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Abstract

Metamorphosed banded iron formation (BIF) in granulite-amphibolite facies, tonalitic orthogneisses from a series of loca-
tions in the Kolli Massif of southern India are described and analysed with regard to their lithologies, whole rock chemistry,
mineral reaction textures, and mineral chemistry. On the basis of their mineral reaction textures along magnetite-quartz grain
boundaries these BIFs are grouped according to their predominant silicate mineralogy: 1) amphibole; 2) orthopyroxene; 3)
orthopyroxene—clinopyroxene; 4) orthopyroxene-clinopyroxene-garnet; 5) clinopyroxene-garnet-plagioclase; and 6) Fe-Mg
silicates are absent. Two-pyroxene and garnet-pyroxene Fe-Mg exchange thermometry, coupled with thermodynamic pseudo-
section modelling of whole rock data from one of the magnetite-quartz-orthopyroxene-clinopyroxene-bearing lithologies,
indicates that the magnetite-quartz-orthopyroxene-clinopyroxene-garnet assemblages formed at~900 to 1200 MPa and 750
to 900 °C under relatively low H,O activities. Magnetite-quartz-orthopyroxene reaction textures were experimentally rep-
licated at 800 and 900 °C and 1000 MPa in a synthetic BIF using isolated magnetite grains in a quartz matrix to which was
added a hypersaline Mg- and Al-bearing fluid (approximately 1% by mass), which permeated along all the grain boundaries.
The fact that Fe-Mg silicate reaction textures did not form in one of the BIF samples, which had experienced the same P-T
conditions as the other BIF samples, suggests that, unless a BIF initially incorporated Mg, Al, and Ca during formation with
or was infiltrated from the surrounding rocks by Mg-, Al-, and Ca-bearing saline fluids, these silicate minerals could not and
would not have formed from the inherent magnetite and quartz during granulite-facies and amphibolite-facies metamorphism.

Keywords Magnetite - Orthopyroxene - Clinopyroxene - Banded iron formations (BIFs) - Kolli Massif - Southern India

Introduction

Banded iron formations (BIFs) are traditionally considered
to have originated as marine chemical sediments consisting
of alternating bands of Fe oxides and amorphous silica that
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were deposited in deep still waters during anoxic Archean
and Paleoproterozoic eras of Earth history (Bekker et al.
2010, 2014). As a consequence, they have a long geological
history during which these rocks were modified by varying
degrees of tectonic activity and metamorphism ranging from
low-grade (e.g., Johnson et al. 2003; Rasmussen et al. 2014,
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2016, 2017; Mloszewska et al. 2012) to high-grade (Klein
1978, 2005; Prasad et al. 1982; Zhai and Windley 1990; Zhai
et al. 1990). BIFs are present in all the major cratons of the
world where they serve as one of the principal repositories
for iron ore (Table 1). During the past few decades, they
have been widely investigated particularly with regard to
understanding the evolution of the early Earth’s atmosphere
and ocean water chemistry along with the episodic rise of
oxygen (Holland 2006; Ohmoto et al. 2006; Frei and Polat
2007; Frei et al. 2008; Bekker et al. 2010; Kasting 2013;
Lyons et al. 2014; Konhauser et al. 2017).

High-grade, metamorphosed BIFs (amphibolite-
granulite-eclogite facies) are generally characterized by
the presence of silicate minerals, such as orthopyroxene,
clinopyroxene, olivine, garnet, and/or amphibole along
with ubiquitous quartz, magnetite and/or hematite (Table 1).
Minor minerals can include plagioclase, graphite (French
1968; Butler 1969), pyrite (Butler 1969), pyrrhotite (French
1968; Klein 1978), and biotite/phlogopite (Klein 1978; Lan
et al. 2019b). While a few high-grade BIF are situated in
what could be called a contact metamorphic aureole, most
high-grade BIFs in the world are located in orogenic belts,
or in lower crustal gneissic cratons where they mostly occur
as enclaves, lenses, and layers in belts of schist, amphibolite,
or granulite-facies gneiss (e.g. Klein 1978, 2005; Sandiford
and Powell 1986; Harley 1987; Zhai et al. 1990). The
general petrography and P-T conditions of several of these
high-grade BIF have been well documented; however little
is known about the specific crustal processes that were
responsible for or facilitated their formation, or about their
links to the evolution of their respective terrains.

The aim of this paper is to report the results of a study
of mineral assemblages from a series of high-grade BIFs

Table 1 Major metamorphosed BIFs worldwide

associated with amphibolite-, granulite-, and eclogite-grade
lithologies in the Kolli Massif in southern India (Fig. 1)
(Saravanan 1969; Prasad et al. 1982; Thirunavukkarasu
et al. 2015; George and Sajeev 2015; Yellappa et al. 2016).
We present a detailed mineralogical, petrological, and geo-
chemical analysis of the varied BIF lithologies along with
a general estimation of the P-T conditions during their for-
mation. Orthopyroxene reaction textures observed along
magnetite-quartz grain boundaries are then replicated by an
experimental study under similar P-T conditions experienced
by the natural BIFs during high grade metamorphism by
utilizing saline to hypersaline Mg- and Al-bearing fluids.
These two lines of investigation are combined to explain the
role of element mass transfer in high-grade BIF lithologies
during their physical transport down and then up a presumed
subduction-exhumation channel to and from the deep crust
or lithospheric mantle.

Geological setting and background

The Archean Dharwar Craton makes up a large segment
of central and southern India (Fig. 1). It is composed of a
mosaic of crustal blocks of variable ages mutually separated
by deep crustal shear/suture zones (e.g., Jayananda et al.
2006, 2015, 2018, 2020, 2023; Ratheesh-Kumar et al.
2020). The Dharwar Craton mainly consists of tonalitic-
trondhjemitic-granodioritic (TTG) gneisses, volcano-
sedimentary greenstone belts, and several large potassic and
calc-alkaline granitic intrusions that are mostly Neoarchean
in age (Fig. 1; Gireesh et al. 2012; Tushipokla 2013; Mohan
et al. 2014). These include greenschist-grade schist belts
and granitic intrusions along with sinistral shear zones that

Location Assemblage Age (Ga) References
Hamersely Basin, Yilgarn Block, Western Mag-Qz-Opx-Ol-Grunerite 2.7-2.6 Gole and Klein (1981)
Australia
Biwabik Iron Formation, Minnesota, USA; Mag-Qz-0Ol1 1.85 Bonnichsen (1969), Morey et al. (1972),
Gunflint, Ontario, Canada Simmons et al. (1974), Floran and Papike
(1978), Klein (1983)
Fyfe Hills, Enderby Land, Antarctica Mag-Qz-Opx 2.6 Sandiford and Powell (1986)
Napier Complex, Tonagh Island, Enderby Mt-Qtz-Opx 2.6 Sandiford and Powell (1986), Harley (1987)
Land, Antarctica
Wind River Range, Wyoming, USA Mag-Qz-Opx-Grt 2.7-2.5 Immega and Klein (1976), Vaniman et al.
(1980), Sharp et al. (1988)
North China Craton, NE China Mag-Qz-Opx 2.86-2.83 Zhai and Windley (1990), Zhai et al. (1990)
Vornezeh Crystalline Massif, Russia Mag-Qz-Opx-Cpx-PI 3.178 Fonarev et al. (2006)
Bhandara-Balaghat granulite, Sauser Mobile Mag-Qz-Opx-Cpx+Grt 1.5 Bhowmik et al. (2006)
Belt, Central Indian Tectonic Zone, India
Southern margin of North China Craton, China Mag-Qz-Opx-Cpx+Amp+Grt+Bt 2.5,1.8 Lan et al. (2019a,b), Huang et al. (2019)

Mt magnetite, Qtz quartz, Opx orthopyroxene, Cpx clinopyroxene, Ol olivine, Grt garnet, Pl plagioclase, Amh amphibole
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Fig. 1 Regional geology and tectonic framework of southern India
(Geological Survey of India 1995; Drury and Holt 1980; Ishwar-
Kumar et al. 2013). A box outlines the Kolli Block (Kolli massif).
Acronyms: KSZ- Kumta shear zone, McSZ- Mercara shear zone,
ChSZ- Chitradurga shear zone, SaSZ- Sargur Shear Zone, KoSZ-

Kollegal Shear Zone, MKSZ- Mettur-Kolar shear zone, NSZ-
Nallamalai shear zone, MSZ- Moyar shear zone, SASZ- Salem-Attur
shear zone; BSZ- Bhavani shear zone, CaSZ- Cauvery shear zone,
PCSZ- Palghat-Cauvery shear zone; KKPTSZ- Karur-Kambam-
Painavu-Trichur shear zone, ASZ- Achankovil shear zone)

@ Springer



188

P. M. George et al.

were formed by late Archean NE-SW crustal shortening
(Chadwick et al. 2000; Ishwar-Kumar et al. 2013). The
southern part is characterised by predominantly N-S to
NE-SW structural trends (Chardon et al. 2008; Peucat et al.
2013) and is bound by amphibolite- to orthopyroxene-
bearing granulite-grade gneisses along its southern margin
(Ghosh et al. 2004; Ratheesh-Kumar et al. 2020).

