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Dating the Oldest Greenstone in India: A 3.51-Ga Precise U-Pb SHRIMP
Zircon Age for Dacitic Lava of the Southern Iron Ore Group,
Singhbhum Craton

Joydip Mukhopadhyay," N. ]. Beukes,' R. A. Armstrong,* Udo Zimmermann,"®
Gautam Ghosh, and R. A. Medda

Department of Geology, Presidency College, Kolkata, 86/1 College Street, Kolkata, India 700073
(e-mail: joydip17@rediffmail.com)

ABSTRACT

This article reports a precise 3506.8 = 2.3-Ma U-Pb SHRIMP zircon age for dacitic lava in a well-preserved low-grade
metamorphic and low-strained greenstone belt succession of the southern Iron Ore Group, Singhbhum craton, India.
This age makes the succession the oldest-known greenstone belt succession in India and one of the oldest low-strain
greenstone successions in the world after the 3.51-Ga Coonterunah Group of the Pilbara craton, Western Australia, and
the moderately deformed 3.54-Ga Theespruit Formation of the Barberton Greenstone Belt, Kaapvaal craton, South
Africa. The geochemical composition of the dacitic lava and related volcanic rocks suggests that they formed in a
volcanic arc setting. The succession also contains a major ~120-m-thick oxide facies banded iron formation that
distinguishes it from the slightly older successions of the Pilbara and Kaapvaal cratons. This banded iron formation may
well be one of the oldest and most well preserved, and together with associated volcanics, it may have immediate
implications for understanding >3.5-Ga surface and tectonic processes on Earth.

Introduction

Direct geochronological evidence for >3.5-Ga vol-  Formation of the Onverwacht Group (Lowe 1999),
canic and sedimentary successions on Earth is  Barberton Greenstone Belt, South Africa (3531 =
scarce. These rocks occupy only a very small por- 10 Ma [Armstrong et al. 1990], 3511 +3 Ma, and
tion of the preserved crustal record. The best stud- 3547 +3 Ma [Kroner et al. 1992, 1996]), and the
ied of the earth’s oldest-known volcanosedimentary ~ Coonterunah Group, Pilbara craton, Western Aus-

sequences are in the tectonically composite Isua  tralia (3515.2 = 2.7 Ma; Buick et al. 1995), are the
Greenstone Belt, where >3800-Ma and ca. 3710-Ma only other volcanosedimentary successions that

sequences are juxtaposed (e.g., Compston et al.
1986; Nutman et al. 1997; see reviews in Condie
2007). Metavolcanic and sedimentary rocks of sim-
ilar age but not necessarily correlated with those
at Isua occur in northern Quebec (Dauphas et al.
2007), southern Greenland, and northern Labrador
(see Nutman et al. 1989, 2004). The Theespruit

record the remnants of early crust >3.51 Ga. Here
we report on a precise 3506.8+2.3-Ma U-Pb
SHRIMP zircon age from dacitic volcanic rocks
from a well-preserved greenstone belt succession
forming part of the Iron Ore Group (IOG) of the
Singhbum craton in eastern India (fig. 1). All of
the other >3.5-Ga greenstone successions, apart
from the Coonterunah Group and parts of the
Manuscript received November 28, 2007; accepted May 16, greenstone successions in the Theespruit Forma-

2008. . . .
! Paleoproterozoic Mineralization Research Group, Depart- tion, are generally hlghly strained and metamor-

ment of Geology, University of Johannesburg, Auckland Park phosed to amphibolite grade and beyond (Nutman
2006, Johannesburg, South Africa. et al. 1989, 2004; Lowe 1999; Dauphas et al. 2007),
> Research School of Earth Sciences, Australian Na- with rare and tiny low-strain enclaves still of

K?lr;?rla}ij;nversny, Canberra, Australian Capital Territory 0200, am phib olite gra de and o nly very loc ally preserve d

® Department of Petroleum Engineering, University of (POlat and Frei 2005) . The southern IOG greenstone
Stavanger, 4036 Stavanger, Norway. succession we report here is, for the most part, low

[The Journal of Geology, 2008, volume 116, p. 449-461] © 2008 by The University of Chicago.
All rights reserved. 0022-1376/2008/11605-0002$15.00 DOL: 10.1086/590133

449



450 J]. MUKHOPADHYAY ET AL.

3% :
Mumsatl W % (TTG) /3
1 2NN
-~ Dharwar

i Rift Valleys

\ Archean cratons
-

0

km 50 frﬂl
i)

Ultramafics

JI[]] Iron Ore Group

85 '

1

- Noamundi g

Proterozoic

metasediments/

metavolcanics

Singhbhum [1]/
+) Bonai[2]

Granite

Figure 1.

