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Abstract Meso-Neoarchean fuchsite quartzites are present
in different stratigraphic positions of Dharwar Craton
including the oldest (~ 3.3 Ga) Sargur Group of western
Dharwar Craton. The present study deals with the petro-
graphic and geochemical characteristics of the fuchsite
quartzites from the Ghattihosahalli belt to evaluate their
genesis, depositional setting and the enigma involved in the
ancient sedimentation history. Their major mineral
assemblages include quartz, fuchsite, and feldspars along
with accessory kyanite and rutile. The geochemical com-
positions are characterized by high SiO,, Al,O5, low MgO,
CaO, strongly enriched Cr (1326-6899 ppm), Ba
(1165-3653 ppm), Sr (46-210 ppm), V (107-868 ppm)
and Zn (11-158 ppm) contents compared to the upper
continental crust (UCC). The UCC normalized rare earth
element (REE) patterns are characterized by depleted light
REE [(La/Sm)ycc = 0.33-0.95] compared to heavy REE
[(Gd/Yb)ycc = 0.42—- 1.65)] with conspicuous positive Eu-
anomalies  (Eu/Eu* = 1.35-18.27)  characteristic  of
hydrothermal solutions evidenced through the interlayered
barites. The overall major and trace element systematics
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reflect a combined mafic-felsic provenance and suggest
their deposition at a passive continental margin environ-
ment. The comprehensive field, petrographic, and geo-
chemical studies indicate that these quartzites are infiltrated
by Cr-rich fluids released during high-grade metamorphism
of associated ultramafic rocks. The Sargur and the subse-
quent Dharwar orogeny amalgamated diverse lithounits
from different tectonic settings, possibly leading to the
release of Cr-rich fluids and the formation of fuchsite
quartzite during or after the orogeny. These findings sug-
gest a pre-existing stable crust prior to the Sargur Group
and the link between orogenic events and various mineral
deposits in the Dharwar Craton.

Keywords Dharwar Craton - Ghattihosahalli - Fuchsite
quartzite - Provenance - Depositional setting

1 Introduction

The clastic sedimentary rocks represent natural archives
offering clues about their geological history of formation,
sedimentation styles, and composition of exposed conti-
nental crust during the geological past (Taylor and
McLennan 1985; Gao and Wedepohl 1995). Archean sed-
iments, predating ~3.0 Ga are of paramount significance
as they offer invaluable insights into the ancient crust and
sedimentary processes (Dhiume et al. 2012; Chowdhury
et al. 2021). One such Archean clastic sedimentary rock is
fuchsitic quartzite which is often overlooked and consid-
ered petrologically unusual, but holds a significant place in
Earth’s history due to its occurrence in Archean greenstone
belts of numerous cratons of the world, signifying probably
the earliest sedimentation processes on the Earth. Fuchsite
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[K(ALCr);Si30,9(OH),] is a Cr, K-rich mineral variety of
muscovite mica with a green-coloured tint occurring
commonly in metasomatized ultramafic rocks (Whitmore
et al. 1946; Brigatti et al. 2001; Ferenc et al. 2016; Aus-
trheim et al. 2021). Fuchsites usually form by substitution
of Cr which is mobilized from chrome-spinel or chromium-
bearing silicates in ultramafic host rocks; and when K is
introduced through hydrothermal fluids in muscovite (Hall
and Zhao 1995; Sleep et al. 2011; Haugaard et al. 2021).
They show mineralogical association with corundum, alu-
minum-silicate polymorphs such as kyanite and andalusite
(Whitmore et al. 1946) and are stratigraphically associated
with ultramafic lithologies within Archean greenstone belts
(Nutman et al. 2009; Treloar 1987; Cui et al. 2018). They
are also found interlayered with cherts (de Wit et al. 1982),
quartz-carbonate assemblages (Pearton 1981), and
metasediments of volcaniclastic origin (Naqvi et al. 1981).
As Cr is one of the most immobile elements, its trans-
portation is restricted to a limited distance and therefore, its
occurrence as a detrital grain indicates a very proximal
source (McLeod 2001). The chromite characteristically
crystallizes in mafic—ultramafic magmatic complexes.
However, globally the occurrence of chromite in the form
of detrital grains in phyllosilicates, spinels, and micas
hosted in various metasedimentary lithologies has also
been reported (Challis et al. 1995). As Chromite has a
higher resistance to weathering compared to silicate min-
erals, detrital chromites in metasedimentary rocks have
been reported to occur as relicts within the fuchsitic micas
(Haugaard et al. 2021). However, the origin of fuchsite is
an entrancing debate and has two schools of thought,
namely hydrothermal alteration (Morata et al. 2001) and
metamorphism of chromium minerals in the parent rock
(Argast 1995). Fuchsite shows four main litho-mineralog-
ical associations within Archean supracrustal belts,
corundum-aluminosilicate-quartz assemblage as found in
Barberton greenstone belt, South Africa and Yilgarn craton
of Western Australia; chert association representing silici-
fication of komatiites in Barberton greenstone belt; car-
bonate-quartz association together with Au, As and Ag as
found in various greenstone belts of South Africa, Canada,
and western Australia; fuchsite occurring in clastic, vol-
canoclastic and chemical metasediments of western Aus-
tralia and India (Staddon et al. 2021; Martyn and Johnson
1986).

