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The structurally controlled copper—gold (Cu—Au) miner-
alization in the Suwara area in the southern part of the
Bundelkhand craton, Central India, is hosted within
quartz reefs traversing older granitoids. Mineralization is
distinctly associated with hydrothermal alteration (potas-
sic, chloritic and iron alteration in the ore zone and K-
metasomatism in the wall rocks). Field observations
and laboratory evidence confirm the Fe-Cu—Au associa-
tion in the study area. Sulphide mineralization is rep-
resented by pyrite, chalcopyrite, covellite, chalcocite
and bornite occurring as disseminations, stringers and
specks within the altered quartz veins, with gold occur-
ring as fine isolated disseminations within quartz and
iron oxides. Chemical analysis of surface and subsurface
samples showed promising values for Cu (up to 1.0%)
and Au (up to 450 ppb) content. Fluid inclusion studies
indicated the occurrence of saline mineral fluids (Na—
K-Cl-bearing) with the presence of H,O-CO,-CH, in
the mineral system. Overall characteristics of the miner-
alization and alteration patterns of the prospect indicate
that it probably belongs to an iron oxide—copper—gold-
type set-up for mineralization. The present study on
Cu—Au mineralization from the southern Bundelkhand
craton will have significant implications for further ex-
ploration and research in the area.

Keywords: Craton, granitoids, hydrothermal alteration,
mineralization, quartz reefs.

CopPPER—gold (Cu—Au) mineralization around the Suwara
area, Chhatarpur district, Madhya Pradesh (MP), India, has
been observed first-time in the NW-SE-trending quartz
reefs traversing older granitoids in the southern part of the
Bundelkhand craton in Central India (Figure 1 a). With a
total exposed area of around 26,000 km’, the Bundelkhand
craton is irregularly covered by Chambal and Ganga alluvi-
ums towards the north and northeast, while its western,
southern and southeastern sides are mainly overlain by rocks
of the Vindhyan Supergroup'. The Gwalior and Bijawar
Groups of rocks are present on the northwestern and south-
eastern sides respectively (Figure 1 b)*. Independent occur-
rences of copper and gold have been previously reported
from the northern and eastern parts of the Bundelkhand
craton™. Recent works during the last five years in various
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parts of the Bundelkhand craton have resulted in the aug-
mented findings of Cu + Au occurrences™*.

Mineralization in the Suwara area is structurally con-
trolled, epigenetic and emplaced by hydrothermal processes
of ore localization. Prominently developed ferruginization,
hydrothermal breccia (iron (Fe)-oxide matrix-dominated),
malachite staining and occurrence of copper sulphides
gold within the quartz veins are significant surface indica-
tions of Cu—Au mineralization in the study area (Figure 2).
Hydrothermal brecciation and intense ferruginization are
indicative of brittle—ductile deformation. Mineral deposits
with the dominant association of Cu—Au and Fe-oxides
have been grouped into special deposits, as ‘Iron oxide
copper—gold (IOCG)’-type’. The concept for this categori-
zation evolved after the discovery of giant Olympic Dam
breccia hosted iron oxide-Cu—Au-U-REE deposits in
southern Australia during 1975 and research advances
thereafter’ '°. Occurrences of Cu—Au mineralization + other
commodities (Ag, Ni, Ba, U and REE) from other parts of
India like Machanur in the eastern Dharwar craton, Thane-
wasna in the western Bastar craton, Khetri copper belt (Delhi
Supergroup), Salumber—Ghatol belt (Aravalli Supergroup)
and Turamdih U-Cu(—Fe) deposit in the Singhbhum shear
zone are also IOCG-type'' . In addition, the Dhani—Basri
Cu—Au prospect in the Archaean basement rocks of the
Mangalwar complex in NW Rajasthan is considered to be
of hydrothermal remobilized origin'®. This communication
deals with the features related to Cu—Au mineralization
around the Suwara area possibly, corresponding to the
‘IOCG clan’ in the southern Bundelkhand craton'’.

The study area lies in the southern part of the Bundel-
khand craton (Figure 1 b) and is around 90 km southwest
of the headquarters of Chhatarpur district, MP. Lithounits
in the area comprise granite gneisses and variants of granite,
which in turn are traversed by gabbro/dolerite dykes and
quartz reefs/veins (Figure 1 ¢). Granites dominantly cover
almost the entire area, showing variations in colour, grain
size and abundance of ferro-magnesium minerals. Shearing
is noticed in quartz reefs trending NE-SW, N-S, NW-SE
and ENE-WSW, which is marked by brecciation with fer-
ruginous, angular to sub-angular fragments of quartz within
the groundmass of quartz and ferruginous material.