A, Three major cratonic nuclei separated by major rift valleys in the Indian subcontinent that include granite-

greenstone belts older than 3.3 Ga. The age data from each craton are from the tonalite-trondjhemite-granodiorite
complexes (e.g., Singhbhum craton [Misra et al. 1999] and Bastar craton [Ghosh 2004]) and from felsites of the
metasedimentary successions (Dharwar craton; Naqvi 2005, p. 16). B, Generalized geological map of the Precambrian

of the Singhbhum craton.

strain and weakly metamorphosed, similar to the
Coonterunah Group (Buick et al. 1995; Green et al.
2000; Van Kranendonk et al. 2002) and parts of the
Theespruit Formation (Viljoen and Viljoen 1969),
and it provides a new insight into tectonics and
surface processes on Earth at 3.5 Ga. The I0G
succession also contains a thick (~120 m) oxide
facies banded iron formation (BIF), which has
additional implications for redox conditions on
early Earth.

Geological Background

The early Archean Dharwar, Singhbhum, and
Bastar cratonic nuclei in India (fig. 1A4) include
granite-greenstone terrains as old as ~3.34-3.56 Ga,
as documented by 3.56-Ga Pb-Pb zircon ages for
tonalite-trondjhemite-granodiorite gneisses of the
Bastar craton (Ghosh 2004) and ~3.34-Ga felsites
of the Dharwar craton (Naqvi 2005, p. 16). Evidence
of earlier crust is recorded in ~3.58-Ga detrital
zircons of supracrustal rocks of the Dharwar craton
(Nutman et al. 1992; Peucat et al. 1995) and ~3.6-Ga
detrital zircons in metasediments of the Older
Metamorphic Group (OMG) of the Singhbhum cra-
ton (Goswami et al. 1995). Apart from the OMG,
the Singhbhum craton (fig. 1B) includes extensive
greenstone belt successions, collectively known as
the IOG, and is composed of BIF up to 120 m thick,
mafic-felsic volcanic rocks, chert, shale, and car-
bonate (Jones 1934; Acharyya 1993; Saha 1994,
Mukhopadhyay 2001). These BIF-bearing volcano-
sedimentary successions are exposed along the
western, eastern, and southern perimeters of the
Singhbhum granitoid and are informally known as

the western, eastern, and southern IOG, respec-
tively (fig. 1B). Thus far, no direct age has been
determined for any of the three IOG successions. A
minimum age of ~3.2 Ga is provided by granitoids
intrusive into the three main greenstone belts (cf.
Paul et al. 1991; Misra 2006). However, there are
indications that some of the greenstone material
may be older than 3.44 Ga. For example, the so-
called older metamorphic tonalite gneiss, with an
age of 3.44 Ga (Misra et al. 1999), intrudes small
rafts of deformed and metamorphosed greenstone
material, including BIF, in the central part of the
Singhbhum granitoid batholith complex (fig. 1B).
The dacitic volcanic rocks dated during this study
come from the southern I0G (fig. 1B).

Southern I0G

The stratigraphic succession of the southern IOG
is well exposed along the Tamka-Daitari Range
(Chakraborty et al. 1980; Acharya 2002) and belongs
to the southern limb of a large E-W trending, west-
erly plunging anticlinal structure. The succession,
which consists from the base upward of massive
and pillowed basalts with a few thin (2-5 m thick])
gray to green chert interbeds, felsic to intermediate
volcanic and volcaniclastic rocks (tuffs), bedded
chert, and BIF (fig. 2), is weakly deformed and, for
the most part, has undergone only greenschist-facies
metamorphism. Localized zones of amphibolite-
grade metamorphism appear to be related to the
proximity of the intrusive Singhbhum granite
(Saha 1994), and intense structural deformation
is restricted to some shear zones. The result is
that primary depositional/diagenetic features are
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Figure 2. Composite lithologic log of the southern Iron
Ore Group around Daitari Mining Township. Positions of
samples are shown.

