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ABSTRACT ARTICLE HISTORY
Dongargarh-Kotri Belt (DKB) is a storehouse for gold occur- Received: 12 August 2025
rences and shows the potential concentration of gold (12 ppm Revised: 10 September 2025

to 37 ppm) with associated arsenopyrite-rich acid volcanics and Accepted: 11 September 2025

BIF throughout the DKB. Boron is commonly associated with
gold mineralisation, as suggested by the widespread occurrences
of tourmaline in gold-bearing quartz veins worldwide. Axinite, a
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calc-silicate of boron, is rare and instead of tourmaline, at places Axinite
associated with auriferous zones or base-metal deposits. We have Tourmaline
reported the axinite associated with gold-sulphide-rich quartz ﬁOId'S‘}tlphide

arcasite

veins along the interface of volcanic and sedimentary rocks of the
DKB. The mineral chemistry shows high BoOg3 8.03 avg. wt.%,
FeO 8.99 avg. wt.%, with very low MnO and MgO (<0.5 wt.%)
and classified it ferro-axinite. The formation of ferro-axinite sug-
gests limited carbonatization, therefore available Ca combines
with B, Fe, and Si in ferro-axinite and avoids the generation of
tourmaline. The presence of pyrite, chalcopyrite, pyrrhotite, mar-
casite and the conversion of marcasite from pyrrhotite generally
confirm high sulphidation, at 300 °C and low pH (<5).

The fluid inclusion and Raman studies revealed the presence of
primary aqueous and COs phases with low to moderate salinity
and two ranges of the temperature of homogenization i.e, 150—
200 °C and ~300 °C. The presence of axinite-quartz vein with
associated sulphide and gold mineralisation within the boron-
rich hydrothermal system along the brittle-ductile zones in the
DKB suggested their low pressure, low to moderate salinity, low
pH and ~300 °C temperature also suitable for precipitation of
gold. The present study provides evidence of the spatiotemporal
association of ferro-axinite with the sulphide gold mineralisation
in the area as well as along the DKB may be used as an indicator
mineral or pathfinder.

Dongargarh-Kotri Belt
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1. Introduction

The North-South trending Dongargarh-Kotri Belt
(DKB) in Bastar Craton is an Early Proterozoic
supracrustal sequence with imprints of repeated vol-
canic, plutonic and tectonic events which have ren-
dered this belt most conducive to mineralisation (Ra-
machandra and Roy, 2012; Roy and Ramachandra,
2012; Mishra and Dutta, 2012; Saha et al., 2012).
DKB is a volcano-sedimentary sequence represented
by intrusive acid and basic volcanics and tuffaceous
rock along with BIF, sandstone and conglomerate
classified into the Dongargarh and Kotri Supergroups
(Sarkar et al., 1981, 1994). The DKB represents an
intracontinental rift-related sequence (Ghosh and Pil-
lay, 2012; Neogi et al., 1996; Ramachandra and Roy,
1998; Krishnamurthy et al., 1990). The felsic vol-
canics constitute a primary source of economic-grade
of gold mineralisation and several gold prospects
along with old workings have been reported from the
eastern, central and western parts of the DKB (Saha
et al., 2012). The gold mineralisation in the DKB has
spatial-temporal relationships with the felsic volcanic
and associated brittle to brittle-ductile shear zones.
These brittle to brittle-ductile shear zones provided
the path for hydrothermal system to carry sulphide
gold mineralisation within quartz veins along these
shear zones (Saha et al., 2012; Mishra et al., 2012).

The axinite group comprised of ferro-axinite,
mangan-axinite, magnesio-axinite and tinzenite with
the general formula (Ca,Mn)s(Fe?T, Mn, Mg),
(Al,Fe3t),B2Sig030(OH)2 are common in various
rocks characterized by high activity of Ca (Mn) and
B, but low activity of Al (Pringle and Kawachi,
1980; Grew, 1996). It often forms in hydrothermal
and contact-metamorphic environments that can also
host tourmaline, another boron-rich silicate. In cer-
tain geological settings, such as pegmatites or alpine
fissures, tourmaline may crystallize first from high-
temperature, boron-rich fluids. As the physical and
chemical conditions evolve (e.g., decreasing tempera-
ture, changing pH, or fluid salinity), axinite may later
precipitate or replace tourmaline (Shcheka et al.,
2023). For example, in the Dalnegorsk ore district
(Russia), axinite formation has been linked to the in-
teraction of retrograde boron-rich fluids with earlier
skarn assemblages, indicating that axinite may de-
rive from the breakdown or alteration of tourmaline
in response to fluid evolution (Shcheka et al., 2023).
This makes axinite a useful indicator mineral, as
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its presence can reflect specific pressure-temperature-
fluid histories and help identify zones of boron meta-
somatism, especially in skarn and greisen systems
(Kowal-Linka and Rychta, 2022, Hammarstrom and
Zen, 1986).