In India, fuchsite quartzites have been reported from the
Archean Bastar, Singhbhum and Dharwar cratons. Randive
et al. (2015) have reported the paragenesis of Cr-rich micas
and associated chlorites in the fuchsite quartzites which
occur as enclaves of the Amagaon Group within the
Amagaon Gneissic Complex at the Saigaon—Palasgaon area
of Bastar Craton. The bimodal source of origin of Cr-
bearing quartzites which are a part of Mahagiri quartzite of
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Iron-Ore Group of Singhbum craton has been reported by
Das et al. (2021). Sadashivaiah and Karisiddaiah (1976)
have studied the optical properties and mineral chemistry
of fuchsite quartzites from Nemakallu of the Bellary area,
Sandur schist belt of western Dharwar Craton (WDC).
Khanna and Sai (2018) have reported fuchsite quartzites
from the Velligallu schist belt of Eastern Dharwar Craton
(EDC) and suggested a hydrothermal origin for enrichment
of Cr in the micas and felsic provenance for these rocks.
Fuchsite quartzites from Sargur Group of Supracrustal
rocks have been reported from Hunasehalli, Bettadabidu of
Mysore area (Raase et al. 1983); Banavara (Maibam et al.
2021) and Belavadi (Raase et al. 1983) of Hassan area and
Holenarsipur (Naqvi et al. 1983), Ghattihosahali schist
belts (Devaraju and Murthy 1978). The fuchsite quartzites
of the Sargur Group are very significant as they are the
oldest sediments in the Dharwar Craton which may provide
valuable insights into the preservation of ancient sedi-
mentation history and the effects of subsequent metamor-
phism and hydrothermal activity which in general are
attributed to rich mineral heritage. Most of the studies on
fuchsite quartzites are restricted to mineral chemical data
and the whole rock geochemistry is very meager to
understand the provenance, its relationship with the asso-
ciated rocks, and subsequent effects of metamorphism. The
present study supplements the available mineral chemical
data with the whole-rock geochemistry and petrography of
fuchsite quartzites from the Ghattihosahalli schist belt and
aims to understand their paleoweathering, provenance, and
depositional setting.

2 Geological setting

The volcano-sedimentary units of the greenstone belts and
tonalite-trondhjemite-granodiorite (TTG) granitoid com-
plexes are well preserved in the Dharwar Craton of
southern peninsular India, (Swami Nath and Ramakrishnan
1981; Rogers 1986; Chadwick et al. 2000; Manikyamba
and Ganguly 2020) which is divided into western, eastern,
and central provinces based on the lithology, crustal
thickness, and isotope geochronology (Peucat et al. 2013).
The western Dharwar craton (WDC) is demarcated from
the eastern Dharwar Craton (EDC) by the ~2.5 Ga Clo-
sepet Granite and is divided into older supracrustal for-
mations named the Sargur Group of rocks (3.25-3.1.3 Ga)
and younger overlying Dharwar Supergroup of rocks
(2.9-2.6 Ga; Friend and Nutman 1992). The Ghattihosa-
halli greenstone belt of WDC is situated towards the
western-most boundary of the Chitradurga greenstone belt
and is surrounded by 3.1 Ga TTG peninsular gneisses in
the eastern and northern peripheries (Jayananda et al. 2008;
Fig. 1). This belt extends for 25 km from Mayankonda in
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the west to Talya in the east with ESE-WNW to SE-NW
trend (Paranthaman 2005) and is reported to have under-
gone multiple deformation events, tectonism, granite
intrusions and amalgamation. Hence, the establishment of a
coherent stratigraphic sequence is complicated (Sengupta
et al. 2020). The Sargur supracrustal rocks of the Ghatti-
hosahalli belt are represented by ultramafic rocks such as
komatiites, serpentinites, amphibolites, and metasedimen-
tary rocks including quartzites and barytes (Radhakrishna
and Sreenivasaiah 1974). The Sargur Group and the base-
ment peninsular gneissic complex of this belt form a syn-
formal keel which is together folded into an antiform
plunging towards the north (Paranthaman 2005), and the
impersistence and discontinuity in the lithounits of the belt
are evidenced through the diverse structural trends in the
volcano-sedimentary lithounits. Besides the deformation
events, the Dharwar orogeny appears to have also affected
the Sargur Group of rocks in the Ghattihosahalli belt. The
detrital zircons from the conglomerates of the
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Fig. 1 a Map of the southern peninsular India showing the location of
western and eastern Dharwar Craton (WDC, EDC), b Simplified
geological map showing western Dharwar Craton and sample location
from Ghattihosahalli area of Chitradurga greenstone belt (modified
after Ravindran et al. 2023)

