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Low-Al tourmalines of ‘oxy-dravite’—
povondraite series from Cu—Au deposit
of Ghagri area, Salumber—Ghatol belt,
Aravalli Supergroup, Rajasthan
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Petrology and mineral chemistry of tourmalines from
Cu-Au deposit in the Ghagri area, southeast Rajast-
han are presented. The Cu—Au deposit is formed dur-
ing the initial phase of Palaeoproterozoic Aravalli
basin evolution with dominant deposition of shelf
facies pelite-carbonate sequence of the Debari Group.
This study suggests that the tourmalines possess a
major povondraite component and follow an ‘oxy-
dravite’—povondraite crystallization trend. Extensive
ultra-alkaline alterations, reported presence of sca-
polite-bearing assemblages, development of povon-
dratic tourmalines and high Mg-bearing dravitic
tourmalines with affinity to ultra-saline environments
suggest that the tourmaline-bearing alteration zones
in Cu—Au deposits of the Salumber—Ghatol belt have
developed in an evaporitic environment.

Keywords: Cu-Au ore deposits, evaporites, hydro-
thermal, oxy-dravite, povondraite, tourmaline.

TOURMALINE, a common mineral in metal deposits of all
kinds, is developed as a consequence of infiltration of
boron-bearing hydrothermal fluids and can have a wide
range of modal abundance (from accessory amounts to
mono-mineralic layers called tourmalinites) and composi-
tions that are representative of the bulk composition of
the host lithologies and the invasive fluids'. It has a gen-
eral formula’, XY376(Ts018)(BO3); VW (where X = Ca,
Na, K, vacancy; Y =Li, Mg, Fe?*, Mn?', Zn, Al, Cr¥,
V3R, Ti Y 2= Mg, AL Fe*', Cr’f, V' T =Si, Al B;
B =B, vacancy; V=0H, O, and W = OH, F, O). Fourteen
species exist within the tourmaline group and the most
common ones are elbaite, schorl and dravite. Among its
mineral species the iron-rich and alumina-depleted end-
member povondraite (studied earlier as ‘ferridravite),
with a crystal structure similar to buergerite has a chemical
formula NaFe3'Fed Sig015(BO3)s, (0,0H), (ref. 4). ‘Oxy-
dravite’ is the preliminary working name for a new member
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of the tourmaline group related to dravite by substitution
on an OH by an O, the altered charge balance being com-
pensated by replacing one Mg by a trivalent Al/Fe (its
usual reference under quote implies that the new name
awaits IMA approval). Hawthorne and Henry” showed
that the ideal formula of povondraite is NaFe3'-
MngeZ+Si6018(BO3)3, (O,0H)4 and that a solid-solution
exists between povondraite of composition NaFe3'-
MngeZ+Si6018(BO3)3, (O,0H),4 and ‘oxy-dravite’ NaMg-
ALMgAlsS8160.5(BO3);, (OH);0. Povondraites and the
intermediate members of the ‘oxy-dravite’—povondraite
series are rare” . In this article we report tourmalines that
possess intermediate composition between ‘oxy-dravite’
and povondraite in an ‘oxy-dravite’—povondraite series
from a Cu—Au deposit of the Ghagri area in southeast
Rajasthan and discuss the genesis of the deposit.

Geology

The Precambrian rocks, classified under Archaean (rocks
older to ~2.5b.y.) and Proterozoic (rocks formed bet-
ween ~2.5 and 0.6 b.y.), occur in cratonic regions of the
shield areas in all the continents. The Peninsular Indian
Shield is a mosaic of cratonic regions of Dharwar, Bhan-
dara—Bastar, Singhbhum, Bundelkhand and Aravalli, with
their margins demarcated by shear zones and/or major
fault systems. The cratonic regions are not only important
for us to gain insight into the early history of the earth,
but also because they constitute a storehouse of precious
metal (Au, Ag), base-metal (Cu, Pb, Zn), ferrous metal
(Fe, Mn) and rare metal (Pt, Pd, U, etc.) deposits.

