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The present study deals with the fluid inclusions in quartz, topaz, fluorite
and siderite from the Rewat Hill wolfram deposit, Rajasthan. The material
for study was collected very carefully to represent various stages of min-
eralization and paragenetic sequence. The tungsten mineralization appears
to have taken place between the temperatures 355° and 410° C at a shallow
depth at lithostatic pressure of approximately 400 atm in the critical region
of liquid-gas transition phase and can be classed as a high temperature hydro-
thermal mineralization. The mineralizing fluids were probably chlorides and
fluorides of Fe, Mn and W or some complex alkali fluochloro-tungstate solu-
tions at or above the critical temperature, The wolfram mineralization
belongs to the second stage of the seven different stages of mineralization
which have been established.

INTRODUCTION

- The use of inclusion thermometry for investigating ore-forming fluids,
preserved in minerals as gas and liquid inclusions, helps in solving certain
problems related to the genesis of endogenic ore deposit.

The present study deals with the fluid inclusions in quartz, topaz, fluorite
and siderite from the Rewat Hill wolfram deposit, Rajasthan. The
material for study was collected very carefully to represent varioug stages of
mineralization and paragenetic sequence. The object was to determine the
temperature range during mineralization as indicated by fluid inclusions and
its effect on the geochemistry of the ore deposit (the detailed account of the
mineralogy will be published elsewhere).

Previovs WoRK

A geological account of the Rewat Hill wolfram deposit was published
by Heron (1935) and subsequently by Roy (1958). The unpublished reports
of investigations by Krishnaswamy (1959) and Auden (1941) also deal with
the geological description of the deposit.' No work appears to have been
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done about the genesis of this deposit hitherto. The application of inclusion
thermometry for studying the genesis of ore deposit is being used for the first
time in India.

DEscrrpTION OF THE DEPOSIT

The deposit occurs as quartz-wolfram veins in phyllite and granitic
rocks, the former representing the Aravalli formation and the latter the
Malani granites. The main hill and the contiguous small hills are of well
differentiated granitic rocks like coarse- and fine-grained biotite-granite,
sodaclase-granodiorite-aplite, quartz-monzonite-porphyry, granodiorite and
small quartz bosses, all intruded in the phyllite. Phyllite xenoliths are very
common in granitic rocks. The third hill is isolated and entirely composed
of phyllite with many quartz, quartz-topaz and aplite veins.

The major structural feature of the Rewat Hill is a southerly plunging
(20° S) anticline of phyllite having a nose in the third hill. The crest of
the anticline is occupied by the granitic intrusion. Two different periods of
deformation have been recognized here. The shear and longitudinal fractures
were developed during the first deformation related to the folding; this was
followed by the second deformation resulting in second order recumbent
folds, wrench-faults and shear and cross fractures (Dekate 1962). The
mineralization probably commenced and continued during and after the
second deformation.

Two major types of ore deposits are found, viz. veins and stockworks.
The former are more important, occupying the pair of conjugate shear frac-
tures and also some minor longitudinal and cross fractures. The veins are
of quartz-wolfram, quartz-topaz and quartz-topaz-fluorite with other asso-
ciated metallic minerals. The stockwork deposits are in the crushed, brec-
ciated quartz bosses and are formed as a result of numerous small fracture
fillings.

The following stages can be recognized in the paragenetic sequence of
mineral deposition in the Rewat Hill as worked out by the author:

(i) maghemite-stilpnomelane stage,

(ii) quartz-wolframite stage,

(iii) greisening and Na-Li-F mineralization,
(iv) sulphide stage,

(v) phosphate-carbonate stage,

(vi) supergene U-Bi mineralization, and
(vii) supergene Fe-W oxidation.

PROCEDURE

Samples of quartz associated with the different stages of mineralization
were chosen for liquid inclusion study. Similarly, samples of topaz, fluorite
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and siderite, which would indicate the temperature range of deposition of
minerals in different stages, were selected for study.

The heating apparatus is the same as that described by Ermakov (1950).
A Dimmerstat continuous variable autotransformer with a Variac resistance
was utilized to maintain the rate of heating at 5° C per minute. A Pt-Pt. Rh
thermocouple calibrated with a pyrometer was used to measure the
temperature.