Ghattihosahalli belt have yielded a U-Pb age of
3467 £ 18 Ma and those from the fuchsite quartzites of
the Bababudan belt are dated at 3382 £+ 16 Ma. The
ultramafic rocks of Ghattihosahalli and surrounding Sargur
complexes including Banasandra, Nuggihalli, JC Pura, and
Kalyadi yielded a Sm-Nd whole-rock isochron age of
3352 £ 110 Ma (Jayananda et al. 2008). Given that the
depositional age of the Sargur Group supracrustals has
been broadly constrained between 3.3 and 3.1 Ga, and the
ultramafic rocks associated with the fuchsite quartzites
were emplaced at ~ 3.35 Ga, the depositional age of the
fuchsite quartzites has been inferred at ~3.2 Ga. Tung-
sten, barium, and SEDEX-type of base metal mineraliza-
tion have been reported from the amphibolites of this belt
(Srinivasaiah et al. 2015). The strontium isotopic data &
Sr/*®Sr = ~0.7018) of barytes indicates buffered inter-
action of fluids with komatiitic-basaltic crust (Deb et al.
1990). The sulfur isotopic compositions (5**S = — 12.2%o
and — 1.4%0; APS =—0.79% and — 0.19 %.; A’
S =—0.8%0 and + 0.9 %o) of pyrite occurring in the
barytes associated with fuchsite quartzites indicate bacte-
rial sulfate reduction (Muller et al. 2017). The mineral
chemistry and petrography of Ba—Cr micas in the quartzites
suggested the volcanic exhalative origin of Barium (Raase
et al. 1983; Devaraju et al. 1999). According to Raith et al.
(2014), Ba—Cr micas of Ghattihosahalli originated from
pre-existing clay minerals such as illite, which have
adsorbed metallic Cr, Ba derived from hydrothermal
exhalatives as well as weathered constituents of associated
komatiites. Although the nature and composition of Cr
bearing micas have been discussed by earlier workers, the
whole rock geochemical compositions to understand the
depositional environment and the processes involved in the
enrichment of Cr in these quartzites have not been paid
much attention. Therefore, their petrographic and whole
rock geochemical studies have been attempted in this study
to decipher the source of Cr in the genesis of these rocks.

3 Analytical techniques

The fuchsite quartzites of the Ghattihosahalli belt are
spatially associated with the ultramafic rocks of the Kum-
minagatta area. For the present study, nine green-mica-
ceous fuchsite quartzite samples were collected from fresh
outcrops (N13°59'21”, E76°17'09"), where, the fuchsite
quartzite beds gradually grade into micaceous quartzites.
These samples are intercalated with barytes and are
underlined by ultramafic rocks, predominantly komatiitic.
The samples for the present study have been collected
randomly in the mine area avoiding the barytes and
micaceous quartzite beds. The collected samples are
powdered to ~240 mesh by using agate mortar for whole-
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rock geochemical studies. The major element analysis was
conducted by using pressed pellets following the method of
Krishna et al. (2007) by X-Ray Florescence Spectrometer
(XRF; Phillips MAGIX PRO Model 2440). The trace ele-
ment analysis was performed using the closed digestion
method by High-Resolution Inductively Coupled Mass
Spectrometer (HR-ICP-MS; Nu Instruments Attom, UK).
SARM-49 has been used as an international standard for
the analysis of these rocks where precision and accuracy
are within 3-5 % (Table 1). High resolution scanning
electron microprobe (SEM) images and respective EDS
spectra are obtained from Hitachi S-3400 N SEM at CSIR-
NGRIL

4 Results
4.1 Petrography

The fuchsite quartzites of the present study predominantly
consist of quartz with subordinate amounts of muscovite
(Fig. 2¢). Most of the quartz grains are colourless to grey in
colour, sub-rounded to sub-angular in shape and display
wavy extinction. They exhibit mosaic texture with distinct
grain boundaries and some of them show amoeboidal and
serrated boundaries suggesting deformation and metamor-
phism. Tiny flakes of muscovite occur as randomly ori-
ented grains within the quartz matrix (Fig. 2d). The
fuchsite quartzites display characteristic green colour under
plane-polarized light and they exhibit high order interfer-
ence colours ranging from deep green to bluish green under
crossed nicols due to the presence of green micaceous
mineral, fuchsite along a preferred orientation. Chromite
grains are occasionally found enclosed in the fuchsites
indicating metamorphism and leaching from underlying
ultramafic rocks (Fig. 2e and f). They are isotropic in
nature, subhedral to sub-rounded in shape and display high
relief (Fig. 2g). Rutile is the major accessory mineral
associated with kyanite (Fig. 2h).

4.2 Geochemistry

The results of the major and trace element geochemistry of
the fuchsite quartzites from the studied Ghattihosahalli
greenstone belt are given in Table 2. They contain high
Si0; (52.01-91.50 wt%), Al,O5 (4.18-34.7 wt%), very low
TiO, (0.07-0.23 wt%) and K,O (0.1-0.92 wt%) when
compared to Upper Continental Crust (UCC; Taylor and
McLennan 1985). The average compositions of major
elements from the present study are analogous with the Cr-
rich metasediments from Parapara Inlet Cr-quartzites, New
Zealand and Jowet Well Quartz-Andalusite-Fuchsite rocks
of Australia along with Cr- rich quartzites of Holanarsipur
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and Veligallu greenstone belts of WDC and EDC respec-
tively (Fig. 3a). The trace and REE compositions of the
fuchsite quartzites have been normalized with Upper
Continental Crust (UCC; Taylor and McLennan 1985). The
UCC normalized REE patterns of the studied samples are
characterized by depleted LREE contents [(La/Sm)ycc.

=0.33-0.95] compared to HREE [(Gd/Yb)ycc.
= 0.42-1.65)] with conspicuous positive Europium
anomalies (Eu/Eu* = 1.35-18.27; Fig. 3b; Eu/

Eu* = (Bu)eo/[(SM)en X (Gd)en]®?). They have highly
enriched contents of Cr (1326-6899 ppm), Ba
(1165-9437 ppm) and V (106-868 ppm) compared to
UCC (Fig. 3c) and are depleted in Nb (0.51-3.87 ppm) and
Ta (0.04-0.7 ppm). The enrichment of Cr in these quart-
zites can be attributed to the presence of fuchsite, i.e., Cr-
mica, while high barium and vanadium contents are due to
the intercalated fine layered barite seams.