Cu—Au mineralization around Suwara is mainly associated
with the NW-SE trending quartz reefs of thickness 5-20 m
and a cumulative strike length of around 900-1200 m.
Sulphide mineralization is associated with hydrothermal
alteration dominated by potassic alteration (K-feldspar—
biotite—chlorite), chloritic alteration (quartz—chlorite—Fe),
argillic alteration (quartz—chlorite—kaolinite), iron alteration
(Fe + quartz) within the ore zone (Figure 2 @ and b) and
silicification in the adjacent wall rocks (porphyritic granite).
Hydrothermal breccia exhibits a range of textures, from
incipient cracking to matrix-dominated (Fe-oxide-rich)
breccia, which is indicative of a brittle—ductile regime during
its formation (Figure 2 ¢ and d). Iron oxides (magnetite
and hematite) are observed both in the mineralized zones
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Figure 1.

a, Map of India showing the location of Bundelkhand craton. b, Simplified geological map of Bundelkhand cra-

ton (modified after Gaur and Shahid?®) showing the location of the study area. ¢, Geological map of the study area around
Suwara showing the location of alteration zones and Cu + Au mineralization (modified after Gurusiddapa et al., un-

published).

and zones of K-metasomatism within the granites occur-
ring away from the ore body, in which sulphide phases are
almost absent except for pyrite (Figure 2 /). Mineraliza-
tion of Cu—Fe sulphides (pyrite—chalcopyrite—covellite—
chalcocite—bornite) occurs as fine to coarse dissemina-
tions, stringers and clots within quartz in association with
iron oxides (Figure 2 ¢). Hydrothermal breccia (iron oxide
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matrix-dominated) was probably formed due to the leaching
of Fe-oxides during metasomatism and their redeposition to
form associated breccias®.

Ore microscopic and electron probe micro-analyzer
(EPMA) studies revealed the association of Cu—Fe—Au in
the mineralized veins (Figure 3). Sulphide mineralization
occurred in the form of disseminations, stringers and veins
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Figure 2. Field photographs showing surface indications of mineralization and associated alteration. @, Malachite stains and iron leaching in quartz
vein. b, Chloritic—argillic alteration and malachite-iron stains in quartz vein. ¢, Iron oxide-rich matrix-dominated hydrothermal breccia. d, Hand spec-
imen of hydrothermal breccia showing sub-rounded to angular quartz fragments in the iron oxide matrix in a closer view. e, Clustered grains of Cu
sulphide with probable gold. f; Drill-core sample showing magnetite as dissemination and fracture filling in silicified zones within porphyritic gran-
ites away (around 60 m) from the ore zone.

200 um 100 microns
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Figure 3. a, Photomicrograph showing openwork, permeable texture of covellite (blue) formed during conversion of chalcopyrite hosted by the
quartz vein. b, Replacement of chalcopyrite (Ccp) by bornite (Bn). ¢, Replacement of chalcocite (Cct) by covellite (Cv). d, Chalcopyrite and magnet-
ite (Mag) along fractures in quartz. e, Backscattered electron (BSE) image showing goethite (Gth) along the margins and internal fractures of chalco-
pyrite. f, BSE image showing a bright grain in quartz (Qz) identified as gold (Au) in association with iron (Fe)-oxides and chlorite (Chl).

of mainly chalcopyrite, pyrite, bornite, covellite and chal-  copyrite appeared to be anhedral in shape with visible
cocite in the mineralized veins. Chalcopyrite and pyrite  cleavage and alteration around the edges. It also occurred as
were the most dominant sulphide phases in the area. Chal-  fracture fillings within quartz and isolated disseminations.
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Table 1. Assay values of samples of mineralized quartz veins from the study area

Sample no. Alteration observed Cu (ppm) Au (ppb)

Surface samples
BRS-78 Argillic—chloritic alteration 235 40
BRS-79 Argillic—chloritic alteration 5,350 25
BRS-80 Argillic—chloritic alteration 1,910 <25
BRS-81 Argillic—chloritic alteration 7,210 <25
BRS-82 Chloritic—iron alteration 10,450 40
BRS-85 Chloritic alteration 740 <25
BRS-89 Potassic—iron alteration 1,950 450
BRS-90 Potassic—iron alteration 3,425 220
BRS/SD/1 Potassic—iron alteration 1,345 <25
BRS/SD/3 Potassic—iron alteration 1,410 <25
BRS/SD/4 Potassic—iron alteration 970 170
BRS/SD/5 Potassic alteration 2,650 <25
BRS/SD/6 Potassic alteration 1,510 <25
BRS/SD/13 Potassic—chloritic alteration 2,800 <25
BRS/SD/27 Argillic—chloritic alteration 1,575 <25
BRS/SD/28 Argillic—chloritic alteration 5,000 <25
BRS/SD/30 Argillic—chloritic alteration 11,500 <25

