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                                   Abstract 
 This article reviews all the contributions made on genetic aspects of various Indian metallic ore deposits between the period 

2020 and 2023. We cover ores of chromite, platinum group elements, gold, uranium-copper ores of Iron Oxide Copper Gold 

(IOCG) affi  liation, rare earth metals (+ niobium + tantalum + yttrium), and lithium-tungsten, the last two being fresh additions 

compared to the earlier reviews. Inferences are mainly derived by in-situ trace element analysis of important common ore 

minerals such as pyrite, chalcopyrite, sphalerite, magnetite and apatite, along with the hydrothermally precipitated gangue 

phases such as biotite and tourmaline. Studies on conventional stable isotope (of oxygen, carbon and sulfur) analysis continues 

to be a widely used tool for constraining ore genetic models. In addition, in-situ isotopic measurement of boron and lithium, 

respectively in tourmaline and micas, along with U–Pb dating of hydrothermal monazite, provided a quantum jump in our 

understanding of ore-forming processes. 
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      Introduction 

 This article provides a review of research undertaken by 

Indian ore geologists on a wide variety of metallic ore 

deposits. Compared to previous years,  micro-beam  chemi-

cal and isotopic analysis of economically unimportant, but 

genetically important gangue minerals have delivered sig-

nifi cant and much needed impetus to ore geology research. 

The report period witnessed publication of two books and 

two review articles. The monograph entitled “Rare earth 

element resources: Indian context” by Singh ( 2020a ) is a 

welcome addition as it deals with the rare earth elements 

(REE), which have numerous  high-tech  applications ranging 

from manufacturing smart phones to developing advanced 

defense equipment, along with components of green energy 

devices. Besides the conventional beach and stream plac-

ers containing monazite, coverage of Indian REE resource 

includes those in carbonatites, alkaline rocks and pegmatites. 

Another book entitled ‘Mineral Economics: An Indian per-

spective’, written by Randive and Jawadand ( 2020 ), con-

tains overview of mineral industry, policy issues, related 

acts- legislation and the socio-economic scenario of the 

mining sector. Further, factors such as the challenges faced 

by the industry, viable development of mineral resources, 

continuous mining, and discovery of new deposits are also 

covered. Ghosh ( 2022 ) presents a synopsis of metallogeny in 

the Singhbhum Craton (SC) and the adjoining mobile belts, 

containing diverse ore metals such as Fe, Mn, Cr, Platinum 

Group of Elements (PGE), Cu, U, REE and Au, spanning 

over a geologic time period from 3.5 Ga to 1.6 Ga. Three 

Archean and twelve Proterozoic large igneous provinces 

have been identifi ed by Samal et al. ( 2021 ) in the Indian 

Shield that are supposedly linked to areas of known min-

eralization and prospects of metals such as Cu, Ni, Co, U, 

Th, Nb, and tantalum. Some remote sensing and GIS based 

studies have been undertaken in gold mineralized terrains 

and these may have some exploration implications. 

    Chromite and PGE 

 Banerjee et al. ( 2022 ) identifi ed fi ve types of chromites 

from the komatiitic rocks in the Gorumahishani greenstone 

belt (SC). These are: (1) non-porous type-I chromites with 

least modifi ed cores (characterized by higher contents of 

some mobile trace elements, higher Mg#, lower Cr# [Cr/

(Cr + Al)], and lower  Fe 3+ /R 3+   (R 3+  =  Fe 3+  +  Cr 3+ +  Al 3+ ) 
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ratios occurring in greenschist-amphibolite transition rocks, 

(2) porous type-II and type-III chromites that occur in green-

stone rocks metamorphosed to mid-amphibolite facies, (3) 

type- IV and type-V chromites that are entirely modifi ed 

to ferritchromit and chrome magnetite, respectively. Lower 

concentrations of PGE (Os, Ir, Ru, Rh) in the cores of the 

type-II chromites may be due to relatively higher metamor-

phic grade of the host rocks. From mass balance calcula-

tions and estimation of partition coeffi  cients of some trace 

elements, including the PGE, the authors proposed varying 

eff ects of metamorphism when compared with global experi-

mental and empirical values in the natural samples. 

 A combined petrographic-mineral chemical study 

by Banerjee et al. ( 2023 ) on chromites from the Kudada 

metamorphosed peridotites, near the Singhbhum Shear Zone 

(SSZ), points to alteration by metamorphic-hydrothermal 

processes. Type-I chromites underwent elemental loss and 

gain in  Fe 3+  during the initial sepentinization stage, which 

resulted in the formation of  Fe 3+ -rich ferritchromit-chrome 

magnetite rims around chromite cores. Continued mass loss 

from chromite grains made porosity at the ferritchromit rims 

to generate the type-II chromites. Moreover, metamorphism 

modifi ed type-III chromite cores to ferritchromit and fi nally 

complete alteration formed type-IV homogenous chrome 

magnetites. The chromite mineralization in and around 

Ghutrigaon, Dhenkanal district, SC, preserve some striking 

sedimentary features and the Cr-spinel composition shows 

very low Mg# and high Cr#, compared to other Indian 

chromites (Das et al.  2021 ). Chromite compositions imply 

the eff ect of metamorphism and largely these chromites 

preserve evidence of mixed origin, being derived from a 

volcanic provenance and deposited alongside terrestrially 

derived silica-rich clastics. 

 According to Datta and Mondal ( 2021 ), the chromite 

deposits at Talur, Sindhuvalli, and Doddakanya, occurring 

in layered mafic-ultramafic sequence of the  Archean 

Sargur greenstone belt are highly sheared and comprise 

serpentinized dunite, besides harzburgite and pyroxenite. 

Extreme compositional variations are observed in chromite 

occurring in silicate-rich chromitite and serpentinite) 

throughout the magmatic sequence. The Talur chromites are 

generally massive and the forsterite content of cumulous 

dunite–olivine is moderately lower than the same in 

dunite from Doddakanya and net-textured chromitite from 

Sindhuvalli. Chromite contains silicate inclusions of (1) 

clinopyroxene containing  Cr 2 O 3  2.0 wt%, (2) phlogopite 

with MgO concentration of  31.0 wt%, and (3) high MgO-

Cr 2 O 3  chlorites. The estimated average reequilibration 

temperature of the olivine-chromite pairs is around 545 °C, 

representing the fi rst metamorphic stage under reducing 

conditions, followed by hydrothermal episode at 327 °C. 

The computed melt oxide values indicate the parental melt 

associated with the chromitites has a similarity with that of 

the chromitites in the Nuggihalli greenstone belt, which is 

low-Al komatiitic. 

 Layered ultramafic-mafic intrusion-hosted chromite 

deposits in the Chitradurga greenstone belt occur with 

various serpentinized rocks (Santosh et al.  2020 ). Generally, 

chromite is massive and its sub-solidus re-equilibration is 

insignifi cant and they are characterized by variable PGE 

contents, with enrichments of Os, Ir and Ru, relative to Pt 

and Pd indicating cumulous formation of chromitites from 

a MgO-rich parental magma with komatiitic affi  nity. The 

Re–Os isotope data demonstrate a minimum Re-depletion 

model age (TRD) of 2895 ± 24 Ma for the serpentinized 

dunite, and a more robust age of 3120 ± 12 Ma for chromitite. 

The upper intercept U–Pb age at ca. 2.9 Ga signifi es the 

initial zircon crystallization in the ultramafics and the 

2.5–2.4 Ga zircon ages possibly refl ect a late-stage high-

grade metamorphic overprint. Meshram ( 2020 ) describes 

a deformed chromite mineralization in the Kondapalli 

Layered Igneous Complex that intrudes into the high-grade 

metamorphic rocks of the Eastern Ghat Belt. Chromites 

occur as bands, pockets, pods, stringer, and dissemination, 

and hosts platinum group minerals (PGM) such as laurite, 

irarsite, Os–Ir–Ru alloys and Fe–Ni–As–S phases. While 

the composition of the chromite cores preserves evidence 

of magmatic fractionation, sequential alteration of the rim 

suggests upper greenschist to lower amphibolite facies of 

metamorphism. The calculated composition of the parental 

magma is similar to that of modern primitive boninitic/

tholeiitic basalt formed by a high-degree of mantle melting, 

but the melt was sulfur undersaturated that prevented 

formation of Ni–Cu–PGE mineralization. All the above 

studies clearly imply substantial metamorphic and/or fl uid-

assisted alteration of chromite. Presence of micron-sized 

inclusions of iridium-like platinum-group minerals (IPGM), 

such as laurite  (RuS 2 ), erlichmanite  (OsS 2 ), irarsite (IrAsS), 

and Ir–Os–Ru alloys, is reported by Meshram et al. ( 2022 ) 

in chromites from the Proterozoic Chimalpahad Anorthosite 

Complex (CAC). Mineral chemical parameters of chromites 

such as Cr# and Mg#, along with contents of  Al 2 O 3  

(10.05–20.07 wt%) and  TiO 2  (0.1 to 0.25 wt%) typically 

suggests that the CAC chromitites and their ultramafi c hosts 

were generated from the S-undersaturated boninite melt in a 

magmatic arc in supra subduction tectonic setting. 

