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ABSTRACT

It is widely believed that atmospheric oxygen saturation rose from <10® Present
Atmospheric Level (PAL) in the Archean to >102 PAL at the Great Oxidation Event
(GOE) around 2.4 billion years ago, but it is unclear if any earlier oxygenation events
occurred. Here we report U-Pb zircon data indicating a pyrophyllite-bearing paleosol,
from Keonjhar in the Precambrian Singhbhum Craton of eastern India, formed
between 3.29 and 3.02 billion years ago, making it one of very few known Archean
paleosols globally. Field and geochemical evidence suggests that the upper part of the
paleosol was eroded prior to unconformable deposition of an overlying sequence of
shallow-marine siliciclastic sediments. A negative cerium anomaly within the currently
preserved level of the paleosol indicates that ancient oxidative weathering occurred in
the original upper soil profile. The presence of redox sensitive detrital uraninite and
pyrite together with a complete absence of pyrophyllite in the overlying sediments

indicate that the mineralogical and geochemical features of the paleosol were
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established prior to unconformable deposition of the sediments and are not related to
subsequent diagenetic or hydrothermal effects. We suggest a transient atmospheric
oxygenation event occurred at least 600 million years prior to the GOE and
approximately 60 million years prior to a previously documented Archean oxygenation
event. We propose that several pulsed and short-lived oxygenation events are likely to
have occurred prior to the GOE and that these changes to atmospheric composition

arose due to the presence of organisms capable of oxygenic photosynthesis.
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INTRODUCTION

Paleosols are ancient soil horizons formed by terrestrial weathering of rock surfaces.
They preserve chemical records of atmospheric composition and various biotic or abiotic
mediated chemical weathering pathways at the time of their formation. Paleosols from “deep
time” provide a valuable opportunity to study evolution of the early atmosphere and
emergence of distinct processes on Earth (Bekker et al., 2004; Holland, 2006). Very few
Archean paleosols have been documented worldwide; these include the Pilbara (Johnson et
al., 2008; 3.4 billion years (Ga) old), Nsuze (Crowe et al., 2013; c. 2.96 Ga) and Mt Roe
(Macfarlane et al., 1994; 2.76 Ga) paleosols. The Pilbara and Mt. Roe paleosols, both of
which occur in Pilbara NW Australia, indicate surface weathering took place in an oxygen
poor atmosphere (Macfarlane et al., 1994; Yang et al., 2002), although controversy exists
surrounding the Mt Roe Paleosols in that some studies suggest oxygen was present (Ohmoto,
1996; Phillippot et al., 2013). Recent work on the Nsuze Paleosol (Crowe et al., 2013) from
the Pongola Supergroup of South Africa suggests that by 2.96 Ga oxygen levels had risen to
at least 3 X 10 PAL, thus extending the chemical record of the first appreciable levels of
atmospheric oxygen by about 500 million years.

Here we describe a previously undated supra-crustal sequence in the Singhbhum Craton
of eastern India. We demonstrate that a paleosol, termed the Keonjhar Paleosol, formed
between 3.29 and 3.02 Ga and did so in the presence of molecular oxygen. This is the world’s
oldest documented example of oxidative weathering. These findings further push back the
age at which a pre-GOE oxygenation of the Earth’s atmosphere occurred. By integrating our
findings with those from Archean supra-crustal rocks, we give additional support to proposed
models for both a pre-GOE oxygenation (Anbar, 2007; Crowe et al., 2013; Planavsky et al.,
2014) and fluctuating Archean atmospheric oxygen levels (Lyons et al., 2014; Rosing & Frei,