The Dharwar Craton is divided into Western, Central,
and Eastern Cratons (Jayananda et al. 2018; Ratheesh-
Kumar et al. 2020) (Fig. 1). The Western and Central
Cratons are separated by the Chitradurga schist belt (e.g.,
Hokada et al. 2013; Lancaster et al. 2014; Sreehari and
Toyoshima 2020), and the Central and Eastern Cratons by
the Kolar suture zone (Jayananada et al. 2013; Yang and
Santosh 2015). Published geochronological results and Nd
model ages indicate a magmatic age range for the Western
Dharwar Craton of 3400 to 2900 Ma (e.g., Jayananda et al.
2000, 2015, 2018, 2023; Dey 2013; Mohan et al. 2014;
Maibam et al. 2016); a magmatic age range of 3400 to
2500 Ma for the Central Dharwar Craton (e.g., Peucat et al.
2013; Ratheesh-Kumar et al. 2016); and a magmatic age
range of mostly between 2700 and 2500 Ma for the Eastern
Dharwar Craton (Clark et al. 2009; Gireesh et al. 2012;
Glorie et al. 2014; Manikyamba et al. 2015; Hazarika et al.
2015; Maibam et al. 2016; Jayananda et al. 2020).

The southern margin of the Dharwar Craton is divided
by ductile shear zones into a set of tectonic blocks
of granulite grade (Chardon et al. 2008), which are
dominated by orthopyroxene-bearing TTG gneisses, and
mutually separated by shear/suture zones (Fig. 1; Ghosh
et al. 2004; Chardon et al. 2008; Peucat et al. 2013;
Ishwar-Kumar et al. 2013; Collins et al. 2014; Ratheesh-
Kumar et al. 2016, 2020). They are sometimes given
other names or several of these blocks are grouped into
one block (e.g. the Salem Block of Glorie et al. (2014)
which consists of the Shevaroy, Kolli, and Madras Blocks
in Fig. 1). In Fig. 1, following Ishwar-Kumar et al. (2013)
these blocks are termed the Coorg Block (Chetty et al.
2012; Ishwar-Kumar et al. 2013, 2016; Santosh et al.
2015); the Nilgiri Block (Samuel et al. 2014, 2019), the
Biligiri Rangan Block (Peucat et al. 2013; Ratheesh-
Kumar et al. 2016); the Shevaroy Block (Li et al. 2018;
Harlov et al. 2022); the Kolli Block (named after the
Kolli Massif but also known as the Namakkal Block)
(George and Sajeev 2015; Behera et al. 2019; Gou et al.
2022); and the Madras Block (Rameshwar Rao et al.
1991a, b; Braun and Kriegsman 2003). These granulite
facies blocks, which extend from west to east across
southern India (Fig. 1), are separated from the Madurai
Block to the south by the Palghat-Cauvery shear zone
(Plavsa et al. 2012, 2014; Peucat et al. 2013; Santosh
et al. 2009).

@ Springer

The Kolli Block

The Kolli Block consists primarily of the Kolli Massif
(Fig. 1). It is bounded by the E-W-trending Salem Attur
Shear Zone that separates it from the Shevaroy and Madras
Blocks to the north, and by the Cauvery Shear Zone, which
separates it from the Madurai Block to the south (Figs. 1
and 2). The Kolli Massif consists of orthopyroxene-bearing
granulite facies gneisses, amphibolite-facies TTG gneisses,
magnetite quartzites (BIFs), marbles, and layered igneous
complexes (calcic anorthosite, leucogabbro, gabbro, eclog-
ite, garnet websterite, and two-pyroxene granulite) (Fig. 2;
Bhaskar Rao et al. 1996; Ghosh et al. 2004; Ram-Mohan
et al. 2013; George et al. 2019; He et al. 2021; Gou et al.
2022).

To the west of the Kolli Massif at Sankagiri (also
Sankaridrug) (Fig. 2) diopside-hornblende gneisses occur
within a ca. 250 m-wide belt of marbles that extends along
strike for about 32 km. The whole package is intruded by
younger granites (Fig. 2). These pure calcite (limestone)
marbles, contain 30 cm-wide layers of garnet-diopside and
garnet-epidote, but no evidence of internal thrusts, isoclinal
folds, or duplicated stratigraphy. We assume such a thick
carbonate sequence was most probably derived from a
carbonate shelf on a passive continental margin.

The BIFs occur as layers conformable with the surround-
ing country rock, which include TTG gneisses and orthopy-
roxene-bearing charnockitic gneisses. They can range up
to a few meters wide and several kilometres long (Fig. 2).
The BIF are internally foliated, sheared, and folded, and
become more deformed and recrystallised in the vicinity
of the boundary shear zones (see Fig. 3b). At Kanjamalai
layers of BIF are folded into a spectacular interference pat-
tern (Fig. 2). Eleven BIF localities were sampled across the
Kolli Massif (Table 2; Fig. 2). Polished thin sections were
made of these samples using normal routine methods. The
thin sections from these samples were then characterized
with respect to their mineralogy and petrography using
transmitted and reflected light petrographic microscopy.
The samples were also analysed with respect to their whole-
rock chemistry. The field relations and description of these
samples are given below.

BIF field relations and sample descriptions

BIF-1 was collected from the crest of a hillock to the NE of
Salem city (N11.6869, E78.3132), which is within the Salem
Attur Suture/Shear Zone (Fig. 2). The BIF is weakly banded/
foliated (Fig. 3a) or mylonitized and sheared (Fig. 3b).
BIF-2 was sampled to the southeast of Salem (N11.6265,
E78.3360; Fig. 2) where it is intercalated with a garnetif-
erous gabbro and a pyroxene granulite. BIF-11 (Fig. 31)
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Fig.2 Geological map of the Kolli Massif (modified after George and Sajeev 2015; George et al. 2019) showing BIF sample locations and

towns mentioned in this study

was collected about 200 m away from BIF-2 at N11.6266,
E78.3361 (Fig. 2), and has similar lithological relations.
Samples from both localities are massive and are not banded
(compare Fig. 3a, b with ).

In the poorly exposed eastern Kolli Massif (Fig. 2), the BIFs
occur mostly as boulders. BIF-3 is from a rare massive outcrop
without banding (N11.4598, E78.4951) (Fig. 3d). Quartzite
and garnetiferous massive orthopyroxene-bearing charnockitic
granite are close by, but their field relationships are unclear.

Directly south of Salem, near the Salem-Namakkal high-
way, there are EW-trending metamorphosed massive BIF
(Fig. 3e) in meter-long, rarely banded, layers about 3 m wide,
which are bordered by garnet- and orthopyroxene-bearing

charnockitic gneiss and two-pyroxene granulite (N11.3941,
E78.1744) (Fig. 2). BIF-4 was sampled on the northern side
(N11.3628, E78.1838) of a 19 km long BIF layer that con-
tinues into the orthopyroxene-gneiss area (Fig. 2).

BIF-5, which is from an outcrop in a paddy field at a vil-
lage near Namakkal away from the Salem-Namakkal high-
way, is very coarse-grained and has no banding (Fig. 2). The
Fe oxide minerals appear to be segregated (Fig. 3f) possi-
bly due to recrystallization during metamorphism. The BIF
locality is surrounded by granitic gneiss, whose relationship
with the BIF outcrop is obscure.