commonly well preserved in the BIF, bedded chert,
and tuffs. Locally, a podiform chromiferous ultra-
mafic body (Augé et al. 2003; Mondal et al. 2006,
2007) overlies the BIF with a thrust contact (cf.
Banerjee 1997). Together, the ultramafic body and
the granite-greenstone succession are unconform-
ably overlain by a thick siliciclastic shelf succes-
sion, the Mahagiri Quartzite (fig. 2), that includes
detrital chromite grains in its lower part and is con-
sidered to be of Paleoproterozoic age (Saha 1994).
The lower massive to pillowed (fig. 3A) basalt
unit of the greenstone belt succession is overlain
by a ~10-m-thick dacitic lava (fig. 3B), i.e., the
unit that was sampled and dated in this study.
The lava typically displays feldspar phenocrysts
in a slightly recrystallized and weakly cleaved
quartzose-sericitic groundmass. Feldspars are es-
sentially orthoclase/microcline, with subordinate
albite. The contact between the basalt and the
dacitic lava is not well exposed in the sampled
section. However, pillow basalt occurs a few meters
below the dacitic lava. The dacitic lava is sharply
overlain by ~3-m-thick gray and black bedded
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chert, which, in turn, is overlain by a thick pile
of felsic to intermediate volcaniclastic rocks with
interbeds of gray to black bedded chert. The volca-
niclastic rocks, now in part metamorphosed to
quartz-sericite schists, mainly represent massive
sandy debris flows to plane, parallel-bedded, nor-
mally graded, fine-grained turbiditic subaqueous
tuffs (fig. 3C). They are devoid of wave-generated
primary sedimentary structures. Some beds are
vesiculated. On the basis of consistent upward
directions in pillow basalt below the dacitic lava
and graded beds in volcaniclastic rocks above,
we are confident that the succession is normal
and conformable, without major stratigraphic or
tectonic breaks.

The volcaniclastic rocks overlying the dacitic
lava grade upward through gray bedded chert into
a ~120-m-thick BIF. The transition is very well
exposed in the Daitari Iron Ore Mine area, and it
is possible to traverse continuously from the sam-
ple site into the BIF without break. The BIF displays
well-preserved mesobanding defined by alternating
iron- and chert-rich bands (fig. 3D). It includes both
oxide and carbonate facies members. The iron car-
bonates are now largely oxidized to goethite and/
or hematite, but locally remnant carbonate is pre-
served. The iron oxides are mostly hematite after
magnetite, i.e., martite. However, cryptocrystalline
and microcrystalline hematites are present in
chert mesobands as inclusions in microcrystalline
quartz (fig. 3E, 3F). These hematites appear to be
the earliest-formed oxide phase and have been
partly converted to magnetite during diagenesis
or low-grade metamorphism. The magnetites, in
turn, were transformed to martite during recent
supergene alteration.

Geochemistry

For the compositional and tectonic characteriza-
tion of the volcanosedimentary succession dated
here, geochemical analyses were obtained from
three samples of the dacitic flow (JAJ-61A, JAJ-
61C, and JAJ-61E) that have been dated, one from
another lava flow (DT-84) from the middle and three
samples of volcaniclastic rocks (DT-83/1A, DT-83/
1B, and DT-83-3 in table 1) from the upper parts of
the succession (fig. 2). Details of analytical proce-
dures are as follows.

X-ray fluorescence (XRF) analyses of all the sam-
ples were carried out on a Magix XRF spectrometer
operated at 4 kV at the University of Johannesburg.
Trace element compositions for three samples, DT-
83/1A, DT-83/1B, and DT-84, were analyzed by
instrumental neutron activation analysis (INAA)
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Figure 3. A, Pillowed metabasalt from the basic volcanic unit at the lower part of the greenstone succession. Note
preserved chilled margin (arrow) of the pillow structure. B, Thickly bedded massive dacitic lava (sampled for geo-
chronology) from the base of the felsic to intermediate volcanic interval. C, Medium- to thin-bedded fine-grained felsic
tuffs. Note plane, parallel bedding characteristic of deep-water turbidite deposits. Inset, Normally graded turbidite beds
(arrowheads) in a small handsample of felsic tuff. Coin diameter = 2.5 ¢cm. D, Partially oxidized banded iron forma-
tion (BIF) from Tamka hill section. Note well-preserved Fe (darker) and chert/jasper (lighter) mesobands. Coin
diameter = 2.5 cm. E, Reflected-light optical micrograph of oxide-facies BIF under plane-polarized light. Note presence
of coarse euhedral martites (M) after magnetite and microcrystalline/cryptocrystalline hematites (H) in chert (dark gray)
groundmass. F, SEM backscattered electron image of cherty mesobands in the BIF showing crypto- to microcrystalline
hematite within microcrystalline quartz. The cryptocrystalline dusty hematite inclusions are likely to represent the
earliest-formed hematite phase in the BIE.
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at ACTLABS, Ontario, Canada. The procedure for
analyses with INAA (described in detail at http://
www.acmelab.com) was standardized at ACTLABS,
where sample powders were dissolved in lithium
metaborate flux and the resultant bead rapidly
digested in dilute nitric acid. INAA precision and
accuracy based on replicate analysis of inter-
national rock standards were 2%-5% (1 s) for most
elements and +10% for U, Sr, Nd, and Ni. Four
samples, JAJ-61A, JAJ-61C, JAJ-61E, and DT-83-3,
were analyzed for trace elements at the National
Geophysical Research Institute (NGRI), Hyderabad,
India, with a PerkinElmer SCIEX ELAN DRC-II in-
ductively coupled plasma mass spectrometer
(ICPMS; Concord, Ontario), following Balaram and
Gnaneshwar Rao (2003). The precision and accuracy
based on replicate analysis of international rock
standards were 2%-5% (1 s) for most elements.
The analyses were controlled by measurements of
certified international standards (JR 1 and JR 2).