2004).
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GEOLOGICAL SETTING

The Keonjhar Paleosol has previously been described; however there have been no
radiometric age constraints on its formation and it was speculated to be Palaeoproterozoic in
age (Bandopadhyay et al., 2010). The paleosol occurs between a Paleo- to Mesoarchean (3.3
to 3.1 Ga) multi-component tonalite-trondhjemite-grandiorite (TTG) batholith known as the
Singhbhum Granite and a thick unconformable succession of shallow-marine quartzarenite
sandstones and interbedded conglomerates (Fig. 1A). These siliciclastic sediments are exposed
along a near continuous outcrop bordering a Paleoarchean (3.51 to 3.3 Ga) greenstone belt
termed the Iron Ore Group (Mukhopadhyay et al., 2008; Mukhopadhyay et al., 2012). The
quartzarenite sandstones are known as the Mahagiri Quartzite in the southeast and the Pal
Lahara-Mankaharchua Quartzite in the west, along a southeast-northwest transect of over 100
km from the town of Keonjhar (Fig. 1A). One part of the sandstone outcrop also extends
north for over 80 km from Keonjhar. A clear angular unconformity exists between the
sandstones and underlying greenstone belt rocks as well as the TTG granitoids
(Mukhopadhyay et al., 2012). The best exposures of Keonjhar Paleosol occur around
Madrangijori village, 6 km north of Keonjhar (Fig. 1A). Here quartzarenite sandstones can be
observed unconformably overlying the paleosol (Fig. 1B), which passes downwards into
altered granite. The paleosol thickness varies from one metre to more than six metres and is
distinguished by its contrasting pale colour and talc-like feel. Petrographically the paleosol is
dominantly composed of pyrophyllite and quartz (Fig. 1C), with subordinate amounts of illite
and muscovite. Pyrophyllite formed from kaolinite and quartz in very low grade metamorphic
conditions, whereas kaolinite formed due to chemical weathering of feldspar from the original
granite. Pyrophyllite does not occur in the overlying sediments; therefore the chemical

weathering which originally resulted in formation of the paleosol predates deposition of the
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unconformably overlying sediments. The siliciclastics from this region contain detrital
uraninite and pyrite (Fig. 1D, E), which have also previously been described from quartz
pebble conglomerates near the western margin of the Bonai Granite (Fig. 1) (Kumar et al.,
2012). The presence of detrital uraninite and pyrite is significant in that they illustrate surface
oxygen conditions did not exceed 10° PAL (Canfield et al., 2000) at the time of their

deposition.

AGE OF THE KEONJHAR PALEOSOL

A component of the Singhbhum Granite, termed the Keonjhara-Bhaunra Granite, forms the
“basement” to the paleosol. It has been dated at c. 3.29 Ga (Tait et al., 2011) and represents
the oldest possible age of formation of the Keonjhar Paleosol. Here we present U-Pb detrital
zircon age spectra from seven representative samples (Table DR1) of the entire quartzarenite
sandstone outcrop belt. Our samples cover an extensive geographic area (Fig. 1), so constitute
representative detrital zircon populations to limit the sedimentation age of the sandstones and
provide an upper age bracket for the formation of the Keonjhar Paleosol. U-Pb detrital zircon
ages from seven samples and 431 out of 770 analyses which are less than 10% discordant
reveal detrital zircons between c. 3.58 and 3.02 Ga (Fig. 2A). The youngest detrital zircon
population (3.02 Ga) was derived from a source significantly younger than the underlying
granite. Overall, detrital zircon data indicate sandstones formed by recycling of several
sources of pre-existing zircon-bearing differentiated crust. It is not possible to accurately
estimate the time span between formation of the Keonjhar Paleosol and a change in relative
sea level which resulted in unconformable deposition of the overlying siliciclastic sediments.
The Keonjhar Paleosol is therefore conservatively constrained as having formed between
crystallisation of the Keonjhara-Bhaunra Granite and the youngest detrital zircon population

in the overlying sandstones; between 3.29 and 3.02 Ga. Consideration is also given to the
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possibility that the sediments may be considerably younger than suggested by the youngest
detrital zircons. The presence of redox-sensitive detrital pyrite and uraninite in these
sediments signifies pre-GOE deposition which could potentially be compatible with an
earliest Paleoproterozoic age. Other stratigraphic units now preserved in different parts of the
Singhbhum Craton (e.g. Dhanjori, Singhbhum and Kolhan Groups) contain abundant detrital
zircons ranging from Neoarchean to Paleoproterozoic or Mesoproterozoic in age (Acharyya
et al., 2010 and our unpublished U-Pb detrital zircon data from the Kolhan Group). In this
respect, the absence of Proterozoic detrital zircons from the siliciclastic sediments
immediately overlying the Keonjhar Paleosol is a direct consequence of their Archean
depositional age and is not an artefact of the restricted availability of younger zircons in the
supracrustals of this region. Additionally, we have observed 2.8 Ga granitoids (Misra et al.,
2000) intruding Mahagiri Range quartzarenites (DT area in Fig. 1A), thus giving a minimum
2.8 Ga age to this entire Archean supra-crustal succession. This unequivocally places the
Keonjhar Paleosol as amongst the oldest known such example on Earth, having formed

sometime between the Pilbara and Nusze paleosols.