 Datta et  al. ( 2021 ) classified the sulfide-bearing 

serpentinized dunite-mafic schistose rocks of the 

Shankaraghatta ultramafic-mafic complex, Western 

Dharwar Craton (WDC) into different volcanogenic 

facies of komatiitic fl ows. The mineralized mesocumulate 

(serpentinized dunites) flanking its S-poor adcumulate, 

comprise disseminated sulfide globules containing an 

assemblage of pentlandite-millerite-pyrite-chalcopyrite. 

The sulfi de-bearing serpentinites have higher PGE contents 

and show a strong PPGE (Pd, Pt, Rh)-enriched trend with 
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marked negative Pt-anomalies in the primitive-mantle-

normalized PGE diagram. The komatiites and komatiitic 

basalts from which the serpentinites and schists were derived 

have a common mantle source. Sulfi de saturation happened 

later, following emplacement of the komatiitic magma and 

crystallization of the olivine adcumulates, when the melt 

was relatively more differentiated and went on to form 

mesocumulates. 

 Dora et al. ( 2022 ) pursued a geochemical and isotopic 

investigation on the Paleo-Mesoarchean Gondpipri mafi c-

ultramafic layered complex, Wester Bastar Craton, to 

understand the origin of Ni–Cu–PGE mineralization. The 

host rocks (gabbro and pyroxenite) show Cu + Ni contents 

up to 5,000 ppm with a Cu/Ni ratio < 1 and ΣPGE = 0.1 to 

1.1 ppm. Geochemical data are suggestive of generation of 

the parental magma at depths between spinel and garnet 

peridotite mantle sources, later modifi ed by assimilation 

fractional crystallization of the continental crust. These 

data further indicate fl uid-assisted subduction metasomatism 

and enrichment processes in island-arc tectonic setting. 

Textural studies of the PGM and base metal sulfides 

suggest attainment of sulfi de–silicate liquid immiscibility 

by the crystallization of magnetite/Cr magnetite resulting in 

sulfi de saturation in the melt. Sulfur isotope compositions 

and Sm–Nd geochemistry suggest addition of sulfur to the 

tholeiitic magma. In another study on the PGE geochemistry 

in the Boradih intrusion from the Sonakhan Greenstone Belt, 

Bastar Craton, Manu Prasanth et al. ( 2021 ), observed higher 

contents of Palladium group PGE relative to the Iridium 

group PGE, along with variable Au concentrations (51–718 

ppb). The PGE values are attributed to a boninitic parental 

melt, where the IPGE in the source possibly got partitioned 

into a monosulfi de solid solution. The higher contents of 

Cu, Pt, and Pd possibly indicate partitioning of Pt and 

Pd into a semi-metal rich melt during the later stages of 

crystallization. 

 Zincian chromite (ZnO = 1.73 to 4.08 wt%) in ultramafi c 

xenolith within Bundeli gneissic supracrustals, Bastar Craton 

is reported by Karmakar et al. ( 2023 ), which seems to have 

formed by post-magmatic metamorphic processes.  Nayak 

et al. ( 2021a ,  b ) reported high-Cr chromites, associated with 

base metal sulfi de and PGM phases from the Nidar Ophiolite 

Complex, Ladakh Himalaya. The higher Cr contents in 

chromite imply possible derivation from a bonitite magma 

and the calculated melt composition compares with other 

ophiolite complexes.  Pal et al. ( 2022a ,  b ) described a rare 

high-Zn detrital chromite within quartz-pebble conglomerate 

in the Bonai granite (SC). The conglomerates show evidence 

for post-depositional fl uid-assisted mineral alteration. Singh 

and Srivastava ( 2023 ) discussed the relation of chromite 

chemistry with alteration of the host ultramafi c rocks from 

the Higher Himalayan Crystalline Complex. Chemical 

composition of chromite suggests affi  nity towards ophiolitic 

peridotite in the arc to supra-subduction tectonic setting, 

followed by later hydrothermal alteration. Varghese et al. 

( 2021 ) have discussed the process of PGE accumulation 

in hydrogenous ferromanganese crusts and nodules in 

the Andaman Sea by scavenging of PGE from sea water 

via sorption and oxidation on δ-MnO 2  surfaces of the 

ferromanganese nodules. Variable PGE ratios imply origin 

of Pt and Ir from cosmogenic source and that of Ru, Rh, 

and Pt from ophiolites in the Andaman Accretionary Prism. 

Nayak et al. ( 2023 ) reported signifi cant PGE mineralization 

(up to 4431 ppb), in the form of laurites  (RuS 2 ) and IPGE 

phases, within podiform chromitite from the Nidar ophiolite 

complex from the Indus Suture Zone, southeast Ladakh. 

The preponderance of laurite indicates PGE formation with 

interaction in an S-saturated tholeiitic magma and depleted 

harzburgites. Debata and Nayak ( 2023 ) report zoned 

Os-laurite [Ru, Os)S 2 ] grains of  30 μm size occurring 

as inclusions in chromite in the Boula-Nuasahi ultramafi c 

complex, SC, wherein the cause of zoning is attributed to 

fl uctuation in sulfur fugacity during late magmatic stage. 

Vijaya Kumar and Randive ( 2021 ) reported some rare 

incidences of Fe–Ni–PGE mineralization in rock units such 

as cumulate gabbro, lamprophyre, and picrobasalt within 

the Phenai Mata Igneous Complex. These rare examples 

constitute magmatic sulfur saturation in otherwise almost 

‘barren’ Deccan trap tholeiites. 

   Base metals 

 Bhuyan and Hazarika ( 2022 ) studied trace element 

compositions of texturally constrained pyrites (Py-I, II, and 

III) and sphalerites (Sp-I, II, and III) from metamorphosed 

polymetallic sulfide deposits at Rajpura–Dariba and 

Zawarmala. Stratiform syngenetic Py-I and Sp-I from 

Rajpura-Dariba possess high contents of trace elements, 

implying their initial formation from trace element enriched 

SEDEX fl uid system. Higher contents of Pb, Tl, Ag and 

Sb in Py-III and Sp-III from the discordant ore indicate 

their crystallization from low melting-point chalcophile 

elements enriched sulfide melt. Higher values of trace 

elements in Py-II (As, Mn, Tl, Cu) and Sph-II (Mn, Hg, 

As, Ga) in sphalerite-pyrite vein ore signify their derivation 

from carbonate host rocks. This study underlines the 

infl uence of host rock chemistry on trace element contents 

of pyrite and sphalerite. In a combined B-isotope-phase 

petrologic study, Bhuyan et al. ( 2023 ), reconstructed the 

B- isotopic composition of Paleoproterozoic seawater by 

using tourmaline-δ 11 B data from some metamorphosed 

Proterozoic Pb-Zn deposits in Rajasthan, along with 

tourmaline-bearing barren metapelites from the Mangalwar 

Complex (MC) and Gangpur Schist Belt (GSB). This 

was then used to constrain the source of the mineralizing 

fluids in various SEDEX- and Mississippi Valley Type 
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(MVT)-deposits. Tourmalines from the above syn-

sedimentary deposits are grouped into various types (syn-

ore and metamorphic) on the basis of texture and major 

element chemistry. The δ 11 B of  syn-ore  tourmaline from 

Rajpura–Dariba and Zawarmala furnish narrow ranges, i.e., 

− 18.8 to −16.1‰, and −6.6 to − 4.0‰, respectively. On the 

contrary, metamorphic tourmalines from Rajpura–Dariba, 

Zawarmala, Rampura–Agucha and MC have δ 11 B a wide 

range of values of −19.1 to −7.7‰. The δ 11 B of the pelitic 

sedimentary rocks in Rajpura–Dariba, Rampura–Agucha, 

the MC and the GSB were calculated from the δ 11 B of 

metamorphic tourmaline using mass balance constraints 

and P-T pseudosection modelling. Applying the B-isotope 

fractionation factor between Miocene shale and modern clay 

to the modelled δ 11 B of post-diagenetic protoliths of the 

metapelites, the δ 11 B of marine sediments for these basins 

were bracketed between −15.1 and −10.2‰. Further, using 

the B-isotope fractionation factor between modern clay and 

seawater, the δ 11 B of Paleoproterozoic seawater is estimated 

to range between + 27.3‰ and + 33.4‰. The isotopically 

light δ 11 B of  syn-ore  tourmaline from Rajpura–Dariba and 

Zawarmala, and worldwide SEDEX/MVT-type deposits in 

general, imply that the boron was most likely  sourced from 

continental evaporites and  not  evaporated seawater and/or 

connate brine. 