BIF-6 was sampled from a metamorphosed BIF close
to a garnetiferous meta-gabbro in the southern margin of

@ Springer



190

P. M. George et al.

Fig. 3 Field photographs of
various field exposures of the
granulite-grade BIF in the Kolli
Massif: a, b BIF-1, ¢ BIF-2, d
BIF-3, e BIF-4, f BIF-5, g BIF-
6, h BIF-7, i BIF-8, j BIF-9, k
BIF-10, and 1 BIF-11 (see also
Table 2)
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Table 2 BIF mineral

Sample  longitude latitude Mag Qz Opx Cpx Grt Amp Bt Pl Kfs
abundances

BIF-1 11.6869 78.3132  x X X

BIF-2 11.6265 78.336 X X X

BIF-3 11.4598 78.4951 x X X

BIF-4 11.3941 78.1744 X X X

BIF-5 11.3628 78.1838 x X X Augite

BIF-6 11.1313 784174 x X X X X

BIF-7 11.2145 77.8813 X X

BIF-8 11.6294 78.0526 x X X X

BIF-9 11.6095 78.0371 x X X

BIF-10 11.5366 78.422 X X X X

BIF-11 11.6266 78.3361 x X X X X X X

Mag magnetite, Qz quartz, Opx orthopyroxene, Cpx clinopyroxene, Grt garnet, Amp amphibole, Bt biotite,
Pl plagioclase, Kfs K-feldspar, Blank mineral is absent

the Kolli Massif near the Cauvery Shear Zone (Fig. 2). The
BIF is associated with garnetiferous meta-gabbro, garnet-
pyroxenite, amphibolite, and two pyroxene granulite.
Yellappa et al. (2012) reported a U-Pb zircon age of ca.
2528 Ma from a nearby trondhjemite 2 kms east of the BIF-6
sample site. Chowdhury and Chakraborty (2019) determined
that the peak metamorphic conditions of a metagabbro (2
kms north of the BIF location) associated with a BIF were
800 °C and 1200 to 1400 MPa, followed by cooling and
decompression at 710 °C and 1000 to 1100 MPa to 580 to
600 to 800 MPa at 620 °C. George et al. (2019) estimated
peak metamorphic conditions of 980 °C and 2200 MPa for
a 2526 Ma garnet-bearing pyroxenite (south of this locality).
Weakly banded BIF-6 was collected at N11.1313, E78.4174
from a rock pile at a well cutting (Fig. 3g).

To the southwest of the Kolli Massif thin layers of
metamorphosed BIF are situated along the margin of and
within the Sittampundi Complex, which consists of layered
chromite-bearing anorthosite, leucogabbro, meta-gabbro,
amphibolite, and websterite (Fig. 2). Subramaniam (1956)
reported eclogitic garnet-clinopyroxene rocks within the
Complex. In a layered leucogabbro, Sajeev et al. (2009)
described 30-cm lenses of omphacite-bearing eclogite
(Na,O wt.% > 4) that had an estimated temperature and
pressure of 1020 °C and 2000 MPa. From the Sittampundi
Complex, Bhaskar Rao et al. (1996) estimated a ca. 2900 Ma
Sm-Nd whole-rock isochron age for a meta-gabbro, and a ca.
730 Ma age for a garnet-bearing granulite based on a garnet-
plagioclase-hornblende Sm-Nd isochron. Ram-Mohan et al.
(2013) reported that an associated anorthosite has a zircon
U-Pb age of ca. 2541 Ma and that zircon Hf isotopes have
positive eHf values, (eHf = ((eHE/"7 Hf) Sample™ 176p£/177
H) oo/ "CHE/ T THE) p0,)) X 10000), indicating the magma
source was juvenile. From the chromite-silicate chemistry,
Dharma Rao et al. (2013) concluded that the Sittampundi
Complex was generated in a subduction-related arc. He

et al. (2021) suggested that the Sittampundi anorthosite had
a minimum emplacement age of ca. 2526 Ma (U-Pb zircon),
and that zircons in the anorthosite have a ‘mantle like’ 5'30
composition. Within the Sittampundi Complex, BIF-7 was
sampled from a metamorphosed, weakly banded BIF layer
(N11. 2145, E77.8813), which was in direct contact with a
meta-gabbro (Figs. 2 and 3h).

At Kanjamalai, west of Salem city (Fig. 2), a 3 to 6 km-
wide refolded isoclinal synform contains layers, up to ca.
20 to 40 m wide, of granulite-facies BIF intercalated with
websterites, partly amphibolitised meta-gabbros, two-
pyroxene granulites, and granitic sheets (Saravanan 1969).
Sato et al. (2011) reported that zircons in the granitic sheets
have an age of 2.65 Ga. Noack et al. (2013) dated the peak of
metamorphism at 2480 Ma for a garnetiferous mafic granu-
lite using Lu-Hf garnet dating. This suggests that crustal
formation was in the Archean, and subsequent metamor-
phism was in the Paleoproterozoic (Anderson et al. 2012).
Mukhopadhayay and Bose (1994) first identified granu-
lite- to eclogite-facies metamorphism in the Kanjamalai
meta-gabbros (garnet + clinopyroxene +/- orthopyroxene +/-
plagioclase + hornblende +/- Fe-Ni oxides). Anderson et al.
(2012) reported P-T conditions at ca. 1400 to 1600 MPa and
820 to 860 °C with an age of ca. 2490 Ma. Saitoh et al.
(2011) reported that peak high-pressure metamorphism was
lower at 800 to 1200 MPa and 750 to 800 °C. In one of
the few structural investigations of the region, Mohanty and
Chetty (2014) described a thrust-controlled detachment in a
mélange with sheath folds near the margin of the Kanjamalai
rocks. The BIF samples collected from the Sittampundi
Complex are BIF-8 (N11.6294, E78.05226; Fig. 3i), which
is associated with a garnet-bearing meta-gabbro and pyrox-
ene granulite, and BIF-9 (N11.6095, E78.0371; Fig. 3j),
which is bordered by a websterite.

BIF-10 (Fig. 3k) was collected from metamorphosed BIF
layers east of Salem (N11.5366, E78.422) (Fig. 2), which
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are intercalated with granitic gneiss, quartzite, and pyroxene
granulite, whose mutual geological relationships are unclear.

Methods
Whole-rock chemistry

Major element concentrations were measured for the 11 BIF
samples by X-ray fluorescence (XRF) spectrometry using
a Rigaku RIX 3000 system at the Department of Geology,
Niigata University, Niigata, Japan (Table 3). Initial sample
size was 2 kg. Glass disks were prepared by fusing a rock
powder sample (0.5 g) with Li tetraborate (Li,B,0;, 5.0 g)
for major element analyses. The full analytical procedure is
described by Takahashi and Shuto (1997), and more recently
by Flude et al. (2017).

Electron microprobe (EMP) analyses

The mineral chemistry of the magnetite (Table 4;
Supplementary Appendix la), pyroxenes (Table 5;
Supplementary Appendix 1b), and garnet (Table 6;
Supplementary Appendix 1c¢) were determined with a
JEOL JXA-8230 Electron Microprobe (EMP) housed in
the Advanced Facility for Microscopy and Microanalysis
(AFMM) at the Indian Institute of Science, Bangalore, India;
aJEOL JXA-8900 EMP in Okayama University of Science,
Okayama, Japan; and a JEOL JXA-8230 EMP at the State
Key laboratory of Continental Dynamics, Department of
Geology, Northwest University, Xian, China. Carbon coating
on all of the thin sections analysed was 20 nm.

Analytical conditions were identical in the facilities from
India and Japan; during the analyses, the acceleration volt-
age during the analysis was 15 kV, the beam current was 12
nA, and the beam diameter was 3 microns. For analyses at

Northwest University the accelerating voltage was 15 kV, the
beam current was 20 nA, and the beam diameter size was 2
microns. Matrix corrections were performed using software
supplied by JEOL, i.e. the data were reduced using standard
ZAF correction procedures. In order to ensure that the rela-
tive differences observed are correct within EMP error, all
analyses per sample were obtained during one single meas-
uring session including multiple checks of the calibration.
In general, anywhere from 4 to 5 silicate and oxide
grains, scattered evenly over the length and breadth of the
thin section, were analysed per sample. Five to ten EMP
analysis points were generally taken per mineral grain.
Unless otherwise specified, only mineral cores were
analysed and rims avoided. This was done in order to obtain
compositions, which are as close as possible to the peak
metamorphic conditions present during the granulite-facies
metamorphism of the BIF samples. For each of the three
EMP, the standards used for analysis of the magnetite and
silicate minerals were Ca-Diopside; Ti-Rutile; Na-Jadeite;
Al-Almandine; Mg-Olivine; Si-quartz; Fe-Magnetite; Mn-
Rhodonite; V — V metal, and Cr- Chromium oxide.