The Aravalli craton in western India (Figure 1a) is a
repository of a variety of ore deposits (Pb, Zn, Cu, Au,
W, Ag, U), which makes it one of the best metal provinces
of India. The craton has recorded an uninterrupted Pre-
cambrian geological history (Figure 1 «) that manifested
in the 3.3 b.y. (ref. 8). to 2.5b.y. old (ref. 9) Archaean
basement and two spectacular intersecting Proterozoic
fold belts, viz. the older Palacoproterozoic Aravalli fold
belt and the younger Meso- to Neoproterozoic Delhi fold
belt. Since Heron'?, various schemes of classification for
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the Proterozoic fold belts have been proposed'™'?. The
rocks of the Palacoproterozoic Aravalli Supergroup occur
in an inverted V-shaped basin towards the southeastern parts
of the Aravalli Craton and are classified'! into Debari,
Udaipur and Jharol groups, each of which represents dis-
tinct depositional facies (with sparsely interspersed vol-
canic rocks, for example, Delwara volcanics in Debari
Group). There is a paucity of absolute ages for the rocks
of the Aravallli Supergroup. However, mention may be
made of the basal Delwara volcanics that occur at the
base of the Delwara Formation, and have yielded an age
of ~2000 Ma (ref. 13) and U-Pb zircon ages of albite-
rich rock from Bhukia area'” that range between 1740 and
1820 Ma (ref. 14).

The 60 km long Salumber—Ghatol belt constituting the
easternmost sector of the Aravalli Fold Belt in southeast
Rajasthan exposes the rock sequences of the Debari Group.
Shekhawat et al.'> have classified these rocks into the
lower Salumber Group and the upper Jaisamand Group,
with the granitoids of the region being intrusive into the
former and basement to the latter. The sequence has
undergone polyphase deformation and a single metamor-
phic recrystallization event under green schist facies of
metamorphism. This region is endowed with several Cu—
Au deposits located at Bhukia, Ghagri, Dugocha, Hinglaz
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Figure 1.

a, Regional geological map of Rajasthan (simplified after
Gupta et al.''; the Ajmer Formation shown is after Fareeduddin
et al.'®). b, Detailed geological map of Ghagri Cu—Au prospect.
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Mata, Timran Mata, Manpur, Kukra and Rajpura areas in
structurally favourable loci'®!.

The Ghagri area situated about 15 km east of Salumber,
exposes thick polymictic conglomerate overlying basement
gneisses (Banded Gneissic Complex) and, in turn, over-
lain by Delwara units that include mafic metavolcanics,
dolomite and carbonaceous phyllite/chlorite schist and
quartzites. The contact between dolomite and the mica-
phyllite sequence is gradational. In the Cu—Au-Fe-oxide
deposit area, mineralization occurs within dolomite with
fairly extensive wall rocks manifested in the form of distal
K-feldspathic (microclinites) rocks and proximal albitized
dolomite rocks (ADR). The latter varies in thickness from
less than a half a metre to about 20 m and invariably
shows thickening and thinning feature (Figure 15). At
times it is gritty in nature, consisting of fragments of chert,
vein quartz and secondary carbonate encrustations. EPMA
study has indicated that the feldspar in albite-carbonate
rocks represents pure albite end-member and carbonates
are distinctly dolomitic in composition (Table 1).

Tourmalines of Ghagri area

Tourmaline in the Ghagri Cu—Au deposit occurs in (i)
massive sulphide horizons and (i1) in ADR. In sulphide-
rich zones, two types of tourmaline occur, viz. (1) Sheaves
and clusters of coarse prismatic purplish-brown tourma-
lines with interstitial albite and sulphides (Figure 2 o and
b). They also form tourmalinite layers and lenses that are
inter-fingered with the layers containing albite + carbo-
nates and magnetite. (i1) Coarse-grained, euhedral, green-
ish, zoned tourmalines that occur in clusters with
interstitial development of sulphides (Figure 2 ¢), maghe-
matites, dolomites and rarely muscovites in semi-massive
to sparsely sulphidic zones. These tourmalines are frac-
tured, with fractures healed by sulphide ores. In ADR, the
tourmalines occur as very fine size (10-50 um), discrete,
subhedral grains that constitute very fine, 2—6 mm size
layers of tourmalinite that alternate with layers of albitite.
The tourmalines in this unit also occur as simultaneously
crystallized albite—tourmaline phases, wherein tourmaline
occurs as anhedral patches within albites and also albite
crystallizing as blebs within tourmalines.

