions may represent preserved internal structures, such as 
cell walls or sheaths. The presence of stratified or layered features hints 
at successive growth phases over time. This remarkable preservation of 
microfossils in the Girar-Baraitha BIF succession could be due to two 
possible reasons: 1) this succession shows limited alteration; 2) the high 
silica content (up to 85 %) (Slabunov et al., 2024) likely contributed to 
the long-term preservation of these microfossils by providing a protec-
tive matrix.

The SEM image reveals a high level of preservation detail, suggesting 
that the microfossil has been well-preserved. The three-dimensional 
structure is visible, indicating minimal deformation during fossiliza-
tion (Fig. 6). There is no apparent significant deformation or distortion 
of the microfossil. The microfossil appears to be preserved as a complete 
cluster, indicating that there was minimal disarticulation during fossil-
ization. This indicates rapid burial and protection from significant 
physical or chemical alteration. The cell wall appears to be relatively 
thick and may have a complex structure, possibly with multiple layers. 
The thickness of the cell wall might vary between different cells (Fig. 6). 
The cell walls appear to be closely adpressed to each other, suggesting 
strong intercellular connections (Fig. 6). The presence of a distinct cell 
wall further supports the interpretation of individual spherical struc-
tures as cells. The presence of pores or openings suggests a complex life 
cycle and potential interactions between cells within the colony. 

Fig. 6. (a–d) SEM images depicting the detailed three-dimensional morphology of spheroidal microfossil aggregates. (a, c, d) images show the presence of an 
aperture at one pole of the spheroid.
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Additionally, a fine-grained matrix surrounding the object suggests 
mineral precipitation occurred during burial. The preservation of the 
carbonaceous microfossils (mostly spheroidal) is mostly found associ-
ated with the light-colored silica-rich matrix (Fig. 5a–e). Whereas, the 
dark-colored iron oxide-rich matrix contains a relatively much lesser 
fraction of carbonaceous matter.

The clustered arrangement of spheroids in the Baraitha-Girar BIF 
suggests that these microfossils may represent biological remnants, such 
as fossils of microbial colonies preserved at the cellular level. Their 
morphology closely resembles that of petrified prokaryotes, particularly 
colonial coccoid cyanobacteria. Similar microfossils with comparable 
shapes and sizes have been reported from various Proterozoic strata 
(Barghoorn and Tyler, 1965; Cloud and Licari, 1968; Knoll and Simon-
son, 1981; Lanier, 1989; Lepot et al., 2017; Strother and Tobin, 1987; 
Walter et al., 1976; Yun, 1984). Individual spheroids from the 
Giara-Baraitha BIF show the closest resemblance to the genus Hur-
oniospora in terms of thickness, size, and shape (Barghoorn and Tyler, 
1965). Additionally, the presence of an aperture at the constricted ends 
of ellipsoidal bodies (Fig. 6a–c, d), noted in the original generic 
description of Huroniospora (Barghoorn and Tyler, 1965), is also 
observed in some individuals from the Girar-Baraitha BIF, where clus-
ters show a defined opening/aperture. Huroniospora is typically found in 
solitary (Barghoorn and Tyler, 1965) occurrences and rarely in colony 
(Lanier, 1989), whereas the spheroids in the Giara-Baraitha BIF are 
primarily colonial.

Alternatively, colonies of spheroidal microfossils in Girar-Baraitha 
BIF can be compared with the genus Corymbococcus (Awramik and 
Barghoorn, 1977), which is also only reported in the Proterozoic suc-
cessions, but is rarely compared to the genus Huroniospora (Sergeev and 
Seong-Joo, 2004). This genus consists of colonial clusters of unicells, 
each measuring 5–18 μm and typically spherical or slightly ellipsoidal, 