Experimental procedure and analytical technique

In order to reproduce the subsequent silicate reaction tex-
tures growing along magnetite-quartz grain boundaries
under the high-grade conditions experienced by the BIFs,
experiments were constructed that involved natural grains
of magnetite (50-500 ym) surrounded by a synthetic quartz
matrix (Table 7). To this was added about 1 mg of doubly
distilled pure H,O or 1 M MgCl, solution to act as a flux
along with variable small amounts of MgCl,, MgO, anor-
thite glass, and/or Al,O5 (Table 7). Magnesium and Al were
added to the system because the stability of orthopyroxene
at high P-T is a function of the Mg and Al content of the
orthopyroxene as well as the pressure, temperature, and H,O

Table 3 Whole rock major

. Sample No BIF-1
element chemistry

BIF-2 BIF-3

P,0; 022 015 042
Si0, 445 543 475
TiO, bdl 002  bdl
ALO, 046 108 049
MgO 125 299  1.09
Ca0 1.04 108 336
MnO 002 004 002
FeO* 471 368 428
Na,O 002 003 003
K,0 bdl  bdl  bdl
LOI 507 276 383
Total 99.64 99.25 99.58

BIF-4 BIF-5 BIF-6 BIF-7 BIF-8 BIF-9 BIF-10 BIF-11
004 028 034 015 009 051 0.18 0.09
609 486 476 510 486 51.0 503 78.2
0.01  bdl 022 0.01 001 001 bd 0.04
054 044 173 056 O 045 044 1.44
345 225 318 015 078 125 1.56 0.88
051 063 240 010 006 123 040 2.06
027 0.01 006 001 0.02 001 001 0.28
30,7 435 416 420 451 402 427 15.5
004 001 004 0.02 bdl bdl 0.02 0.07
bdl bdl bdl bdl bdl bdl bdl bdl
267 386 191 58 483 466 415 2.32
99.15 99.54 99.08 99.74 9948 994  99.78  100.9

bdl below detection limit
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Table4 Mean magnetite EMP Sample Name Pts  SiO, TiO, ALO; Cr,O; V,0, Fe,0, FeO MgO MnO Total
analyses (Wt%)
BIF-1 41 0.0l 0.01 0.01 0.01 0.03 68.14 30.66 0.02 0.02 98.92
0.01 002 002 001 0.04 1.30 058 0.03 0.02
BIF-2 23 006 007 0.69 001 67.55 3039 0.01 0.01 98.78
0.02 002 017 001 0.18 008 0.02 0.0]
BIF-3 43 0.07 001 0.07 001 0.02 69.18 31.12 0.02 0.0l 100.51
0.03 002 002 001 0.03 0.50 022 002 0.02
BIF-4 17 003 001 027 001 001 6949 3126 0.14 011 10134
0.02 002 010 002 002 0.60 027 004 0.03
BIF-5 48 0.08 0.01 001 00l 000 6989 3145 0.02 001 101.49
0.03 002 002 001 000 0.53 024 002 0.02
BIF-6 24 0.3 126 063 002 000 6849 30.82 0.03 001 101.38
0.06 066 011 001 000 0.82 037 002 0.0
BIF-7 16 019 001 016 0.01 0.01 6872 3092 0.02 0.02 100.05
0.07 002 003 001 0.02 040 018 002 0.02
BIF-8 45 0.09 001 006 001 001 6934 3120 0.02 001 100.74
0.18 002 0.02 001 00I 125 056 0.02 0.01
BIF-9 44 0.07 001 003 001 003 6946 3125 0.03 001 100.89
0.08 002 002 001 0.04 0.63 029 002 0.0
BIF-10 51 0.05 001 001 001 002 6958 3131 002 001 101.02
0.03 002 002 001 003 0.54 024 002 0.0I
BIF-11 38 0.18 026 058 0.02 68.64 30.88 0.07 0.03 100.67
045 013 026 003 137 0.62 0.04 0.06

1 o standard deviation in italics, blank not measured

activity (Frost and Frost 2008). A few small seeds of Fe-rich
orthopyroxene, plus Fe-rich garnet in one case, were added
to a subset of the experiments in an attempt to enhance
orthopyroxene growth and garnet growth in the experiment.

Each experiment was prepared by loading 1 mg of dou-
bly distilled pure water or 1 M MgCl,, 25 mg of a mineral
mix, consisting of 1 part by mass coarse-grained natural
magnetite from an anorthosite massif in Quebec, Canada
thoroughly mixed with 2 parts by mass very fine-grained
synthetic quartz into a 3 mm diameter, 1 cm long Pt capsule.
To this magnetite-quartz mix was added very small amounts
of MgCl,, MgO, anorthite glass, and/or Al,O5+/-Fe-rich
orthopyroxene or garnet seeds (Table 7). The Pt capsules
were pinched and arc-welded shut using an argon plasma
torch. The Pt capsule seals were checked for leaks by first
weighing, then placed in a 105 °C oven for 4 to 12 h, and
weighed again. Only those capsules that showed no loss in
weight, were used in the experiments.

Experiments were performed using a Johannes design
piston-cylinder apparatus (Johannes et al. 1971; Johannes
1973) and a CaF, assembly (pressure medium) with a cylin-
drical graphite oven at 800 and 900 °C and 1000 MPa. Four
gently flattened Pt capsules, separated by biotite sheets, were
positioned vertically with the Ni-Cr thermocouple tip placed
approximately halfway up alongside one of the Pt capsules
in order to prevent them from welding together during the

course of the experiment (cf. Angiboust and Harlov 2017).
A thermal gradient exists along the length of the Pt cap-
sules such that temperatures are 20 to 30 °C lower at the
capsule tip compared to the capsule centre, which is where
the temperature is actually measured. At the start of a run,
the pressure was taken up to approximately 10 to 15% below
the run conditions, and then the temperature was brought up
to the desired value. Thermal expansion caused the pressure
to increase to the approximate target value. The pressure
was then adjusted to the desired value, and automatically
maintained within a pre-set range (+/- 50 MPa) during the
course of the entire experiment. The experiments were inter-
nally buffered to ferrosilite-magnetite-quartz, whereas the
external buffer was graphite-CO, due to the graphite oven.
Experiments were run for 7 to 8 days (Table 7). Quench was
achieved by turning off the current, such that H,O-cooling
jacket cooled down the CaF, assembly to below 50 °C within
about 15 to 30 s.

After quench, the capsules were cleaned, weighed, punc-
tured, and dried in open air in a 100 °C oven for 3 to 4 h.
They were weighed again in order to determine the exact
fluid content. The dried, now consolidated, mineral mix was
then extracted in pieces from the Pt capsule, mounted in
epoxy grain mounts, and finely polished.

Point analyses of individual orthopyroxene grains
(Table 8; Supplementary Appendix 2) were made with a

@ Springer



194

P. M. George et al.

Table 5 Mean pyroxene EMP analyses (Wt%)

