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ABSTRACT

The Dharwar Craton of southern India hosts one of the most significant Neoarchean gold
provinces in the world and contains numerous economically important gold deposits dis-
tributed across the Eastern and Western Dharwar Cratons. This review synthesizes geolog-
ical, structural, metamorphic, geochronological, fluid inclusion, stable isotope, and acces-
sory mineral geochemical data to develop a comprehensive understanding of the genesis
of these gold systems and their implications for mineral exploration. Gold mineralization is
predominantly localized within brittle–ductile shear zones, higher-order structural splays,
and lithological contacts, highlighting the critical role of transcrustal deformation in focus-
ing hydrothermal fluids. Hydrothermal alteration is characterized by pervasive carbona-
tization, sericitization, chloritization, silicification, sulfidation, and locally tourmalinization,
forming consistent alteration halos around mineralized zones. Available geochronological
constraints indicate that the principal mineralization event occurred between ca. 2547 and
2510 Ma, broadly synchronous with regional metamorphism, juvenile granitoid magmatism,
and late Neoarchean tectonic reworking. Fluid inclusion studies reveal predominantly low-
to moderately saline H2O–CO2–NaCl ± CH4 fluids formed under mesothermal conditions,
whereas stable isotope compositions (O–H–C–S and Sr) indicate a dominant metamor-
phic signature with localized magmatic/ juvenile contributions. Gold deposition was primar-
ily facilitated by pressure fluctuations, fluid immiscibility, sulfidation of reactive host rocks,
and fluid–rock interaction within active shear systems. Geochemical signatures preserved
in accessory minerals, particularly tourmaline, pyrite, and arsenopyrite, further document
episodic fluid flow and evolving hydrothermal conditions during ore formation. The tem-
poral overlap between bimodal volcanism, greenstone metamorphism, juvenile granitoid
emplacement, and gold mineralization, together with the remarkable consistency of ore-
fluid compositions and isotopic signatures across the craton, supports a mixed fluid-source
model in which metamorphic devolatilization supplied the dominant ore fluids while juvenile
magmatism contributed heat and locally volatile-rich components. This integrated synthesis
reinforces the classification of Dharwar gold deposits as classic Archean orogenic systems
and provides a robust mineral systems framework for future exploration targeting and ge-
netic investigations. The combined approach of host/altered rock minerology, geochemistry,
and fluid inclusion and stable/radiogenic isotopic studies are useful to propose a holistic
model for formation of orogenic gold mineralization in Dharwar Craton and beyond.
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Research Highlights

• Genesis of gold systems in the Archean Dharwar Craton.

• Mixed fluid-source model in which metamorphic devolatilization supplied the dominant ore fluids.

• Juvenile magmatism contributed heat and locally volatile-rich components.

• A holistic model for formation of orogenic gold mineralization in Dharwar Craton and beyond.

1. Introduction

Orogenic gold deposits comprise approximately 75%
of worldwide gold resources and are the predominant
genetic class of gold deposits generated inside struc-
turally controlled, crustal-scale hydrothermal processes
[1]. Archean orogenic lode-gold deposits, in particular,
are widely developed within regionally metamorphosed
granite–greenstone terranes and account for approxi-
mately 30% of the world’s gold production [2]. These in-
clude some of the world’s most significant deposits and
camps, such as the Golden Mile of the Yilgarn Craton
(Western Australia), the Hollinger–McIntyre and Timmins
deposits of the Abitibi belt (Canada), and the giant Kolar
deposit of the Dharwar Craton (southern India). Further-
more, there are many more Archean cratons that have rich
orogenic gold provinces. These include the Superior and
Slave Cratons in Canada, Tanzania Craton, Kaapvaal Cra-
ton in southern Africa, Zimbabwe Craton, São Francisco
Craton in South America, and the Dharwar Craton in India.
Despite their global abundance, the genesis of orogenic
gold deposits remains contentious due to their occurrence
across a broad spectrum of pressure–temperature condi-
tions, diverse host lithologies, and wide crustal levels, cou-
pled with the inherent inaccessibility of active mineralizing
systems. The term “orogenic gold” was first coined by [3]
and later formalized by [4], who’s widely used “crustal con-
tinuum model” proposed that these deposits form along
trans crustal fault systems under metamorphic conditions
ranging from sub-greenschist to amphibolite facies [5]. Al-
though significant, this model has been modified in later
studies to address uncertainty about fluid sources, metal
solubility, and physicochemical limits on gold transport
and deposition [6–9]. The nature and source of ore flu-
ids, the ligands involved in gold complexation and trans-
portation, the function of crustal-scale structures as fluid
conduits, and the mechanism of gold precipitation, includ-
ing fluid–rock interaction, phase separation, and fluid mix-

ing, are common genetic questions [8–10]. Among them
the source of fluid remains an important question even af-
ter three decades of research on orogenic gold deposits
worldwide.

In India, Dharwar Craton, has been divided into two
blocks such as Western (WDC), and Eastern (EDC) sep-
arated by significant shear zones (Figure 1; [11]). Each
block has a distinct magmatic and geological evolution that
affects the gold mineralization. In the two blocks, WDC is
characterized by sedimentary dominant along with subor-
dinate volcanic greenstone sequences globally linked TTG
gneisses and potassic plutons. EDC contains linear green-
stone belts with subordinate sediments, transitional TTGs,
diatexites, and calc-alkaline plutons [11]. The two con-
trasting geological domains host several major well known
gold camps i.e., Kolar, Hutti, Uti, Hira-Buddini, Ramagiri–
Penakacherla and Sandur in the EDC; and Gadag, Ajjana-
halli, G.R. Halli, and Paramanahalli in the WDC. Fluid in-
clusion studies over the craton wide deposits show low-
salinity aqueous-carbonic fluids, H2O + CO2 ± N2 ± NaCl
± CH4 with exceptions such as Uti CO2-poor mineralizing
fluids [12]. Despite significant geological and geochrono-
logical studies, the links between magmatism, greenstone
metamorphism, and gold mineralization remain equivocal,
and the origin of auriferous fluids is still subject to debate
as similar to the orogenic gold deposits elsewhere. This re-
view presents a synthesis of the Dharwar Craton’s geolog-
ical framework and evaluates the genetic characteristics
of key gold camps within the cratons and its greenstone
belts, in light of recent insights into Archean orogenic pro-
cesses and gold mineralization. The combined approach
of filed geology, structures, mineralogy, greenstone meta-
morphism, hydrothermal alterations, geochemistry of min-
eralized zones, geochronology, fluid inclusion studies, and
stable isotopic signature used to provide a comprehensive
holistic model, which can be helpful to target mineralizing
area, in similar setting in the Dharwar Craton and beyond.
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Figure 1. Regional geological map of the Dharwar craton in southern India showing major gold hosting greenstone belts
in three distinct crustal blocks (1) Western Dharwar craton, WDC (2) Eastern Dharwar craton, EDC (modified after [11]).

2. Geology and Mineralization Characteristic of Oro-
genic Gold Deposits in the Dharwar Craton

2.1. Hutti-Maski Greenstone Belt (HMGB)

The hook-shaped Hutti-Maski Greenstone Belt
(HMGB) of the EDC is made up of predominantly mafic
and felsic volcanic rocks with subordinate sedimentary
layers that lie unconformably on the Peninsular Gneissic
Complex (PGC) [13, 14]. The belt extends approximately
45 km east-west and 80 km north-south, and it is sur-
rounded by significant sinistral shear zones [15]. HMGB is
known to host world-class Hutti, Uti, and Hira-Buddini gold
deposits. According to [16, 17], gold mineralization at Hutti
is epigenetic, structurally controlled, and mostly contained
within metavolcanic rocks that are composed of felsic
volcanic layers interlayered with fine-grained to massive
and pillowed tholeiitic amphibolites. Three metamorphic
stages (M1–M3) and five deformation phases (D1–D5) are
identified by structural studies [13, 18]. D2/M2 and D3/M3
correspond to two significant mineralizing events. Fine
native gold can be found along pyrite grain boundaries
or as inclusions inside pyrite and arsenopyrite in stage-1

mineralization. According to [15], laminated quartz veins
containing scheelite, pyrrhotite, chalcopyrite, arsenopyrite,
and pyrite host stage-2 mineralization that locally reaches
values of up to 1 kg/t Au. Amphibolites and felsic vol-
canics predominate in the Uti deposit, which is situated in
the northern HMGB, with a small amount of quartz-mica
schist. Three stages of folding over the belt are docu-
mented by regional structural investigations [19, 20]. Sim-
ilar oriented D2 foliations overprint steeply dipping (≥80◦)
D1 shear foliations at Uti. Broad open F3 folds with axial
planes that trend NE–SW are indicative of a third defor-
mation phase (D3) [12]. Seventeen auriferous lodes, each
with strike lengths of 50–700 m and thicknesses of 0.3–
24 m, have been identified by the Geological Survey of
India (GSI) and Hutti Gold Mines Ltd. (HGML) together.
An estimated reserve of 6.51 Mt to a depth of 60 m with an
average grade of 2.64 g/t Au is found in Lode-4 alone [21].
Gold occurs primarily in metabasites along shear zones
that trend NNE–SSW. The hydrothermal mineral assem-
blage includes biotite, K-feldspar, actinolite, and titanite.
According to [12], pyrrhotite and arsenopyrite are locally
found with invisible gold. The Hira-Buddini deposit, which
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is situated 19 km east of Hutti, contains gold mineraliza-
tion in a brittle-ductile shear zone at contact of amphi-
bolite and metamorphosed felsic volcanics. According to
[22], drilling revealed about 200 kt of high-grade ore (6–
10 g/t Au) down to a of 145 m. Fault-filled quartz veins that
are accompanied by sub-horizontal sigmoidal extensional
veins undergo mineralization [23]. According to [24], pore-
fluid pressures above the minimal main stress plus tensile
strength promote hydraulic fracturing during vein forma-
tion, thereby explain the sub-horizontal sigmoidal veins
formation in contrast to those formed at Hutti.