enclosed within a shared, non-lamellated envelop (Awramik and Bar-
ghoorn, 1977). The individual cells, when stripped of their envelopes or 
sheaths, closely resemble those of the genus Huroniospora. However, 
Corymbococcus is primarily colonial with a wall thickness relatively 
larger (1.5 μm thick) compared to Huroniospora [wall thickness 
110–600 nm (Lepot et al., 2017)], and the spheroidal microfossils of 
Girar-Baraitha BIF [wall thickness (~300 nm)]. The thickness of cell 
walls, along with intricate internal wall structures, can be preserved in 
the rock record with diagnostic fidelity (Javaux et al., 2004). However, 
it has been proposed that the thick-walled variants of these microfossils 
may have originated through early diagenetic accumulation of organic 
material onto thin-walled Huroniospora (Strother and Tobin, 1987). The 
three-dimensional preservation of microfossils necessitated silica 
encapsulation and impregnation, processes that likely left insufficient 
space for the substantial (threefold to tenfold) increase in wall thickness 
required for such a transformation (Campbell et al., 2015). Lepot et al. 
(2017) argued that the lack of overlap in the wall thickness indicates 
that thicker-walled forms could not have arisen from the thickening of 
their thinner-walled counterparts. Consequently, the significant 
disparity in wall thickness suggests the existence of distinct precursor 
wall structures.

Huroniospora and Corymbococcus both are absent in Archean rocks. 
However, in a paleontological study of banded ferruginous quartzites 
from the Bababudan belt of the Dharwar Craton, Viswanathiah and 
Venkatachalapathy (1980), found solitary spheroidal microfossil 
aligned to the characteristic shape of Huroniospora but of a slightly larger 
size (23–30 μm). Colonies of spheroidal microfossils of similar diameter 
(5–60 μm, mostly <15 μm) have been reported from Archean age (~3.4 
Ga old) Strelley Pool Formation, Gorge Creek Group in the Pilbara 
Craton, Australia (Sugitani, 2019), and Kromberg Formation (~3.4 Ga 
old) in Barberton Greenstone Belt, South Africa (Kremer and 
Kaźmierczak, 2017). But, unlike Huroniospora as well as spheroidal 
microfossil in Girar-Baraitha BIF, in which thin section study showed a 
clear distinction between dark colored cell wall and light-colored inte-
rior part of the cellular body (low density of carbonaceous matter), the 
spheroidal microfossils reported from Strelly Pool Formation, Gorge 
Creek Group, and Kromberg Formation show no clear distinction be-
tween the dark-colored cell wall and dark colored interior part of the 
cellular body. Also, unlike the early studies (Barghoorn and Tyler, 1965; 
Knoll et al., 1988; Lepot et al., 2017; Strother and Tobin, 1987), which 
have demonstrated both thin-walled (40–60 nm) and thick-walled 
(110–600 nm) coexisting morphospecies of Huroniospora, the sphe-
roidal microfossils of Girar-Baraitha BIF show uniformly thick walls.

The spheroidal microfossils identified in the Girar-Baraitha BIF 
exhibiting a remarkable morphological fit with the thick-walled mor-
phospecies of Huroniospora in terms of size, shape, and wall structure, 
represent the oldest known record of well-preserved Huroniospora-like 
microfossils. However, unlike in younger deposits (Lanier, 1989), Hur-
oniospora colonies in Girar-Baraitha BIF do not show any sign of muci-
laginous sheaths. This colonial habit suggests an early ecological or 
behavioral adaptation to the iron-rich Archean environment, potentially 
reflecting a precursor morphospecies similar to Huroniospora that 
thrived in communal structures. The discovery of these microfossils not 
only extends the geological record of distinct cellular life into the 
Archean but also provides critical insights into the evolutionary origins 
and ecological strategies of early microorganisms in iron-dominated 
ecosystems. Their presence in such an ancient setting underscores the 
adaptability of microbial life to extreme environments and highlights 
the importance of colonial behavior as a potential survival mechanism in 
Earth’s early biosphere.

Several possible affinities have been proposed for Huroniospora or 
Huroniospora-like microfossils, including cyanobacteria, iron bacteria, 
and fungal spores (Barghoorn and Tyler, 1965; Lanier, 1989; Strother 
and Tobin, 1987; Viswanathiah and Venkatachalapathy, 1980). Tar-
geted nanoscale organic carbon isotope studies of Proterozoic Hur-
oniospora by House et al. (2000) and Williford et al. (2013) showed 

Table 1 
The concentration of trace elements (in ppm) and enrichment of Mo, Cd, Cr, and 
Se relative to PAAS in the Girar-Baraitha BIF.