5 Discussion
5.1 Paleo-weathering conditions

The chemical compositions of sedimentary rocks are
influenced by numerous factors such as sediment supply,
sorting, transportation, intensity of weathering and post-
depositional alteration (McLennan 1993; Nesbitt and
Young 1982; Cullers 2000). To quantify the degree of
weathering, various alteration indices such as chemical
index of alteration (CIA), chemical index of weathering
(CIW), index of compositional variation (ICV) and pla-
gioclase index of weathering (PIA) have been proposed
(Nesbit and Young 1982; Harnois 1988). Recently, Cho
and Ohta (2022) have formulated a robust weathering
index for sediments that have biogenic and authigenic
material. In the relationship between Mafic (M)-Felsic (F)-
Robust Weathering (RW; Fig. 4a), the studied samples plot
close to RW apex suggesting intense weathering. The
relationship between CIA and ICV of fuchsite quartzites
indicates moderate weathering conditions (CIA = 66-81;
Fig. 4b;  CIA = [AL,05/(Al,03 4 Na,O 4+ CaO* + K,
0)] x 100, calculated in molar proportions and CaO*
corresponds to CaO from silicates excluding CaO from
carbonates, sulfates and phosphates) which collectively
suggest moderate to intense weathering conditions. Further,
ICV < 1 indicates compositionally mature sediments while
ICV > 1 suggests immature sediments. The fuchsite
quartzites of the present study are characterized by
ICV <1 [0.25-0.62; ICV = Fe,03 + K,0 + Na,.
O + CaO + MgO + MnO + TiO,)/Al,03]  suggesting
matured nature of sediments.
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Table 1 Analytical data, Analyte mass No  GSR-4 1G-2

standard deviations (SD) of

GSR-4 and JG-2 obtained by A B SD %RSD A B SD %RSD

HR-ICP-MS in the present study

and reported values from Sc 45 4256 4200 0.023 0.54 2.489 2470 00042  0.168

Govindaraju (1994) and \% 51 32979 33.000 0.160 0.48 3.133 3.000 00289 0.921

GEOREM (htip://georem.mpch- ¢, 53 20031 20000 0.115 0.58 7770 7600 0.0368 0474

mainz.gwdg.de)
Co 59 6.403 6400 0.034 0.54 4402 4300 00222 0.503
Ni 60 16302 16.600 0.072  0.44 2.146  2.100 0.0100 0.467
Cu 63 18902  19.000 0.091  0.48 0.409 0400  0.0020 0.492
Zn 66 19.856  20.000 0.094  0.47 13.022 12700 0.0698  0.536
Ga 71 5.419 5300 0032 0.8 19.630  19.000 0.1363  0.694
Rb 85 29.131  29.000 0.142  0.49 300.159  297.000 0.6839  0.228
Sr 88 58263 58000 0274 047 16406 16000 0.0878  0.535
Y 89 21.634  21.500 0.094 043 90.409  88.200 04783  0.529
Zr 90 214701  214.000 0927 0.43 103.586  101.000  0.5599  0.540
Nb 93 5.937 5900 0.032 054 15330 15000 0.0714 0.466
Cs 133 1.835 1.800  0.010 0.52 2.139 2096 00092 0.431
Ba 137 146.004  143.000 0923  0.63 68739  67.000 03765 0.548
La 139 21425  21.000 0.117 0.5 20483 20.100 0.0828  0.404
Ce 140 48944 48000 0322  0.66 50.534  49.500 02239  0.443
Pr 141 5.474 5400 0.032 058 6.144 6010 0.0291 0473
Nd 146 21437 21000 0.129  0.60 26287 25800 0.1054  0.401
Sm 147 4.805 4700 0035 0.73 7866 7720  0.0317  0.403
Eu 153 1.023 1020 0.006 0.62 0.090  0.090 0.0001 0.087
Gd 157 4.643 4500  0.035 0.5 7.251 7100 0.0328  0.452
Tb 159 0814 079 0005 0.67 1.529 1500  0.0063 0.414
Dy 163 4177 4100 0032 077 11753 11500 0.0548  0.466
Ho 165 0762 0750 0.006 0.76 1.433 1400 0.0072  0.505
Er 166 2.036 2.000 0013  0.66 5076 4950 0.0272 0.536
Tm 169 0332 0320 0003 096 0.712 0.700  0.0026  0.369
Yb 172 1.990 1920 0021 1.07 7.535 7340 0.0423  0.561
Lu 175 0304 0300 0.002 0.8 1.248 1220 0.0061  0.488
Hf 178 6.684 6.600 0.048 0.72 5520 5360  0.0347 0.628
Ta 181 0430 0420 0.004 093 1.926 1.900  0.0056  0.293
Pb 208 7.803 7600  0.060 0.77 33750 32.800  0.2056  0.609
Th 232 7134 7.000 0041 058 30.097 29700 0.0859  0.286
U 238 2.167 2.100 0015 0.70 12867 12500  0.0794  0.617

A—values from ICP-MS (average of 3 values)

B—values from Govindaraju (1994) and GEOREM (http://georem.mpch-mainz.gwdg.de)