Axinite holds significance in mineral exploration
primarily as an indicator of specific hydrothermal
conditions rather than as a direct pathfinder for gold
or sulphide mineralisation. It commonly forms in
contact-metamorphic and hydrothermal settings such
as skarns, where high-temperature boron-bearing flu-
ids interact with carbonate-rich rocks. These geolog-
ical environments often overlap with those favorable
for the deposition of sulphides and, in some cases,
gold. Previous studies suggest that axinite is not a
classic pathfinder mineral like arsenopyrite, pyrite,
or stibnite which are more directly associated with
gold and base metal mineralisation. Rather, it serves
as a contextual or indirect pathfinder by pointing to
evolved, boron-enriched hydrothermal systems capa-
ble of hosting valuable ore bodies (Shcheka et al.,
2023; Hammarstrom and Zen, 1986). For example,
in skarn systems, axinite is typically found in the
retrograde alteration zones, where decreasing tem-
peratures and evolving fluid chemistries result in the
formation of minerals like axinite, datolite, or tour-
maline. This mineralogical assemblage often coin-
cides with or lies adjacent to zones of base-metal sul-
phide or even gold mineralisation (Kowal-Linka and
Rychla, 2022). The presence of axinite can, there-
fore, help delineate zones of fluid flow and metaso-
matism, making it a valuable clue in reconstructing
ore-forming environments. For instance, in the Dal-
negorsk ore district in Russia, axinite occurs in as-
sociation with retrograde boron metasomatism and
is genetically linked to fluids capable of transporting
and precipitating sulphide minerals, highlighting its
role as a hydrothermal system tracer (Shcheka et al.,
2023).

Although axinite does not substitute for geochem-
ically mobile pathfinder elements or sulphide indi-
cator minerals such as arsenopyrite, it complements
them by providing insight into the temperature-
fluid—pH evolution of the mineralizing system. When
axinite is found alongside minerals like pyrite or tour-
maline, it can reinforce the interpretation of a boron-
rich, mineralizing hydrothermal event and guide fur-
ther exploration targeting sulphide -rich or gold-
bearing zones (Hammarstrom and Zen, 1986; Kowal-
Linka and Rychta, 2022).
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Fig. 1. a) Map of India showing regional tectonic domains and location of study area. b) Geological map of the Bastar craton

showing Dongargarh Kotri belt (Central Bastar Orogen).

A number of occurrences of axinite have been re-
ported worldwide (Andreozzi et al., 2004). However,
so far, only the occurrence of axinite has been re-
ported from the hydrothermal alteration zone of the
Askot base metal mineralisation in the Kumaon Hi-
malaya, India (Govil et al.,, 2021). A number of
calc-silicate minerals, such as tourmaline and du-
mortierite, have been reported from nearby study
areas in the Sakoli Fold Belt (Meshram and Ingle,
2012). However, the reporting of ferro-axinite in the
volcanics of DKB is discussed for the first time (Ta-
ble 1). The ferro-axinite is associated with quartz
veins along the brittle to brittle-ductile shear zones
passing through felsic volcanics, and also carries sul-
phide and gold mineralisation. Another occurrence is
reported from the contact between the andesite and
quartz pebble conglomerate/sandstone of the Borta-
lao Formation. In this paper, we present the mineral-
ogy and petrographic features representing metallo-
genic stages and the major and trace element chemi-
cal data for ferro-axinite mineral and associated sul-
phide gold mineralisation from the area. We discuss
the metallogenic conditions and evolution of the ore-
forming fluids, with the ultimate aim of revealing the
mineralogical processes to guide further exploration
for targeting sulphide -rich or gold-bearing zones in
DKB.