Sample Mineral Pts SiO, TiO, ALO; Cr,0; FeO' MgO MnO CaO Na,0 Total X, Xme Xpn  TCOY
BIF-2  Opx 46 4943 0.61 001 3641 1178 0.09 0.72 0.01 99.05 0.633 0.365 0.002 860
0.27 012  0.01 0.56  0.39 0.03 0.15 0.01
Opx exsol 26  48.80 052 001 3872 10.06 0.09 0.57 0.01 98.77 0.682 0.316 0.002 830
in Cpx 0.30 0.14  0.01 054  0.55 0.02 0.10 0.01
Cpx 8 51.11 001 099 001 1741 866 004 2141 0.14 99.77 0.530 0.469 0.001
033 001 0.07 0.02 1.19 029 0.02 1.02 0.02
BIF-3  Opx 13 51.14 0.01 0.04 3574 12778 0.11 0.66 0.01 100.50 0.610 0.388 0.002 8385
1.26 001 0.03 270 065 0.07 016 0.01
Cpx 35 5068 001 0.02 001 2164 674 007 2053 0.25 99.95 0.642 0.356 0.002
026 0.02 0.02 001 191 027 0.03 1.52 003
BIF-4  Opx 17 5229 0.01 0.08 001 2534 1975 134 047 0.01 99.30 0.409 0.569 0.022
0.30 0.01 004 0.01 0.31 015 006 0.18 0.01
BIF-5  Opx 30 5209 001 0.01 001 3709 1020 0.07 0.88 0.01 100.37 0.670 0.328 0.001
041 0.01 001 0.02 091 0.4 0.03 0.21 0.01
Augite 5 54.14 002 001 2289 1148 0.03 1142 007 100.06 0.528 0.472 0.001
0.30 0.02  0.02 024 011 0.02 0.06 0.03
BIF-6  Opx 38 4742 001 024 001 4481 645 0.08 0.52 0.01 99.56 0.795 0.204 0.001 775
0.33 0.02 004 001 0.66 011 0.03 0.05 0.02
Cpx 18 5022 0.01 063 001 2231 565 0.03 2021 0.63 99.69 0.688 0.311 0.001
0.43 0.01 007 001 0.51 010 0.02 0.37 0.05
BIF-8  Opx 23 5455 002 0.01 001 2852 1641 026 024 0.02 100.04 0.491 0.504 0.005
0.22 0.02 001 0.02 044  0.24 0.04 0.08 0.02
BIF-9  Opx 19 5384 0.01 0.02 001 3150 1429 0.11 0.64 001 10042 0.552 0.446 0.002
0.65 0.01 002 0.02 0.51 035 0.02 0.05 0.01
BIF-10  Opx 36 5293 001 0.01 0.01 3344 1287 0.08 0.59 0.01 99.94 0.592 0.406 0.001
0.38 0.01 001 001 1.10  0.61 0.03 0.07 0.01
BIF-11  Opx 2 49.27 0.52 3478 12.53 2.27 0.44 99.81 0.585 0.376 0.039 880
0.15 0.27 040 0.14 0.01 0.04
Opx exsol 21  47.62 0.01 0.95 3852 833 3.16 0.97 0.01 99.56 0.681 0.263 0.057 815
in Cpx 0.34 0.01 0.10 0.69 030 0.12 0.61 0.01
Cpx 23 50.85 0.01 157 0.01 1857 7.72 1.01 20.86 049 101.09 0.557 0.413 0.031
0.57 001 022 0.02 121 059 034 0.96 0.05

1 o standard deviation in italics, blank measured but not detected
20px-Cpx thermometer, Brey and Kohler (1990)

JEOL JXA-8230 EMP with four wavelength-dispersive
spectrometers (WDS) at the Centre for Global Tectonics,
School of Earth Sciences, China University of Geosciences,

Table 6 Mean garnet EMP analyses (wt%)

Wuhan, China. The operating conditions included a 15 kV
accelerating voltage, a 20 nA probe current, and a 1 to 3 um
beam diameter. Measuring times were 10 s on element peaks

Sample Pts SiO, TiO, AlLO; FeOT MgO MnO CaO Total Xp, Xpe X X T(°C)* T (°C)°

BIF-6 17 3650 001 1993 3472 096 026 720  99.59 0.756 0.037 0.006 0201 760 840
014 002 020 061 005 003 013

BIF-11 26 3728 001 2015 2846 180 567 735 1007 0.608 0.068 0.123 0201 945 1055
015 001 017 026 020 034 035

1 o standard deviation in italics
4Gt-Opx thermometer, Lee and Ganguly (1988)

bGt—Cpx thermometer, Berman et al. (1995)
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Table 7 Summary of BIF metasomatism experiments

Experiment  T(°C) P(MPa) Time (days) H,0 1MMgCl, MgCl, MgO Anglass AlL,O; Grtseeds Opx seeds
Exp BIF-14 800 800 7 1.1 0.78

Exp BIF-15 800 800 7 1.17 1.2 added added added
Exp BIF-18 900 1000 8 1.13 2 added added
Exp BIF-20 900 1000 8 1.13 added added
Exp BIF-21 900 1000 8 1.03 added added

All amounts in mg except for the MgO, An glass, Al,O5, Fe-rich Grt seeds, and Fe-rich Opx seeds, which were added in trace amounts

and half that on background locations adjacent to peaks.
For both sets of EMP analyses, raw X-ray intensities were
corrected using a ZAF (atomic number, absorption, fluores-
cence) correction procedure. Natural and synthetic silicates,
oxides, and phosphate standards were used for calibration.
Matrix corrections were performed using software supplied
by JEOL. In order to ensure that the relative differences
observed were correct to within the EMP error, all analyses
per sample were obtained during one single measuring ses-
sion including multiple checks of the calibration.

Results
Whole rock chemistry

The whole-rock chemistry of the BIF (Table 3; Fig. 4) dem-
onstrates that FeO varies from 15.51 to 47.05 wt.% and
SiO, from 44.50 to 78.20 wt.%; these values are compara-
ble to those of Archean BIFs worldwide (Alexander et al.
2008). The MgO content is lower and varies from 0.15 to
3.45 wt.% (Fig. 4b) with BIF-4 having the highest value.
The Al,O; content in all samples is low, ranging up to a
maximum of 1.73 wt.% (in garnet-bearing BIF-6) (Fig. 4a).
The CaO content in the clinopyroxene- (BIF-2, BIF-3) and

garnet-bearing (BIF-6, BIF-11) samples ranges from 1.08
to 3.36 wt.% (Fig. 4d).

Mineral textures and chemistry

Several polished thin sections each of BIF samples 1 through
11 (Figs. 2 and 5) were prepared and examined under the
petrographic microscope in order to document the mineral
assemblages and associated textures (Table 2). Principal
minerals include fine- to coarse-grained (0.1-1 mm), sub-
hedral to anhedral magnetite and quartz along with lesser
amounts of subhedral to anhedral orthopyroxene, +/- clino-
pyroxene, +/- amphibole, +/- garnet, and +/- plagioclase
along magnetite-quartz grain boundaries.

BIF-1 (Fig. 5a) has a plumose structure that formed during
mylonitization. Both magnetite (Table 4) and quartz are fine-
grained, though the magnetite grains are coarser than the quartz.
There is a weak alternate banding between the magnetite and
quartz. Actinolite-tremolite (Table 2) occurs along magnetite-
quartz grain boundaries (Fig. 5a); no pyroxenes were found.

Although BIF-2 and BIF-11 come from the same locality
(Fig. 2), the samples differ in their mineralogy. BIF-2
consists of magnetite-quartz-orthopyroxene-clinopyroxene
(Fig. 5b; Tables 2 and 4). The orthopyroxene (X, =0.633)
and clinopyroxene (X, =0.530; Table 5) are coarse grained.

Table 8 Orthopyroxene EMP analyses from the metasomatic experiments

Experiment  #pts  SiO, TiO, ALO; Cr,0, FeOT MgO MnO CaO Total Xre Xmg XMn XAl

Exp BIF-14 20 5411 0.07 1.07  0.02 19.54 2491 024 045 10042 0304 0.692 0.004 0.012
0.89  0.04 045 0.02 2.19 208 0.15 0.51

Exp BIF-15 16 52.89  0.04 3.67  0.02 18.02 2596  0.09 0.11  100.81 0280 0.719 0.001  0.039
148 0.05 2.00 003 1.37 1.18 011 0.15

Exp BIF-18 25 4928 0.02 1071  0.02 16.05 2543 0.01 0.05 101.57 0261 0.738  0.000  0.109
0.75 0.02 0.67  0.02 0.71 0.67 0.01 0.02

Exp BIF-20 18 55.58  0.02 1.39  0.01 16.24 2720  0.05 121 101.71 0251 0.749 0.001 0.015
0.68  0.02 0.56  0.02 2.83 225  0.05 143

Exp BIF-21 14 50.11  0.03 995 0.02 16.54 2447 0.02 0.03 101.18 0275 0.725 0.000  0.104
1.86 0.03 1.28  0.02 1.11 1.06  0.02 0.06