5.2 Geochemical characteristics and provenance

Fuchsite quartzites that are hosted in Archean greenstone
belts are enriched in Cr and are characterized by distinctive
metamorphic mineral assemblages, geochemical charac-
teristics, and complex depositional conditions, with fuch-
site being formed either as a reaction product of detrital
chromite grains (Schreyer 1982) or through hydrothermal
alteration of pre-existing chrome-spinels (Morata et al.
2001). Hence, understanding the elemental association of
Cr is important to decipher their source and tectonic

framework. The fuchsite quartzites of the present study
show a negative relationship with SiO, and a non-linear
relationship with MgO (Fig. 5a, b). Though the studied
samples are closely associated with ultramafic rocks, they
are extremely depleted in MgO and display very low MgO/
K5O ratios (0.009-0.01). This reflects that the ultramafic
rocks have not provided the volcaniclastic input for the
studied rocks, though they were within the Sargur basin.
Al,O3, K50, and Na,O show a strong positive correlation
with Cr suggesting the detrital origin for the quartzites, as
commonly observed (Fig. 5c, d, e). Cr and Ni are typically
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«Fig. 2 a Field photograph showing the contacts between the fuchsite
quartzite and associated ultramafic rocks, b close-up view of fuchsitic
quartzite with greenish tint; ¢, d photomicrographs of the studied
fuchsite quartzites showing serrated quartz grains with sutured
contacts along with fuchsite and muscovite in a preferred orientation;
e parallelly oriented grains of fuchsite in quartz matrix; f chromite
grain enclosed in fuchsite mica; g Subhedral to subrounded chromite
in fuchsite mica; h kyanite grain enclosing rutile

enriched in Archean sedimentary rocks compared to their
post-Archean counterparts (Taylor and McLennan 1985;
Condie 1993). However, Arora and Naqvi (1993) reported
that the quartzites of the Bababudan belt are characterized
by the enrichment of Cr without an increase in Ni. The
samples in the present study show similarity to the above-
mentioned rocks and improper correlation between Cr and
Ni (Fig. 5f) suggests that their composition is independent
of each other. Similarly, Cr also shows a strong positive
correlation with Zr implying the retention of resistant
detrital minerals and their subsequent accumulation along
with the quartzites (Fig. 5g). The lack of a linear rela-
tionship between Zn and Cr in the studied fuchsite quart-
zites indicates the non-concurrent enrichment of Zn during
the late-stage hydrothermal remobilization (Fig. 5h).

In order to decipher the provenance of the sedimentary
rocks, immobile trace elements such as Ti and Zr are
widely used as proxies (Floyd et al. 1989; Hayashi et al.
1997). In the relationship between TiO, and Zr (Fig. 6a),
the fuchsite quartzites indicate mafic provenance and
occupy the field of Sargur ultramafic rocks which would
have been inherited due to the contribution of Cr-rich flu-
ids. However, the predominant felsic source for the genesis
of these rocks cannot be ignored keeping in view of the
presence of quartz, feldspars, and mica. Generally, mafic
rocks are depleted in La, Th and enriched in Sc, Co con-
tents compared to felsic rocks (Cullers 2000). In La/Sc and
Th/Co relationship, the studied samples again attest to
mafic provenance and depict similarities with the Hole-
narsipur Cr-rich metapelites (Fig. 6b). The influence of
mafic—ultramafic rocks in the formation of these fuchsite
quartzites is further corroborated by the ternary relation-
ship between the V-Cr-Th followed by the binary rela-
tionship between Y/Ni versus Cr/V and Cr/Th versus Th/Sc
(Fig. 6¢, d, e). The studied samples depict greater influence
of ultramafic source compared to Holenarsipur counter-
parts, but, the Veligallu fuchsite quartzites from eastern
Dharwar Craton indicate the influence of felsic source
(Fig. 6d). However, the felsic provenance for the studied
quartzites cannot be overruled, as the PGC basement is
reported to be already formed by ~3.2 Ga (Ravindran
et al. 2023). As derived from the TiO,, Zr and La/Sc and
Th/Co relationships, had the studied quartzites originated

from mafic/ultramafic provenance, their concentrations of
MgO, Fe,03 Ni, Co, and other mafic elements would have
been notably higher. This is also evidenced through the
lack of detrital chromite which collectively indicates the
absence of volcaniclastic input to these quartzites. Hence,
the provenance of the fuchsite quartzites in the Ghatti-
hosahalli belt is attributed to a mixed felsic-mafic source
involving the basement PGC and a predominant infiltration
of Cr-rich fluids from the associated volcanic rocks. This
indicates that the ultramafic rocks were either emplaced
later than the deposition of quartzites, or the detrital wear-
off of the already emplaced ultramafic rocks was not
operative during their deposition. It even reflects on the
distal nature of the ultramafic rocks within the basin which
could have attained its proximity after the Sargur orogeny
that imparted Cr-rich fluids into the quartzites.