2. Regional Geology

The Bastar craton of central India is an impor-
tant protocontinental nuclei of the global Archaean
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record (Bleeker, 2003; Naqvi, 2005). It is flanked
by the ENE-WSW trending Central Indian Tec-
tonic Zone (CITZ) towards the north, and is cross-
cut by the N-S to NNE-SSW trending Kotri linea-
ment that geographically corresponds to a collage of
Archaean/Palaeoproterozoic supracrustal belts; col-
lectively termed the Kotri-Dongargarh Mobile Belt
(KDMB) (Fig. 1) (Ramakrishnan and Vaidyanadhan,
2010). It extends for approximately 250km, from
about 40km south of Pratappur in the south to about
40km southwest of Amarkantak in the north, with
an average width of 30km (Saha et al., 2012). The
DKB is composed of acid-basic volcanics and a ba-
sic igneous suite of rocks, with admixtures of pyro-
clastics, agglomerates, and volcaniclastic sediments
(Mishra and Dutta, 2012). The Dongargarh Su-
pergroup is the younger volcano-sedimentary-granite
belt of DKB, unconformably overlies the Sukma
supracrustals, while its northern margin is tectonised
along the Sausar Mobile Belt (Sarkar et al., 1981,
1994; Roy et al., 2000).

The Dongargarh Supergroup consists of two un-
conformable stratigraphic groups presumed to be of
Proterozoic age: the Lower Nandgaon Group and
Upper Khairagarh Group (Table 1). Each group is
further subdivided into distinct volcano-sedimentary
units. The Nandgaon Group comprises the Bijli rhy-
olite and the Pitapani basalt, which are tectonically
associated with the surrounding Dongargarh gran-
ite (Deshpande et al., 1990). Bortalao Formation, a
conglomerate/sandstone unit forms the basal part of
the Khairagarh Group, which overlies the Pitapani
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Fig. 2. Geological map of the central part of Dongargarh-Kotri Belt showing the location of gold-sulphide bearing quartz-axinite

veins.

basalts and Bijli rhyolite. The Khairagarh Group
consists of Sitagota, Mangikhuta and Kotima basalt
formations that are alternately intercalated with the
Karutola Formation quartz arenites and Ghogra For-
mation sub-arkosic arenites, respectively (Fig. 2).
The Dongargarh sequence is weakly deformed,
forming the regional ’Sitagota Syncline’ (Fig. 2) and
has undergone low green schist facies metamorphism.
Structural disposition of the units suggests the Bijli
rhyolite to be the oldest unit, and the Mangikhuta
volcanics to be the youngest (Sarkar et al., 1981,
1994; Sensarma and Mukhopadhyay, 2003). The
present study area is situated in the central part of
DKB and in the vicinity of the Sitagota Syncline.
The crisscross venations occur along the brittle to
brittle-ductile zones, show intense hydrothermal ac-
tivity with the development of alteration mineralogy,
i.e, epidote, chlorite, and axinite (Fig. 3a—b). Veins
are occurring few centimeters to few meters long but
axinite only restricted to the small veins (Fig. 3c),
which are spatially and temporally associated with
copper-gold mineralized hydrothermal system repre-
sented by smoky quartz veins in the area (Fig. 3d).
Whereas, associated copper-gold mineralized veins

© CEHESH TRUST OF INDIA

have an extension upto 300m length and 10m to 15m
width show smoky nature and contain fine dissemina-
tion of sulphide mineralisation with profuse chlorite
and potassic alteration. The occurrences of axinite-
quartz veins are reported from the contact zone be-
tween Sitagota andesite, Bijli rhyolite and Bartalao
conglomerate/sandstone.  Axinite generally occurs
within Bijli rhyolite; specimens of a few centimeters
in size show a violet to pink colour, occurring in as-
sociation with quartz and epidote.

3. Methodology

Detailed silicate/ore petrographic studies of the
axinite-quartz vein and associated sulphide miner-
als have been carried out using a Lieca DMRX-600
Model microscope equipped with a camera for pho-
tomicrographs at the Regional Petrology Laboratory,
GSI, CR, Nagpur. Mineral phases were identified us-
ing a standard petrological microscope under trans-
mitted light. They reflected light, followed by ob-
servations in a Carl Zeiss-EVO 40 Scanning Electron
Microscope coupled with an Energy Dispersive Spec-
trometer at 20 kV and 63eV detector resolutions at
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Fig. 3. a) Field photograph showing silicified rhyolite with network of axinite-quartz veins. b) close view of altered rhyolite with
presence of purple-pink axinite-quartz veins c) close view of brownish-pink axinite-quartz vein along sandstone rhyolite contact.
d) close view of smoky quartz vein contains sulphide and gold mineralisation.

the Geological Survey of India (GSI), Nagpur, India.