 Mishra et al. ( 2021 ) analyzed trace elements in sphalerite 

and pyrite from volcanogenic massive sulfide (VMS) 

deposits (Banskhapa, Jangaldehri, Biskhan, and Bhuyari) 

in the Betul Belt, Central India. While sphalerite shows 

high concentration of Mn and In, the contents of Ga, Ge, 

Ag, Bi, Pb, and Sb are low. Principal component analysis 

(PCA) of these trace elements, defi nes the geochemical 

variations. Pyrites display low Ni and high Co/Ni ratios 

( >  1) and variable amount of Ti, Se, As, and manganese. 

These authors tried thermometry using the sulfi de major 

and trace element contents. Unfortunately, they used the  

old sphalerite geothermometer of Kullerud ( 1953 ) in the 

sphalerite–pyrrhotite assemblage, which was based on the 

assumption that   aPo

FeS
      unity. Since this assumption was 

proved incorrect by Toulmin and Barton ( 1964 ), Kullerud’s 

sphalerite thermometer became invalid. 

 Experimental melting study in the  Cu 2 S-PbS-Ag 2 S-Sb 2 S 3  

system at 500 °C by Govindarao et al. ( 2020a ) produced 

S-deficient melts and S-enriched non-stoichiometric 

mineral phases such as galena, Ag-tetrahedrite and 

famatinite  (Cu 3 SbS 4 ). These results point to generation 

of substantial amounts of Pb-, Cu-, Sb- and Ag enriched 

sulfi de melts even at 500 °C during prograde metamorphism 

of syn-sedimentary polymetallic sulfi de deposits such as 

Rajpura–Dariba and Sindesar Khurd (Rajasthan), along with 

fractionation of Ag and Sb into sulfi de partial melt, which 

leads to concentration Ag and Sb during metamorphism of 

base metal sulfi de deposits. In another study, Govindarao 

et  al. ( 2020b ) observed galena-tetrahedrite intergrowth 

textures in some of the experimentally 'quenched' run 

products in the systems ZnS-PbS-FeS-Cu 2 S-Sb 2 S 3  and 

ZnS-PbS-FeS-Cu 2 S-Sb 2 S 3 -As 2 S 3  at 500 and 600  °C. 

While the intergrowth formed an interface between sulfi de 

melt and galena at 600 °C, the same occurs as inclusions, 

partially surrounded or entirely embedded within 

tetrahedrite at 500 °C. The authors proposed an eutectic 

at galena:tetrahedrite =  30:70 on the galena-tetrahedrite 

binary join at  500 °C implying such intergrowths can 

be formed by sulfi de partial melting, and can be used as 

a potential evidence of sulfi de anatexis in metamorphosed 

sulfi de ore deposits. 

 Raza et al. ( 2020 ) obtained wide range in δ 34 S in sulfi des 

(− 12.87 to + 19.31‰) from the VMS deposit at Ghisi, 

Biskhan- Jangaldehri in the Betul Belt, implying involvement 

of both magmatic and sea water reduced sulfur, as a result 

of mixing of high temperature magmatic hydrothermal fl uid 

with meteoric water that facilitated sulfi de precipitation. 

Raza et al. ( 2021 ) conducted mineralogical, fl uid inclusion 

and C–O isotopic investigations in the Tintini copper 

deposit, hosted in quartz-calcite veins that cuts across a  

2.21 Ga mafi c dyke in the Eastern Dharwar Craton (EDC). 

Hydrothermal alteration is represented by narrow proximal 

potassic- and distal propylitic zones. Chlorite thermometry 

yielded a temperature range of 260–300 °C. Calculated 

values of δ 13 C fl uid  (– 6.38 to − 6.03‰) and δ 34 S H2S  (1.0 to 

3.7‰) imply a magmatic fl uid that carried Cu as chloride 

complexes and sulfi de precipitation was a consequence of 

increase in fl uid pH due to fl uid-rock reaction. Sharma et al. 

( 2022 ) obtained a mean temperature of 260 °C from the 

chemical composition of hydrothermal chlorite from the 

Ambaji-Deri polymetallic VMS deposits. Fluid inclusion 

microthermometric studies revealed salinity up to 22 wt% 

NaCl eq. in the fl uid system that precipitated sulfi des at  1 

kbar and 265 °C. Evidence of hydrothermal alteration, 

associated with Cu–Au mineralization in metamorphosed 

Proterozoic rhyo-dacites has been reported by Sahoo 

et al. ( 2022 ) from the Mundiyawas-Khera area, western 

India. The felsic volcanic rocks possess fl at REE pattern, 

variable negative Eu anomaly, moderate contents of high 

fi eld strength elements (HFSE) and modest to low Zr/Y 

anomalies, the negative Eu anomaly indicating intra-crustal 

partial melting in a rift related setting. While the δ 13 C values 

of the mineralized carbonate veins range from − 10.4 to 

− 0.9‰, the δ 18 O values fall in a range of + 16.35‰ to 

25.23‰ indicating mixed source for the ore-forming fl uid. 

Frome these results, the author proposed that mineralization 

belongs to a VMS origin that may have exploration 

implications. 

 Praveen et  al. ( 2021 ) came up with a galena model 

age of 1.8 Ga for the Bhuyari VMS deposit in the Betul 

Belt and the authors claim that their result will help to 
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explore for similar deformed/metamorphosed VMS deposits.  

Nayak et al. ( 2021a ,  b ) reported a Fe–Co–As sulfi de vein 

assemblage within the Bangur gabbro (SC). These authors 

report a temperature range of 335 to 425 °C, obtained by 

arsenopyrite thermometry, although it is not clear as to 

why they chose the arsenopyrite-löllingite-As assemblage, 

since there is no mention of löllingite in their study. Nayak 

et al. ( 2020 ) attempted mineralogical characterization to 

select possible benefi ciation channel for low grade Zn–Pb 

ore of the Rampura–Agucha deposit and concluded that at 

− 75 μm, 85% of liberation can be achieved. Baswani et al. 

( 2023 ) reported greenockite (CdS) from the Bagada gold 

prospect, Mahakoshal Belt, Central India. These authors 

pursued sphalerite thermometry based on the contents 

of Fe, Ga, Ge, In and Mn and intra-crystalline chlorite 

thermometry that furnished temperatures in the range of 

266 to 366 °C. Chander et al. ( 2020 ) reported intermetallic 

compounds of Cu–Zn–Ni–Fe–Os and native Au in intensely 

sheared dolostone of the Umarvaniyan area, Salumber 

Ghatol metallogenic belt, Rajasthan. From remote sensing 

and geochemical studies, Jain ( 2021 ) proposed southern 

extension of the Zawarmala deposit, which can be taken 

up for further exploration. Gantait et al. ( 2023 ) reported 

results of trace element chemistry of pyrite/pyrrhotite, fl uid 

inclusion microthermometry and sulfide sulfur isotope 

studies in some prospects within the Nim Ka Thana Copper 

Belt, Rajasthan, that are associated with Ca–Na–K–B 

metasomatism. 

    IOCG and IOA deposits 

 From the chemical ages of uraninite, Baidya and Pal 

( 2020 ) proposed six stages of U mineralization in the 

Khetri Copper Belt (KCB). The chemical ages of uraninite 

point to hydrothermal mineralization associated with 

type-2 through type-5 uraninites formed during a hitherto 

unreported older event that initiated during the second phase 

of metamorphism at ~ 1.40–1.30 Ga and ended before the 

third phase of metamorphism of ~ 985–920 Ma. Occurrence 

of magnetite and ilmenite, sporadic presence of graphite, and 

the low  Fe 3+ /  (Fe 3+ +Fe 2+ ) ratios of the cogenetic gangue 

minerals imply reduced environment, below the HM buff er, 

during the precipitation of hydrothermal uraninite in all the 

stages. The authors took a bold step towards discussing the 

possibility of U-transport in 4 + state with chloride/fl uoride 

complexes, contrary to commonly believed 6 + state of 

U-mobility. Moreover, uraninite-graphite intergrowth is 

interpreted as their simultaneous precipitation, as observed 

in some Brazilian Iron Oxide-Copper-Gold (IOCG) deposits. 

Chemical composition of biotite (in terms of  Fe 3+ ) and 

uraninite (by U/Th ratio) have been used to constrain redox 

conditions during mineralization in the KCB (Baidya et al. 