5.3 Depositional environment

The fuchsite quartzites of the present study show a unique
geological association with Archean pyritiferous barytes
and ultramafic rocks. Muller et al. (2017) have reported
sulfur isotopic systematics of Ghattihosahalli pyritiferous
barytes and suggested that the spatial variations in 5°*S,
A**S and A*®S have been preserved despite of the high-
grade metamorphism and ductile deformation. Further-
more, they suggested that the S-isotope compositions in the
pyrites occurring in barytes were produced by bacterial
sulfate reduction along with thermal reduction of associ-
ated sulfate. According to McLennan (1989), REEs are
immobile and are not susceptible to fractionation during
sedimentary processes. All the individual LREE from the
studied samples exhibited a positive correlation with the
HREE (figures not shown) reflecting their immobile nature.
In the Sm versus Dy plot (Fig. 7a), the positive correlation
in the studied samples is analogous with their counterparts
from the Mesoarchean (Naharmagra Quartzites, Aravalli
Craton; Raza et al. 2010), Neoarchean (Keonjhar Quartzite,
Singhbhum Craton; Ghosh et al. 2016) and Neoproterozoic
era (Somanpalli Sandstone, Pranahita-Godavari valley;
Rao et al. 2018). The REE and high-field strength elements
(HFSE) are typically considered to be immobile during
weathering and diagenetic processes (Pearce 1996; Taylor
and McLennan 1985). In the relationship between La and
Th (Fig. 7b), the fuchsite quartzites of the present study
plot in the field of Archean sediments indicating that the
REE signatures were not much disturbed during their
deposition, despite their moderate to intense weathering.
This is also evidenced through the preservation of positive
Eu anomaly which appears to have been inherited either
from the TTG source or from hydrothermal fluids. Based
on the mineral chemistry and mineral paragenesis, earlier
workers have suggested volcanic-exhalative origin for the
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Table 2 Major and trace element compositions of the studied fuchsite quartzites from Ghattihosahalli, Chitradurga greenstone belt, Dharwar
Craton, India

wt% B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9
Si0, 85.78 70.90 85.08 69.75 78.08 52.01 83.96 85.27 91.50
Al203 8.77 22.89 10.98 21.46 14.20 34.72 9.30 9.67 4.18
TiO2 0.66 0.32 0.39 0.52 0.47 0.45 0.36 0.47 0.30
Fe203 0.004 0.005 0.003 0.004 0.004 0.001 0.004 0.001 0.004
MnO 0.13 0.02 0.05 0.03 0.06 0.01 0.03 0.08 0.06
MgO 0.014 0.003 0.002 0.002 0.001 0.006 0.001 0.001 0.001
CaO 0.38 0.36 0.30 0.77 0.55 1.05 0.37 0.36 0.25
Na,O 2.16 2.53 1.71 4.81 3.22 8.25 1.48 1.59 0.96
K,O 0.24 0.47 0.23 0.45 0.33 0.92 0.16 0.23 0.10
P205 0.004 0.017 0.010 0.006 0.004 0.007 0.003 0.003 0.003
LOI 1.0 2.0 1.0 2.0 2.0 1.0 4.0 1.0 1.0
Sum 99.13 99.53 99.76 99.80 98.91 98.42 99.66 98.69 98.35
Cr 1785 3042 1378 3072 3459 6899 1516 2747 1326
Co 5.23 8.37 9.86 2.89 6.49 3.60 2.83 4.21 2.95
Ni 23.74 14.72 27.89 15.33 32.56 21.78 12.21 16.77 16.30
Rb 72.75 100.48 47.31 167.07 102.49 265.79 56.00 63.45 35.60
Sr 56.05 51.37 55.29 100.49 103.61 210.85 45.96 81.95 70.33
Cs 8.67 6.42 2.83 10.64 5.54 15.94 3.59 5.86 2.54
Ba 2809 1165 1475 2948 4760 9438 1173 7171 1935
Sc 5.21 7.22 5.27 10.52 16.93 61.58 11.05 3.57 2.52
\% 204.31 336.26 156.82 318.88 309.21 868.56 179.27 191.03 106.85
Ta 0.08 0.17 0.05 0.21 0.05 0.70 0.06 0.04 0.10
Nb 0.84 1.60 0.65 1.61 0.67 3.87 0.56 0.51 1.12
Zr 31.12 24.85 22.79 31.48 30.75 95.30 18.53 18.01 17.25
Hf 1.29 1.10 0.80 1.35 1.24 3.61 0.71 0.80 0.58
Th 0.56 0.76 0.45 0.44 0.42 0.26 0.24 0.13 0.18
8] 0.43 0.72 0.31 0.21 0.20 0.25 0.10 0.15 0.13
Y 4.78 10.68 431 10 2.14 6.97 4.01 0.67 0.84
La 2.24 3.75 1.65 1.58 247 0.82 1.01 0.81 1.20
Ce 5.16 7.74 3.63 3.88 4.98 1.57 2.17 1.42 2.30
Pr 0.58 1.38 0.48 0.50 0.58 0.22 0.32 0.17 0.27
Nd 222 6.05 2.00 2.08 223 1.01 1.28 0.61 0.99
Sm 0.52 1.65 0.51 0.65 0.47 0.37 0.32 0.13 0.20
Eu 0.30 0.50 0.22 0.41 0.43 0.78 0.21 0.48 0.16
Gd 0.63 1.75 0.57 0.95 0.43 0.61 0.42 0.12 0.17
Tb 0.13 0.35 0.12 0.22 0.06 0.15 0.09 0.01 0.03
Dy 0.84 2.07 0.70 1.49 0.36 1.09 0.62 0.07 0.14
Ho 0.17 0.39 0.15 0.34 0.07 0.25 0.14 0.02 0.03
Er 0.50 1.08 0.43 1.03 0.20 0.76 0.42 0.04 0.07
Tm 0.08 0.17 0.07 0.17 0.03 0.13 0.07 0.01 0.01
Yb 0.53 0.98 0.44 1.13 0.20 0.84 0.47 0.04 0.08
Lu 0.08 0.16 0.07 0.18 0.03 0.14 0.08 0.01 0.02
Cu 27.37 9.60 19.67 10.48 24.16 9.55 7.70 18.61 18.63
Pb 11.09 6.48 12.98 8.38 31.93 9.27 5.03 7.57 14.02
Zn 61.14 20.61 66.16 27.05 157.94 19.83 11.10 33.16 52.50
CIA 66 81 75 69 68 68 74 73 66
Icv 0.63 0.25 0.38 0.49 0.52 0.49 0.40 0.44 0.62
La/La* 0.99 0.91 1.02 0.96 1.08 1.34 0.90 1.09 0.02
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Table 2 continued