Silicate mineral phases were analysed using a
CAMECA SX-100 Electron Microprobe Analyser
(EPMA) equipped with five wavelength dispersive
spectrometers (WDS) at the EPMA laboratories of
the Geological Survey of India at Hyderabad. Cali-
bration, overlap correction, and quantifications were
performed with the CAMECA SX-100 Peak Sight-
Geo Quanta software package. The silicate phases
were analysed using 15 kV acceleration voltage and
15 nA beam current with 1 m beam diameter. The
signals used are Si Ka, Na Ka, P Ka, K Ka, TiKa,
CaKa, Cr Ka, Fe Ka, Mn Ka, Ni Ka, Ba La, V Ka,
Mg Ka, Al Ka, Zn Ka, Zr La for calibration of ele-
ments using natural standards for Na, Si, Ca, K, Fe,
Mg, Mn, P, Zn, Zr, Ba, synthetic standards for Al,
Ti, Cr and 100% metal standards for Ni and V. Stan-
dards used are jadeite for Na, wollastonite for Si, Ca,
olivine for Mg, corundum for Al, orthoclase for K,
rutile for Ti, chromite for Cr, haematite for Fe and
rhodonite for Mn, barite for Ba, apatite for P, zircon

130

for Zr, sphalerite for Zn. The counting time for peak
measurement 10s, and half of the peak measurement
time is allotted for background measurement. The
precisions of the analyses are +0.5% element concen-
trations. The ZAF matrix corrections were carried
out using the CAMECA-supplied Peak Sight program
(Pouchou and Pichoir, 1984). Representative samples
from the alteration zone and axinite-quartz vein were
selected to classification under the X-ray diffraction
method at Mineral Physics Division, GSI, CR, Nag-
pur. The identified minerals, along with their spectra
and wavelengths, are described in detail under the
‘Results’ section.

Axinite-quartz wafers were prepared at the Re-
gional Petrology Division, GSI, Nagpur for Fluid in-
clusion by Laser Raman Spectroscopy study. Raman
spectroscopy (Renishaw System 1000) was used to an-
alyze the volatiles, gases, and fluids enclosed within
the FIs at the GSI, Kolkata. An Ar ion laser with a
wavelength of 514.5 nm and a 5 mWat 100% source
power was used for the analyses. The spectral range

© CEHESH TRUST OF INDIA
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- axinité

Fig. 4. a) Photomicrograph showing transverse of axinite vein within DKB volcanic, b) Backscattered Electron (BSE) image
showing contact between Bijli rhyolite and axinite-quartz vein, c-d) False Colour Composite (FCC) images showing contact
quartz-epidote association with rhombic to elongated shaped axinite.

for CO9, No, and CHy analyses in the vapor phase was
500-4000 cm™. The Raman spectra were acquired for
10-50 s. The spectral resolution for each Raman vi-
brational mode is on the order of +1 to 2 cm™.

4. Result

4.1. Petrography and Mineral Chemistry

The axinite in the quartz + axinite vein is ob-
served as euhedral wedges or rhomboidal crystals de-
veloped from the wall of the host rock (Fig. 4a-b).
They are devoid of zoning and show a single uni-
form distribution of elements (Fig. 4c—d). Epidote
and chlorite are the principal alteration minerals as-
sociated with axinite. The axinite-quartz veins also
contain disseminated sulphide mineralisation, mainly
consisting of pyrite, chalcopyrite, pyrrhotite, and ar-
senopyrite, as well as the replacement of chalcopyrite
to covellite and pyrrhotite to marcasite (Fig. 7a—d).
The presence of tiny grains of gold was also observed
along with a magnetite vein in the andesite (Fig. 7e).