The plates of minerals were studied to differentiate primary inclusions
from the secondary ones. The inclusions were observed in transmitted
light during heating and change of volume of vapour bubble was recorded
at regular intervals of temperature. The temperature of homogenization of
phases was accurately noted.

Qualitative chemical analyses of the water extract of crushed samples
of quartz and fluorite were carried out to ascertain the nature of fluids in
the inclusions. Samples of 1 kg were crushed to the size (5 u and less) which
would possibly open the inclusions and the powder was kept in distilled water
for 48 hours, stirring frequently. The extract after filtration was evaporated
to reduce the volume and analysed. The pH value of each of the water
extracts was measured.

REsvLTs

(1) Inclusions in quartz—Quartz is associated with most of the stages
of mineralization and hence the physico-chemical conditions of its crystalliza-
tion from the ore-forming fluids should broadly characterize the complete
process of mineralization of the wolfram deposit. The details of the tem-
perature of formation of inclusions in quartz are given in Table I.

(@) Quartz I —Small irregular grains and phenocrysts (up to 8 mm dia.)
of quartz, light grey in colour and at times transparent, were examined from
different granitic rocks and quartz bosses. They are highly crushed having
numerous primary, secondary and apparently secondary fluid inclusions.

Primary two-phased inclusions (crystal +-gas) did not show any change
in the phases up to 600° C but in other inclusions (glass-}-gas) at 590° C the
gas bubble seemed to spurt through the molten glass. Since the range of
the heating stage was about 600° C only, the temperature of homogeniza-
tion could not be ascertained. The glass again solidified on cooling at 580° C
splitting the gas bubble into numerous minute ones. The presence of many
gaseous and multiphased secondary and apparently secondary inclusions
indicates richness of volatile constituents in the magmatic melt at this stage.

(b) Quartz II.—It is associated with wolfram, greyish white to milky
in colour, crushed, fractured and traversed by topaz-fluorite veinlets. The
inclusions are essentially of the same type as in quartz I except that the
glass-gas inclusions are absent. A varied nature of homogenization of phases
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within a range of 355-410° C is observed; some homogenize in gaseous phase,
some with inversion points and others in liquid phase at critical point as
recognized by Ermakov (1950). Some two-phased (gas+halite) inclusions
homogenize between 405° and 410° C into the gaseous phase. According to
Olander and Liander (1950) who studied phase equilibrium of H,0-NaCl at
supercritical temperature of water, the gas phase at the temperature of 400° C
and 403 kgf/em? contains 5 per cent by weight of NaCl having the partial
pressure of 20 atm. With the fall of temperature the halite crystal sublimates.

(¢) Quartz I11.—It is milky, occasionally translucent, often fractured
and associated with topaz and fluorite. It belongs to the greisening stage
and period of Na-Li-F mineralization. The plates prepared for the study of
liquid inclusions show numerous primary and secondary, two- and three-phased
inclusions, rounded to irregular in shape. The three-phased inclusions are
very rare. The temperature of homogenization of primary inclusions, some
in gas phase while others in liquid phase, range between 380° and 430° C. The
temperature of homogenization of inclusions in different growth zones of one
of the plates of quartz crystal is given below:

Zone Temp. in °C Homogenization
phase

Inner 420-425 Gas

Middle 400-405 Liquid

Onter .~ 385-390 Liquid

This indicates the gradual fall of temperature and the ‘ pulsating ’ nature
of the mineralizing solutions.

The temperature of homogenization of secondary inclusions ranges from
215° to 235° C.