Elements BIF-1 BIF-2 BIF-3 BIF-4 BIF-5

Sc 1.39 0.67 0.65 0.40 0.41
Ti 118.92 46.27 66.54 71.16 27.39
V 12.33 11.66 31.95 7.13 2.73
Cr 192.95 183.50 205.93 185.83 191.00
Mn 30.72 192.98 123.26 63.70 50.36
Co 206.71 126.90 86.58 156.93 76.14
Ni 21.11 28.69 25.00 20.85 21.19
Cu 50.44 46.71 12.64 55.43 17.95
Zn 24.31 15.38 13.19 16.80 21.12
Se 0.46 1.57 0.82 1.30 0.33
Rb 0.77 0.20 0.13 0.17 0.39
Y 1.81 3.66 1.45 1.24 1.28
Zr 3.69 1.53 2.61 1.84 2.22
Mo 1.35 1.17 1.64 0.96 1.13
Cd 0.02 0.01 0.02 0.01 0.02
MoEF 64.26 134.18 110.02 91.77 89.04
CdEF 10.29 14.70 14.43 10.66 15.54
CrEF 109.77 251.56 165.21 212.04 180.13
SeEF 268.90 2199.97 673.45 1515.62 318.03
La 1.65 3.01 1.72 2.54 1.18
Ce 3.28 5.92 2.85 4.51 2.49
Pr 0.38 0.69 0.37 0.54 0.31
Nd 1.67 3.06 1.61 2.20 1.32
Sm 0.37 0.70 0.33 0.41 0.26
Eu 0.21 0.45 0.18 0.23 0.15
Gd 0.42 0.79 0.40 0.41 0.33
Tb 0.05 0.09 0.05 0.04 0.04
Dy 0.35 0.59 0.26 0.23 0.22
Ho 0.07 0.12 0.05 0.04 0.04
Er 0.20 0.36 0.15 0.13 0.13
Tm 0.03 0.05 0.02 0.02 0.02
Yb 0.20 0.38 0.15 0.12 0.13
Lu 0.03 0.05 0.02 0.02 0.02
Th 0.24 0.14 0.17 0.11 0.12
U 0.21 0.11 0.21 0.18 0.20
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δ13C-org ranging between − 29.8 ‰ and − 36.5 ‰ (Fig. 9) and attributed 
it to the Calvin cycle pathway of CO2 fixation used by cyanobacteria. 
Our study of the carbon isotope of the bulk organic composition of the 
Girar-Baraitha BIF samples shows δ13C-org ranging between − 27.8 ‰ 
and − 35.2 ‰ (Fig. 9), which is consistent with the reported range. Fig. 6
shows that the δ13C-org range for the Girar-Baraitha BIF significantly 
overlaps with the anoxygenic δ13C-org range reported for anoxygenic 
photosynthesizers, methanogenic bacteria, methanotrophic bacteria, 
eukaryotic algae, and to some extent cyanobacteria whereas showing 
insignificant overlapping with the range reported for fungi (including 
fungal spores) (Fig. 9). According to the molecular (Sánchez-Baracaldo 

et al., 2017) and palaeontological studies (Bengtson et al., 2017; But-
terfield, 2000), eukaryotic algae appeared between the late Meso-
proterozoic and early Neoproterozoic. This narrows the possible 
affinities for the Huroniospora-like fossils discovered in the 
Girar-Baraitha BIF to anoxygenic photosynthesizers, methanogenic 
archaea, methanotrophic bacteria, and to some extent cyanobacteria. 
This circumstantial evidence indicates anaerobic oxidation of Fe2+ to 
Fe3+ as a major pathway for the formation of Girar-Baraitha BIF. 
Additionally, the organic carbon content in the BIFs from Girar-Baraitha 
(0.01–0.03 %) is consistent with previous data (Thompson et al., 2019), 
indicating the presence of chemolithoautotrophic and/or 

Fig. 7. a) Cerium anomaly vs. Praseodymium anomaly plot for the Girar-Baraitha BIF, along with published data from the Girar, Babina, and Mauranipur BIF 
(Slabunov et al., 2024), indicating no Cerium or Lanthanum anomaly in the Girar-Baraitha BIF samples. (b) REE + Y pattern of the Girar-Baraitha BIF displaying a 
significant positive Europium anomaly, closely resembling high-temperature hydrothermal fluids. (c) Sm/Yb vs. Eu/Sm plot illustrating the mixing of hydrothermal 
fluids with seawater, with a ratio ranging between 1:1000 and 1:100 (Alexander et al., 2008; Alibo and Nozaki, 1999; Bau and Dulski, 1999).
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microaerophilic organisms under low-oxygen conditions (Konhauser 
et al., 2002; Smith et al., 2013).