© CEHESH TRUST OF INDIA

It exhibits a common association with quartz, epi-
dote, and chlorite, as supported by X-ray diffraction
data (Fig. ba). Backscattered Electron (BSE) im-
ages obtained using a Secondary Electron Microscope
(SEM) also reveal the presence of euhedral wedges
or rhomboidal crystals associated with other alter-
ation phases. Representative major element chemical
compositions of axinites are shown in Table 1. The
SiOy and CaO contents range from 37.52 wt.% to
38.35 wt.% and from 22.77 wt.% to 24.19 wt.%, re-
spectively. The average contents of FeO and AlsO3
in axinite are 8.46 wt.% to 10.88 wt.% and 23.73
wt.% to 25.45 wt.%, respectively. According to the
FeO/(MnO + FeO) ratios is very high (0.97-1) and
the MgO-MnO-FeO triangular diagram, axinites be-
long to the ferro-axinite (Fig. 5b).

4.2. Raman Spectroscopy of Fluid Inclusions

Quartz grains associated with axinite show both
monophase and biphase fluid inclusions. The mor-
phology of the inclusions is generally irregular,
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Fig. 6. a-b) Raman spectroscopy images showing presence of CO2 peaks in the fluid inclusion within quartz-axinite veins.

facetted, sub-rounded, and oval, and the size of in-
clusions varies from 1 to 10 pm, inhomogeneously
distributed throughout the sample. The inclusions
furnish Raman peaks predominantly present of pri-
mary and pseudosecondary aqueous phases and Ra-
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man peaks at 1284 cm™!, 1285 cm™!, 1286 cm™!,
1388 cm™!, and 1389 cm™! corresponding to pure
CO2 (Fig. 6a-b). Similarly, Raman peaks at 711
em ™!, 714 em™!, and 715 ecm ™! corresponding to ax-
inite (Fig. 6¢—d).
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Fig. 7. a) photomicrograph showing the presence of pyrite, chalcopyrite, pyrrhotite and replacement of pyrrhotite to marcasite in
the smoky quartz vein, b) photomicrograph showing the replacement of pyrrhotite to marcasite, ¢) photomicrograph showing the
replacement of chalcopyrite to covellite, d) photomicrograph showing the presence of arsenopyrite in the smoky quartz vein, e)
photomicrograph showing the tiny gold grain associated with iron oxide vein in the smoky quartz vein.