 2021a ). The estimated   f
O

2
     conditions fall much below the 

HM buff er and nearly reaching the FMQ buff er, implying 

alteration-mineralization pertains to deeper and reduced 

facies of the KCB IOCG system. In another study in the 

Madan-Kudan deposit of the KCB, Baidya et al. ( 2021b ) 

worked on trace element chemistry of various pyrite types 

in various vein systems. While strong positive correlation 

between Au and Cu may be due to their “coupling” in the 

pyrite structure, intra-grain Fe, Co, As, and Ni variations 

in pyrite suggests replacement by coupled dissolution-

precipitation. This pyrite formation sequence records 

changing fluid composition and suggests that sulfide 

mineralization was associated with various alteration types 

such as (1) Na-Ca-K, (2) carbonate, and (3) K–Fe–Mg 

alteration stages. The dolomite C and O isotope composition 

indicate mantle-derived carbon that mixed with an 

isotopically heavier fl uid or exchanged isotopes with crustal 

rocks. By comparing textural relationships and major-

trace element-halogen chemistry of several generations 

of hydrothermal and metamorphic biotites, Baidya et al. 

( 2023 ) identifi ed fi ve biotite types in the KCB, out of which 

three were intimately related with the IOCG mineralization. 

Further, by linking monazite (U–Pb) and recalculating their 

uraninite chemical ages with established ages of alteration 

and mineralization, the above authors suggested that (1) 

the recurrent IOCG mineralization took place at ~ 1.31 

Ga and 0.85–0.82 Ga, (2) hydrothermal biotite unrelated 

to the IOCG alteration formed at ca. 1.37 Ga, and (3) the 

IOCG-biotite types formed during the younger event at 

0.85–0.82 Ga. Compared to hydrothermal biotite from other 

settings (porphyry, magmatic-hydrothermal REE, Archean 

orogenic Au deposits), biotite in the KCB and several other 

IOCG deposits precipitated from fl uids with higher HCl 

activity, which is interpreted to refl ect the direct or indirect 

involvement of evaporite in their fl uid source. 

 Chowdhury et  al. ( 2020 ) identified three textural-

compositional types of both pyrite and chalcopyrite from the 

Surda Cu mine (SSZ). These pyrites contain maximum Co 

of 54,900 ppm and that of As reaches a maximum value of 

25,600 ppm, implying cobaltite type substitution [(Fe 1−x Co x ) 

 (S 1−x As x ) 2 ]. While the early inclusion-rich chalcopyrite has 

high contents of Zn and Se, and minor to trace amounts 

of Co, Ni, Hg, Pb, Sb, Te, and Bi, the later inclusion-free 

chalcopyrites have enriched values of Co, Ni, Hg, Bi, Mn, 

Ag, Sb, V, and Pb. Sulfur isotope measurements, both 

in-situ and mineral separates of pyrite and chalcopyrite, 

furnished narrow range of δ 34 S values (+ 3.8 to + 6.9‰) 

pointing to derivation of most sulfur from seawater sulfate 

or modifi ed seawater (brine/evaporite). Δ 33 S values revealed 

mass dependent fractionation (MDF) signature leading to 

the authors’ proposition of incorporation of MDF sulfur in 

mineralization. The high Se concentrations (260–400 ppm) 

and ΣSe/ΣS ratios for both pyrite types (4.4–5.7 ×  10 −4 ) are 

suggestive of low temperature (250°–350 °C) of formation 
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of the Cu ores, and precipitation from a metalliferous fl uid 

with a high ΣSe/ΣS ratio  (10 −4  to  10 −3 ), coherent with 

magmatic contribution of these elements. 

 A combined trace element geochemistry of magnetite/

pyrite and S-isotope investigation of pyrite/barite from the 

Thanewasna Cu-Au deposit, western Bastar Craton was taken 

up by Dora et al. ( 2020 ). Paragenetically early magnetite 

is pre-ore, which was replaced by the later magnetite that 

contain higher values of Co and magnesium. The δ 34 S values 

of syn-mineralization pyrite and chalcopyrite (− 0.77‰ to 

− 4.28‰) are indicative of magmatic sources of sulfur. Post-

mineralization barite veins record δ 34 S range of + 10.31‰ 

to + 17.55‰ that point to sulfur derivation from sea water 

sulfate without being reduced. Variation in the S- isotopic 

composition of sulfi de and sulfate was the result of dilution 

and cooling of the ore fl uid after mixing with meteoric 

waters, which triggered the deposition of Cu ± Au along 

appropriate structural locales. Widespread occurrence of 

Fe-rich breccias, association of mineralization with crustal-

scale shear zones, ubiquitous K–Na alteration, chloritic and 

advanced argillic alteration, involvement of magmatic and 

non-magmatic fl uids, alongside Cu–Fe–Au–Ag–Ba–REE 

metal association suggest IOCG-style mineralization at 

Thanewasna. Dwivedy and Sahoo ( 2021 ) described high- 

grade Fe ores (magnetite–hematite) hosted in albitite and 

albitized phyllite in the south/south-eastern parts of the 

KCB. Average contents of V, Ti, Cr, and Co in magnetite 

of 644 ppm, 89 ppm, 197 ppm, and 84 ppm respectively 

are indicative of hydrothermal nature of the mineral. 

While Fe vs. V/Ti variations corroborate the hydrothermal 

genesis, Sn/Ga vs. Al/Co plot for magnetite indicates 

mineralization belonging to IOCG−Iron Oxide-apatite 

(IOA) characteristics. 

 Pal et  al. ( 2021 ) integrated texture, composition and 

in situ LA-ICPMS dating of allanite, epidote, monazite, 

fl orencite and titanite from the Jaduguda uranium deposit 

in the SSZ. The results document formation of (1) the 

earliest LREE-enriched allanite at 1883 ± 14 Ma, which 

was later replaced and overgrown by LREE-depleted 

allanite and epidote at 1637 ± 11  and 1107 ± 18  Ma; 

(2) the earliest monazite at ca. 1809 ± 9  Ma, the later 

monazite and fl orencite at 952.2 ± 7.9 and 959 ± 83 Ma 

respectively. Titanite records ancient Pb-loss and possibly 

grew at 978 ± 17 Ma. Although the Paleoproterozoic LREE 

mineralization took place in two pulses, i.e., at ca. 1.88 Ga 

and ca.1.80 Ga, fl uids through extension-associated faults 

at Jaduguda remobilized the oldest mineralization. The 

ca. 1.64 Ga event associated with LREE-depletion was 

associated either with reactivation of the existing faults 

or partial closure of the mobile belt with concomitant 

shear deformation and metamorphism in the SSZ. The 

950 ± 50 Ma event, which primarily redistributed the REE 

from existing mineralization is related to the fi nal closure of 

the mobile belt and reactivation of the SSZ.  Pal et al. ( 2023a , 

 b ) came up with Re–Os ages of syn-shearing massive 

molybdenite occurring along shear surfaces cutting across 

the U ores in the Jaduguda uranium deposit. Integrating the 

obtained Re–Os age of ca. 1.64–1.59 Ga of molybdenite, 

the known ages of mineralization/tectonothermal events in 

the adjoining Proterozoic Mobile Belt, the above authors 

proposed that the main stages of polymetallic hydrothermal 

mineralization pre-dated the pervasive shear deformation 

event in the SSZ. The shear zone was localized during the 

Paleoproterozoic-Mesoproterozoic transition (ca. 1.64–1.59 

Ga) along preexisting crustal-scale extensional faults that 

had earlier been the foci of hydrothermal alteration and 

mineralization during Paleoproterozoic (ca. 1.9–1.8 Ga). 

Shear deformation and metamorphism have remobilized/

redistributed earlier mineral assemblages, forming neo-

mineralization at places. 

 In another article, Pal et al. ( 2022a ) described ore min-

eralogy and multiple alteration types vis-à-vis U-REE min-

eralization in the Narwapahar uranium deposit (SSZ). The 

host rocks for U mineralization include intensely deformed 

and metamorphosed tourmalinite, albite schist and chlorite 

schist. Thorium-poor uraninite is a ubiquitous U ore mineral, 

which occurs with ilmenorutile, and some unknown U sili-

cate phases containing high U values. Allanite is the most 

abundant REE-bearing mineral along with minor monazite 

and xenotime. Low-Ti magnetite is nearly abundant in the 

U ores. Based on fi eld relations, mineral replacement tex-

tures, the sequential metasomatic events deciphered from 

the Narwapahar deposit are B (boron) → Na–Fe (± Ca)? 