EPMA study of the tourmalines (Table 1) indicates that
the purplish tourmalines are poorer in alumina (average
24.99 wt%) then the green tourmaline (average 28.70 wt%).
The tourmalines of ADR have moderate abundance level
of alumina (average = 25.75 wt%). The purplish tourma-
lines are iron-rich (average FeO = 14.37 wt%, MgO =
7.03 wi%; Xmg = 0.47), whereas the green tourmalines
are Mg-rich (average FeO =7.22 wt%, MgO = 8.81 wt%;
Xme = 0.7). The tourmalines of ADR appear to be inter-
mediate between the green and purplish tourmalines
(average FeO = 12.58 wt%, MgO = 6.78 wt%; Xy, = 0.51).
In Ca—X-site vacancy—Na + (K) diagram (Figure 3 a) all

CURRENT SCIENCE, VOL. 99, NO. 7, 10 OCTOBER 2010



RESEARCH ARTICLES

"JSUISIUT OT]} U0 S[qe[TeAt A[o0I] ‘Tuery Wil pue ue[og oTnf Aq pedojossp a1emijos 921 9[pull], Apuy Suisn paje[nofe)),

“aroredueg 1SO ¢ 2qordordI wonod[y 001XS VOHAINV. Sursn pasifeuy,
“1sanbar uodn pepraoxd oq pynom pue sioyne o) YUm d[qeleae sisk[eue [[n],

1€°0 ¥9°0 LE0 0L'0 LLO €90 L¥'0 [40] 10 SNX

oT'61 8¢61 6881 L6'81 061 0681 0T'61 6T'61 8061 wngien

€00 L0°0 000 900 60°0 200 €00 L0°0 000 ux

100 200 10°0 000 10°0 000 10°0 200 100 .|

L8°0 £6°0 18°0 880 760 ¥8'0 £8°0 L8°0 8L°0 EN

10°0 200 000 000 200 000 000 000 000 vd

60°0 LT°0 10°0 900 60°0 200 ¥1°0 810 60°0 DX

10°¢ 0g'e LL'T L6'T 90 88'C IT'e 81t £0'E AX

000 000 000 10°0 800 000 000 000 000 !

000 000 000 000 000 000 000 000 000 uz

98'1 6L'T L0'T 10°1 81’1 0L'0 01°'e [4%4 oL'1 +°d

100 200 000 000 10°0 000 10°0 10°0 000 U

801 LT 8%°0 L8'1 £T'T 87’1 L6°0 el 790 S

000 10°0 000 000 200 000 000 10°0 000 0D

80°0 LT°0 10°0 800 ¥1°0 200 €00 1o 100 ILiA

1L°0 8¢'1 810 £€°0 1€°0 [0} 0] 980 or'1 610 S

6T'¢ 8¢ [©h% L9°¢ 06°¢ 6¥'s 4% 1¢°¢ 8t vz

00'¢ 00’ 00’ 00’ 00'¢ 00’ 00'¢ 00’ 00'¢ d

000 000 000 10°0 900 000 000 000 000 v

(48] ¢1'9 809 €09 €19 ¥6'¢S 119 19 90’9 IS:L
L(d “HO ‘) suotue T ¢ U0 poseq B[AULIO] [eIN}ONIS
000 000 000 200 [4N0] 000 000 000 00°0 O]
€66 8¢°01 (43 101 9801 9801 L6'6 £T01 SL'6 L0'd
er'e 8¢'E 8T'¢ 8¢'E SL'e 8¥'¢ e £6°¢E LEE O'H
8¢'66 6L'66 ¥6'¢¢ ¥8'¢8 (492 88'C8 16'v8 L8 698 70'¢8 16'¢8 0L'¢€8 [e10],
891 900 LT°0 900 60°0 £0°0 200 ¥0'0 000 €00 800 €00 o™
LT°0 8911 000 8¢'T €8T (454 0L'T 96'C [4%4 T 8¢T 8T'T O%N
9T'0 000 200 010 8T0 000 €00 €T0 000 100 900 000 oed
0 000 790 800 <10 000 200 900 000 ¥0°0 L0°0 000 OUN
0 100 09'1¢ LY'0 880 900 €0 810 £1°0 L0 £6°0 L0 oed
0 000 LE'TT 8L'9 oL'L 86°¢C 188 68'6 0L'L €0'L yT'L 6L'9 O8I
900 18°0 901 8¢CI L¥'81 ¥o'L L 01 §T'¢ LETT 80°'LT L6'T1 0°d
0 000 10°0 ¥0°0 000 £0°0 110 000 100 900 000 oL e)
L6'LT 8761 000 SL'ST ££°6T 1T 0L'8T erle 80'LT 66'1C 0¢'LT 8T'€T OV
10°0 000 000 19°0 9T'1 11°0 €90 LO'T £1°0 ¥E'0 680 L0°0 ‘oL
12+9 SL'LY 000 £0°¢e 89'9¢ Stee 019t 8L'LE 967 ¢ 00°¢e 89°¢E 8I've ‘o8