1 o standard deviation in italics
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Fig.4 Harker plots showing whole-rock composition of each of the BIF samples in wt.%. a SiO, vs. Al,O;. b SiO, vs. MgO. ¢ SiO, vs. FeO. d SiO, vs. CaO
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Fig.5 High-contrast BSE
images showing varied textures
and mineral assemblages of
granulite-grade metamorphosed
BIFs in the Kolli Massif. a
Effect of shearing on magnetite
and quartz with a total

absence of orthopyroxene and
clinopyroxene in sample BIF-1.
b Co-existing orthopyroxene-
clinopyroxene with magnetite
and quartz in sample BIF-2.
c—e Co-existing orthopyroxene-
magnetite-quartz assemblages
in samples BIF-3, BIF-4,

and BIF-5. f Co-existing
garnet-clinopyroxene with
magnetite and quartz in

sample BIF-6. g¢ Magnetite-
quartz texture showing a total
absence of orthopyroxene

and clinopyroxene reaction
textures in sample BIF-7.

h—j Co-existing orthopyroxene-
magnetite-quartz assemblages
in samples BIF-8, BIF-9,

and BIF-10. k, 1 co-existing
garnet-clinopyroxene with
magnetite and quartz in sample
BIF-11. Mag - magnetite,

Opx - orthopyroxene, Cpx -
clinopyroxene, Qz - quartz,

Grt - garnet, Ap - apatite, Amp
- amphibole, Pl - plagioclase,
Kfs - K-feldspar
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The clinopyroxenes have thin exsolution lamellae of
orthopyroxene (Xp,=0.682; Table 5), which are parallel to
the [100] lattice plane (Fig. 6). BIF-11 has the assemblage
magnetite-quartz-orthopyroxene-clinopyroxene-garnet-
plagioclase. The mineral grains are small and appear to be
recrystallized (Fig. 5k, 1). In BIF-11 the garnet (X, =0.608;
Table 6) and clinopyroxene (Xg, =0.557; Table 5) occur

Fig. 6 BSE image of orthopy-
roxene lamellae along the
[100] lattice plane in clino-
pyroxene from sample BIF-2.
Mineral abbreviations the same
as for Fig. 5

along magnetite-quartz grain boundaries (Fig. 5k).
Clinopyroxenes are weakly overprinted by retrograde
amphibole. This sample also contains minor orthopyroxene
(Xp.=0.585; Table 5). The pyroxenes have no resorbed
boundaries or reaction rims. The garnet contains inclusions
of K-feldspar, which in turn hosts albite inclusions (Fig. 5k).
The clinopyroxene grains have thin exsolution lamellae of
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orthopyroxene (Xg,=0.681, Table 5) that are parallel to the
[100] lattice plane similar to that seen for BIF-2 (Fig. 6).

BIF-3 contains magnetite-quartz-clinopyroxene-
orthopyroxene with no obvious textural orientation
(Table 2 and 4). The orthopyroxene (Xg.=0.610; Table 5)
occurs along quartz-magnetite grain boundaries, has no
resorbed boundaries or reaction rims, and is coarse-grained
(Fig. 5c). Clinopyroxene occurs locally (Xp, =0.642;
Table 5), but is not associated with the orthopyroxene. It
contains no clinopyroxene exsolution lamellae.

BIF-4 contains coarse-grained magnetite-quartz-
orthopyroxene (Tables 2 and 4). The orthopyroxenes
(X =0.409; Table 5) occur along magnetite-quartz grain
boundaries (Fig. 5d).

BIF-5 consists of magnetite-quartz-orthopyroxene-
augite with weak alternating bands of quartz and magnetite
(Fig. Se; Tables 2 and 4). The coarse-grained orthopyroxene
(Xp.=0.670; Table 5) forms along magnetite-quartz grain
boundaries along with rare augite (X, =0.528; Table 5).

BIF-6 has a granular garnet-clinopyroxene-orthopyroxene
reaction texture along magnetite-quartz grain boundaries
(Fig. 5f; Tables 2 and 4). The clinopyroxene (X, =0.688;
Table 5), orthopyroxene (Xp,=0.795; Table 5), and garnet
(Xg.=0.756; Table 6) is enriched in Fe. The clinopyroxene
contains no orthopyroxene exsolution lamellae.

BIF-7 is slightly altered and contains no Fe-Mg silicate min-
erals (Tables 2 and 4). Both the magnetite and quartz are coarse
grained and show no indications of alternate banding (Fig. 5g).

BIF-8 (Fig. 5Sh) and BIF-9 (Fig. 5i) are characterized by
coarse-grained magnetite-quartz-orthopyroxene-amphibole
(Tables 2 and 4). Orthopyroxene in BIF-9 is slightly more
Mg-rich (X, =0.552; Table 5) than in BIF-8 (Xp, =0.491;
Table 5). The orthopyroxene forms reaction textures along
magnetite and quartz grain boundaries (Fig. 5h, i). In both
samples, the orthopyroxene is locally partially replaced by
late-stage amphibole.

Texturally BIF-10 consists of coarse-grained magnetite
and quartz (Fig. 5j). Orthopyroxene (Xp, =0.592; Table 5)
occurs along magnetite-quartz grain boundaries and as spo-
radic elongate grains in the quartz matrix.

P-T calculations

Considering the presence of co-existing orthopyroxene-
clinopyroxene-garnet, there are a number of possible Fe-Mg
exchange geothermometers that can be applied. These
include orthopyroxene-clinopyroxene (Brey and Kohler
1990), garnet-orthopyroxene (Lee and Ganguly 1988),
and garnet-clinopyroxene (Berman et al. 1995). Assum-
ing an approximate regional pressure of around 1000 MPa
(Chowdhury and Chakraborty 2019; Dutta et al. 2022), the
orthopyroxene-clinopyroxene geothermometer indicates a
temperature range of around 800 to 850 °C for BIF samples

containing orthopyroxene and clinopyroxene (cf. Table 5).
For the two garnet-bearing samples, temperatures of 760
and 945 °C (garnet-orthopyroxene thermometer) and 840
and 1055 °C (garnet-clinopyroxene thermometer) were
obtained for BIF-2 and BIF-11, respectively (Table 6). The
low Al contents in orthopyroxene did not allow for the Al-
in-orthopyroxene barometer of Brey and Kohler (1990) to be
applied. This would appear to be due to the low Al content
in the whole rock chemistry of these BIFs (Table 2). These
temperatures are in broad agreement with the estimated
regional temperatures estimated (see above) and with tem-
peratures in the phase equilibria modelling (Fig. 7).

Phase-equilibria modelling

A P-T pseudo-section for the system SiO,-Al,0;-FeO-
MgO-Ca0-0, was calculated from the bulk composition of
BIF-2 using Perple-X 6.8.4 (Table 3; Supplementary Appendix
3.1; Fig. 7) as a function of pressure and temperature using
the Gibbs free energy minimization technique (Connolly 2005)
and the thermodynamic data set and mineral solution models
contained in Holland and Powell (1998) (Supplementary
Appendix 3.2). The input DAT file can be found in
Supplementary Appendix 3.3. No melt phase occurs over the
P-T range considered. The computed pseudo section in Fig. 7
agrees with the high P-T mineral assemblage found in the
sample and shows that the magnetite-quartz-orthopyroxene-
clinopyroxene assemblage has a wide P-T stability field ranging
from over ~400 MPa and ~600 °C (more details about the
pseudo-section are included in the figure caption).

Experimental replication of reaction textures

Orthopyroxene reaction textures along magnetite-quartz
grain boundaries were obtained in a series of the BIF
experiments run at 800 °C and 800 MPa and at 900 °C and
1000 MPa (Tables 7 and 8; Supplementary Appendix 2;
Fig. 8). No garnet, clinopyroxene, or amphibole formed in
any of these experiments. Voids seen between minerals and
along mineral grain boundaries in Fig. 8§ were once filled
with Mg- and Al-bearing saline to hypersaline fluids.

