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Abstract
New U–Pb age and Hf isotope data obtained on detrital zircon grains from Au- and U-bearing Archaean quartz-pebble con-
glomerates in the Singhbhum Craton, eastern India, specifically the Upper Iron Ore Group in the Badampahar Greenstone 
Belt and the Phuljhari Formation below the Dhanjori Group provide insights into the zircon provenance and maximum age 
of sediment deposition. The most concordant, least disturbed 207Pb/206Pb ages cover the entire range of known magmatic 
and higher grade metamorphic events in the craton from 3.48 to 3.06 Ga and show a broad maximum between 3.38 and 
3.18 Ga. This overlap is also mimicked by Lu–Hf isotope analyses, which returned a wide range in εHf(t) values from + 6 
to − 5, in agreement with the range known from zircon grains in igneous and metamorphic rocks in the Singhbhum Craton. 
A smaller but distinct age peak centred at 3.06 Ga corresponds to the age of the last major magmatic intrusive event, the 
emplacement of the Mayurbhanj Granite and associated gabbro, picrite and anorthosite. Thus, these intrusive rocks must form 
a basement rather than being intrusive into the studied conglomerates as previously interpreted. The corresponding detrital 
zircon grains all have a subchondritic Hf isotopic composition. The youngest reliable zircon ages of 3.03 Ga in the case of 
the basal Upper Iron Ore Group in the east of the craton and 3.00 Ga for the Phuljhari Formation set an upper limit on the 
age of conglomerate sedimentation. Previously published detrital zircon age data from similarly Au-bearing conglomerates 
in the Mahagiri Quartzite in the Upper Iron Ore Group in the south of the craton gave a somewhat younger maximum age 
of sedimentation of 2.91 Ga. There, the lower limit on sedimentation is given by an intrusive relationship with a c. 2.8 Ga 
granite. The time window thus defined for conglomerate deposition on the Singhbhum Craton is almost identical to the age 
span established for the, in places, Au- and U-rich conglomerates in the Kaapvaal Craton of South Africa: the 2.98–2.78 Ga 
Dominion Group and Witwatersrand Supergroup in South Africa. Since the recognition of first major concentration of gold 
on Earth’s surface by microbial activity having taken place at around 2.9 Ga, independent of the nature of the hinterland, the 
above similarity in age substantially increases the potential for discovering Witwatersrand-type gold and/or uranium deposits 
on the Singhbhum Craton. Further age constraints are needed there, however, to distinguish between supposedly less fertile 
(with respect to Au) > 2.9 Ga and more fertile < 2.9 Ga successions.
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Introduction

For decades, Archaean conglomerates have been the focus 
of attention by academics as well as exploration companies 
because of their specific detrital mineral assemblage, that 
is, detrital pyrite, uraninite and, in places, gold, as well as 
their local association with carbon-rich material, perceived 
by many as relics of very early life forms. Such conglomer-
ates are known from all continents (except Antarctica) and 
several of them gained fame for their endowment in gold 
and/or uranium minerals as exemplified by the world’s 
largest known accumulation of gold in Mesoarchaean con-
glomerates of the Witwatersrand Basin in South Africa. 
Over more than a century of mining there, these conglom-
erates yielded a total of > 53,000 metric tons (t) of gold 
(Frimmel and Nwaila 2020), which is approximately 26% 
of all gold ever mined. Mining there left behind almost 
1 Mt  U3O8 in various waste tailings and > 200 kt  U3O8 
remain as resource in some of the conglomerates (Frimmel 
2019). Gold enrichment of Archaean conglomerates has 
been ascribed to initial microbial gold fixation by possibly 
early photosynthesizing cyanobacteria in fluvial and lit-
toral environments and subsequent mechanical reworking 
of such gold-bearing microbial mats to form rich placer 
deposits (Horscroft et  al. 2011; Frimmel 2014, 2018; 
Heinrich 2015), although opposing views postulating an 
entirely hydrothermal origin are also debated (e.g. Fuchs 
et al. 2021). The enrichment in uranium is best explained 
by the preservation of detrital uraninite grains under an 
essentially oxygen-free Archaean atmosphere (Frimmel 
2005; Burron et al. 2018) — a condition that lasted until 
the Great Oxidation Event (GOE) at around 2.3 Ga (e.g. 
Luo et al. 2016). Not surprisingly, conglomerates younger 
than the GOE are typically devoid of detrital uraninite. 
The same applies to detrital pyrite, which is highly abun-
dant in fluvial conglomerates older than the GOE (Frim-
mel 2014).

The Singhbhum Craton in eastern India (Fig. 1) is one 
of the oldest know preserved land masses with a protracted 
record of sedimentation and magmatism from the Palaeo-
archaean to the Neoproterozoic (e.g. Olierook et al. 2019; 
Prakash Pandey et al. 2019). Several Archaean conglom-
erate units have been described from that craton, some of 
which with elevated gold and uranium tenors (Chakravarti 
et al. 2018). Their age remains, however, poorly constrained, 
thus hindering a proper assessment of their economic poten-
tial. The latter aspect builds upon the notion that syn-dep-
ositional concentration of gold by microbial fixation set in 
on a larger scale only at about 2.9 Ga (Frimmel 2018), in 
which case Palaeo- to early Mesoarchaean conglomerates 
would be of little economic significance for gold mining. 
First U–Pb isotope analyses of detrital zircon grains from 

one of these conglomerates by Sunilkumar et al. (1996) 
gave age data from 3.09 to 3.04 Ga but also younger ages 
from 2.74 to 2.10 Ga. Their preliminary data suffer, how-
ever, from discordance and Pb loss, and consequently, they 
cannot be regarded as reliable. Subsequent attempts to date 
one of the conglomerates at a single locality by Ghosh et al. 
(2019) only led to the recognition that it must be younger 
than 3.25 Ga.

This paper aims at further constraining the age of con-
glomerates in the Singhbhum Craton by providing U–Pb age 
data on detrital zircon grains separated from key outcrops in 
two different geological positions: one in the Badampahar 
Greenstone Belt, where quartz-pebble conglomerate rests on 
top of the greenschist-facies metamorphosed volcano-sed-
imentary Palaeo- to Mesoarchaean Lower Iron Ore Group 
and forms the base of the Upper Iron Ore Group, whose age 
is unknown; and a second, representing the basal conglom-
erate of the Phuljhari Formation, which is stratigraphically 
between 3.38 and 3.25 Ga Singhbhum Suite granitoids and 
the Neoarchaean and/or Palaeoproterozoic Dhanjori Group.