5.2. Sourcing of Fe2+ for the BIF

The PAAS normalized REE profile of Girar-Baraitha BIF shows a lack 
of negative or positive Ce anomalies but a significant positive Eu/Eu* 
(Fig. 7a and b). This REE + Y pattern is usual to that found in Pre-GOE 
BIFs (Alexander et al., 2008; Konhauser et al., 2017; Wang et al., 2024a, 
2024b) and can be explained by a combination of contemporary 
seawater to hydrothermal fluid (Alexander et al., 2008; Alibo and 
Nozaki, 1999; Barrett et al., 1988; Bau and Dulski, 1999; Dymek and 
Klein, 1988; Klein and Beukes, 1989). The Sm/Yb vs Eu/Sm plot (Fig. 7b 
and c) shows the mixing of hydrothermal fluids with the seawater in a 
ratio ranging between 1:1000 and 1:100 (Fig. 7c). A large positive 
Eu/Eu* (>2) suggests that the Fe in the Girar-Baraitha BIF was hydro-
thermally derived because it is generally assumed that Fe and REE + Y 
will not be fractionated during transport from deep-sea spreading ridges 
or other exhalation centers due to the high sorption capacity of 
Fe3+–oxyhydroxides (Danielson et al., 1992; Michard and Albarède, 
1986; Slack et al., 2007, 2009). Nevertheless, the erosion of the 
Eu-enriched Archean continental crust can also raise Eu concentrations 
(Bolhar et al., 2004; Taylor and McLennan, 1986). It has long been 
believed that changes in hydrothermal flux are recorded by secular 
trends in the magnitude of Eu anomalies in large Superior-type BIFs (Bau 
and Möller, 1993; Danielson et al., 1992; Derry and Jacobsen, 1990; 
Sreenivas and Murakami, 2005; Viehmann et al., 2015). Comparison of 
the Girar-Baraitha Eu/Eu* data with the BIF records from the Precam-
brian period (Fig. 10) indicates that the Girar-Baraitha BIF deposition 
was associated with an increased influx of the hydrothermal fluids in the 
global concurrent ocean (~2.85 Ga). High amounts of dissolved Fe2+

may have been supported by the anoxic ocean waters of this era.
The Y/Ho ratio of the Girar-Baraitha BIF ranges between 27.6 and 

31.7 with an average value of 29.1 (Fig. 8). This average Y/Ho ratio is 
consistent with the Girar-BIF average (Y/Ho = 31) reported by Slabunov 
et al. (2024), closely approximates the chondritic values (Y/Ho = 28), 
but is much lesser than the superchondritic value for the ocean (44–47) 
(Bau and Dulski, 1999). Y concentrations are conservative in the modern 
oxidized ocean, where saltwater and hydrothermal fluids mix close to 
vent orifices. Conversely, when Fe2+ starts to quickly oxidize to Fe3+ as 

Fig. 8. Y/Ho vs. Zr plot showing a statistically significant negative correlation.

Table 2 
⸹13C-org and Total organic carbon content (TOC) in the bulk Girar-Baraitha BIF 
samples. R denotes the repeat analysis.