K–Fe (± Ca) → K→  H + . While U mineralisation is asso-

ciated with B, Na–Fe and proton metasomatism, the REE 

mineralisation is related with K–Fe metasomatism and 

resultant hydrothermal alteration. Pervasive regional-scale 

alkali metasomatism, alteration paragenesis and metal asso-

ciation (Fe–Cu–U–REE–Co–Ni–Mo–Au) are analogous 

to Fe oxide (Cu–U–REE) (IOCG)-type mineralization. In 

an important recent study,   Pal et al. ( 2023a ,  b ) examined 

the textural, in-situ major and trace element analysis, and 

B-isotope composition of tourmaline intricately associated 

with albite in albite schist from Pathargora area, SSZ. On the 

basis of pertinent texture and mineral associations, tourma-

lines are grouped into three types. These are: Tur-1 (coarse 

nodular tourmaline ± albite ± magnetite), Tur-2 (dissemi-

nated fi ne-grained tourmaline in a schistose matrix), and 

Tur-3 (tourmaline + biotite + magnetite + apatite blobs. The 

authors observed very low contents of Li, Zn, and Mn and 

high values V and Ni in Tur-1 cores cogenetic with albite, 

which cannot be explained by the reported tourmaline for-

mation as a result of granitic activity. Measure δ 11 B values 

of tourmaline are mostly positive, ranging between − 4.0 and 

9.2‰ and values of Tur-1 cores are 4.9–9.2‰. Published 

fl uid inclusion studies reported presence of halite and barite 
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daughter crystals in primary fl uid inclusions and demon-

strated the involvement of a high-temperature (≥ 450 °C) 

and high-salinity (≥ 50 wt% NaCl equivalent) brine in the 

formation of cores of Tur-1. Calculated δ11B values (at 

450 °C) of the fl uid in equilibrium with Tur-1 core (Tur-1c) 

range between 7.3 and 11.5‰. The authors proposed that 

the albite schist is formed as a result of Na-metasomatism 

by brines that derived major constituents from dissolution 

of marine evaporites and similar mechanism might have 

played a significant role in the formation of albite-rich 

rocks in other IOCG provinces that witnessed involvement 

of evaporite-derived fl uids in alteration and mineralization. 

 Patel et  al. ( 2021 ) used chemical and B-isotope 

composition of syn-mineralization tourmalines in schistose 

rocks of the Mohuldih and Bagjata uranium deposits along 

the SSZ, to constrain the sources and the characteristics 

of the mineralizing fl uids, together with the mechanism of 

primary uraninite precipitation. These authors identifi ed 

three generations of tourmaline and coprecipitated uraninite, 

corresponding to three major episodes of hydrothermal 

alteration of the SSZ rocks at 1.8–1.9 Ga, 1.66–1.56 Ga, 

and ca. 1.0 Ga, synchronous with metamorphism/granitoid 

activity. The texturally earliest tourmaline with δ 11 B of 

8.8 ± 0.3‰ coeval with primary uraninite by externally-

sourced high saline fl uids derived from subducting slab 

during the 1.8–1.9 Ga event. The uraninite precipitation 

was associated with salinity decrease of the ore fl uid as 

a result of fl uid-rock interaction. Dissolution of chlorite/

biotite and the precipitation of more Mg-rich tourmalines 

resulted in such decrease of f luid salinity, which 

destabilized Fe-chloride and U-chloride complexes leading 

to the precipitation of Fe-rich tourmaline together with 

primary uraninite. The texturally later tourmalines (with 

δ 11 B = 2.5 to 6.3‰) and uraninites formed from mixed 

fluids derived from the slab and dehydration of pelitic 

assemblages during renewed periods of hydrothermal 

alteration contemporaneous with SSZ metamorphism at 

1.66−1.56 Ga and ca. 1.0 Ga. The δ 11 B of the tourmalines 

from the schistose rocks of the SSZ corroborate with the 

δ 11 B range (– 10.4‰ to + 6.0‰) reported for IOCG-type 

deposits associated with metamorphic slab-derived fl uid 

sources. Textural relations together with mineral chemistry 

of hydrothermal magnetite, fluorapatite, monazite and 

allanite from the Mohuldih uranium deposit in the SSZ was 

used to characterize the nature of the fl uid during various 

alteration and uranium precipitation events by Patel et al. 

( 2023a ,  b ,  c ). While temporally earlier hydrothermal stage 

was coeval with the uraninite mineralization, the later stage 

is characterized by subsequent hydrothermal overprint as 

a consequence of coupled dissolution-reprecipitation of 

earlier fl uorapatite and mobilization of LREE. Two major 

concordant age clusters at 1855 ± 7 and 963 ± 10 Ma and 

several discordant ages were obtained by U-Pb dating of 

monazite. The oldest age of ca. 1855 Ma obtained from the 

texturally early monazite cores corresponds to the earliest 

stage of uraninite mineralization and two major alteration 

events can be interpreted based on the known metamorphic 

episodes in the SSZ. A combination of high-temperature 

Ca + Fe ± Na and K + Fe alterations accompanied the M1 

metamorphic event, followed by a low temperature Si/K-Al 

alteration during the M2 metamorphic event. A comparison 

with magnetite and fl uorapatite compositions with those 

from global IOCG and IOA deposits classifi es Mohuldih 

belonging to the IOCG clan. 

 A stable isotopic (of O, C, and S) investigation on 

the disseminated Cu mineralization at Nim ka Thana, 

comprising bornite, chalcopyrite, covellite, digenite, and 

chalcocite has been taken up by Sharma et  al. ( 2020 ). 

Mineralization occurs within metapelites, dolomite and 

quartz-calcite-sulfi de veins at Dokan, Baniwala-ki-Dhani, 

Dariba, and Nanagwas, towards the southeastern border of 

the KCB. Pervasive alterations and Na metasomatism has 

aff ected the area, leading to formation of minerals such 

as scapolite, tremolite, and sericite. Values of δ 13 C and 

δ 18 O of the carbonate veins range from 0.57 to − 3.75‰ 

and + 15.01‰ to + 20.74‰ respectively, suggesting fl uid 

infl ux. Calculated values (at the fl uid inclusion entrapment 

temperatures) of δ 13 C CO2  of the ore-forming fl uid ranges 

from − 1.67‰ to + 2.65‰ and δ 18 O H2O  from + 7.11‰ to 

+ 12.84‰, respectively. Further, the determined barite-

δ 34 S values from the Cu-mineralized zone yielded a range 

between 16‰ and 20‰ that are lower than the sea water 

values (δ 34 S ‰ = +20 to + 22‰), indicating formation 

barite from the late stage sulfide mineralizing fluid. 

Characteristic features like (1) occurrence of primary and 

secondary Cu sulfi de minerals, (2) alteration assemblages 

affected by Na-metasomatism, and (3) association of 

magnetite and specularite, are indicative of the affi  liation 

of the studied mineralization to IOCG type hydrothermal 

system, as reported from the adjoining Khetri Copper Belt. 

 Mukherjee et  al. ( 2020 ) undertook a geochemical 

investigation on the low grade metamorphosed albitite-

hosted Au-graphite ± Cu ± U Bhukia deposit located 

within the Aravalli Supergroup, Rajasthan. Albitites are 

characterized by Na–Al–rich and K-poor compositions 

along with meta-aluminous nature and seem to be the 

product of low K calc alkaline magma series showing 

variation in Nb/Ta ratio indicative of their fractionation 

during the melt-rock interaction. Lower contents of Ni 

and Cr, along with higher concentrations of incompatible 

elements (Th, La, and Nd) and  SiO 2  suggest that evolution 

of albitite was due to fractional crystallization. Normalized 

REE plots of albitite shows LREE enriched and negative 

Eu anomaly imply melting at shallow depths. Rare Earth 

Elements patterns of albitites are moderately fractionated 

showing LREE enrichment with a rather steep slope and 
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exhibiting negative Eu anomalies. The LREE enrichment 

suggests a more evolved source, i.e., from an enriched 

SCLM similar to global IOCG-IOA deposits. Anand et al. 

( 2022 ) described Au-Cu deposit at Jagpura (Aravalli Craton) 

comprising ore minerals such as arsenopyrite, löllingite, 

chalcopyrite, pyrrhotite and pyrite, along with native gold, 

magnetite and Au-Bi-Te phases. The δ 34 S of sulfi des varies 

from + 8.98 to + 14.58‰ implying sulfi de precipitation was 

a result of cooling and fl uid mixing of metamorphic and 

high saline formation water. From the authors’ observation 

such as (1) the iron oxide-copper-gold-apatite associations, 

(2) structural control of mineralization, (3) pervasive 

hydrothermal alteration, (4) moderate fl uid salinity indicate 

that the Jagpura Au–Cu deposit is similar to the reduced iron 

oxide-copper-gold IOCG-IOA types of deposits. 

    Lithium-W 

 Ghosh et al. ( 2021 ) characterized the major-trace element 

and B-isotope composition of tourmaline from the Balda and 

Motiya W prospects to constrain the nature of the W-bearing 

hydrothermal fluid and the processes involved in the 

precipitation of wolframite. The authors also used mineral-

fl uid trace element partition coeffi  cients, extrapolated to the 

P-T conditions of mineralization using the Lattice Strain 

Model to reconstruct the composition of the W-precipitating 

fl uids. The mineralizing fl uid was postulated to have been 

derived from granites and precipitation of wolframite and 

tourmaline involved interaction of the granite-derived 

fl uid with surrounding pelitic rocks. Ghosh and Upadhyay 

( 2022 ) used petrographic studies, and major-trace element 

chemistry of skarn minerals from Belka Pahar, Rajasthan, 

to deduce the sequence of mineral transformations and to 

characterize the changes in the composition of the fl uid with 

the progress of fl uid-rock interaction during skarn formation. 