Regional geological framework

The Singhbhum Craton comprises an old Palaeo- to Meso-
archaean basement that is overlain by Neoarchaean to Pal-
aeoproterozoic volcano-sedimentary rocks of the Dhanjori, 
Simlipal and Malangtoli basins (Fig. 1). A central granitic 
to gneissic domain consists of two major lithostratigraphic 
units: (i) the 3.53–3.32 Ga tonalitic-trondhjemitic-granodi-
oritic (TTG) Champua Suite (Upadhyay et al. 2014; Mitra 
et al. 2019; Olierook et al. 2019), previously also referred 
to as the Older Metamorphic Tonalite Gneiss. The Cham-
pua Suite was not derived from juvenile magmas but from 
recycled older continental crust as evidenced by Hadean 
zircon xenocrysts as old as 4240 Ma and zircon Hf isotope 
data (Chaudhuri et al. 2018); (ii) regionally more extensive 
granite and trondhjemite plutons, collectively referred to as 
the Singhbhum Suite, whose age is constrained between 3.38 
and 3.25 Ga (Dey et al. 2020). This includes the 3.308 Ga 
Nilgiri Granite (Dey et al. 2017). The Singhbhum Suite plu-
tons contain enclaves of, or are fringed by, older supracrus-
tal rocks, consisting of micaschist, calc-silicate gneiss and 
amphibolite, lithostratigraphically unified as the Older Meta-
morphic Group. The youngest concordant age obtained on 
detrital zircon of 3375 ± 3 Ma (Nelson et al. 2014) constrains 
the maximum age of deposition of the Older Metamorphic 
Group, concordant U–Pb age of 3317 ± 8 Ma for metamor-
phic rutile (Upadhyay et al., 2014) its minimum age. Several 
episodes of regional metamorphism have been recognized: 
one prior to deposition of the Older Metamorphic Group 
at c. 3.37 Ga and then later-on at c. 3.32 and 3.26 Ga, evi-
denced by the above-mentioned rutile age and U–Pb data for 
metamorphic monazite (Prabhakar and Bhattacharya 2013; 
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see also Hofmann and Mazumder 2015). This was followed 
by regional peneplanation.

The central granite-gneiss domain is surrounded by low-
grade metamorphic volcano-sedimentary greenstone belts 
that consist of phyllite, quartzite, metaconglomerates, car-
bonate rocks, chert, iron formation and intercalated mafic 
and felsic metavolcanic rocks. All of these are lithostrati-
graphically unified as the Iron Ore Group and they crop 
out in three distinct basins: the Gorumahisani-Badampahar 
Basin in the eastern, the Jamda-Koira Basin in the north-
western and the Tomka-Daiteri Basin in the southern part 
of the craton (Fig. 1). The age of the Iron Ore Group is only 
poorly constrained between at least 3.51 and 3.29 Ga. The 
upper age limit is given by a U–Pb zircon age of 3507 ± 2 Ma 
obtained on dacite from the Tomka-Daitari Basin (Mukho-
padhyay et al. 2008). The youngest age available for the Iron 
Ore Group is a U–Pb zircon age of c. 3.29 Ga obtained on 
acid volcanic rocks in the Jamda-Koira Basin (Basu et al. 

2008), which could be the volcanic equivalent of contempo-
raneous granite bodies of the Singhbhum Suite.

Based on recent field and geochronological studies, Saha 
et al. (2021) suggested a division of the eastern Iron Ore 
Group in the Gorumahisani-Badampahar Belt into an upper 
and lower sequence, separated by an unconformable contact. 
Low-grade metamorphosed komatiite, pillowed to massive 
metabasalts, tremolite-actinolite schist, banded iron forma-
tion, minor chert and banded quartzite constitute the lower 
sequence, whereas the upper sequence commences with a 
basal quartzpebble metaconglomerate, followed by massive 
quartzite, phyllite and mafic metavolcanic rocks. Zircon 
U–Pb analysis from a metakomatiite in the lower sequence 
yielded a 207Pb/206Pb age of 3340 Ma (Bachhar et al. 2021) 
but the truncated and resorbed boundaries of the zircon 
grains suggest that these are xenocrysts, probably inherited 
from the Singhbhum Suite. A biotite monzogranite of the 
Singhbhum Suite in this area contains enclaves of banded 

Fig. 1  a Regional geological map of the Singhbhum Craton; study 
areas shown as rectangles, stars indicate palaeoplacer gold occur-
rence (based on own observations and unpubl. data by edGeo 
Resources Pvt. Ltd. 2014); b geological map of the Badampahar 

Greenstone Belt (after Ghosh and Baidya 2017) with sample location; 
c geological map of the area east of Phuljhari (modified after Achar-
yya et al. 2010) with sample locations in the Phuljari Formation
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iron formation and calc-silicate rocks, presumably of the 
lower sequence, as mapped by Saha (1994); a U–Pb zircon 
age of 3326 ± 5 Ma obtained on this monzogranite (Nelson 
et al. 2014) thus sets a minimum constraint on the age of the 
Lower Iron Ore Group. The age of the upper sequence, the 
Upper Iron Ore Group, is not well constrained. The youngest 
detrital zircon age obtained from a local conglomerate out-
crop is 3250 Ma (Ghosh et al. 2019), which suggests a hiatus 
between the lower and upper sequence of > 70 million years. 
Consequently, whereas the Singhbhum Suite was intrusive 
into the Lower Iron Ore Group, it must have formed the 
basement for the Upper Iron Ore Group as already suspected 
by Roy and Bhattacharya (2012).

The above stratigraphic units are overlain by a package 
of Neoarchaean and/or Palaeoproterozoic volcano-sedimen-
tary rocks in the Dhanjori, Simlipal and Malangtoli basins 
(Fig. 1). Deposition of the respective basin fills was prob-
ably not coeval. At the bottom of the Dhanjori Basin, an 
infra-Dhanjori unit, the Phuljhari Formation, should be 
Mesoarchaean in age because of an alleged intrusive rela-
tionship with an A-type potassic granite, the Mayurbhanj 
Granite and associated gabbro, picrite and anorthosite. The 
best available age for this phase of anorogenic magmatism is 
3047 ± 17 Ma (Manikyamba et al. 2020). Consequently, the 
Phuljhari Formation should be older, seemingly confirmed 
by the above mentioned, imprecise preliminary detrital zir-
con age reported by Sunilkumar et al. (1996). Similarly, 
the basal siliciclastic succession of the adjacent Simlipal 
Basin yielded detrital zircon ages, the youngest of which is 
c. 3080 Ma (Bhattacharjee et al. 2021).

The bulk of the predominantly volcanic, subordinately 
fluvial and lacustrine fill of the intracontinental Dhanjori 
Basin, the Dhanjori Group is, however, considered to be 
distinctly younger, probably Neoarchaean and/or Palaeopro-
terozoic in age, though precise ages are not available (see 
review by Mukhopadhyay and Matin 2020).

Geological setting of the conglomerates

Badampahar Greenstone Belt

The eastern portion of the Iron Ore Group is exposed in 
the Badampahar Greenstone Belt (Fig. 1), where it com-
prises interbedded metavolcanic rocks, metaconglomerate, 
quartzite, metamorphosed iron formation, chert and schists, 
with minor metavolcaniclastic rocks. Metamorphic overprint 
reached lower amphibolite facies (Ghosh and Baidya 2017). 
The studied metaconglomerate rests with a tectonic contact 
upon a metakomatiite and grades upwards into quartzite, 
which, in turn, is overlain by metavolcanic rocks and iron 
formation. The metaconglomerate of interest here forms the 
basal unit of the Upper Iron Ore Group and is underlain by 

Singhbhum Suite granitoids, which, in turn, are intrusive 
into the Lower Iron Ore Group (see above). Gold nuggets of 
as much as 31.1 g in weight have been recovered from this 
conglomerate unit (Geological Survey of India, 2012), and 
artisanal mining activities document its economic potential.