2.2. Kolar Greenstone Belt (KGB)

One of the world’s renowned and classic Archean
orogenic gold provinces is the Kolar Gold Field (KGF),
which is located in the core of Kolar greenstone belt
in EDC. According to [25], the field is around 81 km
long and 3–4 km wide. The older Kambha granodiorite
gneiss to the east and the newer Dod and Dosa gran-
ite gneisses to the west provide the structural boundaries
of the amphibolite-facies metavolcanics, which host the
majority of the mineralization. At KGF, ore shoots were
oriented along foliation-parallel shear zones, and gold-
bearing lodes were deposited throughout several stages
of ductile deformation [26, 27]. According to [28–30], KGF
historically produced about 794 tons of gold by 1987, with
remarkably high grades (up to ∼25 g/t) reported from the
Champion lode. In 2001, the mine was shut down be-
cause to declining ore grades (∼2–3 g/t). In contrast to
the McTaggart and Oriental lodes, which are sulfide-rich
and include occurrence of gold inclusions in arsenopyrite
and pyrrhotite within the Nundydroog mine. The Cham-
pion lode has sulfide-poor, quartz–calcite veins that con-
tain free native gold. A number of historically significant
deposits, such as Chigargunta (CG) and Bisanatham (BN),
as well as new prospects, including Mallappakonda, Yer-
akonda, Virupakshipura–Lakkhanayakhanhalli (New BN),
Kudithanapalli, Sanganapalli, and Peddapartikunta, are
well known to host gold mineralization which are located in
south of the main KGF district called South Kolar Green-
stone Belt (SKGB) [31, 32].

2.3. South Kolar Greenstone Belt (SKGB)

The SKGB, the southern extension of the Kolar Schist
Belt, covers approximately 50 km2 and extends for nearly
30 km in a north–south direction with a maximum width
of about 3 km. In the SKGB, gold deposition is concen-
trated in structurally controlled sheared quartz-carbonate
veins. Ore localization is first-order controlled by tight iso-
clinal folds with north-south trending, steeply dipping ax-
ial planes (67◦–88◦) and a regionally continuous, shear-
parallel foliation that stretches over 30 km and dips sharply
both eastward and westward [29, 30]. Ongoing explo-
ration by private entities and the National Mineral Develop-
ment Corporation’s (NMDC) recent acquisition of CG and
BN gold blocks demonstrate the gold district’s increased
strategic significance [31].

The belt is dominated by Champion gneiss and
metabasalts, with subordinate carbonaceous phyllite,
greywacke, and BIF. Gold mineralization extends from
Bisanatham (BN) in the north to Maharajagadai in
Tamil Nadu through Chigargunta (CG), encompass-
ing several historical mines and prospects, including
CG, BN, Mallappakonda, Yerakonda, Virupakshipura–
Lakkhanayakhanhalli (New BN), Kudithanapalli, Sangana-
palli, and Peddapartikunta. Mineralization is largely con-
centrated near the contact between Champion gneiss and
metabasalts and is characterized by intense sulfidation
dominated by pyrite and pyrrhotite, except at Kudithana-
palli where molybdenite is abundant. The belt experienced
lower amphibolite-facies metamorphism (∼4.6 kbar and
∼600 ◦C) at 2546 ± 12 Ma, followed by retrograde de-
compression and hydrothermal overprinting [32, 33].

The Chigargunta deposit is located near the Andhra
Pradesh–Karnataka–Tamil Nadu border and is one of the
most important gold occurrences in the SKGB. Mafic
greenstones comprising metabasalts and metagabbros
dominate the western part of the area, whereas the central
and eastern portions are occupied by Champion gneiss,
composed mainly of felsic volcanic rocks with character-
istic quartz blebs. Gold mineralization is localized within
brittle–ductile shear zones and sheared quartz–carbonate
veins hosted predominantly by Champion gneiss (Fig-
ure 2a), although some lodes occur along contacts with
metabasalts. Ore localization is controlled by north–south-
trending, steeply dipping shear-parallel foliations and tight
isoclinal folds with axial planes dipping between 67◦ and
88◦ [32]. Two principal vein systems extend for nearly 3 km
with widths ranging from 0.5 to 2.5 m and continue to
depths exceeding 300 m. The deposit contains an esti-
mated resource of approximately 12 tonnes of gold at an
average grade of 5.66 g/t and remains a focus of ongoing
exploration.

The Bisanatham deposit comprises two distinct miner-
alized systems: the eastern Old BN mine and the western
New BN prospect. The Old BN mine is hosted within schis-
tose metabasalts and amphibolites adjacent to Champion
gneiss and is structurally associated with an antiformal fold
cored by the Bisanatham granite. Gold occurs in north–
south-striking quartz veins dipping 60–80◦ west and is dis-
tributed in three principal lodes exhibiting en-echelon ore
shoots extending to depths of about 300 m. Reported gold
grades range from 1.12 to 7.13 g/t, with historical produc-
tion of approximately 300 kg of gold at an average grade
of 3.5 g/t.

The New BN prospect is hosted within pillowed
metabasalts and comprises eastern and central lode sys-
tems extending over at least 400 m. Mineralization is as-
sociated with localized shear zones and quartz veins en-
riched in sulfides, accompanied by intense hydrothermal
alteration including biotite and carbonate development.
The eastern lode follows the contact between schistose
metabasalts and felsic volcanic rocks and exhibits a steep
westward dip. Geological, structural, and alteration char-
acteristics closely resemble those of the Champion lodes
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of the Kolar Gold Field, emphasizing the importance of
shear-controlled hydrothermal fluid flow and lithological
contacts in localizing gold mineralization throughout the
SKGB.

2.4. Jonnagiri Greenstone Belt (JGB)

Jonnagiri greenstone belt is composed of Neoarchean
volcano–sedimentary sequence dominated by mafic to fel-
sic metavolcanics, volcanic tuffs, and syn-volcanic gab-
broic to ultramafic sills, located in EDC. Two separate
granitoid magmatic pulses, represented by the younger
Chennampalli granite and the older Pagadarayi granodi-
orite, crosscut the supracrustal package after several gab-
broic and doleritic dikes [34–36]. According to structural
analysis, the greenstone belt underwent two major folding
events (F1 and F2), both of which are linked to the axial-
planar foliations S1 and S2. According to [34], shearing
that occurred along with F2 deformation provided the belt
a prominent sigmoidal shape. Two generations of shear
foliations (Sh1, Sh2) and well-developed S–C fabrics, sug-
gesting both dextral and sinistral shear direction, are in-
dicative of deformation history of intrusive Pagadarayi gra-
nodiorite [35, 36] where majority of gold mineralization is
occurring in the Sh2 N–S oriented quartz veins (Figure 2b).
Jonnagiri gold deposit is famous for granitoid-hosted min-
eralization, linked to the Pagadarayi granodiorite. At a cut-
off grade of 1.0 g/t, the deposit has a likely resource of
about 15 tons of gold to depths ≤180 m [37]. Ore is gen-
erally found in fracture-filled quartz veins and auriferous
pyrite, where gold is found in sulfide assemblages of the
inner mineralized zone as micro- to nanoscale particles
as well as tiny inclusions. A reduced, sulfur-rich ore fluid
characteristic of many Archean orogenic systems is further
reflected by the presence of gold in fracture filling within
thin quartz veins and close proximity to FeS2–Fe2 − xS
(pyrite–pyrrhotite) assemblages, buffered near the fs2 sta-
bility field.

2.5. Ramagiri Greenstone Belt (RGB)

Ramagiri–Penakacherla greenstone belt, lies on the
western side of the EDC, made up of several granitoids,
that have intruded into volcanic-dominated supracrustal
rocks. In the early 20th century, the deposit was a ma-
jor producer of gold, producing about 5 tons of gold at
an average grade of about 15 g/t [38]. The host rocks are
dark to light grey phyllites, in which the auriferous veins are
mostly found. The mineralized vein has an assemblage of
quartz ± carbonate ± sulfide, and emplaced along signifi-
cant brittle–ductile shear zones are the predominant hosts
of gold mineralization. Pyrite and chalcopyrite are major
sulfide minerals found with gold in the mineralized zones
[39]. The deformation played an important role in localiz-
ing mineralizing fluids in this region of the EDC and lead to
responsible for gold deposition.

2.6. Chitradurga Greenstone Belt (CGB)

Gadag, Ajjanahalli, G.R. Halli, and Paramanahalli are
notable gold deposits and prospects located in CGB in
WDC. Gadag Gold Field (GGF) is located in the Gadag
Greenstone Belt (GGB) in the northern part of the CGB.
According to [40], mineralization occurred in three differ-
ent litho-domains: (1) metavolcanics in the western aurif-
erous zone (average grade: 4.02 g/t); (2) a turbidite se-
quence in the central zone (average grade: 4.77 g/t); and
(3) BIF interlayered with phyllite in the eastern zone (aver-
age grade: ∼2 g/t). represented as three auriferous lodes
western, central, and Eastern lodes respectively. Second-
order splays connected to the main shear structures that
make up the “Gadag Duplex” regulate the spatial distri-
bution of gold mineralization in the GGF [41]. Gold can
be found in quartz, silicates, and sulfides, especially ar-
senopyrite. Gold can occur as the form of tiny blebs, irreg-
ular patches, and thin stringers in both quartz lodes and
altered wall rocks.

The GGB covers an area of approximately 2400 km2

south of Gadag town and constitutes one of the most
important Archean gold-bearing terranes in southern In-
dia. It is widely regarded as the northern continuation
of the Chitradurga Greenstone Belt and is thought to
have formed during the accretion of the Eastern and
Western Dharwar Cratons between ca. 2.7 and 2.51 Ga.
The belt, also referred to as the “Gadag Duplex,” rep-
resents a tectonic assemblage produced by large-scale
thrust stacking and imbrication of volcano-sedimentary se-
quences during Neoarchean crustal convergence. It com-
prises metavolcanic rocks ranging from basaltic to rhy-
olitic and andesitic compositions, together with metased-
imentary units including greywacke, polymictic conglomer-
ate, ferruginous chert, carbonaceous phyllite, and banded
iron formation (BIF), all enclosed by tonalite–trondhjemite–
granodiorite (TTG) gneisses and younger K-rich granites.
Well-preserved primary features such as pillow structures
in metavolcanics and cross-bedding, graded bedding, and
convolute laminations in sedimentary rocks indicate excel-
lent preservation of the original depositional environment
[42].