The authors used the chemistry of diff erent generations of 

garnet to suggest a shift from diff usive to more advective 

metasomatic conditions and increasing water/rock ratio, 

accompanied by a shift in fl uid pH from near-neutral to 

acidic. The crystallization of F-rich garnet, vesuvianite, and 

fl uorite was argued to indicate an increase in F-concentration 

in the late-stage fl uid, which was associated with scheelite 

and fl uorite precipitation. Ghosh et al. ( 2023 ) used the trace 

element and Li isotope composition (δ 7 Li) of zinnwaldite 

from the Degana tungsten deposit in the Aravalli-Delhi belt 

to constrain the source and evolution of the ore fl uid, the 

precipitation mechanism of W and the roles of fractional 

crystallization, fl uid exsolution and fl uid-rock interaction 

in the mineralization process. The authors inferred two 

stages of fluid infiltration of which the earlier one was 

responsible for the primary tungsten and zinnwaldite 

mineralization. The calculated δ 7 Li of the ore fl uid (+ 14 

to + 19‰), estimated from the Li-isotope composition of 

zinnwaldite in mineralized veins (δ 7 Li = + 12 to + 17‰), 

using the available temperatures of mineralization, which is 

considerably heavier compared to upper/middle continental 

crust, ruling out the possibility of a metamorphic fluid 

parentage. The high contents of incompatible elements 

including Cs, extremely low K/Rb (10–15), is explained 

by zinnwaldite precipitation from fl uids exsolved from an 

enriched, late-fractionated granitic melt. Further, the zircon 

U-Pb concordia age of 838 ± 9 Ma from the Degana granite 

is considered as the maximum age of W-mineralization. 

 Roy and Bhattacharya ( 2022 ) characterized the record 

of fl uid-rock interaction in the Degana tungsten deposit 

using mineral paragenesis, whole rock-mineral chemistry 

and fl uid inclusions. The authors argued that greisenization 

could be attributed to the incursion of moderate to high 

salinity (12–22 wt% NaCl eq.)  H 2 O-CO 2  ore fl uids that 

caused K-feldspar and muscovite hydrolysis, and the growth 

of Li-Fe-rich muscovite, secondary topaz, and wolframite 

(± cassiterite, fl uorite). They constrained the P-T conditions 

of W enrichment (380–450 °C and 1.2–1.8 kbar) by means 

of isochore intersections for coeval/cogenetic aqueous and 

carbonic fl uid inclusions hosted in greisenized wall rock. 

Kumar and Chander ( 2021 ) used fi eld evidence and nature 

of occurrences of wolframite, to classify the tungsten 

mineralization in the Rewat Hill, Degana, into fi ve types: 

quartz-wolframite vein, quartz-muscovite-wolframite-

polymetallic sulfi de vein, granite-hosted wolframite, stock-

works hosted wolframite in phyllite, and gravel bed-hosted 

wolframite. These authors reported W concentrations 

between 403 and 5025 ppm in fertile Degana peraluminous 

granite under soil cover. Singh ( 2022 ) presented a critical 

synthesis of the Li-potentiality of granitic pegmatites. He 

inferred that Indian Li-pegmatites belong to the Lithium-

Cesium-Tantalum (LCT) family, and occur mostly in parts 

of Bihar–Jharkhand, Chhattisgarh–Odisha and Karnataka, 

with some prospects in Rajasthan, Maharashtra, West 

Bengal and Assam. Mayachar and Ghosh ( 2020 ) reported 

W mineralization in tourmaline-quartz-mica greisens 

and quartz veins in the Lower to Middle Proterozoic 

Sakoli fold belt of Central India. Based on fl uid inclusion 

microthermometry, the authors estimated P-T conditions 

of 1.2−2.2 kbar and 280−390  °C and argued that the 

mineralization was related to a metamorphogenic aqueous-

gaseous fluid of variable salinity that underwent phase 

separation. On the basis of δ 34 S data, a deep crustal source 

for the sulfur was envisaged. Rajani et al. ( 2022 ) reported 

base metals- and Li-rich ferromanganese oxide deposits 

from the South Andaman Sea. They argued that Fe-Mn 

nodules and crusts from the West Swell Ridge and crusts 

from the Sewell Rise formed by hydrogenetic precipitation 

while the Fe–Mn nodules from the Sewell Rise have 

mixed hydrogenetic-hydrothermal origin. Samples from 

the Invisible Bank are Fe-rich ironstones enriched in Cr, 
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Ni and As that precipitated from hydrothermal fluids 

percolated through ultramafi c rocks. The authors suggest 

that saturation of deeper waters with metal derived from 

volcanic-hydrothermal sources and oxygen supply to the 

basin by intermediate waters led to the rapid precipitation 

of Fe-Mn oxyhydroxides. 

    REE-Nb-Ta-Y 

 Singh et al. ( 2022 ) used LA-ICPMS to analyze the major 

and trace element composition of fl uorite-hosted primary 

fl uid inclusions, and the trace element chemistry of calcite 

and fl uorite from the Amba Dongar carbonatite complex 

to characterize the nature of the REE-mineralizing 

hydrothermal fluid and the processes of mineral-fluid 

interaction. These authors reported the presence of fl uid 

inclusions with elevated MREE and HREE solubility, 

which supports experimental fi ndings that alkali-carbonate-

hydroxyl complexation helps to mobilize REE and 

fractionate the LREE from MREE and HREE. Detailed 

mineral-chemical characterization of REE mineralization 

was taken up by Patel et al. ( 2022 ) and their results indicate 

that the mineralization was a consequence of interaction of 

the carbonatite with a sulfur-bearing, F-rich hydrothermal 

fl uid that exsolved from late-stage carbonatitic magma. 

Dissolution of primary carbonates and other magmatic 

phases and simultaneous precipitation of secondary REE- 

and HFSE-bearing minerals during hydrothermal alteration 

was the primary mechanism of REE redistribution. The 

authors noted a ubiquitous association of fluorite and 

barite with REE minerals, which suggests that the REE 

were transported as sulfate complexes in F-rich fluids. 

Precipitation of REE fl uorocarbonates/fl orencite resulted 

from barite precipitation leading to decrease in REE 

solubility, fl uid-carbonate interaction, concomitant increase 

in pH, and decrease in temperature. 

 Patel et al. ( 2023a ) used calcite-fl uid partition coeffi  cients 

extrapolated to the P-T conditions of mineralization using 

the lattice strain model to reconstruct the composition of the 

hydrothermal fl uids associated with diff erent stages of the 

hydrothermal alteration and secondary REE mineralization 

in the Kamthai carbonatite complex, western India. 

They document alteration of calcite that involved loss of 

substantial REE, Sr, Fe, and Mn, and transition from LREE-

dominated to LREE-poor compositions with the REE 

released during hydrothermal alteration being incorporated 

in secondary REE minerals such as REE-(fl uor)carbonates, 

REE-(hydroxyl)carbonates, ancylite, and cerianite. 

The authors argued that the REE were redistributed as 

alkali-carbonate-hydroxyl complexes, which can explain 

the observed LREE/HREE fractionation between the 

early and the late-stage hydrothermal fl uid.  Patel et al. 

( 2023b ) presented a detailed account of magmatic REE 

mineralization and secondary fl uid-assisted redistribution at 

Kamthai. The authors reported rare magmatic intergrowth 

of rod/pod-like carbocernaite and REE + Sr-rich calcite, 

which was interpreted to be the result of rapid simultaneous 

crystallization of the phases from a brine-rich carbonatitic 

magma. The REE were then redistributed into secondary 

REE-(fl uor/hydroxyl) carbonates, cerianite ancylite and 

monazite during hydrothermal alteration. Based on the 

chemistry of hydrothermal minerals, the authors suggested 

that the carbonatite-derived hydrothermal fl uids initially 

transported the REE as sulfate, followed by ligand transition 

to hydroxyl-carbonate complexes. 

 Upadhyay et  al. ( 2021 ) documented micro-textures 

comprising intergrowth of bastnäsite, hydroxyl-parisite, 

rontgenite, synchysite, and pyrochlore, with calcite that 

pseudomorphically replaces patches of hematite with 

cellular boxwork-type structure in carbonatites from the 

Kamthai complex. The authors proposed a novel mechanism 

of REE precipitation involving infl ux of acidic hydrothermal 

fl uids, which scavenged the REE and other trace elements 

from magmatic carbonates and apatite. The acidic fl uids 

protonated magnetite and converted them to hematite 

through a non-redox transformation that led to 32% volume 

reduction. The consumption of proton, increased the fl uid 

pH triggering precipitation of bastnäsite-group minerals. 