Two samples (SLP-1 and SLP-2) were selected from a 
suite of samples taken from a section along the Suleipat 
dam (22° 8′35.62′′ N, 86°14′14.23′′ E) based on their rela-
tively low degree of alteration and lack of quartz veins. The 
locality is of interest also because of reports of elevated Au 
contents, reaching as much as 2 g/t (Sarangi and Mohanty 
1987). A detailed petrographic description and data on pyrite 
chemistry have been provided by Chakravarti et al. (2018). 
The sampled quartz-pebble conglomerate is largely clast-
supported, with < 10 vol.% sand-sized quartz-rich matrix, 
although matrix-supported conglomerate is also common 
at the studied site (Fig. 2a and b). The total thickness of the 
conglomeratic unit varies from 5 to 85 m with individual 
conglomerate beds having a thickness of up to 1 m. A lack 
of sorting (clast size varies from 0.5 to 8 cm), absence of 
internal sedimentary structures, absence of preferred clast 
orientation (Fig. 2a and b) and an overall massive sheet-like 
geometry hint towards a debris-flow origin. The subrounded 
to rounded clasts of the overall oligomictic conglomerate 
consist predominantly of white vein quartz, chert and quartz-
ite. In addition, some fuchsite-quartzite pebbles are also 
present. Detrital heavy minerals comprise zircon, monazite, 
chromite, pyrite and uraninite. The metamorphic matrix is 
made up of recrystallized quartz, chlorite and muscovite, 
suggesting a primary matrix consisting essentially of detrital 
quartz, illite and smectite.

Phuljhari Formation

The Phuljhari Formation is a sedimentary unit nonconform-
ably overlying the Singhbhum Suite and, in turn, is uncon-
formably overlain by mafic volcanic rocks of the presumably 
Neoarchean Lower Dhanjori Group (Acharyya et al. 2010). 
It consists of a basal metaconglomerate and intercalated 
quartzite, followed by purple phyllite, acid metavolcanic 
rocks, acid and basic metatuffs as well as mafic to ultra-
mafic rocks metamorphosed at greenschist-facies conditions. 
Trough and tabular-cross bedding (online supplementary 
material Fig. SM1a and b), graded bedding and current rip-
ples have been noted in the quartzite. Wave-generated struc-
tures and desiccation cracks are notably absent (Mazumder 
et al. 2019). Recent studies have revealed that the basal flu-
vial conglomerate-quartzite succession grades upward into 
thick mature quartz arenite, possibly of shallow shelf-origin 
(Yadav and Das 2021).

In many places, the lower contact of the formation is 
obscured by the 3.09–3.05 Ga Mayurbhanj Granite. Field 
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evidence as to the nature of this contact remains inconclu-
sive, however, because it is unclear whether this granite is 
actually intrusive as alluded to by Acharyya et al. (2010) or 
forms the basement. During our field work, we could not 
observe any intrusive relationship.

Two localities were chosen for sampling, because previ-
ous bulk rock Au assays there had returned as much as 7 g/t 
(Haque and Dutta 1996). Furthermore, the locality has been 
known for years to contain elevated U concentrations due 
to up to 0.2 mm-sized rounded uraninite grains (Rao et al. 
1988). Although on weathered surfaces not easily discern-
ible, the metaconglomerate is, in its less weathered state, 
rich in pyrite, whereby both detrital pyrite and post-deposi-
tional pyrite generations can be distinguished. For detailed 
petrographic descriptions and pyrite chemical data, see 
Chakravarti et al. (2018).

One of the studied samples (END) was collected near the 
village Endrakati (22°24′6.55′′ N, 86°18′30.48′′ E), where 
a matrix-supported, oligomictic quartz-pebble conglomer-
ate forms laterally discontinuous lenses 5 to 20 m in thick-
ness. The clasts are rounded to sub-rounded, of elliptical 
shape, exhibit moderate sorting and in many instances dis-
play bedding-parallel orientation (Fig. 2c). The clast lithol-
ogy is dominated by smoky and white vein quartz as well 
as quartzite. The size of quartzite clasts varies between 1 
and 4 cm and that of the smoky and white quartz pebbles 
from 0.4 to 2 cm. Detrital heavy minerals observed are, in 
decreasing order of abundance, zircon, rutile, chromite, 
magnetite, pyrite, monazite and uraninite. The low-grade 

metamorphic matrix consists of recrystallized quartz, chlo-
rite, fine-grained, in places fuchsitic, muscovite in the form 
of sericite.

The second sample locality (sample BTG) is near the vil-
lage of Bhatgora (22°21′40.20′′ N, 86°17′7.40′′ E). There, a 
matrix-supported, oligomictic quartz-pebble conglomerate 
forms a lens c. 20 m in thickness and with a massive, sheet-
like geometry. The rounded to subrounded clasts, mainly of 
vein quartz and quartzite, exhibit moderate sorting and no 
preferred orientation (Fig. 2d). Detrital heavy minerals are, 
in decreasing order of abundance, zircon, chromite, rutile, 
pyrite, monazite and uraninite. The metamorphic matrix is 
dominated by recrystallized quartz, chlorite, fuchsite (which 
gives the rock a dark green appearance in hand specimen) 
and minor fine-grained muscovite (sericite).

Methodology

Zircon grains were separated from each sample by conven-
tional heavy mineral separation techniques and final hand-
picking under a microscope. They were then mounted in 
epoxy, grinded down to reveal the centre of the grains and 
polished to a high finish. Transmitted light, cathodolumi-
nescence and backscatter electron beam images helped to 
avoid grains with fractures and inclusions (for examples of 
images, see Fig. 3). Finally, 120 grains were selected from 
each sample (except for SLP1, which did not yield as many 
zircon grains) for isotope analysis.

Fig. 2  Outcrop photographs 
of studied conglomerates: a 
and b base of the Upper Iron 
Ore Group in the Badampahar 
Greenstone Belt at the Suleipat 
dam: a unsorted, matrix-
supported conglomerate, note 
deformed fuchsite quartzite 
clast (green) presumably 
derived from the lower Iron 
Ore Group; b unsorted boulder 
to cobble conglomerate; c 
basal Phuljhari Formation near 
Endrakati; and d basal Phuljhari 
Formation near Bhatgora
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The in situ U–Pb analyses were carried out at the Geo-
chronology Research Centre of the Instituto de Geociên-
cias, Universidade de São Paulo, Brazil, on a Thermo Fisher 
Scientific’s multicollector inductively coupled plasma mass 
spectrometer (ICP-MS). Each analysis comprised 40 sequen-
tial measurements (with approx. 1 s integration time for 
each) in this Neptune machine, 10 with the ablating laser 
turned off (to obtain the instrumental blank) and the next 30 
under the ablation of the Analyte Excite excimer laser on a 
20 µm spot at the frequency of 6 Hz and intensity of 7 mJ. 
The ablated material was carried out by Ar (0.7 l/min) and 
He (0.6 l/min) gas flux. All isotope signals were simultane-
ously measured, four masses in Faraday cups (with greater 
amplitude): 206, 208, 232 and 238, and the other three in 
multiple ion counters due to their greater sensitivity: 202, 
204 and 207. At the end of each measurement sequence, the 
mean instrumental blank value was immediately subtracted 
from each of the seven isotope signals. Note that the signal 
of mass 235 was not measured but mathematically obtained 
by dividing the signal of mass 238 by the relative abundance: 
238/235 (= 137.88). The potential contribution to the signal 
of mass 204 by Hg (from the carrier gas) was assessed by 
subtracting from it the quotient of the signal of mass 202 and 
the relative abundance: 202/204 (= 4.355). Using the mass 
ratios 206/238, 207/235 and 208/232 as age estimates and 
the Stacey-Kramers formulae, the age-variable mass ratios 
of 206/204, 207/204 and 208/204 were calculated and the 
non-radiogenic Pb fraction (“common Pb”) for the masses 
206, 207 and 208 was then calculated by subtracting from 
each one the signal of mass 204 multiplied by the respec-
tive relative abundance (or mass ratio): 206/204, 207/204 
and 208/204 previously calculated. Analyses of the GJ-1 
standard were periodically repeated (approx. every 10 min) 
in order to compensate for errors and/or instrument drift in 
the subsequent samples. Tabulated and measured values for 
this GJ-1 standard provided the coefficients used to con-
vert the total signals for 204Pb + 206Pb + 207Pb + 208Pb, 232Th 
and 235U + 238U into concentrations (in ppm), and also the 
fractionation correction factors of the mass ratios 206/238, 
207/235, 207/206 and 208/232, before these were finally 
used to calculate the respective ages. During the period in 
which the analyses were performed, the standard 91,500 
(Wiedenbeck et al. 1995) — with a reference age of 1065 Ma 
— was periodically measured as an unknown sample and 
yielded an age of 1066 ± 8 Ma.