The regional architecture of the GGB is dominated
by N–S to NW–SE structural trends developed during
E–W compression and uplift. A major mylonitic thrust
zone along the eastern margin, corresponding to the Chi-
tradurga Thrust, marks the tectonic boundary between
Archean supracrustal rocks and younger granitoids. Oro-
genic gold mineralization occurs as a series of linear lodes
hosted by metabasalts, BIF, and metasedimentary rocks,
with individual lodes extending between 2 and 12 km. The
close spatial association between quartz–carbonate veins,
shear zones, and the Gadag Duplex demonstrates that
gold deposition was strongly controlled by regional defor-
mation and fluid flow along structurally prepared pathways.

Structurally, the GGB records three principal defor-
mation events. The earliest deformation (D1) generated
NW–SE-trending, tight to isoclinal folds and penetrative
fabrics, whereas the second deformation (D2) produced
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NNW–SSE-trending shear zones and upright to tight folds
that define the present geometry of the belt. A weaker
third deformation (D3), characterized by E–W axial traces
and interpreted to result from NE–SW compression, over-
printed the earlier structures and contributed to the de-
velopment of dome-and-basin patterns. The recognition
of deep-rooted NE–SW faults/shears cutting earlier fab-
rics further highlights the complex tectonic evolution of
the belt (Figure 2c). Together, the multistage deformation,
amphibolite-grade metamorphism, and long-lived shear
systems provided favourable conditions for focusing hy-
drothermal fluids and localizing economically significant
Archean orogenic gold mineralization in the Gadag Green-
stone Belt [42].

Ajjanahalli gold deposit is an epigenetic, structurally
controlled and hosted within BIF. The BIF sequence has
undergone three phases of folding from early tight to iso-
clinal F1 folds to late F3 upright folds [43]. Gold mineral-
ization is primarily associated with shearing synchronous
with F2 folding, developed under a relatively low-stress
regime compared with the high-strain Chitradurga shear
zone located a few km to the east. Mineralization is con-
centrated in the nose region of a large, north-plunging an-
ticline, where F2 axial-plane–parallel quartz veins and the
sigmoidal, fracture-filled gash veins within the BIF served
as effective fluid pathways. During fluid–rock interaction,

primary oxides were replaced by sulfides, and gold was
subsequently sequestered as inclusions within pyrite and
along pyrite-pyrrhotite grain contacts [44].

Paramanahalli gold deposit situated in the south-
central region of the CGB discovered by GSI in 2004 [45].
Gold mineralization is associated with altered metabasalt
and banded iron formation (BIF) of the Hiriyur Forma-
tion, Dharwar Supergroup. The NNW–SSE trending Chi-
tradurga Shear Zone, which served as the main channel
for hydrothermal fluid movement, structurally controls gold
mineralization [46, 47]. Major changes that occurred dur-
ing fluid–rock interaction and the subsequent deposition of
sulfides and gold such as carbonatization, chloritization,
silicification, and sulfidation. The deposit preserves indica-
tions of both brittle and ductile deformation, such as fold-
ing, shearing (Figure 2d), faulting, brecciation, and joints
all of which increased permeability and promoted focused
fluid flow. In carbonated metabasalts, BIF, and quartz-
ankerite veins, mineralization takes the form of dispersed
sulfides. The three main sulfides linked to gold are pyrite,
chalcopyrite, and pyrrhotite. Fe-rich hydrothermal chlorite
is found in the proximal alteration zone and is strongly
linked to gold-bearing sulfide assemblages. Hence, the
chlorite thermometry shows temperatures between 306
and 326 ◦C, which are compatible with the mesothermal
type of Archean orogenic gold deposits [47].

Figure 2. Field photographs showing (a) brittle-ductile sinistral shearing within the Champion gneiss in the Chgargunta
deposit (SKGB); (b) N–S oriented quartz vein along the Sh2 shear with shear fabric from Jonnagiri (JGB); (c) Tension
gash vein in metabasalt near Nabhapur of the GGF, indicating a dextral sense of shear; (d) Sigmoidal quartz-carbonate
veins along the shear zone in the sheared metabasalt at Paramanahalli prospect (CGB).
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Guddadarangavvana Halli (G.R. Halli) gold deposit
hosts auriferous quartz–sulfide lode-type mineralization
within metabasalts situated along the Chitradurga Cen-
tral Shear Zone (CCSZ). Ore localization is concentrated
along the contact of sheared and altered metabasalts and
metasedimentary units in this NNW–SSE striking shear
zone, which shows significant carbonatization [48]. The
importance of structurally focussed fluid flow in ore de-
position is shown by the fact that gold mineralization is
generally linked to quartz veins situated along faults and
shear zones. Pyrite, arsenopyrite, sphalerite, galena, and
minor chalcopyrite are the major sulfides in the mineral-
ized zone. The G.R. Halli deposit is located within the
CCSZ and close to the Chitradurga Boundary Shear Zone
(CBSZ), according to previous studies [49, 50], mineral-
ization is found contemporaneous with other shear-zone
hosted orogenic gold deposits in the CGB.

Although the principal gold mineralization across the
Dharwar Craton is closely linked to Neoarchean (ca. 2.7–
2.5 Ga) tectono-metamorphic events, several deposits
record evidence of younger tectono-thermal reactivation
(e.g., Hutti). The Neoarchean event was characterized by
regional amphibolite-facies metamorphism, crustal short-
ening, transpressional deformation, and the development
of large-scale shear zones that channelled metamorphic
fluids responsible for orogenic gold deposition. In con-
trast, younger Proterozoic tectono-thermal events predom-
inantly resulted in localized brittle to brittle–ductile reac-
tivation of pre-existing Archean structures, renewed fluid
circulation, and hydrothermal alteration rather than the for-
mation of major new gold systems. These younger events
commonly caused remobilization of existing sulfides and
gold, vein rejuvenation, isotopic resetting of susceptible
mineral systems, and overprinting of alteration assem-
blages, but generally did not obliterate the fundamental
Neoarchean structural and metallogenic framework. Con-
sequently, distinguishing primary Archean mineralization
from later tectono-hydrothermal modifications is critical for
interpreting the evolution of the Dharwar gold systems and
for developing robust exploration models. For example, lo-
calized later hydrothermal overprints are reported at Hutti.
These are interpreted as limited later reactivation of pre-
existing structures with no significant neo-mineralization or
new quartz reef formation rather a last major hydrothermal
alteration event at 2332 ± 12 Ma [51, 52]. The preserva-
tion of primary deformation fabrics, hydrothermal assem-
blages, and Archean mineralization ages further suggests
negligible influence of younger tectono-thermal events on
the genesis of these deposits.

3. Greenstone Metamorphism, Geochronology and
Associated Gold Mineralization

3.1. Metamorphism

According to [13, 23], the Hutti metavolcanics
within the Hutti–Maski Greenstone Belt (HMGB) indicate
amphibolite–facies metamorphism, with peak P–T condi-
tions estimated at ∼5 kbar and 660 ± 40 ◦C. Peak meta-

morphic conditions at Uti also reached the middle amphi-
bolite facies (P = 6 kbar; T = 650–700 ◦C). This was fol-
lowed by a clockwise prograde P–T –t trend, which is sug-
gestive of compressional to transpressional tectonics con-
nected to subduction [23]. Near-isothermal decompres-
sion is a characteristic of subsequent retrograde meta-
morphism in HMGB, which is consistent with the emplace-
ment of late Archean plutons and is explained by the up-
ward transport of greenstone sequences through entrain-
ment in ascending syn-tectonic magmas [23, 53]. On the
other hand, there are still less constraints on the metamor-
phic history of the Kolar Gold Field (KGF). According to
[54], available mineral assemblages indicate amphibolite-
facies conditions at temperatures ≥500 ◦C. Subsequent
hydrothermal overprints show decompression-dominated
cooling during lower amphibolite–facies metamorphism (P
= ∼4.6 kbar; T = ∼600 ◦C) around 2546 ± 12 Ma, from
the South Kolar Greenstone Belt (SKGB) [53]. Similar to
the metamorphic trajectory recorded at Uti in the HMGB,
the clockwise P–T path characteristic of compressional
regimes characterizes the prograde metamorphism in
SKGB. The stable hornblende + plagioclase assemblage
and thermobarometry showing conditions like P = 4.6–
5.5 kbar and T = 470–515 ◦C supported by [36], detailed
metamorphic analyses, which demonstrated amphibolite-
facies conditions, contrasted to early interpretations that
placed the Jonnagiri greenstones within the greenschist
facies [34]. However, according to [36] metamorphism at
Jonnagiri is constrained at at ∼5 kbar and 500 ◦C, a lower
amphibolite-grade metamorphism involving peak condi-
tions. Metamorphism and mineralization across the WDC,
characterized by high-temperature–low-pressure meta-
morphism, penetrative shear deformation, and enhanced
fluid circulation, likely contributed to gold mineralization in
G.R. Halli, Ajjanahalli, Gadag, and Paramanahalli [55, 56].
According to [57], structural controls are of primary impor-
tance for the localization of gold mineralization throughout
the Dharwar Craton. Shear zones that are extensive on
a regional scale and trend NNW–SSE, such as the Chi-
tradurga, Chitradurga Central, and Kolar shear systems,
acted as the main channels for metal bearing hydrother-
mal fluid migration. These zones facilitated concentrated
fluid flow, widespread interaction between fluid and wall-
rock, and effective transport of metals. As a result, signifi-
cant gold deposits such as Kolar, Hutti, Ramagiri, Gadag,
Ajjanahalli, G.R. Halli, and Paramanahalli are found
along these structurally reactivated zones/corridors. These
shear zones played a critical role in the metallogeny and
evolution by enabling the rise of deep-seated metamorphic
fluids and offering structural traps essential for gold depo-
sition. The GGB records greenschist- to amphibolite-facies
Barrovian metamorphism associated with progressive D2
deformation. Mineral chemistry, geothermobarometry, and
pseudosection modelling indicate peak metamorphic con-
ditions of ∼560–600 ◦C and ∼6.5–8.5 kbar for amphibolite
units, whereas garnetiferous schists preserve compara-
tively lower conditions of ∼490–540 ◦C and ∼5.6–7.0 kbar.
Hornblende–plagioclase thermobarometry yielded tem-
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peratures of ∼577 ± 21 ◦C and pressures of ∼7.1–7.4
kbar, while garnet–biotite and chlorite–garnet thermome-
try constrains temperatures between ∼501 and 616 ◦C,
supporting syn-tectonic prograde metamorphism during
D2 deformation and crustal thickening in the GGB [58].