Subsurface samples
MPRMTB 2/22 Potassic alteration and oxidation 1,185 <25
MPRMTB-2/23 Potassic alteration and oxidation 3,600 <25
MPRMTB-2/24 Potassic alteration and oxidation 2,250 <25
MPRMTB-2/25 Potassic alteration and oxidation 2,610 <25
MPRMTB-2/26 Potassic alteration and oxidation 1,695 <25

Chalcopyrite and chalcocite were observed to be replaced
by other Cu sulphides like covellite and bornite, which are
indicative of phase alterations during pressure leaching
(Figure 3 a—c). Phase alterations involving replacement tex-
tures indicated multiple episodes of hydrothermal activity
in the area. Chalcopyrite, when not replaced, occurred as
discrete anhedral grains. Magnetite, the important oxide
phase, occurred as subhedral to anhedral disseminations in
association with other sulphides and along fractures (Figure
3 d). Goethite was also observed along the margins of
chalcopyrite at places (Figure 3 e). Gold occurred as fine
and discrete disseminations locked within quartz, pyrite
and the matrix of iron oxides (Figure 3 /). Observations
on the basis of mineral composition and microscopic ap-
pearance of textures like replacement suggest at least two
episodes of mineralization. An early phase contains semi-
massive ores dominated by pyrite and chalcopyrite, and a
later phase is represented by cross-cutting veins within
sulphides and host rocks containing chalcopyrite, covellite,
chalcocite, bornite and iron oxides. The early episode re-
lates to the mineralization hypogene processes, followed by
later supergene enrichment.

Chemical analysis of 22 samples (17 surface + five sub-
surface samples) collected from the mineralized veins was
carried out at the Chemical Laboratory, Geological Survey
of India (GSI), Bhopal, which yielded significantly anom-
alous values for Cu (upto 1.0%) and Au (25-450 ppb).
Scout drilling in the study area established mineralization
up to a vertical depth of around 60 m. Chemical trace ele-
ment analysis of the samples from the Fe-rich ore zone
and adjacent wall rocks showed TiO; < 1 wt%. Two mine-
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ralized zones with strike lengths of around 1200 and
900 m respectively, and thicknesses of 5—15 m were esta-
blished with systematic surface and subsurface sampling
of the mineralized veins. Table 1 gives analytical results
of the samples showing anomalous values for Cu + Au.