GEOCHEMISTRY OF THE PALEOSOL

Major, trace and Rare Earth Element (REE) compositions Keonjhar Paleosol samples
devoid of surficial weathering have been determined (Table DR2). In order to characterize
the alteration profile molar ratios of (i) immobile, (ii) redox sensitive and (iii) mobile
elements are plotted relative to Ti (Fig. 2B), as the latter is considered relatively immobile
during weathering. Exposures of unaltered “basement” granite were not observed in paleosol
sample locations, so for comparative purposes nearby fresh Keonjhar-Bhaunra Granite (Fig.
1) compositions (Tait et al., 2011) have been selected to assess chemical alteration with

respect to representative paleosol protolith compositions. Paleosol immobile element ratios
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(e.g. Al/Ti, Nb/Ti, Ga/Ti and Y/Ti) are generally within ranges shown by the granite,
indicating the paleosol is in situ. A decrease in Th/Ti paleosol values suggests mobility of Th
and likely involvement of acidic fluids during pedogenesis (Langmuir, 1997). Redox
sensitive element ratios such as Fer/Ti and Mn/Ti are lower in the paleosol profile, whereas
V/Ti is generally higher relative to the granite, suggesting an original reducing soil
environment at these sampled depths. Mobile element concentrations relative to Ti (e.g.
Ca/Ti, Na/Ti, Cs/Ti, Mg/Ti, Ni/Ti and Zn/Ti) show a marked depletion from the granite
protolith to the paleosol, characteristic of leached weathering profiles, particularly in humid
climates. K/Ti, Rb/Ti and A-CN-K plots of two samples show alkali element enrichment
which may have occurred during K-metasomatism, but overall this is a minor geochemical
feature which has not affected the other analyzed samples.

Chondrite normalized paleosol REE profiles show negative Ce and Eu anomalies.
When normalized to the “basement” granite significant fractionation of paleosol REE is
evident (Fig. 2C). Heavy (H) REE are several orders of magnitude enriched compared to light
(L) REE; this may occur following intensive chemical weathering (Yusoff et al., 2013),
especially when organic-rich topsoil exists (Nesbitt, 1977). Organic-rich soil waters at
lowered pH are particularly aggressive in removing REE (Nesbitt & Marcovics, 1997).
Estimates of Archean atmospheric CO, concentration are 10* PAL, which may have resulted
in a rainwater pH of c. 4.6 (Ohmoto et al., 2004). Incipiently and moderately altered rocks are
known to be particularly enriched in HREE in alteration zones from lower parts of soil
profiles, while extremely altered residual products in upper parts are commonly depleted in
HREE (Nesbitt, 1977; Yusoff et al., 2013; Berger et al.,, 2014). Preferential HREE
enrichment in the preserved portion of the Keonjhar Paleosol profile, as well as lower Fet/Ti
and Mn/Ti and higher V/Ti with respect to the granite protolith therefore indicate the

preserved level of the paleosol most likely represents the lower part of the original soil profile
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and alteration zone. Significantly, all paleosol samples show true negative Ce anomalies,
calculated as chondrite normalized Ce/Ce*-Pr/Pr* (Fig. 2C). The presence of a negative Ce-
anomaly and HREE enrichment in the Keonjhar Paleosol suggest development of a zoned
soil profile analogous to modern tropical “lateritic” profiles with distinct wet and dry seasons
(Fitzpatrick, 1986). In lateritic soil profiles the upper part is oxidized where Mn and Fe oxy-
hydroxides accumulate as a Fe-Mn duricrust (Duzgoren-Aydin & Aydin, 2009). The pallid
zone immediately below the duricrust bears signatures of a reducing environment from which
soluble Fe?* and Mn?* migrate and precipitate at the top oxidized part during dry seasons
(Beukes et al., 2002). Negative Ce anomalies may form in regions of the soil profile where
REE except Ce have accumulated from an overlying oxidized zone. This occurs when Ce*" is
transformed to the highly immobile Ce**, possibly involving cerianite (Ce™02)
precipitation, so that Ce retained in the upper soil profile and fractionated with respect to
trivalent REE (Berger et al., 2014). In this way, Ce is preferentially retained with Mn and Fe
oxy-hydroxides in a lateritic duricrust. The Keonjhar Paleosol now preserved below the
sandstone likely represents the pallid alteration zone of the lower part of a “lateritic” soil
profile marked by the characteristic Fe, Mn depletion, HREE enrichment and a negative Ce-
anomaly.