5. Discussion

5.1. Genesis of Axinite

The most characteristic skarn mineral was abun-
dantly occurring axinite, which can be formed un-
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der a plentiful supply of boron derived from magma
or a hydrothermal solution. Boron content is a
good indicator for understanding the magmatic—
hydrothermal evolutionary processes forming metal-
lic deposits (Thomas et al., 2003). Axinite is the
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most characteristic skarn mineral and occurs abun-
dantly in various types of deposits (Chaudhry and
Howie, 1969; Kurshakova, 1976; Grew, 1996; Karas
and Pakhomova, 2012; Georgievskiy et al., 2019; Kim
et al., 2021). Axinites occur mostly as large crystals
with a wedge or axe-head shape, or sometimes a frag-
mented, irregular shape. They occur as cavity fillings
and veinlets. Axinite replaces primary calcite and the
retrograde skarn minerals, amphibole, and epidote
(Kim et al., 2021). Boron is an incompatible element
characteristically found in felsic melt and usually de-
creases with HoO content. Mica can incorporate a
significant amount of boron, so shale-type sedimen-
tary rock and volcanics originating from the melt-
ing of such types of sediments can be rich in boron.
Alternatively, smectites in the oceanic crust can ab-
sorb boron from seawater, or metamorphism can also
lead to the depletion of boron due to devolatiliza-
tion (Leeman and Sisson, 2018). The host Khairagarh
metavolcanics, i.e., andesite and rhyolite, indicate a
primitive mantle source with crustal influence in their
genesis, or mafic volcanics in association with conti-
nentally derived sediments, which probably indicates
back-arc rifting in an Andean-type subduction envi-
ronment (Longjam and Ahmad, 2011; Asthana et al.,
2014). Such mantle evolution processes generally lead
to the boron metasomatism and formation of axinite
and tourmaline in the mafic and felsic volcanic rocks
(Leeman and Sisson, 2018; Balassa et al., 2023).
The regional active boron-rich hydrothermal sys-
tem is evident in the Sakoli Fold Belt, with several oc-
currences of the most common borosilicate minerals,
tourmaline and dumortierite, associated with Cu—
Au-Pb-Zn mineralisation (Saha et al., 1996; Mishra
et al., 2001; Biswas, 2002; Meshram and Ingle, 2012).
Nevertheless, axinite is not yet reported from the
vicinity Cu—Au-Pb—Zn prospect of the Sakoli fold
belt or the Cu—Au mineralisation in the DKB. The
present study shows control of axinite-quartz vein
genesis along the contact of rhyolite-andesite with
sandstone/conglomerate with a regional hydrother-
mal system that carries copper-gold mineralisation
along the DKB. The predominance of axinite in the
area rather than tourmaline supports a calcic-basic,
Al-poor environment with very low temperature and
pressure at low COg fugacity (Hietanen and FErd,
1978; Pringle and Kawachi, 1980; Grew, 1996; Filip
et al., 2006). Hietanen and Erd (1978) explain that
axinite forms in a wider P-T range in different geo-
logical environments. Axinite generally forms in el-
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evated pH conditions (Hayes et al., 2009; Zagorsky,
2015). Pringle and Kawachi (1980) suggested a mis-
cibility gap in the axinite group at low tempera-
tures, which might explain the scarcity of magnesio-
axinite in nature. High miscibility in ferroan mag-
nesioaxinite to magnesian ferroaxinite from originat-
ing at the temperature ~300 —400 °C, indicates that
such a miscibility gap should occur at lower tem-
peratures. Because of most axinites are formed at
temperatures near 300 °C and higher (Grew, 1996
and references therein), immiscibility is unlikely to
control the scarcity of magnesioaxinite (Novak and
Brno, 2002). It is assumed that the axinite in the
DKB derived boron primarily from the surrounding
metavolcanic rocks, most likely from rhyolite, as sug-
gested by evidence of boron metasomatism during its
petrogenetic processes (Pringle and Kawachi, 1980;
Fehér, 2015; Krmicek et al., 2021; Balassa et al.,
2023). Additionally, boron may have been introduced
through fault zones and fractures, controlled by hy-
drothermal fluids circulating within the host DKB
metavolcanics. This supports a magmatic origin for
the axinite, overprinted by hydrothermal activity. It
is generally used as an indicator for understanding the
magmatic-hydrothermal evolutionary processes that
form metallic deposits (Thomas et al., 2003).

5.2. Implication for Sulphide-Gold Mineralisation

The common association of axinite-quartz vein
with sulphide-gold bearing veins reveals their genetic
link. The main sulphide minerals are pyrite, chal-
copyrite, and pyrrhotite, which also show the re-
placement of pyrrhotite by marcasite and chalcopy-
rite by covellite, accompanied by the presence of
tiny grains of gold. The different textures among
pyrrhotite, pyrite, chalcopyrite and marcasite re-
flect the dominance of the crystal growth of mar-
casite as a precipitation mechanism from solution.
Qian et al. (2011) experimental study suggested
that the pyrrhotite to Fe disulphide reaction pro-
ceeds by a dissolution-reprecipitation mechanism un-
der hydrothermal conditions, with a preference for
low pH at temperatures below 220 °C. Schoonen and
Barnes (1991b,c) experimental studies said that <
100°C, pyrite, and marcasite are formed by sulfida-
tion of amorphous FeS with polysulphides, and >
100°C, pyrite and marcasite are formed via sulfida-
tion and possibly through loss of iron out of FeS
precursor phases (Schoonen and Barnes, 1991b,c).
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vs. salinity plots for fluid inclusions in axinite-quartz vein from the study area.