A fluid inclusion study of four samples of the minerali-
zed quartz vein (carried out at the Regional Petrology La-
boratory, GSI, NR, Lucknow) showed the presence of both
primary and secondary biphase inclusions in the samples.
Primary biphase inclusions were seen mostly in clusters.
Secondary inclusions appeared rounded, sub-rounded and
tapering in shape and were seen along healed fractures in
a linear fashion (Figure 4 a and b). Only primary inclu-
sions were studied in detail. Three types of primary inclu-
sions were found in the samples: (i) Monophase inclusions
(both liquid (L)-rich and vapour (¥)-rich): Being oblate to
oval in shape, these were mainly secondary trails often
crossing the grain boundaries with average size varying bet-
ween 5 to 15 um. (ii) Aqueous biphase inclusions (V' + L =
100% and L > V): These inclusions occurred in isolation
as well as in clusters with faceted to oval shape ranging
from 10 to 30 um (Figure 4 c¢) with degree of fill varying
from 0.8 to 0.9 (i.e. 80-90% liquid by volume). (iii) Aqueous
carbonic mixed inclusions (H,O + NaCl + CO,-type): These
primary biphase inclusions could be differentiated by a
dark rim of the vapour phase found as pseudo-secondary
trails as well as in clusters. The dark rim of the vapour phase
indicates the presence of CO, (Figure 4 d). The degree of
fill varied from 0.50 to 0.70 (i.e. 50-70% liquid by volume).
These inclusions were found as pseudo-secondary trails
and in clusters varying from 10 to 20 pm.
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Table 2. Microthermometric data of aqueous biphase inclusions from the study area
Inclusion Degree Ti ice Tm ice Th_ total Salinity (wt%  Density
no. Type Class of fill (°O) (°O) (°C) Phase NaCl equivalent) (g/cm’)
1 V+L  Primary 0.9 -23.8 -3.1 135 L 5.0117 0.9678
2 V+L  Primary 085 -38 -6 128 L 9.1875 1.002
3 V+L  Primary 0.9 -33 -3.5 119 L 5.6239 0.9844
4 V+L  Primary 0.8 =31 -39 150 L 6.2252 0.9631
5 V+L  Primary 09 -23 -11 200 L 14.9768 0.9811
6 V+L  Primary 0.9 -22 -9.9 189 L 13.8387 0.9828
7 V+L  Primary 0.85 -23 -13.1 185 L 16.9765 1.0112
8 V+L  Primary 0.8 -25 -12.5 178 L 16.4266 1.0133
9 V+L  Primary 0.85 -24 -12 176 L 15.9556 1.0114
10 V+L  Primary 0.9 =31 -11.7 156 L 15.6672 1.0268
11 V+L  Primary 09 -32 -13.2 172 L 17.0666 1.0237
12 V+L  Primary 0.8 -29 -13 183 L 16.886 1.0124
13 V+L  Primary 0.9 -22 —-11 158 L 14.9768 1.0198
14 V+L  Primary 085 245 -11.5 163 L 15.4725 1.0192
15 V+L  Primary 0.8 -23 -12 170 L 15.9556 1.0168
16 V+L  Primary 0.85 229 -13.2 175 L 17.0666 1.021
Table 3. Microthermometric data of aqueous carbonic inclusions from the study area
Inclusion Degree Tm_ice Tm_CO, Th_CO, Tm_CLA Th_total Salinity (wt% Density
no. Type Class of fill (°O) (°O) (°O) Phase (°O) (°O) NaCl equivalent)  (g/cm®)
17 CO, Primary 0.60 -12 —58 24.8 L -9 228 12.2636 0.7146
18 CO, Primary 0.50 n.o. -57.8 15 L -9 233 11.2636 0.1605
19 CO, Primary 0.70 n.o. -59 11.8 L -8 250 17.2636 0.1435
20 CO, Primary 0.50 -8 -58.6 7.2 L =7 225 15.5745 0.123
21 CO, Primary 0.60 -8 -57.8 11 L -6 275 9.5745 0.1397
22 CO, Primary 0.70 -10.8  -57.6 21 L 4.5 216 11.2378 0.7634

n.o., Not observed.

Microthermometric freezing and heating measurements
were performed on broken chips of 100-300 um thickness,
doubly polished sections using the LINKAM THMSG-
600 heating — freezing geological stage fitted on a Leica
DMLP transmitted microscope. The heating/freezing stage
operates from —195° to +600°C. Heating was performed by
LINKAM (THMSG) resistance heater, and cooling by liquid
nitrogen (LN;). The stage was periodically calibrated using
pure H,O (demineralized water; triple point = 0°C) and pure
CO, inclusions supplied by the stage manufacturer (triple
point =—56.6°C). Freezing experiments were performed first
on all sections/wafers to avoid the decrepitation of inclusions,
followed by heating. Measurements taken during melting
included the initial melting temperature of ice (Ti_ice) to
get information about the composition of the fluid and
final melting temperatures of ice (Tm_ice) and clathrate
(Tm_CLA) to determine the salinity of the aqueous phases.
Salinity was estimated in terms of wt% NaCl equivalent
based on the final melting temperature of ice (Tm_ice) for
aqueous biphase inclusions and the final melting tempera-
ture of clathrates (Tm_CLA) for aqueous carbonic inclu-
sions. The density of the aqueous biphase inclusions varied
from 0.96 to 1.02 g/cm’, and that of aqueous carbonic in-
clusions from 0.12 to 0.76 g/cm’ (Tables 2 and 3).

The temperature of total homogenization (Th total) of
the aqueous biphase inclusions was observed to be in the
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range 119° to 189°C (average 151°C), corresponding to the
salinity range 5.01 to 17.06 wt% NaCl equivalent, following
the equations of state'’ ' (Table 2). The homogenization
in aqueous biphase inclusions was in liquid state by vapour
disappearance (L + V'— L). The temperature of total homo-
genization (Th_total) of aqueous carbonic inclusions was
between 216°C and 275°C, corresponding to the salinity
range 9.57 to 17.26 wt% NaCl equivalent. The homogeni-
zation temperature of CO, phases (Th_CO,) varied between
7.2°C and 24.8°C (Table 3). The homogenization in aqueous
carbonic inclusions was in liquid state by vapour disap-
pearance (LCO, + VCO, — LCO,). An assemblage of liquid
CO,-clathrates was observed in the aqueous carbonic inclu-
sions, which complicated ice melting®. As a consequence,
final ice melting was not observed in a few inclusions due
to the presence of clathrates.