The orthopyroxene that formed tends to be relatively
rich in Mg compared to Fe with somewhat variable
amounts of Al from experiment to experiment (Table 8).
The EMP analytical results reported in Table 8 are mean
values taken from a series of individual single grain point
analyses, i.e. one analysis per grain (Fig. 8). The high
standard deviations seen for these mean values indicate that
there is a relatively high variability in the Fe, Mg, and Al
contents between the orthopyroxene grains in each of the
experiments (Supplementary Appendix 2). Compared to
the composition of orthopyroxene grains from the natural
samples (Table 5), the Mg contents are considerably higher
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Fig.7 P-T pseudo-section

in the system SiO,-Al,05— 15
FeO-MgO-Ca0O-0, (55.32-
1.09-37.43-3.03-1.09-2

wt.%) calculated from the bulk
composition of BIF-2 (see
Table 2). The magnetite-quartz-
orthopyroxene-clinopyroxene
assemblage of this sample is
stable above 400 MPa and 600
°C. The isopleths generated from
the respective orthopyroxene
and clinopyroxene solution
models are very closely

spaced and are not included

in the diagram. The arrow
marked shows the P-T path of
the exhumation of the BIFs that
led to the formation plagioclase
during decompression

-
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in the experimentally grown orthopyroxenes for all of the
experiments, whereas the Al contents in the orthopyroxene
are higher for two of the experiments at 900 °C and
1000 MPa at around 10 wt% Al,0O5 (Table 8; Supplementary
Appendix 2). The high Al,O; values in these orthopyroxene
grains are probably due to the high P-T of the experiments
and to the fact that the amount of Al added was apparently
much higher than in the other three experiments conducted
under the same P-T conditions. Such high Al-orthopyroxenes
with similar Al,O5 values are commonly found in Al-rich
rocks, which have experienced a pressure-temperature
regime similar to those seen in the experiments, i.e. 900 °C
and 1000 MPa (cf. Kienast and Ouzegane 1987; Harley and
Motoyoshi 2000; Kelly and Harley 2004; Sajeev and Osanai
2004; Belyanin et al. 2012; Scribano and Carbone 2020).
A series of initial experiments at 700, 800, and 900 °C
and 1000 to 1400 MPa, which involved similar proportions
of magnetite and quartz, were done for time periods ranging
from 11 to 28 days. These experiments were either fluid-
free, i.e. charge dried at 600 °C or dry at 25 °C with residual
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atmospheric moisture, or with small amounts (1-2 mg)
H,0 or 1 M HCl added. In the case of the 1 M HCI experi-
ments, +/-0.1-0.5 mg amounts of anorthite glass, +/- Fe-rich
orthopyroxene seed crystals, 4+/- Fe-rich clinopyroxene seed
crystals, and/or +/- Fe-rich garnet seed crystals were added.
None of these experiments resulted in Fe-Mg silicate min-
erals forming either independently or as reaction textures
along the magnetite-quartz grain boundaries. Rather the
magnetite-quartz grain boundary interface was very clean
with no evidence of any kind of reaction or alteration.

Discussion

Origin and evolution of oxide-silicate mineral
textures in the BIFs

The high-grade BIFs of the Kolli Massif are characterized
by the presence of several, various reaction textures. Each
individual BIF enclave, lens, or layers may be considered
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to be an open chemical system in which mass transfer of
elements between the BIF and the surrounding rocks took
place during metamorphism, most likely enhanced by fluid-
aided transport.

In BIF-1, the actinolite-tremolite (Ca,(Mg,Fe’)sSig0,,(OH),—
Ca,Mg;Siz0,,(0OH),) (Table 2; Fig. 5a) possibly developed
through the metasomatic alteration of previously formed clino-
pyroxene (see below). However, the lack of any relict clinopy-
roxene in the sample, specifically associated with the amphibole,
suggests that these amphiboles were a direct reaction product of
the original magnetite and quartz coupled with the fluid-aided
infiltration of Ca and Mg via the following generalized reaction:

Fe;0, + SiO, + MgO (in fluid)

+ CaO (in fluid) + H,0 = (Cay(Mg, Fe**)5Sig0,,(OH), €))]

This reaction was most likely generated during green-
schist facies metamorphism due to fluid interaction between
the magnetite-quartz layers and surrounding country rock,
which would have taken place during post-peak P-T exhuma-
tion and cooling under a relatively high H,O activity.

In the case of the orthopyroxene-bearing BIF sam-
ples (BIF-8, BIF-9, and BIF-10) (Table 2; Fig. 5h—j) the
orthopyroxene predictably formed as a reaction product
between magnetite and quartz via the generalized reaction:

Fe;O0, + SiO, + MgO (in fluid)
+ Al,O; (in fluid) = (Fe, Mg),(Si, Al),O¢ + O,.
@
under a low H,O activity, and presumably low K,O and
TiO, activity, as evidenced by the lack of high-grade (high
Ti) biotite either prograde or retrograde. In these samples,
the relatively low Al content in the orthopyroxenes (< 1%
Al,05; wt%) (Table 5) seems reflective of the low Al content
in the BIF overall, (i.e. low Al,O; activity), and not due
to formation at low temperatures (see discussion in Harlov
et al. (2006)).

Co-existing clinopyroxene-orthopyroxene textures in
BIF-2, BIF-3, BIF-4, BIF-5, BIF-6, and BIF-11 (Table 2;
Figs. 5Sb—e) indicate coeval formation from the original mag-
netite and quartz assisted by the infiltration of the same ele-
ments for orthopyroxene, but with the addition of sufficient
amounts of CaO, via the generalized reaction:

Fe,0, + SiO, + MgO (in fluid)

+ CaO (in fluid) + Al,O; (in fluid) = Fe,Si,04 + Ca(Fe, Mg)(Si, AD,0; + O,.
3

The presence of orthopyroxene exsolution lamellae
within the clinopyroxene parallel to the [100] lattice plane
in BIF-2 (Fig. 6) indicates a solid-state, sub-solidus exsolu-
tion of orthopyroxene during slow cooling of the clinopy-
roxene. Orthopyroxene, both as lamellae and as blebs within
clinopyroxene, is a characteristic of clinopyroxenes from a

high P-T BIF (Harley 1987). Clinopyroxene forms a solid
solution with minor amounts of orthopyroxene at 1000 to
1100 MPa and > 900 °C (Fonareyv et al. 2006). The orthopy-
roxene lamellae would have exsolved at temperatures below
800 °C, which is consistent with the thermodynamic model-
ling (Fig. 7). The lack of biotite formation in these orthopy-
roxene-clinopyroxene-bearing BIFs again would appear to
be a combination of both a low H,O activity, coupled with
a low activities K,0, Al,05, and low TiO, activity in these
BIFs (Table 3) during both their prograde and retrograde
tectonic history.

Whole-rock data for the garnet-orthopyroxene-clino-
pyroxene-bearing samples (BIF-6, BIF-11) indicate they
are relatively rich in Ca and Al (CaO=2.06-2.40 wt%;
Al,0;=1.44-1.73 wt%; Tables 2 and 3; Figs. 4 and 5f, k, 1).
This is confirmed by the presence of plagioclase in BIF-11,
which must have formed with the aid of external fluids, and
allowed for the formation of Fe-rich garnet from magnetite
and quartz via the following possible generalized reaction:

Fe,0, + SiO, + MgO (in fluid)

+ CaO (in fluid) + Al,O; (in fluid) = (Fe, Mg, Ca);Al,Si;0;, + O,.
“

The clinopyroxene in BIF-6 does not contain orthopy-
roxene exsolution lamellae, which suggests they formed at
temperatures below 800 °C, which is in good agreement
with its orthopyroxene-clinopyroxene temperature of 775 °C
(Table 5). The clinopyroxene in BIF-11 (and BIF-2 collected
a few meters away) has orthopyroxene exsolution lamellae
(Fig. 6). This agrees well with their higher orthopyroxene-
clinopyroxene temperatures of 860 and 880 °C, respectively
(Table 5). An exception here is BIF-3, which has an orthopy-
roxene-clinopyroxene temperature of 885 °C, despite having
no orthopyroxene lamellae in the clinopyroxene.