3.2. Hydrothermal Alterations

Hydrothermal alteration is a key signature of gold
mineralization across the Dharwar Craton and provides
a important guide to fluid pathways and ore localization.
Most deposits such as Kolar, Hutti, Uti, Hira-Buddini, Jon-
nagiri Ramagiri-Penakacherla, Gadag, G.R. Halli, Ajjana-
halli, and exhibit a broadly kind of similar alteration pat-
tern that reflects the interaction of metamorphic, CO2-
rich hydrothermal fluids with diverse host rocks under
greenschist-facies conditions [32, 36, 47, 59, 60]. In the
studied gold deposits in Dharwar Craton, the distinct al-
teration assemblages are observed. Kolar gold deposit is
characterized by sericitization, carbonatization, and chlo-
ritization [61]. At Hutti, sulfidation is the dominant alter-
ation process. Chigargunta exhibits sericitization, tourma-
linization, carbonatization, and chloritization. Ajjanahalli
is marked primarily by carbonatization and silicification.
In Paramanahalli, the major alterations are represented
by chloritization, carbonatization, silicification, and sulfida-
tion reflecting fluid–rock interaction along the major shear
zones and it’s splay. A consistent distal–proximal alter-
ation zonation is recorded in several mining camps. Dis-
tal domains are dominated by chlorite–carbonate ± al-
bite alteration, particularly well expressed in mafic hosts
at Hutti and G.R. Halli [62]. Approaching the ore zones,
the assemblage transitions into sericitization and carbona-
tization, as documented around auriferous veins at Jon-
nagiri [63]. The immediate ore-proximal zone is identi-
fied by intense silicification, sericite–ankerite formation,
and pervasive sulfidation (pyrite ± arsenopyrite), espe-
cially characteristic of the Hutti mine sequence [59]. At Aj-
janahalli, the mineralized rocks exhibit strong carbonatiza-
tion and sericitization accompanied by arsenopyrite–pyrite
sulfide assemblages, indicates the focused fluid–rock in-
teraction [44]. Alteration patterns vary with host lithology
in which mafic metavolcanics generally show pervasive
chlorite–carbonate–epidote alteration (Hutti, Uti), whereas
BIF-hosted zones, such as in the Paramanahalli and Aj-
janahalli area, display intense carbonatization. Hydrother-
mal alteration associated with gold mineralization in the
Gadag is characterized by quartz–carbonate–muscovite–
chlorite–sericite ± tourmaline assemblages with pyrite, ar-
senopyrite, chalcopyrite ± sphalerite. Two stages of hy-
drothermal alteration and mineralization have been rec-
ognized, both linked to progressive D3 deformation with
dextral shearing. Stage-I alteration is characterized by
carbonate-dominated assemblages containing euhedral to
subhedral pyrite with subordinate quartz and muscovite al-
teration, which was subsequently overprinted by a Stage-
II sulfide-rich alteration assemblage comprising muscovite
+ sericite + chlorite + carbonate + quartz ± tourma-
line [31, 42]. In the Ramagiri–Penakacherla belt, quartz-

chlorite schists undergo progressive sericitization, silicifi-
cation and sulfidation along shear cores, consistent with
fluid infiltration during deformation [64]. Overall, hydrother-
mal alteration assemblages in the Dharwar Craton not only
record the physicochemical evolution of the ore-forming
fluid but also serve as powerful exploration tool.

3.3. Geochronology

The mafic volcanic rocks of the Hutti greenstone belt
yield a Sm–Nd whole-rock age of 2662 ± 81 Ma [65, 66],
whereas the associated felsic volcanics record a U–Pb
zircon age of 2587 ± 7 Ma [55]. Broader geochrono-
logical synthesis by [11], based on U–Pb zircon dat-
ing using SIMS from seven EDC greenstone belts, indi-
cates a bimodal magmatic accretion history with two major
episodes: (i) emplacement of juvenile tonalite–granodiorite
suites between 2700–2650 Ma, synchronous with mafic
volcanism, and (ii) felsic volcanism between 2580–2540
Ma, coeval with calc-alkaline magmatic activity in the EDC.
Comparable ages are documented for granitoids spatially
associated with the Hutti–Maski greenstone belt: the Kav-
ital granitoid records U–Pb zircon ages of 2543 ± 9 Ma
[16] and 2545 ± 7 Ma [55], while the Yellagatti grani-
toid crystallized at 2532 ± 3 Ma based on U–Pb titanite
geochronology [65, 66]. Hydrothermal monazite linked to
Stage-1 mineralization at Hutti yields a “preferred age” of
2547 ± 10 Ma [55]. The maximum sedimentation age of
the HMGB is constrained by the 207Pb/206Pb zircon age of
2576 ± 12 Ma from a granitoid pebble in the Palkanmardi
conglomerate [67]. Monazite grains from volcaniclastic and
intermediate units of the HMGB and SKGB give ages of
2564 ± 12 Ma and 2546 ± 12 Ma, respectively, repre-
senting metamorphic overprints [53]. In the western EDC,
felsic volcanics of the Ramagiri belt yield a U–Pb zircon
age of 2707 ± 18 Ma, whereas titanite in nearby grani-
toids records a poorly constrained Pb–Pb age of 2614 ±
18 Ma [68]. U–Pb zircon dating of granitoids near the Kolar
deposit provides crystallization ages of 2610 ± 10 Ma for
the Dosa granite and 2551 ± 2.5 Ma for the Patna granite
[69]. The basic metavolcanics of the Kolar sequence also
yield Pb–Pb zircon ages of 2732 ± 155 Ma [70].

In situ zircon U–Pb geochronology [71] indicates
that the felsic metavolcanics, Pagadarayi granodiorite, and
Chennampalli granite crystallized at 2690 ± 17 Ma, 2651
± 14 Ma, and 2557 ± 10 Ma, respectively. These ages
correlate well with published radiometric data from aurifer-
ous greenstone–granite terranes of the Dharwar Craton. A
detailed comparative account of the geochronology of the
Jonnagiri rocks is provided by [36]. Although the precise
timing of mineralization remains uncertain, comparison
with mineralization ages reported elsewhere in the Dhar-
war Craton suggests a likely emplacement at ∼2545 Ma,
postdating the intrusion of late-stage granite–syenogranite
batholiths. Zircon U–Pb dating by LA-ICP-MS further con-
strains the magmatic evolution, with the Pagadarayi gran-
odiorite yielding a concordant emplacement age of 2651 ±
14 Ma, while the Chennampalli granite records concordant
ages of 2557 ± 10 Ma and 2532 ± 22 Ma.
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Within the WDC, the felsic volcanics of the Gadag
greenstone belt record a U–Pb zircon age of 2588 ±
10 Ma [63], and surrounding granitoids crystallized around
∼2560 Ma [72]. A SHRIMP U–Pb zircon age of 2547
± 5 Ma from turbidite greywacke constrains the maxi-
mum sedimentation age for the CGB greenstones [73]. Hy-
drothermal xenotime records gold-mineralization ages of
2522 ± 6 Ma at Gadag and 2520 ± 9 Ma at Ajjanahalli [63].

Gold mineralization in the Dharwar Craton occurred
between 2547 and 2510 Ma, as indicated by integrated
geochronological datasets [74]. This period includes de-
posits such as Kolar (2546 ± 12 Ma), Hutti (2547 ±
10 Ma), Ajjanahalli (2520 ± 9 Ma), Gadag (2522 ± 6
Ma), and Paramanahalli (2510 ± 12 Ma). The observed
temporal clustering indicates a potentially extensive gold-
mineralizing event at the craton wide scale. Nevertheless,

the differences between EDC and WDC ages suggest
the possibility of several distinct mineralization episodes
instead of single major cratonic event. Despite thorough
geochronological studies, is inadequate for fully clarify-
ing the ongoing debate regarding the origin of mineraliz-
ing fluids. Competing models propose either (i) fluids ex-
solved from syn-tectonic magmatic intrusions, or (ii) meta-
morphic devolatilization of greenstone sequences. Thus,
the age of ∼2520 Ma of the gold mineralization in Ajjana-
halli, Gadag, and Paramanahalli deposits is because the
flow of circulation of large-scale metal-rich hydrothermal
along major shear zones during late Neoarchean tectono-
thermal events. A holistic summary with detailed timeline
of tectono-thermal events that occurred in the Dharwar
Craton in relation to gold mineralization is presented in Fig-
ure 3 and also presented in Table 1.

Figure 3. Time and space relationship of tectono-thermal events such as bimodal volcanism, greenstone metamor-
phism, magmatism, and gold mineralization from different deposits/prospects of Dharwar craton.

399



Chinnasamy et al. Habitable Planet, 2026, 2(2), 391–412

Table 1. Summary of the characteristic genetic features of orogenic gold fields/deposits/prospects and associated green-
stone belts terranes in the Dharwar craton.