Final data reduction was performed using Isoplot (Lud-
wig 2003). Analyses with common Pb content over 6% and 
discordance over 10% albeit listed in the data tables given 
(online supplementary material Tables SM1, 2, 3 and 4) 
were not used for further age interpretation. As all analysed 
zircon grains are distinctly older than 1300 Ma, 207Pb/206Pb 
ages are given preference over 206Pb/238U ages for the inter-
pretation. Errors for the calculated ages are given at the 1 
sigma level. The detrital age distribution modelling by prob-
ability density was performed using the kernel density esti-
mation (Vermeesch 2012).

Using the same instrument pair (Neptune & Excite), 
in situ Lu–Hf isotope analyses were conducted on the same 
zircon domains that had been previously ablated for the 
U–Pb isotope analyses, in places having approximately the 
same CL response, and which had yielded relatively con-
cordant U–Pb data. The size of the excimer laser beam was 
increased to 35 µm, its frequency to 7 Hz and its intensity 
reduced to 6 mJ. Using only Faraday cups, the following 
eight masses were simultaneously measured: 172, 173, 174, 
175, 176, 177, 178 and 180. At the end of each measuring 
sequence, the mean instrumental blank was immediately 
subtracted from every isotopic signal. Abundance values 
published by IUPAC (https:// ciaaw. org/ pubs/ TICE- 2009. 
pdf) were then used to calculate the isotopic ratios between 
the Yb (172, 173, 174 and 176), Lu (175 and 176) and Hf 
(176, 177, 178 and 180) signals. Signals for masses 177, 178 
and 180 were used to calculate both the Hf component of 
signal 174 and the fractionation coefficient of Hf (βHf) using 
exponential law. Signals for masses 172, 173 and the Yb 
component of 174 were used to calculate the fractionation 
coefficient (mass bias) of Yb (βYb) also through exponential 
law. As Lu does not have enough isotopes to allow self-
correction, the fractionation coefficient of Lu is assumed to 
be βLu = βHf. The 176Hf/177Hf ratio was then obtained after 
subtracting the two interferences 176Yb (estimated via βYb) 
and 176Lu (estimated via βLu) from the 176 total signal.

The GJ-1 and 91,500 reference standards were ana-
lysed repeatedly amidst with each sample set to assess the 
Lu–Hf isotope data obtained on the unknown samples. 
The mean 176Hf/177Hf ratio obtained for the GJ-1 stand-
ard was 0.282003 ± 0.000036 which is close to the ratio of 
0.282015 ± 0.000025 reported by Liu et al. (2010), and the 
one obtained for the 91,500 standard was 0.28235 ± 0.00007, 
which is close to the value of 0.282306 ± 0.000006 given by 
Woodhead and Hergt (2005). All Lu–Hf isotopic results are 
reported here with 95% confidence (or 2 σ) limits.

Initial 176Hf/177Hf ratios (176Hf/177Hf(t)) were calcu-
lated by “internal” fractionation correction (i.e. using 
their own isotopes) from the measured 176Hf/177Hf and 
176Lu/177Hf isotope ratios assuming a 176Lu decay constant 
of 1.865 ×  10−11  year−1 (Scherer et al. 2001) and recalling 
the U–Pb age obtained for each grain. Then εHf(t) values 

Fig. 3  Examples of probed zircon grains under cathodoluminescence 
from samples SLP1, SLP2, END and BTG; spot numbers (#) refer 
to those in online supplementary Tables SM1, 2, 3 and 4. The given 
ages with 1 σ errors refer to the calculated 207Pb/206Pb age, spots 
analysed for their Lu–Hf isotopic composition are shown in yellow 
circles with corresponding εHf(0) values. Scale bars correspond to 
100 µm

◂

https://ciaaw.org/pubs/TICE-2009.pdf
https://ciaaw.org/pubs/TICE-2009.pdf
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were calculated from the 176Hf/177Hf(t) using CHUR(t) 
values derived from the present day CHUR 176Hf/177Hf of 
0.282785 and 176Lu/177Hf of 0.0336 (Bouvier et al. 2008). 
Estimated two-stage model ages  (TDM) are based on the 
measured 176Lu/177Hf ratio from each spot (first stage = age 
of zircon), a 176Lu/177Hf value of 0.0113 (Rudnick and 
Gao 2005) for the average continental crust and an aver-
age present-day composition of 176Lu/177Hf = 0.0384 and 
176Hf/177Hf = 0.28314 for the depleted mantle (Chauvel et al. 
2008).

In addition to the above, whole rock analyses of 24 con-
glomerate samples were conducted by conventional X-ray 
fluorescence spectrometry using a Panalytical Magi X Pro 
PW 2440 WDXRFS at the Department of Atomic Energy, 
Hyderabad (for details see Kumar et al. (2017) and by induc-
tively coupled plasma-emission spectrometry at Bureau Ver-
itas Mineral Laboratories in Vancouver (see https:// commo 
dities. burea uveri tas. com), with the aim of establishing the 
degree of chemical weathering based on the chemical index 
of alteration (CIA). The CIA is calculated as  Al2O3/(Al2O3 
+ CaO* +  Na2O +  K2O) × 100, whereby only the CaO within 
the silicate fraction of the samples is taken into considera-
tion. As none of our samples contain measurable amounts 
of carbonates and/or Ca-phosphate, no CaO correction was 
necessary.

Zircon isotope data

A total of 30 spot analyses were obtained on 30 zircon 
grains from Sample SLP1. Most of the data are marked 
by relatively high common Pb and/or high degree of 
discordance. In some instances, the data might suggest 
analytical problems and all of these are rejected (marked 
in grey in online supplementary material Table SM1), 
which leaves only five analyses for further age inter-
pretation. Their 207Pb/206Pb ages are between 3169 
and 3429 Ma with a statistically insignificant peak at 
3320 Ma. The Th/U ratio of these grains is between 0.8 
and 3.1 (on average 1.7).