wt% B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9
Y/Y* 0.08 0.18 0.07 0.18 0.03 0.09 0.08 0.01 0.12
Th/Co 0.11 0.09 0.05 0.15 0.06 0.07 0.09 0.03 0.06
La/Sc 0.43 0.52 0.31 0.15 0.15 0.01 0.09 0.23 0.48
MgO/K,0 0.0586 0.0064 0.0087 0.0044 0.0031 0.0066 0.0064 0.0043 0.0097
Cr/Th 3182 3990 3060 6909 8232 26,788 6262 20,577 7312
Th/Sc 0.11 0.11 0.09 0.04 0.02 0.00 0.02 0.04 0.07
Cr/V 8.74 9.05 8.79 9.63 11.19 7.94 8.46 14.38 12.41
Y/Ni 0.20 0.73 0.15 0.65 0.07 0.32 0.33 0.04 0.05

fuchsites of the present study (Raase et al. 1983; Devaraju
et al. 1999; Raith et al. 2014). On the basis of the isometric
log-ratio transformations of major and trace element con-
centrations, Verma and Altrin (2016) distinguished the
active and passive margin sediments and the studied sam-
ples indicating their passive margin origin (Fig. 7c, d). The
occurrence of > 3.0 Ga sedimentary rocks and the corre-
sponding evidence of shallow marine sedimentation in a
craton indicate the operation of terrestrial subaerial erosion
of the Paleo-Mesoarchean felsic crust. This indirectly
throws light on the existence of the cratonic crust before
the widely accepted ~ 2.5 Ga rapid continental emer-
gence above the sea level (Bindeman et al. 2018;
Chowdhury et al. 2021). Chowdhury et al. (2021) proposed
that the magmatic-sedimentary evolution of the Singhbhum
Craton was accompanied by the ~3.3-3.2 Ga continental
emersion by the > 3.0 Ga crustal emergence of the
Kaapvaal craton. Consistent with this, the evidence of
passive continental margin sedimentation indicated by the
fuchsite quartzites in this study sheds light on the conti-
nental emersion in the Dharwar Craton as early as ~3.2
Ga, supporting the subsequent deposition of later supra-
crustal sequences of the Dharwar Supergroup.

5.4 Source of Cr-bearing fluids for the fuchsite
quartzites

The studies on the mafic—ultramafic lithounits formed at
different geological settings indicated the mobility of Cr
through hydrothermal fluids at  temperatures
of ~500-800 °C (Johan et al. 2017). Aqueous crt3 s
highly soluble in water at near neutral pH and experimental
investigations pertaining to Cr solubility have indicated
that mafic—ultramafic fluids could transport large concen-
trations of Cr at Cl-rich or reducing conditions (Huang
et al. 2019). Keeping in view of the nature of the chromite
and the geochemical evidence of fuchsite quartzites and
their close association with the mafic—ultramafic rocks, it is

suggested that the Cr-bearing fluids of these fuchsite
quartzites are sourced from the associated volcanic rocks.
Mantle-derived ultramafic rocks are usually thermody-
namically unstable under near-surface environments and
are easily prone to serpentinization and carbonation in
contact with aqueous fluids (McCollom and Bach 2009).
These mechanisms lead to a series of reactions and prod-
ucts including listvenite, carbonate minerals such as mag-
nesite, calcite and fuchsite as the end product of
silicification. Austrheim et al. (2021) recorded the
sequence of the stages of transformation of peridotite to
fuchsite quartzite in a serpentinised peridotite body from
southern Norway along the Caledonides. They have
demonstrated the transformation through serpentinization
and carbonation of mantle peridotites through CO,-rich
fluid influx forming soapstone and listvenite which has
subsequently undergone elimination of Mg and enrichment
of Si resulting in the gradation to pure fuchsite quartzite.
Similar sequences were also reported from an ultramafic
ophiolite of eastern Iran (Boskabadi et al. 2020), and
Neoproterozoic ophiolite from northern Nubian shield
(Moussa et al. 2021) reporting the carbonation and ser-
pentinization mechanisms of ultramafic mantle sections for
the formation of fuchsite quartzites. Emam and Zoheir
(2013) suggested the Cr mobilization from primary Cr-
spinels during metasomatism through CO, rich
hydrothermal fluids. However, Argast (1995) opines that
the fuchsite bearing quartzites of western Dharwar Craton
including those from Nuggihalli, Holenarsipur, Javanahalli,
Bababudan and Chitradurga belts are the products of
clastic sedimentation where chromites are derived through
ultramafic clastic debris. It is speculated that the origin of
fuchsite is either detrital or as a result of later metamor-
phism. As the fuchsite quartzites of Ghattihosahalli belt are
not spatially associated with the listvenite sequences of
carbonates and soapstone, their formation through the
process of carbonation and listvenitisation is overruled in
the present scenario. In the Ghattihosahalli belt, the
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Fig. 3 a UCC normalized
major elements of fuchsite
quartzites from the present
study analogous to Cr-rich
quartzites and metapelites from
Holenarsipur and Veligalli belts
of WDC and EDC respectively
(Naqgvi et al. 1983; Khanna and
Sai 2018), Jowet Well, Menzies
greenstone belt of western
Australia (Martyn and Johnson
1986) and Parapara inlet quarry
of New Zealand (Challis et al.
1995); b UCC normalized REE
patterns of fuchsite quartzites
showing conspicuously positive
Europium anomalies; ¢ UCC
normalized trace element
patterns of fuchsite quartzites
displaying strong positive
anomalies of Barium and
Vanadium. Normalized values
are from Taylor and Mc Lennan
(1985)
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chemical index of alteration (CIA) relationship after Cox et al. (1995) indicating moderate to intense weathering domain
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Fig. 5 a-h Binary plots showing the inter-relationship of Cr with selected major and minor elements