Greenstone
belts

Gold
fields

Host
rock

Age of
mineraliza-

tion/hydrothermal
alteration

Age of
metamorphism

(Ma)

Metamorphic P
(kbar)/T (◦C)

conditions

Alteration
mineral

assemblages

Ore mineral
assemblages

Salinity (wt%
NaCl equiv.)/

Ore fluid
composition

P (kbar)/T
(◦C)

conditions

Inferred fluid
source(s)

HMGB

Hutti

Felsic
Volcanics

(FV),
Metabasalt

(MB)

2547 ± 10 [55] NA

3–5/∼650
[15, 23]

∼5/600–685 [75]
4/660 ± 40 [13]

Bt + Chl +
Act + Tur

+ Cal + Qz
± Ms [15, 23]
Chl + Cal +
Ep + Qz +

Spn [51]
Qz + Ser +

Cal + Bt + Or
+ Ab [51]

Apy + Py + Po +

Ilm
+ Sp [23, 75]

Apy + Py + Po +

Ccp + Ilm + Sp +

Sch [51]

1.7–6.7/H2O–
CO2–NaCl ±
CH4 (Stage-1)

[75]
3.9–13.5/

H2O–CO2–
NaCl

(Stage-2) [75]
2–8/H2O–
CO2–NaCl

(Stage-2) [51]

1.0–3.0/350–
480 (Stage-1)

[75]
1.0–1.7 /
280–320

(Stage-2) [75]
1.6–3.6/240–

360 [51]

Early
deep-seated
metamorphic
fluid (Stage-1)

[15]
Mixing of

magmatic and
light formation
fluid (Stage-2)

[13]
Metamorphic

fluid
[53, 59, 75, 76]

Average
crustal fluid
source [37]

Hira-
Buddini

Felsic
Volcanics

(FV),
Metabasalt

(MB)

NA NA NA

Bt + Tur +
Cal + Chl +

Qz [60]
Bt + Kfs +

Act + Ab +

Tur + cal +
Qz (MB)

[23, 60, 77]
Ms + Cal +

Chl + Ab
+ Bt + Qz
(FV) [60]

Py + Po + Ccp ±
Gn ± Sp [60]

Py + Ccp ± Po ±
Sch ± Ilm [23, 77]

Low saline /
H2O–CO2–
CH4–NaCl

[23]

2.05–4.36 /
∼500 [60]
550 [77]

Average
crustal fluid
source [78]

Magmatic fluid
followed by a

fluid of
metamorphic
origin [53, 77]

Uti Metabasalt 2414 ± 18 [79] 2564 ± 12 [80]
∼6 / 650–700

[23]
∼6 / ∼620 [80]

Qz + Kfs + Pl
+ Bt + Act +

Spn [12]

Py + Apy + Po +

Lo ± Ccp ± Sp [12]

Two stage low
and high
saline /

H2O–NaCl
[12]

3–4 / 400–450
[12]

Average
crustal fluid
source [78]

RPB Ramagiri Phyllite
Ser + Chl +
Qz + Cb [81]

Py ± Ccp [81, 82]

Low saline /
CO2 ± NaCl

[81]
Both Low and
High saline /
H2O + CO2

+ CH4 +

CO2 [82]

1.45–1.7 /
240–267 [75]

Diverse
source

including
granite and
metamor-

phogenic fluid
[82]

KGB Kolar
Champion

gneiss,
Metabasalt

Amphibolite
facies [54]

Qz + Bt + Ep
+ Chl ± Cal

[83]

Po + Py + Apy +

Sch ± Ccp ± Gn ±
Sp [61]

∼7 / H2O–
CO2–NaCl

[83]
Both low and
high saline

fluid (Sulfide
rich lode) [83]

∼3–12 /
H2O–CO2–
NaCl [61]

0.7–1.8 /
205–280 [83]
290–420 [61]

CO2 rich
metamorphic

fluid [61]
Magmatic as

well as
metamorphic
fluids [32, 42]

SKGB
CG

Champion
gneiss 2414 ± 26 [80] 2546 ± 12 [80] ∼4.6 / ∼600 [80]

Chl + Bt +
Ms + Tur +

Ep + Ser +
Qz ± Cal [32]

Po + Py + Apy +

Ccp + Ilm [32]

0.5–13.3 /
H2O–NaCl–
CO2–CH4 ±

N2 [32]

1.7–3.5 /
285–378 [32]

Metamorphic
fluid [32]

BN Metabasalt

Chl + Bt +
Ms + Tur

+ Ep + Ser
+ Qz

± Cal [32]

Apy + Po + Py

± Mol [32]

01.6–6.4 /
H2O–NaCl

[32]

0.8–1.2 /
365–405 [32]

JGB Jonnagiri Granitoid NA NA ∼6 / ∼620 [36]

Ms + Pl +
Chl + Qz +

Ab + Ep +

Cal ± bt [35]

Py + Po ± Apy ±
Ccp ± Ilm ± Rt [35]

∼5 / H2O–
NaCl–CO2 ±

CH4 [35]

1.4–2.5 /
263–323 [80]

Average
crustal fluid
source [78]

GGB GGF
Metabasalt,
Argillite,

BIF
2522 ± 6 [63] 2547 ± 5 [73] NA

Qz + Ank +

Chl + Ser [40]
Qz + Tur +

Ank + Chl +
Ms + Ser

Apy + Py + Po +

Ccp ± Sp ± Gn ±
Sch [40]

Apy + Py + Ccp

5–10 / H2O–
NaCl–CO2 ±
CH4 fluid [84]

2.0–6.6 /
H2O–NaCl–

CO2 [85]
0.04–9.6 /

H2O–NaCl–
CO2 ± CH4

∼1 / 216–321
[84]

175–325 [85]

1.6–2.9 /
296–333

Magmatic
and/or Mantle

source [84]
Metamorphic

fluid [42]

CGB Ajjanahalli BIF 2520 ± 9 [63] NA NA
Chl + Qz +

Cal + Ank +

Ser [13, 44]

Po + Asp + Po +

Ccp + Sp [13, 44]

Low saline /
H2O–CO2–

NaCl ± CH4

[44]

0.8–1.2 /
265–310 [44]
300–350 [13]

Juvenile
granitic fluid

[13, 56]
Average

crustal fluid
source [78]
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3.4. Fluid Inclusions Studies

Gold deposits across the Dharwar Craton are char-
acterized by broadly similar aqueous–carbonic ore fluids,
with notable exceptions at Uti and in the sulfide-rich lodes
of the Kolar deposit. At Hutti, Stage-1 mineralization was
produced by a low-saline aqueous–gaseous fluid (H2O–
CO2–NaCl ± CH4; 1.7–6.7 wt% NaCl equiv.) that precip-
itated gold along a retrograde path through fluid–wallrock
sulfidation under P = 1.0–3.0 kbar and T = 350–480 ◦C
[75]. Stage-2 fluids, trapped within laminated quartz veins
and associated K-feldspar–chlorite, record broadly similar
pressures (1.0–3.6 kbar) but lower temperatures (240–360
◦C) and consist of mixed CO2–H2O–NaCl fluids with 3.9–
13.5 wt% NaCl equiv. [51, 75]. Phase separation triggered
by sudden pressure drops destabilized Au(HS)2− com-
plexes, facilitating gold deposition [23, 51] distinguished
five fluid-inclusion types at Hutti CO2-rich monophase
inclusions, low-salinity aqueous biphase inclusions, low-
salinity CO2–H2O inclusions, high-salinity polyphase inclu-
sions with nahcolite ± halite, and polyphase aqueous in-
clusions with halite/sylvite assemblages which collectively
record progressive depressurization and fluid immiscibil-
ity within a CO2–H2O–NaCl system. A similar mechanism
is documented at Hira-Buddini, where an initial CO2–H2O–
NaCl–CH4 fluid underwent pressure-controlled phase sep-
aration due to fault-valve behaviour in steep fault-fill and
sigmoidal extension veins, reducing sulfur activity and pre-
cipitating gold [23]. In contrast, the amphibolite-hosted Uti
deposit preserves two distinct aqueous H2O–NaCl fluids a
low-salinity (∼3 wt% NaCl equiv.) fluid responsible for gold
deposition at 3–4 kbar and >400 ◦C, interpreted as me-
teoric water, and a later high-salinity (up to 22 wt% NaCl
equiv.) granite-related fluid that participated only in post-
mineralization mixing [12]. The extremely low CO2 content
(XCO2 ≤ 0.02) at Uti is unusual within the craton and re-
flects its structural and lithological proximity to the Kavital
and Yellagatti granitoids.

In the EDC, dominantly carbonic inclusions with minor
aqueous–saline inclusions characterize the Ramagiri de-
posit [79]. Gold precipitation occurred at 1.4–1.7 kbar and
240–267 ◦C from an aqueous–carbonic fluid with variable
salinity and CH4 content. High-saline, CO2–H2O–NaCl–
CH4 inclusions likely reflect granitic input [39, 81, 82]. At
the Kolar camp, the Champion lode preserves metamor-
phogenic H2O–CO2–NaCl fluids that underwent pressure-
induced immiscibility, precipitating gold at 0.7–1.8 kbar and
205–280 ◦C. In contrast, the sulfide-rich McTaggart and
Oriental lodes contain no carbonic inclusions, consistent
with mixing between low-salinity meteoric fluids (≤7 wt%
NaCl equiv. ≤200 ◦C) and high-salinity, high-temperature
(≥50 wt% NaCl equiv. ≥400 ◦C) magmatic fluids [83].
As per [61] documented low-saline, H2O–CO2–NaCl flu-
ids (3–12 wt% NaCl equiv.) and CO2-rich metamorphic flu-
ids as plausible fluid sources for parts of the Kolar gold
field. Studies from Chigargunta and Bisanatham record
primary H2O–CO2–NaCl–CH4 ± N2 inclusions (0.5–13.3
wt% NaCl equiv.) and demonstrate fluid immiscibility and
wall-rock interaction at a wide range of P–T conditions of

1.7–3.5 kbar / 285–378 ◦C (CG) and 0.8–1.2 kbar / 365–
405 ◦C (BN), responsible for gold deposition [32, 33]. The
granitoid-hosted, Jonnagiri deposit contains primary, sec-
ondary, and pseudo-secondary inclusions in both aurifer-
ous and proximal alteration zones [35]. Gold was precipi-
tated from a metamorphogenic H2O–CO2–CH4–NaCl fluid
via (i) destabilization of Au(HS)2– during fluid–wall-rock in-
teraction and (ii) pressure-induced, CH4-related expansion
of the H2O–CO2–NaCl solvus [86], under 1.4–2.5 kbar and
263–323 ◦C [35, 36].