Glass beads were prepared for the XRF analyses
by fusing sample powder into a borate glass. One
gram of sample powder was mixed with 1 g flux
(50% Li metaborate and 50% Li tetraborate). Sam-
ples were fused in an induction-heated Pt crucible.
The measurements were monitored by several in-
ternal and international standards. Detection limits
of major and trace elements for the XRF analyses
were 250 ppm for SiO,; 20 ppm for TiO, and P,Os;
150 ppm for Al,O; and Fe,Ojs,; 15 ppm for Mn;
65 ppm for MgO and Na,O; 40 ppm for CaO;
50 ppm for K,O; 13 ppm for Ba; 1 ppm for Rb, Sr,
Ni, Cu, Zr, Y, Pb, and Nb; and 3 ppm for V. Detec-
tion limits for the INAA analyses of trace elements
were 1 ppm for Co, Mo, Cs, and Hf; 0.3 ppm for Ta;
0.1 ppm for Sc; 0.2 ppm for Th; and 0.5 ppm for U.
The detection limits were found to be <0.005 ppb
for almost all the elements determined by ICPMS
at the NGRI laboratory. All values are based on
the data obtained by the multielement peak hop-
ping mode.

The analyses indicate that the volcanic rocks are
felsic in composition, with SiO, concentrations
between 66% and 80% (table 1). The relatively high
alumina content, variable soda/potash ratio, and
sericitic groundmass suggest that the rocks have
undergone metasomatic and sericitic alteration
similar to what has been reported from some of the
oldest greenstone successions, e.g., the Barberton
Greenstone Belt (Lowe and Byerly 1999). Samples
of dacitic lava (JAJ-61A, JAJ-61C, and JAJ-61E in
table 1) are generally richer in Na, O and have lower
concentrations of K,O, which correlates with en-
richment in Al,O;, relative to the volcaniclastic
rock samples (table 1). Using quantitative estimates
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of the intensity of alteration with the alteration box
plot for magmatic and especially volcanic rocks
(Large et al. 2001), we find that the samples plot
outside of the unaltered fields for rhyolites (fig. 4A).
The volcaniclastic samples underwent stronger
sericitization and K-feldspar alteration than did the
lava samples dated here, probably because of hydro-
thermal processes (fig. 4A). The dacitic lava samples
used for dating are less affected by alteration and
point to a different trend with alteration products
such as K-feldspar and albite (fig. 4A), likely formed
during low-grade metamorphism and not by hydro-
thermal processes (cf. Gifkins et al. 2005). The
significant alteration requires an igneous rock clas-
sification scheme for altered and older rocks, with
the ratio of immobile trace elements such as Nb/Y
versus Zr/Ti (e.g., Winchester and Floyd 1977),
in which most samples fall within the dacite-
rhyodacite field (but two samples straddle the line
to trachyandesites; fig. 4B). Using immobile trace
elements such as Ta, Nb, Yb, Zr, and Y, we may
obtain data on the tectonic setting for these vol-
canic rocks. In the Ta-Yb discrimination diagram,
the dacitic lava and tuff samples fall in the volcanic
arc granite field (fig. 4C; fields are after Pearce et al.
1984). The samples in the Nb/Y versus Zr/Y dia-
gram (fig. 4D; fields after Condie 2005) also suggest
affinity to a volcanic arc setting and a nonplume
source (cf. Kerrich et al. 2008).