QUI[OOIOTIN qIy opwojo] ¢ = X oSeroAy  WNWIXelN — WAWITUTN ¢T = X aSeroay WNUWITXBI WNWTUTI g =X oSeIoAy  WNUWNXB]N  WAWIUTN

QUITRULINGY PAISOY-YAV

suTeunINo} US0I3 poysoy-opmyding

surjeurino) ojdind pejsoy-opryding

B3I LIYSEUD WOy S[RISUIW JSYI0 PUE SUIEWLNO] JO SISA[eUR [eOIWSY)

‘T 919%L

935

CURRENT SCIENCE, VOL. 99, NO. 7, 10 OCTOBER 2010



RESEARCH ARTICLES

the tourmalines of this area plots in the field of alkali
group tourmalines near the Na + (K) end. The alkaline
nature of the tourmalines is further confirmed by their
X-site, which is dominated by Na (purplish tourmaline —

Figure 2. Photomicrographs showing (&) prismatic plates of purplish
tourmalines in groundmass of dolomite and albite, plane polarized light
(PPL); (b) Intergrowth of purplish tourmalines, with sulphides (dark).
The other minerals present are dolomite (turbid) and albite (white),
PPL; (¢), Zoned green tourmaline developed in sulphide-rich zones.
Note that the euhedral tourmalines are intensely fractured and the frac-
tures are healed with the sulphides, PPL.
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0.78-0.87 apfu; green tourmaline — 0.84-0.92 apfu; ADR —
0.81-0.93 apfu). All the tourmalines are Al-deficient
(<6 apfu) and when the data are plotted on an Al-Fe-Mg
ternary diagram (Figure 3 b and ¢), it can be seen that all
types of tourmaline from the Ghagri area have Al content
that falls below the dravite—schorl join and plot in the
field of Fe*'-rich quartz tourmaline rocks, calc-silicates
and metapelites. The most significant feature of the tour-
maline chemistry is that they plot along the ‘oxy-
dravite’—povondraite join (Figure 3 ¢).

Henry ez al.” have devised a series of diagrams that
show important site substitutions and the influence of dif-
ferent exchange vectors in tourmalines. In Mg—Ca versus
Fe diagram (Figure 4 ), the Ghagri tourmaline data plot
along a line that represent dravite—schorl join and are
parallel to MgFe-1 exchange vector. In Al + Ca versus Fe
diagram (Figure 4 b), two distinct clusters are observed
for purplish and green tourmalines with ADR tourmalines
getting distributed in both clusters, but when taken
together the Ghagri tourmalines distinctly define a domi-
nant MgFe-1 exchange vector. Henry ef al.” have demon-
strated that the Al versus Fe subsystem can be isolated by
accounting for the influences of other constituents, such
as Mg, Ca, Ti and X-site vacancies, through projection of
the exchange vectors that most likely introduce these
constituents. This type of representation results in the
dravite and schorl end-members being projected to the
same point along the ‘oxy-dravite’—povondraite join. An
implication is that tourmaline having Al-X-site vacancy +
Ca values that plot along this join, but significantly less
than that of the dravite/schorl projected point, is most
strongly influenced by FeAl-1 exchange. Conversely,
tourmaline with Al-X-site vacancy + Ca values along this
join but significantly greater than the dravite/schorl pro-
jected point, is mainly influenced by AIO(R(OH))-1
exchange. In Al-X-site vacancy + Ca versus R + X-site
vacancy — Ca + Ti diagram (Figure 4c¢) the tourmaline
data in general array parallel to the ‘oxy-dravite’—
povondraite join, but the distribution of the two major
types of tourmaline appears to be different in that the
purplish tourmalines plot above the dravite/schorl pro-
jected point, and therefore must have been influenced by
FeAl-1 exchange. On the other hand, the green tourma-
lines plot below the dravite/schorl projected point and are
strongly influenced by AIO(R(OH))-1 exchange.