It is highly significant that siliciclastic sediments unconformably overlying the
paleosol do not demonstrate any mineralogical evidence for Fe-Mn enrichment. Furthermore,
there is no silicification, albitization or enrichment of diagnostic elements (e.g. Zn, Cu, W,
Sn, Mo) to support hydrothermal fluid passage along the granite-sandstone unconformity.
The described mineralogical and geochemical features of the Keonjhar Paleosol therefore
formed during a period of chemical weathering when the granite surface was exposed to the

atmosphere and that this occurred prior to deposition of the overlying siliciclastic sequence.
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CONCLUSIONS

The presence of both oxidative weathering in the Keonjhar Paleosol and the presence
of redox sensitive minerals in the overlying quartzarenite may either signify a decrease in
atmospheric oxygen between paleosol formation and deposition of the overlying siliciclastics,
or alternatively that atmospheric oxygen was sustained at a relatively narrow concentration
interval (between c. 10 and 10 PAL) capable of sustaining both these features. Formation
of the Keonjhar Paleosol signifies the presence of molecular oxygen at levels above those
which could have been produced by photo-dissociation of atmospheric water alone (Kasting
and Walker, 1981). We propose this early, transient atmospheric oxygenation was due the
existence of micro-organisms capable of oxygenic photosynthesis. This is dramatically earlier
than most previous estimates for the development of photosynthesis (Des Marais, 2000;
Farquhar et al., 2011), but is not inconsistent with its development as a metabolic process
prior to the evolution of an entire genome for a photosynthetic organism (Xiong et al., 2000).

Previous attempts to compile chemical and isotopic data from Archean paleosols have
been limited by the small number of definite paleosols known from early Earth history (Rye
and Holland, 1998). Our study of the Keonjhar Paleosol highlights the importance of new
discoveries of such horizons in constraining atmospheric evolution at a higher temporal
resolution. These rare examples of paleosols from deep time provide the potential to link
geological, biological and environmental evidence to build a more comprehensive

understanding of secular changes in the early Earth System.
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FIGURE CAPTIONS

Figure 1A. Simplified geological map of the southern part of the Singhbhum Craton showing
distribution of siliciclastic sediments unconformably overlying the Keonjhar Paleosol,
Singhbhum Granite & Iron Ore Group greenstone. 1B. Field photograph of the paleosol
overlain by quartzarenite sandstone (hammer rests on uneven basal erosional surface). 1C.
BSEM image of detrital uraninite from quartzarenite and EDS spectrum showing uranium
(V), lead (Pb) and oxygen (O) peaks. 1D BSEM image showing detrital pyrite (p) and

uraninite (u) in quartzarenite. 1E. SEM image of pyrophyllite in the paleosol.

Figure 2A. Probability-age plot of 431 detrital zircon analyses (<10% discordant) from seven
quartzarenite sandstone samples overlying the Keonjhar Paleosol. The youngest zircon
population, indicated with an arrow, occurs at 3.02 Ga. The timing of the Great Oxygenation
Event (GOE) as well as ages for formation for the Mt. Roe, Nsuze and Pilbara paleosols are
indicated. 2B. Geochemical plots of paleosol samples. For Ti-normalized plots of paleosol
samples, note enrichment/depletion with respect to basement granite shown as circles at base
of each plot. 1C. REE composition of the Keonjhar Paleosol. Note HREE enrichment and
negative Ce-anomaly in the paleosol with respect to granite protolith. Comparison with Pr-

anomaly rules out effects of La-enrichment.
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Table DR1.