Geochronology

Two fresh samples, JAJ-61A and JAJ-61E, were
collected from the base and the top of the
~10-m-thick dacitic lava unit (21°0627.3"N,
85°49'37"E) in a roadcut along the main mine road
in the township of Daitari (figs. 2, 3B). Zircon grains
were separated at the Research School of Earth
Sciences (RSES) at the Australian National Univer-
sity by using standard magnetic and heavy-liquid
techniques. The zircons, together with the refer-
ence zircons FC1 (Paces and Miller 1993) and SL13,
were mounted in epoxy. All zircons were photo-
graphed in transmitted and reflected light, and
these, together with SEM cathodoluminescence
images, were used to decipher the internal struc-
tures of the sectioned grains and to target specific
areas within the zircons for spot analysis. U-Pb
analyses were done using the SHRIMP II instru-
ment at the RSES. Six scans of data through the
masses 9Zr, 0, 294Pb, background (at mass 204.1),
206phy, 207ph, 208p}, 238, M8ThQ, and 254UO were
collected for each analysis. Common Pb was insig-
nificant in all analyses but was corrected for using
the measured 2°*Pb and assuming the relevant com-
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Figure 4. Characterization of the dacitic lava and volcaniclastics rocks (tuffs) based on major and trace element
composition of selected samples. A, Alteration boxplot (after Large et al. 2001) of selected dacitic lava samples (JAJ; gray
circles) and tuffs (DT; black circles). Note that the lava samples (with “JAJ-” prefix in table 1) dated here show a
relatively lesser degree of alteration (K-feldspar and albitization) under diagenetic and low-grade metamorphic con-
ditions; tuff samples and one lava sample show a higher degree of alteration (K-feldspar + sercitization) under hydro-
thermal conditions (alteration fields and trends are after Large et al. 2001). B, Classification of the lava and tuffs based on
Zr/Ti and NDb/Y ratio plots (after Winchester and Floyd 1977). Note that both lava and tuff samples plot in the dacite-
rhyodacite field. C, Ta/Yb discrimination diagram for the dacitic lava and tuff samples. Note that all samples plot in the
tectonic field of volcanic arc granite (fields are after Pearce et al. 1984). D, Nb/Y versus Zr/Y discrimination diagram for
the dacitic lava and tuff samples. Note that samples of both lavas and tuffs display arc affinity and nonplume sources.
NMORB = normal mid-ocean ridge basalts; OIB = ocean island basalts; Arc = arc-related basalts. The ANDb line
separates plume from nonplume basaltic sources. Fields are after Condie (2005) and Kerrich et al. (2008).

position of the Stacey and Kramers (1975) model.
The data have been reduced in a manner similar to
that described by Williams (1998 and references
therein), using the SQUID Excel macro of Ludwig
(2001). Uncertainties given for individual U-Pb
analyses (ratios and ages) are at the 1o level; how-
ever, the uncertainty in the calculated concordia
age (calculated using SQUID) is reported at the 95%

confidence level and includes the uncertainties in
the standard calibration. The data are plotted using
Isoplot/Ex 3 software (Ludwig 2003).

The zircon crystals extracted from the dacitic
lava are dark pink and anhedral to subhedral. Most
grains display strong oscillatory-zoned growth, and
a few show small, unzoned centers. Apart from two
analyses (4.1 and 10.1), all data (fig. 5; table 2) plot
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Figure 5. Concordia plot of SHRIMP U-Pb zircon data for the southern Iron Ore Group dacitic lava. Individual error
ellipses are 1o. Note cathodoluminescence-SEM images of some euhedral zircons with ~20-pm-diameter analytical

spots marked.

within error of concordia and combine to give a
concordia age of 3506.8 2.3 Ma (fig. 5). Analyses
were mainly sited in the oscillatory-zoned (mag-
matic) tips of the zircon grains, with a few sited in
the more central parts of the grains. The results
show that the zircons are all part of a uniform
coeval population and that no inherited cores were
detected. The date of 3506.8 +2.3 Ma is therefore
considered to be the best estimate of the age of
emplacement of this lava.