Of particular interest is BIF-7 (Fig. 5g) in which no
silicate reaction minerals formed, but which experienced the
same high-grade metamorphism as the other BIF samples
in this study. The most likely explanation for this lack of
reaction textures would be the near-total lack of any fluids
in either the BIF or the surrounding rock. This would greatly
retard any element mass transfer between the BIF and the
surrounding rock. This could also be coupled with the fact
that, with the exception of FeO and SiO,, all other elements
existed only in trace amounts in the original chemical
sediment responsible for the BIF (Table 3). Without the
presence of fluids to facilitate mineral reactions, the
chances of no reaction occurring between mineral phases
in physical contact are quite high even under the high-
grade P-T conditions experienced by this BIF allowing for
the persistence of metastable mineral assemblages (see
discussion in Harlov and Newton 1993; Harlov and Milke
2002; Harlov et al. 2008; Kihle et al. 2010).
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«Fig. 8 High-contrast BSE images from several BIF reaction experi-
ments showing orthopyroxene reaction textures associated with mag-
netite. These include a—c BIF-14 and BIF-15 at 800 °C and 800 MPa
and d-h BIF-18, BIF-20, and BIF-21 at 900 °C and 1000 MPa
(Table 8). b is an enlargement of the outlined area in a. h is an
enlargement of the outlined area in g. In each of these experiments,
orthopyroxene grew as a reaction product from magnetite, quartz,
MgCl,, and Al,O5 via reaction (2). Mineral abbreviations the same
as for Fig. 5

Comparisons between natural
and experimentally-produced reaction textures

The P-T estimates of the various natural BIFs are reflected by
the experimental P-T conditions (800—1000 MPa, 800-900
°C), in which the orthopyroxene reaction textures along
magnetite-quartz grain boundaries were replicated (Fig. 8)
similar to that seen in samples BIF-8, BIF-9, and BIF-10
(Fig. 5h—j). In these experiments it is clear that the forma-
tion of orthopyroxene is not a simple matter of a reaction
between magnetite and quartz. Rather it requires additional
elements. This is because the stability field of orthopyrox-
ene is a function of the Al and Mg content in addition to the
P-T conditions (cf. Frost and Frost 2008). This is certainly
indicated by the composition of the orthopyroxenes, which
formed during the experiments (Tables 7 and 8). Earlier,
fluid-absent experiments to which no external elements were
added to the magnetite-quartz matrix resulted in no reac-
tion textures forming at all at 700, 800, or 900 °C and 1000
to 1200 MPa even after 28 days. This was also the case if
the fluids contained only H,O or were HCI-solutions. The
presence of a MgCl, hypersaline solution along the mag-
netite-quartz grain boundaries in addition to promoting the
formation of orthopyroxene also guaranteed that the H,O
activity of the system was low enough such that orthopy-
roxene would be a stable phase under the P-T conditions of
the experiments.

The implication from these experiments is that the BIF
layers, enclaves, and lenses covered in this study, with one
exception (BIF-7), were not closed systems, but rather
were subjected to an influx of Na, Ca, K, Al, Mg, Mn, etc.
during high-grade metamorphism and post-peak uplift
and cooling. It is also possible that their original Fe-rich
chemical sedimentary protoliths not only consisted of Fe
and Si, but were also contaminated with minor amounts of
Mg-, Ca-, and Al-bearing detrital/chemical sediments that
were deposited along with the Fe and Si oxides/hydroxides.
This would account for the formation of additional minerals
as reaction textures associated with magnetite and quartz
in these BIFs, such as orthopyroxene, clinopyroxene, and
garnet, and the formation of plagioclase and K-feldspar
independent of the magnetite and quartz (Table 2; Fig. 5k).
In the experiments, orthopyroxene growth was facilitated
by the presence of a saline to hypersaline MgCl, fluid along

grain boundaries along with an Al source (Tables 7 and 8;
Fig. 8). Such a fluid with an MgCl, and Al component
(possibly as AICl;), in tandem with other elements
complexing as chlorides, could have been present during
the high-grade metamorphism of these pyroxene-bearing
and pyroxene-garnet-bearing BIFs. They would have
originated from the surrounding rocks, all of which are
both Mg- and Al-bearing. The fact that biotite did not form
in any of the BIF layers, enclaves, and lenses described in
this study would support the idea that these fluids had a
low H,O activity, which would be one of the characteristics
of a hypersaline fluid, similar to the fluids present in the
experiments, coupled with a probable low K,O activity
(with perhaps one exception - BIF-11 (cf. Table 2)). The
presence of amphibole only in BIF-1 and its total absence
in the orthopyroxene-only-bearing BIFs and the other BIFs
can be treated as being due to the higher H,O activities
under probable mid-crustal, greenschist-facies conditions
during uplift and cooling.

Geodynamic implications for the formation
of metamorphic BIF in the Archean Kolli Massif

The relationship of the BIF layers with their surrounding
rocks is not easy to determine considering the multiple
deformation history of the Kolli Massif. The metamor-
phosed BIFs in this study are in contact with granulite-facies
gneisses, meta-gabbros, pyroxenites, websterites, and rarely
two-pyroxene granulites. The Kolli Massif experienced high-
grade metamorphism ranging from granulite- to eclogite-
facies towards the end of the Archean (Subramaniam 1956;
Mukhopadhay and Bose 1994; Bhaskar Rao et al. 1996;
Sajeev et al. 2009; Anderson et al. 2012; Ram-Mohan et al.
2013; Noack et al. 2013). The BIFs covered in this study
occur as enclaves, lenses, and extensive layers ranging from
a few meters to several kilometres in length and from cms to
200 to 300 m in width. The two major questions to address
here are: 1) what processes brought these meta-sedimentary
iron formations and the surrounding meta-igneous rocks
together, and 2) what is the significance of these processes
with respect to the time of their formation?

Field observations indicate that the BIFs commonly strike
E-W and dip sub-vertically following the general regional
trend. The fact that the BIFs originated as meta-sediments,
and the widespread occurrence of now mostly thin, calc-
silicate marbles throughout the Kolli Massif (up to 250 m
wide and 32 km long at Sankagiri - Fig. 2), suggest a shallow
marine environment, probably on a passive continental/arc
margin (Bradley 2008; Bekker et al. 2010; Satish-Kumar
et al. 2021); however, their current presence as layers in and
bordering meta-igneous rocks that have HP assemblages is
indicative of deep subduction (e.g. Sajeev et al. 2009; Sato
et al. 2011; Noack et al. 2013; George et al. 2019).
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Previous studies of the Kolli Massif suggested a history
of subduction of sediments followed by arc magmatism
towards the end of the Archean (Rajesh 2012; Ram-Mohan
et al. 2013; George et al. 2019). However, the details of how
this subduction occurred and the geometry involved are still
hotly debated (Noack et al. 2013; Sengupta et al. 2015;
Chowdhury and Chakraborty 2019; Santosh 2020; Dutta
et al. 2022), and are beyond the scope of this study.

The predominant rocks in contact with the BIFs are
orthogneisses (as shown in Fig. 2) with a TTG composition
(Rajesh 2012; Tomson et al. 2013; Glorie et al. 2014). The
BIF lenses, enclaves, and layers are relicts within them. We
consider that the protoliths of the Kolli Massif orthogneisses
were most likely intruded in batholithic proportions into the
BIF-bearing sedimentary package in an active continental
margin setting, as also reported by Yellappa et al. (2016).
An active plate margin would imply subduction of an oce-
anic plate with shallow marine sediments, and an island
arc, which were taken down to granulite- to eclogite-facies
depths (=800 °C; 1000-1100 MPa). Such a model is most
consistent with all the current inter-related geological and
geochemical-isotopic data from the Kolli Massif.

To conclude, the field relations in the Kolli Massif
suggest that the original iron oxide—silica-bearing sediments
were deposited as chemical precipitates on a passive
continental margin together with thick shelf carbonates
and extensive magnetite quartzites. The Sittampundi
anorthositic layered complex originally formed in the
magma chamber of an island arc (Dharma Rao et al.
2013). The BIF and layered complexes were invaded by
batholitic proportions of TTG melts probably in an active
continental margin, and were subducted to depths as
indicated by the presence of eclogites and the calculated
P-T conditions; subsequent continental collision would have
assisted conversion of the tonalitic protoliths into high-
grade tonalitic orthogneisses. Exhumation and uplift of the
package enabled cooling that gave rise to amphibolite-facies
assemblages recorded locally in the Kolli Massif. During
subduction, exhumation, and uplift the BIFs were infiltrated
by fluids, most likely saline to hypersaline in nature, which
effected mass transfer of various additional elements such
as Mg, Al, Ca, etc., which resulted in the formation of
orthopyroxene +/- clinopyroxene +/- garnet +/- amphibole as
reaction textures along magnetite-quartz grain boundaries
sometime during this P-T trajectory. This premise is further
supported by a set of experiments at 800 to 900 °C and 800
to 1000 MPa, which reproduces orthopyroxene reaction
textures along magnetite-quartz grain boundaries. As a
side-note, it is interesting that the above lithological and
tectonics relations are comparable with those in the Andean-
type margins of North and South America from Alaska to
Tierra del Fuego described by Lee et al. (2007), who also
presciently predicted similar occurrences in the Archean.
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