From sample SLP2, a total of 120 spot analyses were 
conducted (online supplementary material Table SM2). 
The majority of analyses yielded results with < 10% dis-
cordance and only these are used for further interpreta-
tion. Their Th/U ratio varies between 0.6 and 3.7 (on 
average 1.9; Fig. 4a). As the sample locality for both 
SLP1 and SLP2 is the same, the more or less concord-
ant data from both samples are plotted together in a 
histogram showing the distribution of 207Pb/206Pb ages 
(Fig.  5a). The most concordant ages cluster at peaks 
around 3.20, 3.25, 3.30 and 3.36 Ga. The oldest data are 
3415 ± 24 Ma at 99% and 3429 ± 62 Ma at 98% concord-
ance. One almost perfectly concordant (101% concord-
ance) datum of 3027 ± 38 Ma is from a spot (#6, Table 

SM2, Fig. 3) that is marked by a lack of any measurable 
common Pb and with Th/U of 1.1 in a relatively euhedral 
zircon grain marked by oscillatory zonation typical of 
magmatic zircon. It most likely reflects a true age of the 
igneous source rock and is considered the best available 
constraint on the maximum age of sedimentation.

For the basal conglomerate samples END and BTG 
from the Phuljhari Formation, the zircon isotope data are 
presented in online supplementary material Tables SM3 
and SM4, respectively. In each case, 120 spot analyses 
were conducted. For sample END, most analyses are 
relatively concordant (< 10% discordance) and those 
with high common Pb and/or highly discordant data 
are again omitted from further discussion. The distribu-
tion of calculated 207Pb/206Pb ages from relatively con-
cordant data (Fig. 5b) reveals an abundance of ages at 
3.14, 3.20 Ga, major peaks at 3.26 and 3.30–3.38 Ga 
and minor peaks at 3.43 and 3.48 Ga. The Th/U ratio 
of all acceptable analyses varies widely from 0.1 to 3.1 
(one outlier at 21.6 probably reflects a different mineral 
and is discarded) with an average of 1.5 (Fig. 4b). The 
lowest age data obtained on almost perfectly concordant 

Fig. 4  Histograms of Th/U ratio in detrital zircon grains from a sam-
ples SLP1 and SLP2, b sample END, and c sample BTG

https://commodities.bureauveritas.com
https://commodities.bureauveritas.com
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analyses and spots with < 1% common Pb (spots 54 and 
30 in Table SM3) are 3071 ± 21 and 3076 ± 29 Ma. Spot 
30.1 is from a zoned overgrowth with a Th/U of 0.7 over 
an older, oscillatorily zoned zircon core with Th/U of 
0.7 (Fig. 3) without any evidence of significant altera-
tion or Pb-loss. Similarly, spot 54 is from an oscillatorily 

zoned, evidently magmatic, zircon with Th/U of 0.7 that 
lacks signs of alteration or later Pb-loss. Both age data 
are taken as good approximation of the timing of zircon 
crystallization in the respective magmatic source rocks.

The age spectrum obtained for sample BTG looks 
slightly different (Fig.  5c). It displays a wide range 
of calculated 207Pb/206Pb ages from 2.73 to 3.45  Ga 
with a distinct main peak at 3.20 Ga and a minor peak 
at 3.03 Ga. The Th/U ratio of acceptable analyses is 
between 0.4 and 3.1, on average 1.6 (Fig. 4c). The oldest 
datum, 3450 ± 27 Ma, comes from a perfectly concord-
ant analysis with no common Pb (spot 24 in Table SM4, 
Fig. 3) and is considered geologically meaningful. The 
youngest data from relatively concordant analyses are 
3040 ± 25 Ma (spot 22 in Table SM4, 95% concordance) 
and 3004 ± 25 Ma (spot 28 in Table SM4, 109% concord-
ance). They both lack common Pb, have a Th/U ratio of 
1.6 and 1.4, respectively, and are perceived as representa-
tive of the age of the source rock and thus provide the 
best constraints on the maximum age of sedimentation.

Altogether, 82 zircon spots on domains that had 
yielded relatively concordant U–Pb data were analysed 
for their Lu–Hf isotopic composition (3 spots on two 
grains from sample SLP1, 27 in SLP2, 29 in END and 
20 in BTG). For the full set of analyses, see online sup-
plementary material Tables SM5, SM6, SM7, SM8. The 
εHf(t) values obtained for samples SLP1 and SLP2 are 
between − 4 and + 3.7 and between − 3 and + 6, respec-
tively. The calculated  tDM for both sample sets is between 
3.4 and 3.8 Ga, the εHf(tDM) between 3.9 and 5.3. In the 
case of sample END, the εHf(t) values range from − 1 
to + 6, the calculated  tDM from 3.4 to 3.7 Ga, the εHf(tDM) 
from 4.0 to 5.9. For the zircon grains in sample BGT, 
the calculated εHf(t) values are with − 5 to + 1 somewhat 
lower, the calculated  tDM ages with 3.5 to 4.0 Ga and the 
εHf(tDM) with values from 3.2 to 4.7 similar.

Conglomerate geochemistry

Geochemical analyses of the matrix of 24 conglomerate 
samples (10 samples of the BTG sample locality, six from 
the END sample locality, four from the SLP sample locality 
and further four samples from a locality not used for zircon 
dating (BLB, from Baliabadi, 22°25′8.3′′ N, 86°16′41.5′′ 
E, also from the Phuljhari Formation) are presented in the 
online supplementary material Table SM9 with the aim of 
deciphering information on the degree of chemical weath-
ering based on CIA values. Eight of these have a relatively 
low matrix proportion and complete physical separation of 
quartz-rich clasts could not be achieved. These have very 
high  SiO2 contents of > 96 wt.% and are not further consid-
ered for CIA calculations. The remaining analyses gave CIA 
values between 74 and 96, on average 82.

Fig. 5  Histograms showing the frequency distribution of relatively 
concordant 207Pb/206Pb ages obtained on detrital zircon grains: a sam-
ples SLP1 and SLP2, b sample END, c sample BTG. For reference, 
the age brackets for the major known magmatic (grey fields) and 
regional metamorphic (green lines) events in the Singhbhum Craton 
are also shown; IOG, Iron Ore Group
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Discussion

The isotope data obtained on detrital zircon grains from the 
basal conglomerate of the Upper Iron Ore Group in the Bad-
ampahar Greenstone Belt and from the Phuljhari Formation 
at the base of the Dhanjori Basin make it possible to set 
some constraints on the maximum age of auriferous con-
glomerate deposition as well as on the zircon provenance, 
but also to assess the economic potential of these conglom-
erates hosting placer Au (and/or U) deposits.

Maximum age of sedimentation

The youngest detrital zircon grain in the conglomerate sam-
ples from the Badampahar greenstone belt has an age of 
3027 ± 38 Ma. Its oscillatory zonation under CL (Fig. 3) and 
Th/U of 1.1 attests a magmatic derivation. The high level of 
concordance (101%) and total lack of common Pb suggest no 
post-crystallization Pb-loss. Consequently, this age is taken 
as the closest approximation to the upper limit for the time 
of sedimentation of the basal conglomerate of the Upper Iron 
Ore Group. In the case of the Phuljhari Formation conglom-
erate, the youngest zircon ages obtained for sample BTG 
are 3040 ± 25 Ma and 3004 ± 25 Ma. The former datum suf-
fers from some discordance (95% concordance) and some 
common Pb (10.9%, Table SM4); Thus it might be slightly 
younger than the true formation age. Similarly, the latter 
datum is marked by some reverse discordance (109% con-
cordance). Very little common Pb (2.4%, Table SM4) hint 
at this age coming close to the true age of zircon crystal-
listaion. Its Th/U of 1.4 and oscillatory zonation under CL 
(Fig. 3) speak for a magmatic origin. The youngest detrital 
zircon age obtained for sample END from the same forma-
tion is 3071 ± 21 Ma. It is based on a highly concordant 
analysis without any common Pb (Table SM3) and therefore 
regarded as representing the age of zircon crystallization. 
Its Th/U of 0.7 and oscillatory zonation under CL argue 
again for a magmatic origin. All in all, these data speak for 
conglomerate deposition at the base of the Phuljhari Forma-
tion at some time after 3.07 Ga, possibly even after 3.00 Ga.