Both marcasite and pyrite are only stable in neu-
tral to alkaline solutions below 240°C (Giggenbach,
1974; Schoonen, 1989). Formation of pyrite and
marcasite under hydrothermal conditions is generally
agreed that marcasite forms under acidic conditions
(pH<5), or in S(-II)-deficient solutions while pyrite
is formed at relatively higher pH or S(-II)-rich solu-
tions (Murowchick and Barnes, 1986; Schoonen and
Barnes, 1991b,c,a; Murowchick, 1992; Qian et al.,
2011). The marcasite to pyrite transformation is ex-
tremely slow at below 300 °C, and marcasite can sur-
vive over geological time at below 300 °C (Fig. 7a—
b) (Lennie and Vaughan, 1992; Murowchick, 1992;
Yao et al., 2020). Several experiments have demon-
strated that Au is hosted in sulphide minerals with
the following decreasing order of Au concentration:
bornite>chalcopyrite>pyrrhotite> pyrite (Fig. 7c—d)
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(Cygan and Candela, 1995; Jugo et al., 1999; Simon
et al., 1999, 2000). Generally, cooling from 400 to
300 °C results in precipitation of 90% of the dissolved
gold as metallic Au in quartz veins (Kerrich, 1999).
Gold mostly concentrates in high-sulphidation sys-
tems at 300 °C at low pH (<2) and high logf(O2)
(-28) (Archibald et al., 2001). It seems more likely
that a decrease in pressure, combined with a drop
in temperature below ~300 °C, would have been an
important factor for gold precipitation, along with
the brittle-ductile shear processes (Fig. 7e, 8c) (e.g.,
Zhu et al., 2007). The presence of an axinite-quartz
vein with associated sulphide and gold mineralisation
within the hydrothermal system along the brittle-
ductile zones in the DKB suggests low-pressure, 300
°C temperature ranges for the precipitation of gold
mineralisation (Fig. 8c).

135



e-ISSN: 2583-6900

Journal of Geointerface, Vol. 4, No. 2, December 2025, pp. 125-140

882°0 6£39°G pmbry 68¢ g'¢g- 9g- Arewnig T+A 8%
€682°0 L€2€°9 pmbr 962 - G- Arewnrg T+A 0¥
28T6°0 4sreal’) pmbry G6T 6'¢- 9z Arewrrg T+A 6¢
€826°0 6520°9 pmbr 68T 8¢~ Gg- Arewrrg T+A 8¢
28€6°0 9899'9 pmbr 78T Ty Fo-  Arewng T+A L8
GTSR0 6520'9 pmbr 6¥C 8¢~ Lg- Areuwrrg T+A 9¢

3e6°0 L€2€°9 pmbr S6T ¥~ 9g- Arewrig T+A ge
€526°0 $S0T1°2 pmbr S6T Gy~ Qg- Arewrig T+A i3
T8T6°0 9899'9 pmbrg T6T T¥-  Go-  Arewnig T+A ee
8€€6°0 ¥LL9°L pmbr 16T 6% P~ Arewng T+A 49
8T¥8°0 6£39°G pmbry €8T g'¢-  6g- Arewng T+A 1€
9GL°0 LTT0°G pmbr G508 1'¢- 8¢~ Arewnig T+A 0¢
9126°0 LT0L¥ pmbry 78T 6'¢- Qg Arewrg T+A 63
TL16°0 LSVST pmbr G8T 8% 6g- Arewng T+A 8T
#8060 eTLOT pmbr 06T G'g- 8¢~ Arewnig T+A LT
TT6L0 LSVST pmbry 6.3 8¢~ 9z~ Arewng T+A 9z
€182°0 289T°G pmbrg 062 ¢ Llg-  Arewng T+A ¢rd
1208°0 6£29°G pmbr 082 Gg'g- 9z~ Arweuwng T+A ST
88€6°0 9¢¥8°6 pmbr 70¢ G'9- 9g- Arewng T+A €T
1286°0 GOOT'TT pmbry 4 G- Lz~ Awewng T+A réé
¥2L6°0 Tesy6 pmbry goT 29~ 9z~ Arewng T+A 12
T9.6°0 600T°0T pmbry 99T L9- 8z~ Arewng T+A 0C
9%.6°0 6SGTHT pmbr 00% 01~ 0g- Arewnig T+A 61
1896°0 1820°€T pmbry S6T 26~ 67 Aweuwng T+A 8T
16%6°0 €T0L'TT pmbr 90¢ 8- 87~ Arewrig T+A LT
6160 GV6°CT pmbry 102 0T- 6g- Arewng T+A 91
6C76°0 9¢¥8°6 pmbrp 86T G'9- 6g- Arewng T+A g1
LS¥6°0 G909°0T pmbr 102 T2~ 8- Arewrg T+A Al
ST16°0 18€6°TT pmbry T1T '8 67 Arewng T+A el
L9T10°T CTLLLT pmbr 98T ¥1- 8¢~ Arewig T+A 4\
9010°T 976 LT pmbr P61 THI-  0g- Arewrig T+A 11
6L10°T €8T19'8T pmbr 761 GT- 6g- Arewng T+A 01
6GL6°0 1820°€T pmbr 06T 26~ 8g- Arewng T+A 6
1€26°0 6996°CT pmbry 76T 1°6- 6g- Arewiig T+A 8