These plots indicate that: (i) the Ghagri tourmalines in
general are characterized by MgFe-1 exchange vector,
but when the Al versus Fe subsystem can be isolated by
accounting for influences of other constituents, such as
Mg, Ca, Ti and X-site vacancies, the distinction between
the two types of tourmaline becomes more apparent, with
purplish and green tourmalines showing the influence of
FeAl-1 and AIO(R(OH))-1 exchange vectors respectively;
(i1) these tourmalines plot close or parallel to the “oxy-
dravite’—povondraite join and therefore represent mineral
species belonging to this solid solution series. Higher
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tourmalines from the area under study. Note that all the tourmaline analyses fall within the alkali-group field. b,
Al-Fe""-Mg diagram (after Henry and Guidotti?*) for tourmalines from Ghagri area. Different regions in the
diagram represent compositional range of tourmalines from different sources. (A) Li-rich granitoid, pegmatities
and aplites; (B) Li-poor granitoids, pegmatites and aplites; (C) Fe*'-rich quartz—tourmaline rocks (hydrothermally
altered granites); (D) Metapelites and metapsammites co-existing with an Al-saturating phase; (E) Metapelites
and metapsammites not co-existing with Al-saturating phase; (F) Fe**-rich quartz—tourmaline rocks, calc-silicates
and metapelites; (G) Low-Ca metaultramafics and Cr, V-rich metasediments and (H) Metacarbonates and meta-
pyroxinites. ¢, Al-Fe—Mg diagram showing ‘oxydravite’—povondraite trend for tourmalines of the Ghagri area.

concentration of Fe®' places the tourmaline closer to
‘oxy-dravite’ than povondraite in this series.

Discussion

Tourmaline chemistry is a sensitive indicator of the envi-
ronment in which its mineral species crystallize. The
Ghagri tourmalines are alkali-rich, with Na being the
dominant alkali element present and with tourmalines
having small amounts of X-site vacancy. This composi-
tion is consistent with tourmalines in equilibrium with an
aqueous fluid enriched in Na with albite”'®. The ‘oxy-
dravite’—povondraite tourmalines have Mg of ~2.0 apfu,
typically have O, as the dominant occupant of the W site,
and exhibit chemical variations in accordance with the
FeAl-1 and/or AlO(Fe(OH))-1 exchange vectors’. In
Ghagri area all the tourmalines are significantly deficient
in Al (<6 apfu), consistent with a dominance of FeAl-1
exchange. These features together are consistent with an
environment of formation that was relatively oxidizing
with a low H,O activity such as a saline environment.
Tourmalines with similar composition are reported from

CURRENT SCIENCE, VOL. 99, NO. 7, 10 OCTOBER 2010

evaporate-bearing assemblages of Alto Chapare, Bolivia,
Challenger knolls, Gulf of Mexico and Liaoning, China®~".
The occurrence of povondratic tourmaline in mineral-
ized zones of Cu—Au deposit of Ghagri area has some
important implications for the models proposed for the
origin of such deposits. The two commonly quoted and
intensely argued'®?" sources of fluids for Cu—Au * iron-
oxide deposits include: (1) magmatic—hydrothermal source
and (i1) non-magmatic evaporitic source. The magmatic
model requires an alkali-rich magmatic source that
accounts for subordinate Fe-oxide and relatively large Na
(£ K) alterations. The evaporitic model requires surface-
derived or basin-derived fluids which mingle with igne-
ous-derived solutes that flow along a large-scale plumb-
ing system and manifest in the form of extensive albitic
and related alteration zones. Significant mineralogical
and geochemical inhomogeneity would be expected in the
non-magmatic system than in the magmatic system. The
evaporitic model explains sufficiently enormous volumes
of sodic alterations normally associated with this kind of
deposit. Such sodic alterations are pervasive in this
70 km long Salumber—Ghatol belt. This evidence together
with the presence of high Mg-dravite and scapolite-bearing
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assemblages associated with mineralization at Bhukia®
advocate for an evaporitic source model for the formation
of Cu—Au-bearing horizons of this region. Occurrence of
‘oxy-dravite’—povondaritic tourmalines in Ghagri Cu—Au
mineralized zones further supports an evaporitic source
for the metal-rich alkali and boron-bearing fluids of the
Salumber—Ghatol belt.
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