Provenance

Based alone on clast lithology and the mineralogy of the 
detritus, a provenance of both granitic and mafic/ultramafic 
rocks, cross-cut by quartz veins, is indicated. Zircon, mon-
azite and uraninite are likely derived from felsic sources, 
chromite and rutile from mafic/ultramafic ones. The vast 
majority of zircon grains in all analysed samples is char-
acterized by Th/U ratios of > 0.5, which is commonly per-
ceived as indicative of a magmatic origin (e.g. Kirkland 
et al. 2015). Previous studies have shown that Th/U of < 0.01 

is typical of zircon that had crystallized from metamorphic 
fluids and Th/U of < 0.5 in metamorphically overprinted 
zircon (e.g. Zeh et al. 2010a,b). In the zircon populations 
analysed by us, only very few grains have Th/U of < 0.5, 
the vast majority is evidently of magmatic origin. No sig-
nificant correlation exists between calculated age and Th/U 
(not shown). Noteworthy is, however, that the average Th/U 
in all our sample sets is markedly higher than that of mag-
matic zircon in other areas where it concentrates at values 
between 0.5 and 1.0. Reasons for variations in Th/U have 
been discussed inter alia by Kirkland et al. (2015), who 
contrasted the chemistry of zircon grains that crystallized 
under equilibrium conditions as opposed to fractionation in 
dependence on temperature. In general, zircon that formed 
in basic melts tends to have higher Th/U (> 1.5) than zircon 
from acidic melts (< 1.0), though a number of other param-
eters control zircon chemistry as shown for the Bushveld 
Complex in South Africa by Gudelius et al. (2020). The 
distribution of Th/U of zircon from the studied conglomer-
ates (Fig. 4) suggests a mixture of felsic and mafic igneous 
source rocks with a higher proportion of mafic rocks in the 
source of the BTG conglomerate sample. The higher Th/U 
ratios obtained by us could be, however, also due to another 
variable, that is, reduced mobility of U under an oxygen-
deficient Archaean atmosphere and, consequently, lower U 
contents in Archaean crust-derived magmas. This might be 
suggested by corresponding changes in whole-rock Th/U 
ratios in igneous rocks over time, specifically around the 
GOE and again in the Neoproterozoic (Liu et al. 2019).

Comparison with the known ages for magmatic and 
higher grade metamorphic events in the Singhbhum Craton 
reveals a good overlap with some of the peaks in detrital 
zircon ages, but some detrital zircon ages, especially the 
sub-peak at around 3.2 Ga, are apparently not reflected by 
the known magmatic and metamorphic events (Fig. 5). The 
detrital zircon ages span from 3.00 to 3.48 Ga, with a minor 
peak at 3.06, and a broad major peak between 3.18 and 
3.39 Ga. Resolving individual sub-peaks within the latter 
gives maxima at around 3.20, 3.24, 3.30 and 3.35 Ga.

The older ages correspond well with those known from 
the Champua Suite and the roughly coeval Lower Iron Ore 
Group (Fig. 5). That age spectrum includes the Older Meta-
morphic Group. All three regional metamorphic events 
(green bars on Fig. 5) are mirrored by detrital zircon age 
peaks, especially in sample END from the Phuljhari For-
mation. The majority of detrital zircon ages (3.18–3.32 Ga) 
overlap with those for the Singhbhum Suite and the Lower 
Iron Ore Group both of which can be regarded as major 
source units. This is further supported by the Hf isotope data 
for the detrital zircon grains, which by and large overlap with 
published data on zircon from the Champua and Singhb-
hum suites as well as komatiite and, to a lesser extent, felsic 
volcaniclastic rocks from the Iron Ore Group (Fig. 6). Most 
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of these zircon grains have superchondritic εHf(t) values 
indicative of magmatic crustal rocks derived from depleted 
mantle sources. Exceptions are some zircon grains from 
the Champua Suite with subchondritic εHf(t) that points at 
recycling of pre-existing crust (Chaudhuri et al. 2018). The 
younger detrital zircon grains studied by us tend to have, on 
average, lower subchondritic εHf(t) values, which suggests 
increased crustal recycling with decreasing age. Geological 
evidence of such a trend exists in the craton, e.g. in the form 
of anorogenic potassic granites with ages between 3079 ± 7 
and 3115 ± 10 Ma (Chakraborti et al. 2019).

These A-type granite bodies, in the study area also known 
as Mayurbhanj Granite (Nelson et al. 2014), and probably 
related anorthosite, gabbro and picrite bodies, play a critical 
role in the assessment of the age of the studied conglomerate 
units. Zircon ages of 3123 ± 7, 3122 ± 5 and 3119 ± 6 Ma 
previously obtained for the gabbroic suite (Augé et al. 2003) 
probably reflect inheritance as indicated by the most recently 
obtained age of 3047 ± 17 Ma for a gabbro of this suite 
(Manikyamba et al. 2020). Zircon grains with corresponding 
ages are not the most common in the studied conglomerates 
but constitute a distinct sub-peak in the age histograms for 
both the Phuljhari Formation as well as the Upper Iron Ore 
Group (Fig. 5). This implies that the Mayurbhanj Granite 
was not intrusive into the studied conglomerates as previ-
ously perceived (e.g. Mukhopadhyay and Matin 2020) but 
must be older. Thus the age of the Mayurbhanj Granite can 
be used as a first-order constraint on the maximum age of 

sediment deposition. This granite, together with the associ-
ated mafic and ultramafic rocks, seemingly constituted an 
important source of the studied conglomerates. A dominance 
of the Mayurbhanj Granite in the sediment source area is 
further indicated by geochemical data on the matrix of the 
conglomerates. They show chondrite-normalized rare earth 
patterns that are identical to those of the Mayurbhanj Granite 
(Chakravarti 2020).

Comparison with other siliciclastic sequences 
on the Singhbhum Craton

The age range obtained on detrital zircon in this study is 
very similar to that previously reported for detrital zircon 
grains from the Keonjhar Quartzite, that is, 3585 to 3024 Ma 
(Mukhopadhyay et al. 2014), and the Mahagiri Quartzite. 
The latter term has been used to describe an up to 1500 m 
thick sequence of shelf-facies quartz arenite, conglomerate, 
mudstone and minor volcanic rocks, which rests unconform-
ably on top of the southern Iron Ore Group with a palaeosol 
on that contact (Mukhopadhyay et al. 2014). Detrital zircon 
ages are mainly between 3510 and 3176 Ma (86% of data), 
with fewer ages of as low as 2909 ± 7 Ma (Sreenivas et al. 
2019). The latter is based on 100% concordant data and 
thus provides the best constraint on the maximum age of 
sediment deposition. The youngest age obtained for detrital 
zircon in the Keonjhar Quartzite, 3024 ± 13 Ma, is in very 
good agreement with the youngest reasonably concordant 