In the WDC, the Ajjanahalli deposit formed through an
initial metamorphogenic H2O–CO2–CH4–NaCl fluid that
was focused during D2 deformation of BIF units and un-
derwent near-isothermal decompression [44]. This led to
aqueous–carbonic immiscibility at 0.8–1.15 kbar and 263–
309 ◦C, enabling the low-salinity aqueous phase to re-
act with iron oxides, generating sulfides and coeval gold
precipitation [44]. At Gadag, three fluid-inclusion types
are recognized [85]. Dominantly aqueous–carbonic flu-
ids (0.4–9.6 wt% NaCl equiv.; ∼30 mol% CO2) precip-
itated gold between 175–325 ◦C under reducing condi-
tions. Progressive carbonitization of wall rocks promoted
phase separation, producing CH4 bearing, less CO2-rich
fluids. The Paramanahalli deposit recods similar physico-
chemical conditions, with gold deposition at P–T of ∼2.2
kbar and ∼330 ◦C from a low- to moderately saline (up
to ∼12 wt% NaCl equiv.), CO2-rich aqueous fluid similar
to other metamorphic-sourced fluid [87]. Across the cra-
ton, the prevailing ore fluids such as low-saline, aqueous–
carbonic, H2O–CO2–NaCl ± CH4 rich fluid is remarkably
uniform. The absence of carbonic inclusions at Uti reflects
its distinct fluid regime associated with granite-proximal hy-
drothermal processes, whereas carbonic depletion in the
McTaggart and Oriental lodes at Kolar records a contrast-
ing fluid-mixing pathway from different crustal reservoirs
[12, 83].

3.5. Stable Isotopes

According to [15] the calculated δ18O = 7.3‰ and δD
= −61‰ values are for amphibolite host rocks and δ18O
= 7.5‰ and δD = 51‰ for associated felsic volcanics oc-
curring at Hutti in HMGB. While biotite-plagioclase alter-
ation zone, proximal to stage-1 quartz vein at Hutti, yielded
whole rock δ18O = 6.8‰ and δD = −60‰. The whole rock
isotopic ratios for distal chlorite-biotite alteration zone of
the same stage recorded δ18O = 6.2‰ and δD = −56‰
implying both the alteration zones have similar δD val-
ues to that of unaltered host rock and δ18O values show
a decreasing trend from unaltered to altered host rocks.
The authors also suggested slightly heavier δ18Ofluid = 7.8
to 7.9‰ and lighter δDfluid = −26 to −29‰ fluid isotopic
composition for biotite-plagioclase alteration zone as com-
pared chlorite-biotite alteration zone, that is having δ18Ofluid
= 7.5‰ and δDfluid = −23‰. In stage-2 mineralization at
Hutti, δ18Ofluid values for laminated, milky and grey quartz
veins are around 6.8‰ and those for the fluid that equili-
brated with scheelite are around 3.6‰. The fluid isotopic
value associated with inner chlorite-K-feldspar alteration

401



Chinnasamy et al. Habitable Planet, 2026, 2(2), 391–412

zone ranges from 2.3 to 5‰ for δ18Ofluid and −23 to 32‰
for δDfluid. On this basis, the authors argued that deep
seated metamorphic fluid of higher δ18Ofluid values may
have mixed with formation water of lighter δ18Ofluid values
during fluid wall rock interaction. In contradiction to above
discussion for Hutti mineralization, analogous tourmaline
composition for both the stages from Hutti was suggested
by [76, 80]. Quartz vein from ore zone within greenstone
pile and quartz/pegmatitic veins from granite domain in
RPGB recorded δ18O values in the range 10.4 to 14.9‰
and 9.3 to 10.9‰ respectively. The oxygen isotopic ratio of
ore fluid at 1 kbar at Ramagiri and Penakacherla reflects
7.9 ± 1.5‰ and 5.1 ± 0.8‰ respectively. Which is higher
as compared to δ18Ofluid values (4.5 ± 0.7 at 1 kbar) for
granitoid derived late magmatic fluid. The plausible cause
of increase of δ18Ofluid values in greenstone sequences
compared to that in granite domain is due to interaction
of the fluid with greenstone pile after magmatic origin in
the RPGB [39]. The authors suggested that the fluid de-
rived from granitoids emplaced in mid crustal level around
14 to 19 km depth under P–T conditions of 4.2–5.7 kbar
and 650–750 ◦C, based on oxygen isotope data in con-
junction with fluid inclusions results of [82]. However, there
is possibility of making interpretation on ore forming fluid
based on observations made on non-mineralizing fluid be-
cause all the data obtained are from surface samples with-
out having access to the subsurface drill cores/mines. In
structurally controlled hydrothermal deposit, it is neces-
sary to establish vein chronology where the mineralized
and hydrothermally altered higher order splays required to
be separated from first order and barren splays through
careful examination of subsurface samples [5, 88]. Again,
granitophilic suite of elements commonly associated with
such magmatic intrusion related type of deposit [89–91].
Sulfur isotope systematics from Dharwar Craton gold de-
posits provide an important constraint on the relationship
between sulfur, gold, and ore fluid source. Early sulfur iso-
tope investigations from the Dharwar Craton include stud-
ies on the Hutti gold deposit [92] and Ajjanahalli gold de-
posit [13], which demonstrated relatively restricted sulfur
isotope compositions in ore-associated sulfides. Subse-
quently, a craton-scale sulfur isotope study by [78] showed
that sulfides associated with auriferous quartz–carbonate
veins, particularly pyrite and arsenopyrite, display a rela-
tively narrow δ34S range (ca. +1 to +7‰) across major
deposits such as Hutti, Hira-Buddini, Uti, Kolar, Ajjana-
halli, and Jonnagiri, with average value 4.2‰, suggesting
a broadly homogeneous sulfur reservoir in the Dharwar
Craton. The authors further reported crustal scale consis-
tency of ore fluid sulfur isotopic compositions, δ34SH2S in
many deposits of Dharwar Craton, which ranges in 2.5–
4.5‰, 2.1–5.2‰, 0.2–5.8‰ and 2.0–3.4‰ for Hutti stage-
1, Hira-Buddini, Jonnagiri and Ajjanahalli camps respec-
tively characterizing ore fluid of orogenic gold deposit (Fig-
ure 4). Similar and overlapping ranges of δ34S isotopic
data between mineralized sulfide grains (+1.5 to +4.5‰)
and host rock pyrites (−1 to +3.8‰) of the Gadag Gold
Field (GGF), suggest the dissolution of preexisting mag-

matic and metasedimentary pyrites of the host rocks dur-
ing high fluid flux contributed most of the sulfur in the hy-
drothermal system [42]. Ore fluid sulfur (δ34SH2S) isotopic
composition, derived from δ34S values of sulfides, varies
from −0.42 to +2.43‰ and +0.25 to +2.34‰ for Chi-
gargunta and Bisanatham respectively [32]. Such a nar-
row range of ore fluid sulfur isotopic composition is inter-
preted by [78] in support of [93], as sulfur derived from (1)
homogeneous magmatic source either directly exsolved
by magma or remobilization from magmatic rocks and
(2) crustal source. Though Mass Dependent Fractionated
Sulfur (MDFS) isotope signatures have some limitations
in inferring the source of sulfur in ore fluid, Ref. [94] in-
ferred crustal source of sulfur in many deposits from Yil-
garn Craton, Western Australia except few giant ones like
Charlotte-Golden Mile, based on Mass Independent Frac-
tionated Sulfur (MIFS) isotope signatures of samples from
24 deposits of the Craton. With the aid of these obser-
vations, the narrow variation of δ34SH2S without negative
values in Dharwar Craton (Figure 4) can be inferred as
assimilation of crustal sulfur during advection of ore fluid
and sulfide precipitation from reduced fluid below H2S–
HSO4 boundary [36, 78]. Narrow isotopic range of ore
fluid oxygen isotopic compositions, δ18O = 6.5–8.5‰ and
initial 87Sr/86Sr = 0.7068–0.7078 in BIF hosted Ajjana-
halli deposit implying a mineralizing fluid generated from
metamorphic devolatilization of deeper Chitradurga green-
stones sequences [57]. Carbonates and fluids δ13C val-
ues in Quartz Carbonate Veins (QCV) for Ajjanahalli range
−5.5 ± 1.3‰ and −5.81 ± 1.14‰ respectively and those
for G.R. Halli fall in the range −6.2 ± 1.9‰ and −4.64
± 0.7‰ respectively which are not enriched compared to
BIFs and metavolcanics of Chitradurga Group with δ13C
values range 0 ± 2‰ [56]. At Ajjanahalli, δ18O of car-
bonates fall in the range of 11.41–18.97‰ and fluid δ18O
fall in the range 6.88–20.16‰ in QCV. Similarly, δ18O val-
ues for carbonates and fluid at G.R. Halli deposit fall in
the range of 12.87–14.89‰ and 5.84–7.27‰ respectively.
Dissolution and decarbonation reactions during metamor-
phism produce CO2 with δ13C values similar or more en-
riched than in parent rock [95, 96]. On the basis of this,
Ref. [56], argued a juvenile granitic or mantle source for
auriferous fluid at Ajjanahalli and G.R. Halli as the val-
ues of δ13C in QCV in both the camps are not enriched
compared to corresponding values in BIFs and metavol-
canics rocks. The carbonate and fluid δ13C values of aurif-
erous QCVs of the Ajjanahalli and G.R. Halli gold deposits
in the Dharwar Craton point to magmatic/mantle source
for the mineralizing fluids [56]. Ref. [84], estimated δ13C
and δ18O of QCV from different mines of GGF. δ13C values
for carbonate ranges from −2.2 to −9.7‰ and fluid δ13C
ranges from −2.1 to 9.6‰. According to [42], carbon iso-
tope compositions from hydrothermal carbonates at GGF
indicate calculated ore-fluid values of δ13Cfluid ranging from
approximately −6.0 to +1.5‰, suggesting derivation from
a relatively homogeneous and isotopically buffered carbon
reservoir. These values are interpreted to reflect interac-
tion with carbonate-bearing lithologies and/or contribution
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from a deep-seated metamorphic fluid system. Corre-
sponding estimated values of δ18O for carbonates and fluid
ranges from 12.0 to 30.0‰ and 6.8–25.9‰ respectively.
The authors in an analogous argument like [56], for Ajjana-
halli and G.R. Halli, suggested magmatic or mantle source
for auriferous fluid in GGF which got emplaced in crustal

level shear zones in WDC. But the aforementioned oxy-
gen isotopic ratios are very wide in contrast to narrow well
constrained isotopic range (δ18O = 6.0–11.0‰) suggested
by [88], for orogenic ore forming fluid. Moreover, carbon
isotopic compositions of carbonates perform as tracers of
carbon instead of ore fluid [88].