Sample TOC ⸹13C-org (‰)

BIF-1 0.02 − 27.85
BIF-2 0.02 − 30.34
BIF-3 0.01 − 28.81
BIF-4 0.03 − 34.57
BIF-4R 0.02 − 34.61
BIF-5 0.02 − 35.22

Fig. 9. The δ13C-org values of various potential carbon sources, including marine bicarbonate and dissolved CO2, alongside biological contributions from anoxygenic 
photosynthesizers, methanogenic bacteria, and eukaryotic algae (Schidlowski, 2001). Also shown are δ13C-org values for fungi (Courty et al., 2011; Hobbie and 
Boyce, 2010; Mayor et al., 2009; Ogura-Tsujita and Yukawa, 2008; Suetsugu et al., 2020), Huroniospora (House et al., 2000; Williford et al., 2013), and the 
Girar-Baraitha BIF (this study). This comparison helps assess the potential biological and geochemical sources contributing to the carbon isotopic signature of the 
Girar-Baraitha BIF.
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soon as it is released from the vents, precipitating Fe-oxyhydroxides 
partially adsorbs REEs from the hydrothermal fluids, resulting in a sig-
nificant drop in sedimentary Y/Ho ratios in comparison to seawater (Bau 
and Dulski, 1999). Experiments have shown that fractionation in river 
and estuary systems is minimal and has little effect on the relative 
abundance of Y and Ho in the ocean, despite the fact that the Y/Ho ratio 
for rivers and estuaries falls between the values of saltwater and conti-
nental rocks (Nozaki et al., 1997). Consistently low concentration of 
terrigenous detrital-bound conservative elements such as Sc, Zr, and Th 
in the Girar-Baraitha BIF, suggests low input of terrigenous material in 
the depositional environment. Hence, the Girar-Baraitha BIF was most 

likely deposited in an offshore setting close to an active hydrothermal 
site. However, the Y/Ho ratios exhibit a negative association with Zr (R 
= 0.670, Fig. 8), which means even though terrigenous detrital input 
was low, it influenced the real Y/Ho ratio, creating the appearance of a 
relatively low average Y/Ho ratio. Among the five samples, four of the 
BIF samples have chondritic ratios (Fig. 8), which are consistent with a 
hydrothermal origin. In conclusion, a hydrothermal source rather than a 
terrigenous input is thought to be more closely associated with the 
provenance of the Girar-Baraitha BIF.

5.3. Fe2+–Fe3+ oxidation mechanism

There are four main proposed pathways for the oxidation of Fe2+ to 
Fe3+ in pre-GOE oceans: 1) photocatalytic oxidation by UV radiation 
(Braterman et al., 1983), and 2) direct oxidation by anoxygenic photo-
synthesis (Konhauser et al., 2002; Kappler and Straub, 2005), 3) direct 
abiotic oxidation by O2 produced by oxygenic photosynthesizers 
(Fig. 11), 4) Paragenesis of greenalite over geological time scale (Nke 
et al., 2024; Rasmussen et al., 2021).

According to mass-balance calculations and considerations, the 
amount of oxidants (hydrogen peroxide) that could be produced by UV 
photo-oxidation of water is found orders of magnitude too small to ac-
count for the Fe3+ sedimentation needed to form BIF (Pecoits et al., 
2015). Therefore, it appears doubtful that UV photooxidation served as 
the primary mechanism of Fe3+ for the deposition of big BIFs, even 
though it is still feasible that it played a role in IF precipitation.

Although greenalite and other Fe2+-rich phases have been proposed 
as potential precursors to iron formation (IF) deposition (Nke et al., 
2024; Rasmussen et al., 2021), multiple lines of evidence challenge this 
interpretation (Konhauser et al., 2017; Robbins et al., 2019). The 
requirement for post-depositional oxidation of Fe2+ to Fe3+ conflicts 
with the paragenetic sequence and low-temperature isotopic signatures 
observed in the Dales Gorge Member (Li et al., 2013), which are 
inconsistent with high-temperature fluid migration scenarios. Addi-
tionally, the experimental pH conditions necessary for greenalite pre-
cipitation (7.75–8.3) are not supported by geochemical models of 
Archean seawater (6.5–7) (Halevy and Bachan, 2017), though they may 
occur locally during diagenesis. Overall, these constraints argue against 
greenalite as a primary precipitate in BIFs, supporting Fe3+-oxyhydr-
oxides or Fe3+-Si gels as more plausible primary phases.