Fig. 6  εHf(t) versus 207Pb/206Pb 
age plot for detrital zircon 
grains from samples SLP, END 
and BTG in comparison to 
published data for the Champua 
and Singhbhum suites (Dey 
et al. 2017; Mitra et al. 2019; 
Olierook et al. 2019; Prakash 
Pandey et al. 2019; Chaudhuri 
et al. 2018) and komatiite and 
felsic volcaniclastic rocks of the 
Iron Ore Group (Bachhar et al. 
2021; Jodder et al. 2021); for 
comparison data for siliciclastic 
sedimentary rocks from the 
Central Rand Group of the Wit-
watersrand Supergroup (Koglin 
et al. 2010) and the Nsuze and 
Mozaan groups of the Pongoloa 
Supergroup (Wilson & Zeh 
2018) are also shown
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age obtained in our study. Interestingly, this quartzite unit is 
associated with a fluvial conglomerate that has been the tar-
get of numerous artisanal workings for placer gold. Our new 
data also compare well with detrital zircon ages from intra-
cratonic modern river sands, 87% of which are in the range 
of 3.50 to 3.22 Ga, with minor populations at 3.62–3.55 Ga 
and at 3.10–3.06 Ga (Miller et al. 2018). The latter age peak 
is of particular interest because it is close to the youngest 
peak in our new data, which has been used above to argue for 
the Mayurbhanj Granite having been source of some detrital 
particles into the studied conglomerates rather than being 
intrusive into them.

Implications on palaeoplacer gold potential

With the realization that the global gold cycle started in 
earnest at around 2.9 Ga when microbes managed to fix large 
amounts of Au from meteoric (and possibly also shallow 
sea) water and thus formed the first gigantic gold depos-
its in Earth’s history in the form of palaeoplacers (Frim-
mel 2018), the age of conglomerates on old cratons has 
become the probably most important parameter controlling 
their gold potential. The likelihood of such conglomerates 
hosting large gold placer deposits is not dictated anymore 
by the geological makeup of the hinterland as presumed 
in older literature (e.g. Frimmel et al. 2005) but by their 
age. The world’s richest gold palaeoplacers in the Witwa-
tersrand Basin in the Kaapvaal Craton of South Africa can 
be explained by leaching of background concentrations of 
Au from the Palaeo- to Mesoarchaean hinterland and the 
intermediate step of microbially induced precipitation of 
Au that was dissolved in the meteoric run-off from the old 
cratonic land surface (Frimmel 2014; Frimmel and Hennigh 
2015; Heinrich 2015). This genetic model does not require 
any specific lithology in the hinterland as a gold source as 
illustrated by the world’s richest gold deposits in the Wit-
watersrand (Nwaila et al. 2017). The distribution of gold in 
Archaean and Proterozoic placer deposits worldwide clearly 
shows a peak in sedimentary gold fixation by 2.9 Ga and an 
exponential decrease in Au endowment and grade from then 
onwards (Frimmel 2018). As this gold mega-event at 2.9 Ga 
was controlled by a combination of fortuitous circumstances 
in the evolution of the atmosphere, biosphere and geosphere, 
it must have been a global phenomenon on all Archaean 
cratons. The fact that the Kaapvaal Craton hosts one to two 
orders of magnitude more gold than other cratons — as far 
as known to date — is not due to some unexplained special 
gold concentrations mechanism there but is essentially a 
matter of preservation of such ancient sedimentary rocks. 
Consequently, the gold potential of the conglomerates in 
the Singhbhum Craton becomes a question of sediment age.

This study revealed that the age of the 3047 ± 17 Ma 
Mayurbhanj Granite and associated mafic to ultramafic rocks 

can be used as constraint on the maximum age of conglom-
erate deposition, both in the Upper Iron Ore Group and the 
Phuljhari Formation. The youngest relatively concordant 
detrital zircon ages of 3027 ± 38 Ma and 3004 ± 25 Ma, 
respectively, for these two units provide further limits. 
Identical upper limits on the age of deposition have been 
obtained for the Keonjhar Quartzite, whereas the Mahagiri 
Quartzite should be younger than 2909 ± 7 Ma. The mini-
mum age of clastic sediment deposition remains elusive as 
no reliable age data exist for the overlying Dhanjori Group 
in the case of the Phuljhari Formation, nor for the Upper 
Iron Ore Group. The similarity in the detrital zircon age 
spectra between the studied conglomerates and the Mahagiri 
Quartzite (Sreenivas et al. 2019) could point to a similar 
depositional setting and roughly similar age. In the Mahagiri 
Range, c. 2.80 Ga granite was emplaced into this quartzite 
(Mukhopadhyay et al. 2014), thus setting a minimum on the 
age of the Mahagiri Quartzite. Thus, the Mahagiri Quartz-
ite’s age is perfectly within the “golden period” during 
which most of the Witwatersrand placer gold was deposited, 
that is, from 2.90 to 2.78 Ga — the age of the Central Rand 
Group. The potential exists that the basal conglomerates of 
the Upper Iron Ore Group and the Phuljhari Formation also 
have an age within this range, although they could also be 
slightly older.

From the Witwatersrand strata, we have learned that 
the gold placer potential in clastic deposits older than 
2.9 Ga (such as in the 2.98–2.96 Ga Dominion Group and 
the overlying 2.96–2.90 West Rand Group, Paprika et al. 
2021) is very low, in stark contrast to the highly auriferous 
2.90–2.78 Ga deposits in the Central Rand Group. Conglom-
erates of similar age also occur in the upper Mozaan Group 
(Pongola Supergroup) in the eastern part of the Kaapvaal 
Craton and detrital zircon data suggest a similar source 
(Zeh and Wilson 2022). Some of them have been mined for 
gold in the past (Luskin et al. 2019), but the overall gold 
endowment is less and possibly related to a lack of Au-rich 
microbial mats in the respective hinterland, differences in 
depositional setting or possibly stronger mobilization of Au 
by metamorphic fluids leading to the formation of orogenic-
type gold-quartz veins (Luskin et al. 2019).

Note that the concentration of Au and U, both in detri-
tal heavy minerals (native gold and uraninite), was clearly 
decoupled from each other. The > 2.9 Ga conglomerates 
can be very rich in detrital uraninite, whose abundance 
was controlled mainly by the lack of oxygen in the con-
temporaneous atmosphere (Frimmel 2005). The possible 
reasons for the lack of gold in placers older than 2.9 Ga 
have been speculated upon as follows (Frimmel 2018): (i) a 
lack of microbes capable of trapping large amounts of gold, 
(ii) a lack of crustal abundance in Au due to modern-style 
plate tectonics not having operated yet and thus preventing 
the subduction factory to transfer and concentrate gold in 
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continental crustal rocks, and/or (iii) a lower Au concentra-
tion in surface waters due to lower degrees of weathering in 
an overall colder climate.

As for point (i), so far, no evidence of former microbial 
mats as documented for the 2.9 Ga lower Central Rand 
Group in the Witwatersrand Basin has been found in the 
Singhbhum Craton. Although Chakravarti et al. (2018) sug-
gested the presence of microbial remnants in the studied 
conglomerates, the evidence of it remains problematic and 
the described morphological features of the carbonaceous 
material resemble those that have been identified as abi-
otic (Criouet et al. 2021). Maybe the local depositional 
environment was not suitable for the development of larger 
microbial communities. The hitherto only modest Au grades 
recognized in the conglomerates of the Singhbhum Craton 
may be also due to a lack of a sufficiently large redox poten-
tial on the surface of the microbial mats in order to trap 
large amounts of gold from meteoric waters. This would 
apply to anoxygenic photosynthesizers which, in all likeli-
hood, preceded their oxygenic relatives. The transition from 
anoxygenic to oxygenic photosynthesis presumably took 
place gradually from about 3.0 Ga onwards (Planavsky et al. 
2014) with evidence of at least locally oxygenated shallow 
oceans already in the Mesoarchaean (Eickmann et al. 2018). 
Conglomerates older than 2.9 Ga might, therefore, have less 
potential of hosting large amounts of gold.