Mondal et al. ( 2021 ) used textural relations, major-trace 

element chemistry and Li-isotope composition of minerals 

to constrain the magmatic evolution and the mechanism of 

hydrothermal REE mineralization in peralkaline granites 

of the Siwana complex in Rajasthan. These authors used 

Rayleigh crystal fractionation modeling with the help 

of incompatible trace element abundances and δ 7 Li in 

clinopyroxene and amphibole to infer extreme fractional 

crystallization. Further, they identified three stages of 

hydrothermal alteration that involved scavenging of REE, 

HFSE, Ti, Na, and Fe from clinopyroxene and aenigmatite, 

followed by extensive replacement of ferrorichterite 

and arfvedsonite by aegirine, and precipitation of 

calciocatapleiite, elpidite, eudialyte, cerite, chevkinite, and 

bastnäsite accompanied by replacement of alkali feldspar. 

 Singh et al. ( 2020 ) published a summary of strategic 

and critical element potential of Indian carbonatites. 

From the data presented, the carbonatites of Amba 

Dongar, Kamthai, Samchampi, Sung Valley, Kutni-Beldih, 

Pakkanadu-Mulakkadu, and Sevattur contain signifi cant 

resources of REE, Nb, Ta, P, Th, and vanadium. Kumari 

et  al. ( 2023 ) studied the REE distribution of in coal 

samples from Samaleswari coal block, IB valley, Odisha. 

These authors reported average REE concentration of 510 

ppm with outlook coeffi  cients between 0.7 and 1.0, and 

suggested that the coal seams are suitable as a promising 

REE sources. Das et al. ( 2023 ) studied the REE variations 

in some Indian Gondwana and Eocene coals. The authors 
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reported mean REE concentrations of 24.1  mg/kg in 

Gondwana coal, which is higher than that in Eocene coals 

(11.3 mg/kg) with both coal types being LREE enriched. 

Dhote et al. ( 2021 ) reported total REE content between 

0.6 and 4%, with high Ce concentration and elevated 

LREE/HREE ratio for carbonatites from the Amba 

Dongar carbonatite complex. The authors suggested that 

the fertile carbonatite melt was generated by low degree 

partial melting of metasomatized SCLM, followed by 

melt immiscibility of the carbonatite from the carbonated 

silicate melt. Further, they assert that bastnäsite-(Ce) 

occurs as late overgrowths on the synchysite-parisite 

matrix, although convincing textural information is not 

provided. 

 Mahapatro et  al. ( 2023 ) used petrography, mineral 

chemistry and whole-rock geochemistry to identify 

evidence of REE remobilization and enrichment in the 

Pakkanadu carbonatite-alkaline complex, southern India. 

The major REE-bearing minerals in these rocks include 

monazite-(Ce), allanite-(Ce), chevkinite-(Ce), pyrochlore, 

with the studied carbonatites having high concentrations 

of the LREE; La (84–11,500 ppm), Ce (155–17,200 ppm) 

and Nd (55–3000 ppm) (ΣREE = 3508 to 32,300 ppm), 

which points towards REE fertility. Sadiq and Umrao 

( 2020 ) report a significant amount of Nb-Ta-REE in 

titaniferous laterite cappings developed over ultramafi c 

rocks of the Sung Valley ultramafi c-alkaline-carbonatite 

complex, Meghalaya. The total REE (REE + Y + Sc) in 

the laterite ranges from 0.28 to 1.10% with an average 

of 0.49% comprising the REE minerals fl orencite-(Ce), 

fl orencite-(La), fl orencite-(Nd), and kobeite-(Y). Aranha 

et al. ( 2021 ) applied a two-stage fuzzy inference system to 

prospectivity modelling and exploration-target delineation 

for REE deposits associated with carbonatite-alkaline 

complexes in western part of Rajasthan. In another study, 

Aranha et al. ( 2022 ) described a generalized carbonatite-

alkaline complex related REE mineral systems model 

and applied a knowledge-driven model to demarcate 

REE exploration targets in the Karbi-Meghalaya plateau, 

NE India. The authors suggested that the REE-mineral-

systems model and the workfl ow demonstrated in their 

article could be used for targeting REE deposits in 

geologically similar terrains worldwide. Reshma et al. 

( 2022 ) provide a resource evaluation of REE in regolith 

over phoscorite from the carbonatite-syenite complex in 

the Dombarahalli Area, Eastern Dharwar Craton, Koppal 

District, Karnataka. The results indicate REO(T) up to 

6029 ppm with maximum  P 2 O 5  of 1.20 wt%. Estimated 

resource as per UNFC-333 in regolith zones developed 

over phoscorite is 3300 t with 0.2% REO (T) cutoff  with 

an average grade of 0.38% REO(T). 

    Gold 

 Chinnasamy et  al. ( 2021 ) analyzed trace elements 

in texturally constrained three pyrite types from the 

granodiorite-hosted gold deposit at Jonnagiri, eastern 

Dharwar Craton (EDC). These authors observed varying 

trace element contents in pyrite hosted in the mineralized 

vein and proximal alteration zone, which is attributed 

to local fl uctuation in composition of the ore fl uid due to 

(1) fl uctuating intense fl uid-rock reaction, or (2) diverse 

pulses of hydrothermal fluid influx during the seismic 

and coseismic events, or (3) fl uid phase separation due 

to fl uid boiling during the pressure fl uctuation. Leaching 

and remobilization of gold took place from early-formed 

pyrite. However, last pyrite has the highest concentration 

of gold wherein the metal occurs as nano-sized inclusions 

of nagyágite  [Pb 3 (Pb, Sb) 3 S 6 ](Au,Te) 3 ] or complex metal 

Au tellurides and tellurosulfi des, implying gold enrichment 

with progressive shearing. Hazarika et  al. ( 2021 ) used 

mass balance and P-T pseudosection approach to model 

the release of boron and associated B-isotope fractionation 

during prograde metamorphic dehydration of representative 

mafi c and pelitic greenstone rocks from the Hutti-Maski 

greenstone belt (HMGB), EDC and compared the results 

with the B-isotope composition of tourmalines measured 

globally from other orogenic gold deposits. Their calculated 

range of δ 11 B for the metabasalt- and metapelite-derived 

metamorphic fl uids matches closely with the two published 

peaks in the δ 11 B distribution of tourmaline from orogenic 

gold deposits, which led the authors to infer that the 

auriferous fl uids were metabasalts-derived, and/or may have 

involved mixing between basalt-derived and pelite-derived 

metamorphic fl uids. 

 Based on U–Pb–Hf isotopic data, Frimmel et al. ( 2022 ) 

suggested that conglomerates in the upper part of the 

Badampahar volcano-sedimentary succession and the 

Phuljhari Formation below the Dhanjori Group in the SC 

were deposited between ca. 3.0 Ga and ca. 2.8 Ga and 

therefore have the potential for Witwatersrand-type gold 

and/or uranium paleo-placer deposits as their age span is 

similar to that of the Au- and U-rich conglomerates in the 

Kaapvaal Craton of South Barla et al. ( 2020 ) worked on 

the Pahardiha- Rungikocha gold deposit located south of 

the Dalma volcano-sedimentary belt within the NSMB. 

Gold is reported to occur as native grains either within 

the cracks or along grain boundaries of euhedral pyrite 

associated with chromite-cored magnetite. The authors 

infer that the gold mineralizing fl uids were intra-basinal in 

nature and were mobilized due to reactivation of pre-existing 

faults and fractures. Krishnamurthi et al. ( 2020 ) observed 

abundant carbonic fl uid inclusions in quartz grains from 

the Hira-Buddini Gold Deposit (EDC). However, based on 

theoretical estimation, they argue that a greater volume of 
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 H 2 O compared to  CO 2  is likely to be trapped in inclusions 

at diff erent P-T conditions and suggest that preferential loss 

of  H 2 O from fl uid inclusions during ductile deformation of 

quartz grains may be the reason for abundance of carbonic 

fl uid inclusions. Sindhuja et al. ( 2020 ) described native gold-

bearing banded sulfi dic cherts from the Neoarchean Sandur 

greenstone belt of western Dharwar Craton (WDC). Based 

on pyrite chemistry, a mid-oceanic ridge hydrothermal 

source for the auriferous fl uids was suggested with minor 

detrital and volcaniclastic inputs. In another study, Sindhuja 

et  al. ( 2021 ) reported Au-PGE concentrations and δ 34 S 

values of carbonaceous phyllites from the Chitradurga 

and Gadag greenstone belts in the WDC. Strong positive 

correlations of transition metals, redox sensitive elements 

with PGE indicate hydrothermal source and V/(V + Ni), U/

Th, Th/U, authigenic U attest euxinic paleo-redox conditions 

with sulfur derived from sea water sulfates. Manikyamba 

et al. ( 2021 ) reported Au-U-Th-REE mineralization in the 

Kadiri greenstone belt of the EDC. The Au is hosted in 

ductile-brittle  en-echelon  shear zones with the Au sourced 

from deep fractures. The authors proposed composite 

arc-back arc system for the Au-U-Th-REE mineralization 

associated with diff erent stages of subduction. 