Figure 4. Sulfur isotopic data available from the gold deposits/prospects in the DC compared with magmatic sedimen-
tary and mantle sulfur values.
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3.6. Geochemistry of Accessory Phases Associated with Miner-
alization

The characteristic of ore forming fluid, hydrothermal
fluid evolution, and mineralizing processes can be ob-
tained from the geochemistry of accessory minerals form
ore zones especially pyrite, arsenopyrite, scheelite, tour-
maline, titanite, and apatite. Due to its resistance to weath-
ering, ability to maintain primary compositions, and ability
to equilibrate with a variety of fluid chemistry tourmaline
stands out among these as a particularly reliable recorder
of hydrothermal conditions [97–99]. As per [77], two tour-
maline generations at Hira-Buddini in EDC: (i) older an-
hedral grains forming clusters in wall rocks and (ii) younger
monomineralic veins and quartz–albite–tourmaline veins
inside the alteration zones. The isotopically lighter meta-
morphic fluid from greenstone devolatilization and the
heavier B-rich granitic fluid are the two different fluid
sources determined by boron isotope compositions. Ad-
ditionally, Ref. [80] showed that early hydrothermal tour-
maline follows the oxydravite–provondraite (OP) compo-
sitional trend, which is marked by high Fe3+/Fe2+ ratios
and higher Na, indicating a high-saline granitic component.
Fluid mixing is suggested by deviations from the OP trend,
but low-salinity developed hydrothermal fluids are repre-
sented by the most recent generation of tourmaline. Tour-
malines linked to Stage-1 and Stage-2 gold mineralization
at Hutti have low Na, low Fe3+/Fe2+, and high Al concen-
trations, following the dravite–foitite trend. These compo-
sitions suggest metamorphic fluids with reduced nature
[76, 80]. As per minerology of ore zones, pyrite and ar-
senopyrite are refractory minerals that consistently main-
tain chemical differences linked to different ore fluids [100–
102]. These sulfides from Hutti and Hira-Buddini have dif-
ferent fluid chemistries, according to studies [60, 103].
In contrast to Hutti (Stages 1 and 2), which has exten-
sive arsenopyrite and As-rich pyrite (390–9353 ppm), Hira-
Buddini is noticeably low in arsenopyrite, with pyrite hold-
ing just 263–863 ppm As. This indicates fundamentally dif-
ferent arsenic availability in ore-forming fluids. The cause
of oscillatory zoning in As and Co in pyrite and arsenopy-
rite has been identified as an episodic influx of fluid related
to a fault-valve mechanism. In situ trace-element investiga-
tion into texturally different pyrites at Jonnagiri [104] show
that gold-bearing fluids evolved through different deforma-
tion events.

Tourmaline associated with mineralization at Gadag is
dominantly alkali-group dravitic to oxy-dravitic in composi-
tion and occurs within hydrothermally altered metabasalts.
The tourmalines are characterized by moderate Na con-
tents (average ∼0.68 apfu), low Fe3+/Fe2+ ratios, and
Fe–Mg systematics indicative of reduced, low-salinity hy-
drothermal fluids. Their chemistry suggests precipita-
tion during fluid–rock interaction, where Fe partitioning
into coexisting chlorite and sulfides occurred under re-
duced metamorphic-hydrothermal conditions, thereby sup-
porting a predominantly metamorphic origin of the ore
fluid [42]. Compositionally zoned tourmaline in quartz-
carbonate veins and unzoned tourmaline within altered

metabasalt are observed [50] in G.R. Halli in WDC. They
attributed these features to B-metasomatism during the
emplacement of the 2.61 Ga Chitradurga granite. Addition-
ally, these authors connected hydrothermal fluids gener-
ated during 2.56–2.50 Ga magmatic accretion in an arc-
related context to tourmalinization and concomitant gold
mineralization. Thus, the authors suggested that a com-
plex hydrothermal fluid, has structural overprint on min-
eralization was caused by shearing-induced dissolution-
reprecipitation and trace-element remobilization leads to
the gold enrichment in the mineralized zones.

4. Discussion

4.1. Tectonic Evolution and Gold Mineralization in Dharwar Cra-
ton

Archean lode-gold systems worldwide are charac-
teristic of granite–greenstone terranes, where structurally
controlled higher-order splays host mineralization in dif-
ferent lithologies, including mafic–felsic greenstones, vol-
caniclastic rocks, banded iron formations, and granitoids
[4, 5]. The Dharwar Craton, a complex Archean granite-
greenstone terrane, records a protracted history of bi-
modal volcanism, sedimentation, metamorphism and sig-
nificant orogenic gold mineralization [59, 104]. Despite
the extensive study, the primary source of auriferous flu-
ids whether derived from granitic magmas or from meta-
morphic devolatilization of greenstone sequences remains
unresolved sustaining the longstanding debate on fluid
source [105]. Gold mineralization in the Dharwar Craton
is distributed across the major crustal blocks and exhibits
close spatial association with greenstone belts, that are oc-
curring with older TTGs, younger transitional TTGs, potas-
sic plutons, sanukitoids, and anatectic granites (Figure 5).
Ref. [103] proposed a multi-stage Neoarchean crustal evo-
lution in which (i) TTGs formed by slab melting between
3450–3000 Ma, (ii) deeper crustal melting around 2700
Ma enriched the overlying mantle wedge, generating tran-
sitional TTGs, and (iii) slab break-off and subsequent man-
tle upwelling triggered low-degree melting (10–15%) of en-
riched mantle to produce the 2600–2560 Ma sanukitoids.
Heat released during these intrusions drove crustal re-
working, high-temperature metamorphism, and eventual
cratonization. A very recent review work by [105], based
on the geophysical, geochemical, and geochronological
data, also proposed a three-stage evolution driven by
westward flat-slab subduction (Figure 5a). Stage 1 (Exten-
sional Phase), east-to-west low-angle subduction gener-
ated eastward-deepening ensialic half-graben basins that
acted as depocentres for bimodal volcanism, dominated
by tholeiitic Fe-rich basalts, as well as clastic and chemical
sedimentation, including conglomerates, greywackes, and
banded iron formations. Stage 2 (Contractional Phase)
was marked by continued subduction that caused basin
shortening and inversion, resulting in the development
of west-verging fold-thrust belts, tight to isoclinal folding,
and crustal thickening. This compressional regime was
accompanied by the emplacement of juvenile granitoids
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as tabular intrusions along regional shear zones, supply-
ing heat and volatile-rich fluids to the evolving crust. In
Stage 3 (Oblique Subduction and Gold Mineralization), the
subduction geometry shifted to an oblique SE–NW ori-
entation, transforming the tectonic regime from predomi-
nantly thrust-dominated deformation to sinistral transcur-
rent shearing. Reactivation of existing structures produced
N–S to NNW-trending sinistral shear corridors and asso-
ciated tensile fractures that acted as fluid conduits. Re-
peated fault-valve cycles facilitated the rapid ascent and
episodic release of mixed hydrothermal fluids into struc-
turally favourable sites, ultimately leading to the precipita-
tion of gold and associated sulfide mineralization.

4.2. Timing and P–T–X Conditions of Ore Forming Fluid

Based on the all-available geochronological data, syn-
theses in this work (Figure 4), utilizing U–Pb, Pb–Pb, and
Sm–Nd isotopic data reveal two major magmatic accre-
tion episodes in the EDC, followed by a widespread, struc-
turally controlled gold mineralization event that spanned
from 2547 to 2510 Ma across both the Eastern and West-
ern cratonic blocks.

The first tectono-magmatic episode in the EDC is
broadly defined as the primary accretion phase occurred
between 2700 and 2650 Ma, marked by the emplacement
of juvenile tonalite–granodiorite suites and synchronous
mafic volcanism (Figure 5b). During this period, basic
metavolcanics in the Kolar sequence formed (2732 ± 155
Ma), followed by felsic volcanism in the Ramagiri (2707 ±
18 Ma) and Jonnagiri (2690 ± 17 Ma) greenstone belts.
Mafic volcanic rocks in the Hutti belt crystallized at 2662
± 81 Ma, chronologically aligning with the intrusion of the
Pagadarayi granodiorite (2651 ± 14 Ma).

A second prominent bimodal magmatic phase oc-
curred between 2580 and 2540 Ma, characterized by
widespread felsic volcanism and coeval calc-alkaline mag-
matism. During this window, felsic volcanics erupted in
both the Western Dharwar Craton (WDC) at Gadag (2588
± 10 Ma) and the EDC at Hutti (2587 ± 7 Ma). This was
closely followed by extensive late-stage granitoid intru-
sions, including the Chennampalli (2557 ± 10 Ma), Patna
(2551 ± 2.5 Ma), Kavital (2545 ± 7 Ma), and Yellagatti
(2532 ± 3 Ma) granitoids (Figure 5c).

The Dharwar Craton hosts a world-class metallogenic
province, with extensive gold mineralization driven by the
circulation of metal-rich hydrothermal fluids along ma-
jor shear zones (Figure 5c). Integrated geochronological
datasets of hydrothermal minerals—such as monazite and
xenotime constrain this craton-wide mineralizing event to
a window between 2547 and 2510 Ma. However, the tim-
ing reveals a spatial and temporal progression in a nar-
row time span, rather than a single uniform event. Early-
stage mineralization is largely concentrated in the EDC,
highlighted by the Hutti (2547 ± 10 Ma), Kolar (2546 ±
12 Ma), and Jonnagiri (∼2545 Ma) deposits. Conversely,
mineralization in the WDC and related structures occurred
later, with hydrothermal xenotime dating establishing ages

of 2522 ± 6 Ma at Gadag, 2520 ± 9 Ma at Ajjanahalli, and
2510 ± 12 Ma at Paramanahalli [106, 107].