As point (ii) concerns, a marked paucity of larger oro-
genic or porphyry gold deposits in rocks older than 2.8 Ga 
has been explained by a lack of modern-style subduction 
(Frimmel 2018). Subduction is seen as a critical prerequisite 
for the concentration of a number of metals (including Au) 
in the supra-subduction subcontinental lithospheric mantle 
wedge and the efficient transfer of these metals from this 
source region to upper crustal levels, where they could be 
further concentrated to form ore deposits. If this notion is 
correct, older Palaeoarchaean rocks should be less fertile 
than Neoarchaean ones.

Regarding point (iii), it can only be speculated upon based 
on palaeoclimate proxies, such as sediment deposits indica-
tive of extreme climate conditions and geochemical evi-
dence, such as chemical index of alteration (CIA) as proxy of 
chemical weathering intensity. In the Witwatersrand Basin, 
the chemistry of clastic sedimentary rocks in the gold-rich 
Central Rand Group are marked by relatively high CIA, deep 
chemical weathering profiles beneath erosional surfaces and 
a lack of detrital feldspar but omnipresence of pyrophyllite. 
These lithogeochemical and mineralogical characteristics 
have been explained by intense chemical weathering that 
led to widespread kaolinitization on the old erosion surfaces 
(Frimmel and Minter 2002). This is in stark contrast to far 
less weathered clastic rocks in the underlying West Rand 
Group, which is relatively poor in Au. By analogy, the stud-
ied conglomerates from the Singhbhum Craton are devoid 

of (detrital) feldspars and carbonates, which is indicative 
of relatively acidic conditions as can be expected under the 
Archaean atmosphere and also of elevated chemical weath-
ering rates. This is also reflected by generally high chemi-
cal indices of alteration (CIA) between 74 and 91 obtained 
on the matrix of conglomerate samples from the localities 
studied in this project. Furthermore, evidence of elevated 
levels of chemical weathering in the Archaean hinterland of 
the Singhbhum Craton has been documented in siliciclas-
tic rocks of similar age in the Jamda-Koira Basin (western 
IOG), the base of the Mahagiri Quartzite and the Keonjhar 
Quartzite (Mukhopadhyay et al. 2014; Ghosh et al. 2016; 
Kumar et al. 2017). Taking the Witwatersrand as reference, 
all of the above evidence of elevated chemical weathering 
rates would suggest a depositional age of < 2.9 Ga for the 
conglomerates in the Singhbhum Craton. This would speak 
for a high potential of finding Witwatersrand-type deposits 
there.

Much has been speculated upon the importance of source 
rocks for the gold endowment of the Witwatersrand con-
glomerates (e.g. Nwaila et al. 2017). If the placer model 
with initial derivation from mechanically reworked micro-
bial mats (Frimmel 2014) is accepted, the lithology of the 
hinterland loses its metallogenic importance. More impor-
tant seems to be, however, the tectonic setting of the depo-
sitional environment. This becomes evident from the distri-
bution of the εHf(t) values. Whereas the largely chondritic 
Hf isotopic composition of the detrital zircon grains in the 
conglomerates from the Singhbhum Craton is similar to 
that of detrital zircon in conglomerate and sandstone units 
from the Kaapvaal Craton, the age distribution is differ-
ent (Fig. 6). The gold-rich Central Rand Group is marked 
by relatively young detrital zircon ages much closer to the 
time of deposition, which is indicative of an active tectonic 
regime with uplift of the hinterland as can be expected in a 
foreland basin. This resulted in numerous low-angle uncon-
formities within the basin fill, each of which made possible 
the reworking of underlying strata and thus the upgrading 
of placer deposits (e.g. Frimmel and Nwaila 2020). Such an 
effect is not indicated by the zircon isotope data for the con-
glomerates from the Singhbhum Craton, where a comparable 
large number of intra-group unconformities is, according to 
our current understanding, absent. This resulted also in an 
overall much lower thickness of the siliciclastic basin fill, 
which severely reduces the overall gold potential.

Conclusions

The new age data obtained for detrital zircon grains from 
gold- and, in places, U-bearing Archaean conglomer-
ates set some constraints on the maximum age of sedi-
ment deposition, that is, < 3.03 Ga in the case of the basal 
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and < 3.00 Ga in the case of the Phuljhari Formation. For the 
Mahagiri Quartzite, previous age data suggest a maximum 
depositional age of 2.91 Ga (Sreenivas et al. 2019) and a 
minimum age of 2.8 Ga (Mukhopadhyay et al. 2014). This 
range corresponds almost perfectly with that of the Central 
Rand Group in the Witwatersrand Basin — the world’s larg-
est known reservoir of gold and one of the richest uranium 
provinces. By analogy with the Witwatersrand ore province, 
it can be concluded that, if the studied conglomerates are 
older than c. 2.9 Ga, they would have a significant U but only 
limited Au potential. If they are younger than c. 2.9 Ga, the 
potential exists not only for uranium but also for larger gold 
deposits. In order to assist further exploration initiatives in 
the region, it is recommended to assess the extent of Meso-
archaean palaeoweathering by conducting a lithogeochemi-
cal study on fresh (that is, unaffected by recent weathering) 
samples in addition to further efforts to set narrower con-
straints on the age of deposition. Any indication of intense 
weathering in the source and/or the depositional position of 
the conglomerates could then be used as encouragement for 
further exploration for Witwatersrand-type gold deposits. 
A significant drawback for the gold potential of the studied 
conglomerate units is, however, an overall lack of sediment 
thickness due to a lack of intrabasinal sediment reworking 
as can be expected in a foreland basin. This is indicated 
also by our new Hf isotope data. The chances of discovering 
gold deposits of the same scale as in the Witwatersrand are, 
therefore, considered slim but potential for smaller economic 
deposits does exist.

Moreover, our new isotope data show that effectively all 
Palaeo- and Mesoarchaean units known so far on the Sin-
ghbhum Craton contributed to the mix of detrital grains in 
the studied conglomerates. Zircon ages covering the entire 
spectrum from 3.5 to 3.1 Ga are present, with a main peak 
between 3.18 and 3.36 Ga, partly corresponding to the ages 
of the Champua Suite, the Singhbhum Suite, the Older 
Metamorphic Group and the Lower Iron Ore Group. This 
overlap is further supported by similar Hf isotopic compo-
sitions. A minor but distinct age peak at 3.06 Ga can be 
correlated to the age of the Mayurbhanj Granite and related 
ultramafic suite, which clearly acted as a significant source 
for the clastic components in the studied conglomerates and 
was not intrusive into the clastic sediment cover as previ-
ously assumed.

Last but not least, our new results confirm the recent sug-
gestion of a division of the Iron Ore Group into a lower 
and upper sequence (Saha et al. 2021). Whereas a Palae-
oarchaean age for the lower sequence is well established, 
the upper sequence turned out to be much younger than 
hitherto thought, that is, < 3.03 Ga. It is, in all likelihood, 
entirely unrelated to the lower sequence, which calls for a 

fundamental revision of the lithostratigraphic nomenclature 
for the Singhbhum Craton.
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