LA-ICP-MS U-Pb detrital zircon data from quartzarenites from Mahagiri, Pal-Lahara-
Mankaharchua Range and from north of Keonjhar. Percentage discordance calculated as a
difference betweeen ?°’Pb/?°°Pb and 2°°Ph/**U ages. Analyses marked * are >10% discordant
and are not used in construction of the probability diagram. 431 out of 770 analyses are <10%

discordant.

Table DR2.
Major (wt%) and trace element (ppm) concentrations of samples from Keonjhar Paleosol

profile.

Online Section

FULL METHODS

Major, trace and rare earth element analyses were carried out at the ACME Analytical
Laboratories (Vancouver) Ltd. Major elements were determined using a SPECTRO ARCOS
ICP-optical emission spectrometer (ICP-OES) following a lithium borate fusion and dilute
acid digestion. Loss on ignition (LOI) was determined by sintering at 1000°C and Leco
analysis was carried out for total carbon and sulphur. Trace element concentrations, including

rare earth elements (REE), were carried out using a NexION 300 ICP-MS.

All sandstone samples for the U-Pb zircon aspect of the study were prepared and
analysed at Trinity College Dublin, Ireland. Rocks were crushed, milled using a Retsch®
DM-200 disc mill fitted with manganese steel grinding discs, sieved to 300um with the finer
grained fraction separated using a Gemini® mineral separation table, a Frantz® magnetic
separator (to 1.0A) and finally a methelyene iodide heavy liquid separation. Following

mineral separation zircon from each sample was pipetted in ethanol and mounted in an epoxy
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grain mount, ground down to expose grain interiors and polished using 6pm and 1 diamond
pastes. A Photon Machines Analyte Excite laser ablation system with a 30pum spot size was
used for ablations using the following settings: 28% power, repetition rate of 4Hz and 180
shot counts. This equates to a fluence of 3.3 J cm™and an ablation pit depth of approximately
15um. The laser ablation system was coupled to a Thermo Scientific iCAP® (model S)
quadrupole ICP-MS for isotope ratio measurements. Ablated material was transported to the
plasma using ultrahigh purity He which was passed through an inline Hg trap. High purity Ar
was employed as the plasma gas. 91500 (Wiedenbeck et al., 2004) was used as the primary
zircon standard to corrected for any laser or plasma induced fractionation. Both Temora
(Black et al., 2003) and PleSovice (Slama et al., 2008) zircon were used as secondary
standards to assess accuracy and reproducibility. Typically two primary and two secondary
standard analyses were conducted for every 10 to 15 unknowns. Raw data were processed
using the VizualAge data reduction scheme (Petrus and Kamber, 2012) operating within
lolite (Paton et al., 2011). Secondary standard data from several separate analytical sessions
give °Pb/?*®U ages of 417.6+3.1 Ma (MSWD=5.6) for Temora-1 and 337.2+2.0 Ma
(MSWD=8.0) for Plesovice, which are within error of accepted values of 416.75+0.24 Ma
(Black et al., 2003) and 337.13+0.37 Ma (Slama et al., 2008) respectively. All U-Pb analyses
reported are non-common Pb corrected. A 2®Pb/?*®U versus ?°’Pb/*®Pb age discordance was
calculated for all unknowns and only analyses less than 10% discordant were used in

construction of probability-age diagrams using Isoplot (Ludwig, 2003).

Black, L. P. et al., 2003, TEMORA 1: A new zircon standard for Phanerozoic U-Pb
geochronology: Chemical Geology, v. 200, p. 155-170.
Ludwig, K. R., 2003, Isoplot / Ex 3.00. A geochronological toolkit for Microsoft Excel:

Special Publication 4, Berkeley Geochronological Center (Berkeley, CA, USA), 70 p.
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MS U-Pb Geochronology Data Reduction: Geostandards and Geoanalytical Research,
v. 36, p. 247-270.

Slama, J. et al., 2008, Plésovice zircon — A new natural reference material for U-Pb and Hf
isotopic microanalysis: Chemical Geology, v. 249, p. 1-35.

Wiedenbeck, M., et al., 2004, Further characterization of the 91500 zircon crystal:
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