association of ultramafic rocks along with barites, quart-
zites and fuchsite quartzites comprehend multiple pro-
cesses involving mantle plume magmatism, volcano-
exhalative processes, and the influence of hydrothermal
fluids. The komatiites of WDC including those from the
Ghattihosahalli belt originated through a mantle plume
beneath an oceanic crust (Jayananda et al. 2008). All these
lithounits along with the passive margin quartzites are
suggested to be eventually subjected to high-grade meta-
morphism which is evidenced with the presence of kyanite-
chromite-fuchsite mineral assemblages along with recrys-
tallized quartz that resulted in the formation of interlayered

fuchsite quartzite. These associated volcanic rocks appear
to have released the Cr-bearing fluids due to metamorphic
reactions during the high-grade metamorphism. These
fluids which permeated into the quartzite have preferen-
tially reacted with the muscovite and replaced the Al*>
with Cr™ forming fuchsite. In addition, considering the
absence of precise stratigraphic sequence and the intense
metamorphism of this Sargur Group of metavolcanic and
metasedimentary rocks, it is suggested that the Archean
volcano-exhalative processes responsible for the chemical
precipitation of barites might be synchronous with the
passive margin sedimentation which is reflected in the high
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Fig. 6 a Zr versus TiO, binary plot after Hayashi et al. (1997) indicating the influence of mafic to ultramafic provenance for the studied rocks;
b La/Sc versus Th/Co plot (after Cullers 2000) attesting to the mafic provenance and displaying similarities with Holenarsipur meta-pelites
(Nagvi et al. 1983); ¢ V-Cr-Th*10 ternary plot for source rock discrimination; d cross plot of Cr/Th versus Th/Sc after Condie and Wronkiewicz
(1990) and e Y/Ni versus Cr/V plot after McLennan et al. (1993) altogether indicating the influence of ultramafic rocks in the provenance of the
studied fuchsite quartzites

concentrations of Ba in the fuchsite quartzites. Therefore, it
is suggested that the quartzites in the Ghattihosahalli belt
are originated from a combined felsic-mafic provenance,
deposited in a passive margin setting of an Archean con-
tinental margin. The Sargur orogenic event of ~3.0 Ga
followed by the Dharwar Supergroup orogeny appears to
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have brought the lithounits of Sargur basin proximal which
also contributed for the release of Cr-rich fluids from the
ultramafic rocks. Subsequently, the infiltration of Cr-bear-
ing fluids and selective addition and substitution of Cr into
the muscovite micas from the associated ultramafic rocks
are responsible for the formation of these studied fuchsite
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Fig. 7 a Dy versus Sm binary plot showing a positive correlation similar to the quartzites of 1-Mesoarchean (Naharmagra Quartzites, Aravalli
Craton; Raza et al. 2010), 2-Neoarchean (Keonjhar Quartzite, Singhbhum Craton; Ghosh et al. 2016) and 3-Neoproterozoic era (Somanpalli
Sandstone, Pranahita-Godavari valley; Rao et al. 2018); b Th versus La source rock discrimination diagram after McLennan (1989) indicating
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trace elements after Verma and Amstrong-Altrin (2016) indicative of passive continental margin depositional setting for the Ghattihosahalli
fuchsite quartzites. Discriminant functions were calculated using revised equations published in the corrigendum to Verma and Armstrong-Altrin

(2016)

quartzites. Therefore, these studies indicate that a
stable continental crust had existed in the Dharwar Craton
by ~3.3 Ga which supplied detritus for the Sargur basin.
The subsequent Sargur and Dharwar orogeny predomi-
nantly affected the volcano-sedimentary lithounits of Sar-
gur Group which resulted in the release of metal-rich fluids
that gave rise to various mineral deposits in the Dharwar
Craton.

6 Conclusions

In the Ghattihosahalli belt, the fuchsite quartzites are
associated with the ultramafic rocks and consist of Cr-

Low TiO, and Zr, depleted La/Sc and Th/Co ratios attest
to the influence of ultramafic rocks. The geochemical
characteristics indicate a passive continental margin
environment for the deposition of quartzites which are
later infiltrated by Cr-bearing fluids released from the
associated ultramafic rocks during the orogenic events
that led to the formation of fuchsite quartzite. These
studies throw light on the existence of a stable continen-
tal crust before the formation of the Sargur Group and
that the orogenic events played a key role in the
development of various mineral deposits in the Dharwar
Craton.

rich muscovite i.e., fuchsite, quartz, feldspars along with
accessory minerals such as kyanite, rutile and zircon.
They are enriched in Cr, Ba, Sr, Zn and depleted in Nb
and Ta indicating moderate to intense paleo-weathering
conditions and the matured nature of sediments. They
are characterized by depleted LREE with conspicuous
positive Eu-anomalies suggesting hydrothermal signa-
tures which is evidenced by the associated barytes.
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