786°0 6TEL'ET pmbrp 68T 86- 8- Arewig T+A L
2920°T 788161 pmbr 88T LGT- L~ Arewng T+A 9
91Z0°T €819°'8T pmbrp 88T GI- 6g- Arewng T+A g
€LTI0°T $GEG'8T pmbr T6T 671~ 8g- Arewrig T+A ¥
9G666°0 6SGTH1T pmbr QLT Z0I- 61~ Arewng T+A e

886°0 LL0%°€T pmbr 08T §'6- Fg- Arewnig T+A 4
€9T0°T 18€8°€T pmbr 441 66- g¢- Arewrrg T+A 1

Lysue@  [DENYIMPH  jerpyep wy  eseyd  PHD UYL f0D UL 20D ULl [®Y0) UL [y SL 9°r W, AL sse[D odArour  wmNPOUT
“og

L1303 - IeyS1eSUO(] ) JO SUIDA }TUIXE-Z)IeNnD WOIJ 9)IUIXE-0119) 9} WO} APN)S UOISN[OUI PINY Jo BIep uoljeziuagowoy ainjeroduws) pue Ajuires aaryejusserday] g 9[qe],

© CEHESH TRUST OF INDIA

136



Journal of Geointerface, Vol. 4, No. 2, December 2025, pp. 125-140

5.3. Significance of Fluid Inclusion and Raman Spec-
troscopy Study

The fluid characteristics from the quartz grain
associated with axinite show the presence of dom-
inant primary aqueous inclusions (vapour+liquid)
along with the development of speudosecondary
trails/tracks (Fig. 8a—b). These primary aqueous in-
clusions mainly contain moderate salinity ranges from
10 to 20 wt.% NaCl (Table 2). It shows restricted ho-
mogenization temperatures between 150 °C and 200
°C (Fig. 8¢c). In contrast, a few samples collected from
lower elevation levels from the same axinite-quartz
vein show the presence of COs-rich phases, as con-
firmed by Raman spectroscopy (Fig. 6), and have low
salinity, ranging from 5 to 10 wt.% NaCl. It shows
restricted homogenization temperatures between 170
°C and>300 °C (Fig. 8c). This suggests that car-
bonic phases with low salinity and homogenization
temperatures between 200 °C and 400 °C generally
indicate the precipitation of gold mineralisation in the
hydrothermal system (Fig. 8) (Wilkinson, 2001). The
inverse relationship between salinity and homogeni-
sation temperature across sample locations indicates
a change in the fluid regime from shallower to deeper
levels, which favours gold mineralisation within the
host axinite—quartz vein and supports its auriferous
nature.

6. Conclusion

The presence of rare axinite (Fe) in the
Dongargarh-Kotri Belt (DKB) and its association
with sulphide gold occurrences is discussed first time.
Ferro-axinite occurs in two different types i.e, as
small veins/stringers within rhyolite-andesite as well
as along the contact between volcanics and sedimen-
tary rocks. Both magmatic-hydrothermal processes
and associated boron metasomatism in the area con-
trol the genesis. The presence of axinite in DKB
instead of tourmaline indicates limited carbonatiza-
tion, with available Ca combined with B, Fe, and Si
at very low hydrothermal temperatures. The pres-
ence of sulphides i.e, pyrite, chalcopyrite, arsenopy-
rite, pyrrhotite and marcasite in association with
axinite indicates high sulphidation, at 300 °C and
low pH (<5). The presence of primary aqueous
and COsg-rich phases with low to moderate salin-
ity (5 to 20 wt.% NaCl) and restricted homoge-
nization temperatures between 150 °C and >300 °C
strongly supports its auriferous nature. It is further
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explained that the boron-rich hydrothermal system
occurs in low-pressure, low-pH, and ~300 °C temper-
ature ranges, favouring the precipitation of gold min-
eralisation along the brittle-ductile zones in the DKB.
Furthermore, the present study suggests that the
DKB gold prospects have no or limited occurrences
of tourmaline and favour the spatiotemporal associa-
tion of ferro-axinite with the sulphide gold mineral-
isation, revealing its indicator mineral or pathfinder
nature.
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