The initial ice melting temperatures of —22°C to —38°C
observed in aqueous biphase inclusions suggest the presence
of some amounts of MgCl, salt along with NaCl and KCl
salt in the fluid system”'. The observed temperature of final
ice melting varied from —3.1°C to —13.2°C, corresponding to
the salinity range 5.01-17.06 wt% NaCl equivalent (Table
2). The average first ice melting temperature of —28.25°C
suggests that the major dissolved component in the aqueous
phase is NaCl, attributed to a compositional system of NaCl—
H,0 £ KC1 £ MgCl, for fluids. The melting temperature
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Figure 4. Fluid inclusions in samples of the quartz vein with sulphide mineralization from the study area.

a, Primary and secondary inclusions. b, Occurrence of primary inclusions in the cluster. ¢, Aqueous bi-
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of CO; (Tm_CO,) ranged from —57.6°C to —59°C, i.e. be-
yond that of pure CO, ice (—56.6°C), which indicates that
the fluid is dominated by CO, along with small amounts
of CHy (Table 3). The associated presence of CO, and CH,
suggests that the fluid probably resulted from the mantle
source of magmatic origin, as observed in IOCG systems®.
The final melting temperature of clathrates was observed to
vary between —9°C and 4.5°C, suggestive of melting in the
presence of liquid CO,—liquid, CO,—vapour and salt solu-
tion™.

The temperature of homogenization (Th aq)-salinity
plots (Figure 5) for the inclusions showed the presence of
two types of fluid in the area, viz. (a) low salinity and low- to
medium-temperature fluid and (b) medium salinity with
medium temperature fluid (Figure 5). The clustering of ho-
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Temperature of homogenization (Ty aq)—salinity plot for the study area.

mogenization temperature suggests the mixing of fluids
with contrasting salinities. On the basis of the above results
of fluid inclusion studies, it can be inferred that mineraliza-
tion in the study area took place from the fluids with a
temperature of around 150°-245°C (epithermal regime).
The discussed characteristics of the Suwara Cu—Au pro-
spect proposed on the basis of field and laboratory studies
show its resemblance with IOCG-type mineralization, as
reported worldwide'® and from other localities of India
like Thanewasna, Machanur, Khetri copper belt and Salum-
ber—Ghatol belt'' . The following features strengthen its
eligibility to be categorized under IOCG-type by satisfying
the latest defining parameters, which are as follows’: (1) Cu
as the dominant metal with associated Au. (2) Close affinity
of Cu—Fe sulphides and iron oxides (magnetite—hematite)
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with the presence of low-sulphur sulphides (chalcopyrite—
covellite—chalcocite-bornite)'’. (3) Structurally controlled
epigenetic hydrothermal mineralization like other deposits
in India'""*. Mineralization is confined to quartz reefs
emplaced along an NW—-SE-trending fracture system de-
veloped within the Bundelkhand granitoids. (4) The tem-
perature of ore-bearing fluids in the range 150°-245°C is
comparable to that of the Thanewasna deposit'* and well cor-
relatable with many IOCG systems worldwide™®. (5) Signif-
icantly developed alteration zones: K-metasomatism of
wall rocks in distal zones'® and potassic/argillic/chloritic/
iron alteration in the ore zone as reported from other pro-
spects situated in the cratonic areas in India'"'>. (6) Pres-
ence of hydrothermal breccia with iron oxide-rich matrix as
also reported from the Salumber—Ghatol belt, Machanur
and Thanewasna in India'''®" (7) Low TiO, content
(<1 wt%) in hematite-rich portions in the ore zone’. (8) Sa-
line mineral fluids (Na—K—Cl-bearing) with the presence of
H,O-CO,—CH4 in the mineral systemg‘22 (similar fluid
composition was observed at Thanewasna and Salumber—
Ghatol belt), with salinity varying from 5 to 17 wt% NaCl
equivalent, which is within the observed range of IOCG sys-
tems worldwide®. (9) Significant depth continuity of oxida-
tion zones as observed in subsurface mineralized samples®.
(10) Location of the prospect near the cratonic margin'
(comparable to the Thanewasna deposit'?). Thus, consider-
ing the aforementioned field features of mineralization
(Cu-Fe—Au) and associated alteration supplemented by
laboratory studies, Cu—Au mineralization at Suwara may
be attributed to IOCG-type.
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