 Majumdar et  al. ( 2020 ) identified refractory gold-

bearing sulfi de mineralization in carbonaceous matter-rich 

metasedimentary rocks of the Proterozoic South Purulia 

Shear Zone. They used Raman spectroscopy and δ 13 C to 

infer organic source of the carbon-rich layers. The authors 

offered a model for the genesis of the mineralization 

involving reduction of sulfate ions in seawater leading to 

the sulfi dation and adsorption of Au in sedimentary pyrites 

followed by remobilization through hydrothermal fl uids 

to form pyrite, pyrrhotite, chalcopyrite and arsenopyrite-

bearing quartz ± carbonate veins, containing gold. Singh 

et al. ( 2021 ) provided a review of various gold occurrences/

deposits in the SC and their possible genesis. They suggest 

that lean Au-assays in Paleo-to Mesoarchean paleoplacer 

deposits was due to the presence of underlying high-MgO 

komatiites while the Paleo-to Mesoarchean greenstone-

hosted lode-gold occurrences had a mafi c source. They 

also suggest that the reconcentration of gold to economic 

grades can be linked to the advent of plate-tectonics and 

coeval metamorphism. Nevin and Pandalai ( 2020 ) reported 

the REE geochemistry and fl uid characteristics of scheelite 

in the Hutti gold deposit, HMGB. They identifi ed scheelite 

with two types of REE patterns and inferred that REE 

fractionation between mineralizing fl uids and amphibolite 

facies metamorphosed mafi c rocks of the greenstone belt 

was insignifi cant. Das et al. ( 2022 ) for the fi rst time reported 

notable gold resource from the Bhitar Dari area in the 

northern arm of the Gorumahishani-Badampahar greenstone 

belt (SC). The gold is hosted in quartz ± carbonate veins 

and is associated with sulfi de minerals such as chalcopyrite, 

pyrite, pyrrhotite, and arsenopyrite. Rasheed and Sarma 

( 2022 ) reported the occurrence of micron-sized gold grains 

and base metal sulfi des in the Mesoarchean Mayurbhanj 

gabbro-anorthosite complex (SC) and suggested that the 

litho-unit warrants a detailed appraisal to understand the 

nature and extent of gold and PGE mineralization. Sahoo 

et al. ( 2023 ) reported Au mineralization associated with 

quartz-sulfi de veins hosted in BIF at Girar, Bundelkhand 

Craton. The authors infer that the mineralization was 

epigenetic and that the veins formed during a single 

deformation episode. Misra et  al. ( 2022 ) carried out 

investigations in the Parsoi area of the Mahakoshal 

greenstone belt in the Central India Tectonic Zone and 

found an association of gold with bismuth, bismuthinite and 

telluride, which constitutes the fi rst record of bismuth from 

the Mahakoshal belt. Misra and Kisku ( 2022 ) investigated 

gold occurrence in the Pahardia-Rungikocha area in the 

North Singhbhum Mobile Belt (NSMB). They report 

signifi cant resource (0.48 million tons) with appreciable Au 

grade (3.43 g/t). Shukla et al. ( 2023 ) studied the granite-

hosted Cu-Au mineralization in the Machanur deposit, in 

the EDC. They reported gold values up to 4.4 g/t associated 

with chlorite-hematite alteration zones as well as in quartz 

carbonate veins. 

 Guha et  al. ( 2021 ) explored the utility of ASTER, 

L-band ALOS PALSAR, and hyperspectral AVIRIS-NG 

data for exploration of lode type gold deposit in the HMGB, 

EDC. The authors could prepare a unifi ed spectral map of 

altered rocks by integrating two independently prepared 

alteration maps using two different partial sub-pixel 

algorithms (constrained energy minimization and matched 

filtering). Behera and Panigrahi ( 2021a ) undertook 

knowledge-driven Au prospectivity analysis using binary 

and multi-class index overlay, fuzzy logic and fuzzy AHP 

of the Sonakhan greenstone belt in Central India. They 

identifi ed 5% of the study area as potential exploration 

target, 1.95% as low-risk exploration target and 3.05% 

area as high-risk exploration target. Behera and Panigrahi 

( 2021b ) also undertook mineral prospectivity modelling 

using singularity mapping and multifractal analysis of 

stream sediment geochemical data from the auriferous 

HMGB. The authors inferred that spatially weighted 

singularity mapping (SWSM) appears to be an effi  cient 

tool in extracting geologically signifi cant geochemical 

anomaly and predicting target locations of potential 

mineralization. Behera and Panigrahi ( 2022 ) attempted to 

map gold prospectivity using Weights of Evidence (WOE), 

Fuzzy Logic (FL) and a hybrid model on a GIS platform 

for a part of the auriferous HMGB, and inferred that 10% 

of the study area constituted potential exploration target 

and 4.5% represented optimal targets for gold exploration. 

Kumar et al. ( 2020 ) used high-resolution hyperspectral 

imagery acquired by the Airborne Visible/Infrared 
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Imaging Spectrometer-Next Generation (AVIRIS-NG) 

sensor from the Hutti-Maski gold deposit area, to map 

hydrothermal alteration minerals. The resulting mineral 

map demonstrates that the northern portion of the area 

consists mainly of muscovite whereas the southern part 

is marked by chlorite, goethite, muscovite and kaolinite, 

indicating propylitic alteration. However, from the 

experience of the first author in the HMGB, goethite 

and kaolinite were never encountered. Thus, we strongly 

feel that such inferences have to thoroughly checked in 

the fi eld. Bharathvaj et al. ( 2023 ) attempted to study the 

refl ectance spectral characteristics of the hydrothermal 

alteration zones, developed around the auriferous reefs in 

the HGMB, in the spectral range of 350 to 2500 nm. They 

suggested that the spectral characteristics can be used as 

a guide for exploring gold mineralization. Mahanta and 

Maiti ( 2022 ) applied remote geochemical alteration proxy 

to map the degree and type of alteration in the Lawa gold 

mine, Jharkhand. The authors identifi ed the dominance of 

alteration processes in the following order-ferruginisation, 

silicifi cation, sericitization and chloritization. Pradhan 

et al. ( 2022 ) employed machine learning (ML) to integrate 

multi-thematic data involving geological, geophysical, 

mineralogical and geochemical surveys on a 1:50 K scale 

to estimate potential locations for gold mineralization 

in the Rengali Province of the Eastern Ghats Belt. The 

authors noted that antimony, clay, lead, arsenic content 

and magnetic anomaly are the major contributing factors 

in the ML models. 

 Horo et  al.  (  2020 ,  2023 ) used self-potential 

(SP), electrical resistivity tomography and induced 

polarization to map auriferous shear/fracture zone along 

the Babaikundi-Birgaon axis in the NSMB. They report 

anomalies of possible ore bodies at depth of about 

18–25 m using the SP data. Upadhyay et al. ( 2020 ) carried 

out detailed Electrical resistivity tomography (ERT), Self-

Potential (SP) and Very Low Frequency Electromagnetic 

(VLF-EM) surveys near Lawa village in the NSMB to 

investigate conducting zones associated with Cu-U-Au 

mineralization. They found good correlation between 

ERT and VLF profi les marked by low resistivity, high 

current density zones, which were interpreted to mark 

E-W dipping shallow-depth conducting features. Gupta 

and Shalivahan ( 2022 ) based on an integrated study of 

petrophysics, petrography and gravity-magnetic survey 

over an identifi ed conductor in the Dhanjori basin were 

successfully able to delineate anomalous sulfi de-bearing 

zones along with traces of gold and silver. Kumar et al. 

( 2023 ) used petrophysical, Bouguer anomaly, and 

aeromagnetic data to delineate new prospective zones for 

sulfi de ± Au mineralization in the NSMB. They found a 

high correlation of the gravity and aeromagnetic anomalies 

within shear zones such as the Babaikundi-Birgaon 

and Lungtu-Parasi lineaments, which host the existing 

sulfi de-Au deposits. 

     Conclusions 

 From this compilation, it appears that research work 

continues in specifi c terrains, i.e., mostly in the Singhbhum 

and Dharwar cratons and parts of the Aravalli-Delhi Fold 

Belt. Glaring omissions are the Deccan rocks and the Malani 

Igneous suits, wherein there are reports of PGE and REE 

mineralizations respectively. Although volumetrically these 

constitute vast areas, the reason could be non-availability of 

suitable drill core samples, in the absence of any working 

mines. Although research on boron and lithium isotopes is a 

welcome beginning, obvious lacuna pertains to application 

of heavier stable isotopes such as those of iron, calcium and 

molybdenum in ore deposit research. Moreover, studies 

pertaining precise timing of mineralization has not taken up 

the desired momentum. 
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