Archean oceans are typically suggested to have negligible to no free 
molecular oxygen before the onset of GOE (Lyons et al., 2014; Planavsky 
et al., 2010; Warke et al., 2020). However, recent studies (Luskin et al., 

Fig. 10. Post-Archean Average Shale (PAAS)-normalized Europium anomaly 
variations in BIFs from the Precambrian time frame (Konhauser et al., 2017). 
Data from the Girar-Baraitha BIF (this study) are plotted alongside published 
data from the Girar BIF (Slabunov et al., 2024). Additionally, published Euro-
pium anomaly data for the Babina and Mauranipur BIFs (Slabunov et al., 2024) 
are included for comparison. This plot highlights variations in hydrothermal 
influence across different BIF deposits.

Fig. 11. Schematic model illustrating the possible sources of Fe2+ and the potential pathways for its oxidation to Fe3+ in the Girar-Baraitha Basin. The model 
considers hydrothermal inputs, continental weathering, and microbial processes as primary Fe2+ sources. Oxidation pathways include abiotic oxidation, oxygenic 
photosynthesis, and anoxygenic photosynthetic iron oxidation mediated by phototrophic bacteria. This framework provides insights into the redox conditions and 
biogeochemical cycling of iron in the basin.

A.H. Ansari et al.                                                                                                                                                                                                                               Evolving Earth 3 (2025) 100073 

11 



2019; Ostrander et al., 2019, 2021, 2024; Peng et al., 2022) have 
inferred oxygenic photosynthesis occurring on a local scale during 
pre-GOE. Thus, the question remains open whether Fe2+ to Fe3+

oxidation was caused by anaerobic phototrophic iron-oxidizing bacteria 
(Konhauser et al., 2002; Walter et al., 2014) or oxygen-producing 
photosynthetic bacteria (Klein and Beukes, 1989). The organic carbon 
isotope data from the spheroidal fossiliferous Girar-Baraitha BIF support 
the major role of anoxygenic photosynthesizers rather than the role of 
oxygen-producing cyanobacteria (Fig. 9).

The consistently low total organic carbon (TOC) observed in Archean 
banded iron formations (BIFs) likely reflects both environmental con-
straints and post-depositional processes. During the Archean, biological 
productivity was limited, particularly due to the absence or early stages 
of oxygenic photosynthesis, resulting in reduced organic carbon input to 
marine sediments. Simultaneously, the ferruginous nature of Archean 
oceans, with abundant dissolved Fe2+‒favored the rapid formation of 
iron oxides, which may have facilitated the oxidation and breakdown of 
organic material. Furthermore, the scarcity of clay and detrital minerals 
in many BIFs would have limited the physical protection of organic 
matter, making it more susceptible to degradation. Over time, thermal 
alteration and redox-driven diagenesis or metamorphism may have 
further diminished TOC by converting residual organic compounds into 
graphite or gaseous forms. These combined factors explain the charac-
teristically low organic carbon content in Archean BIFs.

6. Conclusions

This study confirms the presence of Huroniospora-like microfossils in 
the Mesoarchean Girar Banded Iron Formation (BIF) of the Bundelkhand 
craton, representing the oldest convincing record of microfossils from 
BIF to date. Morphological and isotopic evidence suggests that while 
these microfossils bear a resemblance to Huroniospora, they cannot be 
described by one distinct metabolic pathway. Instead, the δ13C-org 
values point to affinities with anoxygenic photosynthesisers, methano-
genic archaea, methanotrophic bacteria, and, to a limited extent, cya-
nobacteria. The study proposes two primary mechanisms for Fe2+

oxidation: biotic oxidation mediated by anaerobic phototrophs (photo-
ferrotrophs) and abiotic oxidation via dissolved O2 under suboxic con-
ditions, with the former being dominant, particularly around or below 
the shallow chemocline. Geochemical proxies, specifically Sm/Yb versus 
Eu/Sm ratios, indicate a significant influence of hydrothermal fluids 
mixed with seawater at ratios ranging from 1:1000 to 1:100. The 
shallow marine setting likely experienced mildly elevated levels of dis-
solved oxygen, reaching suboxic conditions conducive to limited abiotic 
oxidation of Fe2+. Collectively, these observations provide potential 
evidence for microbial mediation in Precambrian iron deposition and 
support the view that oxygenic photosynthesis was not the principal 
mechanism driving early BIF formation, underscoring the importance of 
anaerobic microbial processes in Earth’s early iron cycle.
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