The pressure–temperature–composition (P–T–X )
characteristics of ore-forming fluids provide fundamental
constraints on the genesis and evolution of gold mineral-
ization in the Dharwar Craton [59]. The estimated pres-
sure and temperature conditions of mineralization indicate
formation over a relatively broad crustal interval but re-
main consistent with typical mesozonal orogenic gold sys-
tems. Most deposits record trapping pressures between
approximately 1 and 4 kbar and temperatures of 240–
400 ◦C, while some early mineralizing stages at Hutti and
Uti reached temperatures exceeding 450 ◦C [23]. In the
Western Dharwar Craton, deposits such as Gadag, Ajjana-
halli, and Paramanahalli typically formed at ∼0.8–2.2 kbar
and 260–330 ◦C, whereas deposits in the Eastern Dhar-
war Craton, including Hutti, Chigargunta, and Bisanatham,
preserve evidence for mineralization at 1.5–3.5 kbar and
up to ∼400 ◦C. These conditions correspond broadly to
greenschist- to lower amphibolite-facies metamorphic en-
vironments and are compatible with fluid generation dur-
ing regional metamorphic devolatilization. Hence, within
the Dharwar Craton, in general, gold mineralization spans
a wide range of P–T conditions (1–5 kbar; 220–450 ◦C)
at the retrograde path from the peak amphibolite facies
metamorphism.

The compositional (X ) characteristics of the aurifer-
ous ore fluids further support a reduced, near-neutral hy-
drothermal system dominated by CO2-rich aqueous solu-
tions capable of transporting gold as bisulfide complexes,
principally Au(HS)2

−. Fluid inclusion studies indicate that
phase separation or immiscibility, triggered by pressure
fluctuations during fault-valve activity and episodic brittle–
ductile deformation, was a major mechanism for destabi-
lizing these complexes and precipitating gold. Additional
processes such as fluid–rock interaction, sulfidation of Fe-
bearing host rocks, and localized mixing with externally
derived fluids further enhanced gold deposition. Although
most deposits are characterized by CO2-rich fluids, excep-
tions such as the Uti deposit contain relatively CO2-poor
aqueous fluids, suggesting local variations in fluid evolu-
tion and possible interaction with nearby granitoids.

Fluid inclusion investigations across major gold
camps, including Hutti, Kolar, Chigargunta, Bisanatham,
Jonnagiri, Gadag, Ajjanahalli, and Paramanahalli, demon-
strate that the mineralizing fluids were predominantly low-
to moderately saline aqueous–carbonic systems com-
posed of H2O–CO2–NaCl with variable amounts of CH4
and locally N2. Salinities generally range from 1 to 13 wt%
NaCl equivalent, although localized higher salinities have
been reported where limited interaction with granitic fluids
occurred.

Overall, the P–T –X characteristics of ore-forming
fluids throughout the Dharwar Craton show remarkable
consistency with globally recognized Archean orogenic
gold systems. Their low salinity, aqueous–carbonic com-
position, moderate pressure–temperature conditions, and

405



Chinnasamy et al. Habitable Planet, 2026, 2(2), 391–412

evidence for pressure-induced phase separation col-
lectively support a predominantly metamorphic fluid
source that migrated through crustal-scale shear zones

and precipitated gold during late Neoarchean tectono-
metamorphic events with except a few record of mag-
matic/juvenile fluid signature e.g. Hutti, Uti [59].

Figure 5. Schematic sketch illustrating generalized tectonic model for evolution of Dharwar craton and associated well
known orogenic gold hosted greenstone belts (modified after [11, 103, 105]. See text for detailes).
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Globally, orogenic gold deposits are characterized by
relatively uniform low-salinity H2O–NaCl–CO2 ± CH4 flu-
ids [108]. According to [109], it is reported typical com-
positions of XCO2 = 0.10–0.25, salinities of 3–7 wt%
NaCl eq., and near-neutral pH, conditions widely compat-
ible with metamorphic devolatilization. Although such flu-
ids can also be generated by deep-seated granitic mag-
mas (≥3 kbar; [110]) or Li–Be–rich pegmatitic systems
[111], the geochronological relationships between gran-
ites and gold deposits are rarely consistent. Examples in-
clude mineralization that is older, younger, or synchronous
with magmatism in the North American Cordillera [112],
gold-hosting granites older than ores in the Yilgarn Cra-
ton [5], granites emplaced 60 Ma after mineralization in
the Victorian Lachlan Fold Belt [113], and an absence
of granitoids in the Otago Schist Belt. These discrepan-
cies, coupled with the compositional uniformity of ore flu-
ids, led [59] to conclude that a granitic-hydrothermal model
is not universally applicable. Granitic-derived mantle fluids
have also been proposed for select deposits for instance,
carbon–oxygen isotope data from the Jonnagiri granitoid-
hosted system [114]. However, the temporal mismatch be-
tween gold deposition, mantle metasomatism, and magma
extraction weakens this interpretation. In the Murchison
domain of the Yilgarn Craton, for example, sanukitoids
(∼2.75 Ga) predate gold mineralization (∼2.65 Ga) by at
least 100 Ma [115], contradicting the short-duration nature
of orogenic systems. Conversely, the metamorphic model
is strongly supported by global analogues.

4.3. Genesis of Gold Deposits in Dharwar Craton

Fluid release during greenschist–amphibolite transi-
tion metamorphism can efficiently mobilize Au, As, Hg,
and Sb, as demonstrated in the actively deforming South-
ern Alps [116]. Major granitoid-hosted Archean gold de-
posits in the Yilgarn (Wallaby, Tarmoola, Granny Smith,
Federal/Golden Cities), the Abitibi belt (Sigma–Lamaque,
Renabie), and the only granitoid-hosted system in the
Dharwar Craton (Jonnagiri) uniformly contain low-salinity
H2O–CO2 ± CH4 fluids of metamorphic origin. Meta-
morphic devolatilization at greenschist–amphibolite tran-
sitions releases large fluid volumes along crustal-scale
shear zones [117], and thermodynamic models identify
Au(HS)2

− as the dominant gold-transport complex under
such H2S-rich conditions [118, 119]. In both EDC and
WDC, mineralization is broadly associated with uniform
aqueous–carbonic fluids, except at Uti and in sulfide-rich
lodes of Kolar (Oriental and McTaggart), where CO2 is ab-
sent or minor. These patterns indicate that auriferous fluids
were sourced predominantly from deep-crustal metamor-
phic devolatilization of the greenstone sequences, locally
modified by higher-salinity granitic/juvenile inputs (e.g., Ko-
lar, Hira-Buddini) supports a mixed fluid-source model.
Migration of these fluids along crustal-scale shear sys-
tems, followed by fluid–rock interaction, fluid phase sepa-
ration, and sulfidation within higher-order splays, facilitated
gold precipitation throughout the Craton. The relatively
younger age of gold mineralization in the Dharwar Craton

reflects its prolonged Neoarchean tectono-magmatic evo-
lution. Unlike many cratons that stabilized earlier, the Dhar-
war Craton continued to experience crustal thickening, de-
formation, and granitoid magmatism until ∼2.56–2.50 Ga.
This late-stage geodynamic activity reactivated the Chi-
tradurga, Kadiri, and Hutti shear systems, enabling the as-
cent of metamorphogenic auriferous fluids. These younger
fluid pulses, intimately linked to last Neoarchean conver-
gence and cratonization, produced gold deposits that are
systematically younger than those in many globally recog-
nized Archean orogenic provinces.

5. Conclusions

The following conclusion has been made based on the
current review work:

• The Dharwar Craton hosts one of the world’s most
significant Neoarchean orogenic gold provinces, with
gold mineralization spatially associated with green-
stone belts, major crustal-scale shear zones, and
syn- to late-tectonic granitoids.

• Gold mineralization is structurally controlled and
predominantly localized within higher-order splays
of regional shear systems, where focused fluid
flow, deformation, and fluid–rock interaction created
favourable sites for ore deposition.

• Peak metamorphic conditions across the gold camps
range from greenschist- to amphibolite-facies, indi-
cating that regional tectono-metamorphic evolution
played a fundamental role in fluid generation and
mineralization.

• Hydrothermal alteration is characterized by sys-
tematic assemblages dominated by carbonatization,
sericitization, chloritization, silicification, sulfidation,
and locally tourmalinization, providing reliable vec-
tors toward mineralized zones.

• Geochronological data indicate that major gold min-
eralization occurred between approximately 2547
and 2510 Ma, broadly overlapping with regional
metamorphism, juvenile granitoid emplacement, and
late Neoarchean tectono-thermal events.

• Fluid inclusion studies reveal remarkably uniform
low- to moderately saline H2O–CO2–NaCl ± CH4 ore
fluids formed at moderate temperatures and pres-
sures, consistent with the physicochemical charac-
teristics of Archean orogenic gold systems world-
wide.

• Gold precipitation was principally driven by pressure
fluctuations, fluid immiscibility, sulfidation of reactive
host rocks, and fluid–rock interaction within dynami-
cally reactivated shear zones, with local contributions
from fluid mixing.

• Stable isotope systematics (O, H, C, S, and Sr),
together with fluid inclusion and mineral chemistry
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data, indicate that the ore fluids were dominated by
metamorphic components but were locally modified
by magmatic inputs and crustal interactions.

• The temporal overlap of bimodal volcanism, green-
stone metamorphism, juvenile granitoid magmatism,
and gold mineralization, combined with craton-wide
similarities in ore-fluid composition and isotopic sig-
natures, supports a mixed fluid-source model in
which metamorphic fluids constitute the dominant
component while magmatism provides heat and lo-
calized volatile contributions.

• Accessory mineral geochemistry, particularly of tour-
maline, pyrite, and arsenopyrite, records evolving hy-
drothermal conditions and episodic fluid influx, offer-
ing valuable insights into ore-forming processes and
exploration targeting.

• The synthesis of geological, structural, geochrono-
logical, fluid inclusion, stable isotope, and mineral
chemical datasets demonstrates that the Dharwar
Craton represents an integrated orogenic gold sys-
tem generated during late Neoarchean crustal re-
working and fluid focusing along long-lived tran-
scrustal structures.

• Future research integrating high-resolution
geochronology, in situ isotopic analyses, and trace-
element mapping of ore-related minerals will be es-
sential to further resolve the relative contributions
of metamorphic and magmatic fluids and to refine
predictive exploration models for concealed gold de-
posits in the Dharwar Craton.
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