Geological Significance

The 3506.8 +2.3-Ma dacitic lava represents the
oldest-dated rock unit of the Singhbhum craton
and of any greenstone belt in India. The age of
the lava also indicates that the southern IOG is
one of the oldest greenstone successions in the
world that is not highly strained and metamor-
phosed. Other greenstone belt successions with
preservation similar to that of the southern IOG
are all younger, with the exception of the slightly
older Coonterunah Group (~3.515 Ga; Buick et al.
1995) in the Pilbara craton, Western Australia. The
Theespruit Formation and related units in the Bar-
berton area, South Africa, are comparable to or are

slightly older in age than the southern IOG but are
mostly amphibolite grade, commonly sheared, and
cut by numerous unresolved faults and only rarely
contain well-preserved low-strain enclaves (Viljoen
and Viljoen 1969; Lowe 1999). The other well-
preserved successions from the Warrawoona Group
of the Pilbara craton in Western Australia (Buick
and Dunlop 1990; Thorpe et al. 1992; Barley 1993;
Krapez 1993) are in the order of 3.4-3.48 Ga. Re-
cently, Furnes et al. (2007) described a vestige of the
oldest ophiolitic crust from the sheeted dike com-
plex of the ~3.8-Ga Isua Greenstone Belt. However,
these older ~3.7-3.8-Ga successions in West Green-
land, northern Labrador, and northern Quebec are
so strained and metamorphosed to amphibolite
and higher grade (Nutman et al. 1989, 1997, 2004;
Dauphas et al. 2007) that inferences drawn from
them about stratigraphic relationships and early
Earth systems are often controversial (see review
in Myers and Crowley 2000; Hamilton 2007).

The oldest well-preserved greenstone succession
in the Coonterunah Group is dominantly composed
of basalt, gabbro, rhyolitic to andesitic volcanics,
and minor sedimentary units such as carbonates
and ferruginous chert (Green et al. 2000; Van
Kranendonk et al. 2002, 2007; Smithies et al.
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2007). On the basis of geochemical evidence from
the basalts of the Coonterunah Group, Green et al.
(2000) suggested that the greenstones were erupted
on a continental basement. In contrast, the 3.51-Ga
southern IOG greenstone belt succession consists
of mafic to intermediate and felsic volcanic rocks
with thick BIF. Our initial investigations suggest
that the volcanic rocks of the southern I0G suc-
cession may well have formed in a volcanic arc
environment similar to what is reported from some
other Archean greenstone belt successions (Komiya
et al. 1999; Polat and Frei 2005; Kerrich et al. 2008).

The other important aspect of the southern IOG
succession is the presence of a very prominent BIF
unit. This thick iron formation may well represent
the oldest-known low-grade metamorphic iron for-
mation. Although it has not been directly dated, the
iron formation conformably overlies the felsic to
intermediate volcanic pile in the southern IOG,
which could place it at ~3.5 Ga. The oldest promi-
nent iron formations in the low-grade metamorphic
Barberton and Pilbara greenstone belts are ~3.44 Ga
(Trendall 2000; Tice and Lowe 2004; Bolhar et al.
2005). Earlier ones in the 3.7-3.8-Ga greenstone
belts of West Greenland, Labrador, and Quebec
have all experienced at least amphibolite-grade
metamorphism and commonly display disrupted
tectonic contacts with adjacent lithologies (Nut-
man et al. 1989; Polat and Frei 2005; Dauphas et al.
2007). Most interestingly, the iron formation in the
southern IOG preserved crypto- to microcrystalline
hematite together with magnetite. All older iron
formations contain only magnetite as an iron oxide
phase (Dymek and Klein 1988; Nutman et al. 1989;
Dauphas et al. 2007; Frei and Polat 2007), but this
may be a function of their high metamorphic grade.
In contrast, the oldest iron formation in the Bar-
berton Greenstone Belt, the Buck Reef Chert, is
composed of siderite (Tice and Lowe 2004). This led
Tice and Lowe (2004) to propose that the siderite
precipitated directly from carbonate-oversaturated
ocean water under anaerobic atmospheric condi-
tions with high CO, contents and no influence

of microbial activity in the precipitation of the
BIF. Obviously, this model cannot apply to the
magnetite-hematite facies BIF that is dominant in
the southern I0G. Here, either free oxygen must
have been available in the water column to pre-
cipitate hematite or it was precipitated by anaero-
bic iron-oxidizing photosynthetic bacteria (Beukes
2004; Kappler and Newman 2004; Kappler et al.
2005). Up to now, it has not been possible to
unequivocally differentiate between the latter two
possibilities of hematite precipitation. However,
the general lack of organic matter in iron forma-
tions, including those of the southern IOG, may
favor the notion that anaerobic photosynthetic
iron-oxidizing bacteria were not involved in pre-
cipitation of hematite-rich BIF and hence imply
great antiquity of oxygenic photosynthesis (Beukes
2004; Rosing and Frei 2004).
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