(@) Quartz IV.—It is with sulphide mineralization, transparent to trans-
lucent, rarely milky in colour. Well-developed crystals are extremely rare.
Four growth zones could be recognized in one of the partly-developed crystals.
The liquid inclusions were practically all two-phased and a few multiphased.
The temperature of homogenization in primary inclusions in liquid phase
ranges from 190° to 260°C. The zoned crystal indicated the following
temperatures of cavity fillings:

Zone Temp. in °C
First (innermost) 255-260
Second 225-230
Third 205-210
Fourth (outermost) 180-190

The secondary inclusions which were also two-phased had a temperature
range of 130-155° C, homogenizing into liquid.
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(¢) Quartz V.—It is associated with late sulphide minerals, transparent
to milky in colour. Most of the inclusions are uniphased (liquid only) but a
few two-phased (liquid {-gas) primary inclusions are observed which have
temperature range of homogenization in liquid phase of 90-130°C. The
secondary inclusions are mostly uniphased (liquid only).

(2) Inclusions in topaz.—Topaz occurs in quartz-topaz veins, stringers
and in the zones of greisening. It is uniformly pale brown, massive and
crystalline. The inclusions are numerous and morphologically variable.
They are two- and three-phased. The temperature of homogenization of
different phases into liquid phase is between 365° and 390° C (Table I) indi-
cating that it is a high temperature hydrothermal mineral in this deposit.

The secondary inclusions have much lower temperature of homogen-

ization.
TaBLE I

Temperature of homogenization in primary inclusions in minerals
(Uncorrected for pressure)

: 4y BB : B
25 %8y TEy EBis wge 28
Mineral © 8 2 ‘g = R é B &4 g‘ g8 o t0 S Remarks
I TLEN I T T L
F8 a8 287 zggo 5% Rg
Quartz I Epimag- 5 18 100:0:0 Above Glass
matic 95:0:5 - 600 starts
15-20 : 0 : 85-80 t melting
at 690°
1 Glass
Quartz IT II 7 110 100:0:0 355-410 Gas and
95-98 : 0 : 5-2 liquid
50-55 : 50-45 : 0
Quartz I11 111 3 19 50-55 : 50-45 : 0 400430 Gas and
3040 : 60-55 : 10-5 liguid
Quartz IV v 3 20 15-20 : 85-80 : 0 190-260 Liquid
(Early) 5-10 : 95-85 : 0-5
Quartz V v 2 9 0:100:0 90-130 Liquid
(Late) 5-10: 95-90: 0
Topaz II1 4 32 45-55 : 55-45 : 0 365-390 Liquid
35:55:10
Fluorite I 111 2 10 30-35 : 70-65: 0 310-370 Liquid
256-30 : 65-70 : 10-0
Fluorite IT v 1 3 0:100:0 6065 Liquid
0-2 :100-98 : 0
Siderite v 1 2 0:100:0 70-80 Liquid

0-4:100-96: 0

* G = Gas; L = Liquid; 8 = Solid.

(3) Imclusions in fluorite—Fluorite has restricted occurrence with topaz
in greisen in the main hill and with topaz-wolfram in the adjoining small hill.
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It has three distinet colours—green, pale brown and colourless. The first
two varieties are intimately associated with each other and with topaz
(Fluorite I); the last one is associated with collophane (Fluorite II). They
belong to two distinct generations.

Fluorite I is crystalline and massive, containing two- and multiphased
primary inclusions of varying shapes. The solid phase is identified as halite.
The temperature of homogenization, in liquid phase, of primary inclusions
ranges between 310° and 370° C. The secondary inclusions are mainly two-
phased (liquid +gas) and uniphased (liquid only).

Fluorite II is crystalline, very fine-grained, associated with phosphate
mineralization. Primary inclusions are very few, both uniphased and two-
phased, where the gas is always less than 2 per cent of the total volume of
inclusions. The temperature of filling of the vacuole in liquid phase ranges
between 60° and 65° C. The details about the inclusions in fluorite are given
in Table I.

The fluorite in the wolfram deposit is purely a hydrothermal mineral.
The occurrence of halite crystals in the inclusions indicates that the ore-
forming solution was saturated with NaCl. :

(4) Inclusions in siderite—The mineral is of clove brown colour, crystal-
lizing in cavities in the quartz-pyrite-chalcopyrite veins. The inclusions are
very rare in this mineral. Some two-phased primary inclusions showed the
temperature of cavity filling by liquid phase as 70-80° C (Table_I).

NATURE oF ORE-FORMING FLUIDS

The paragenetic association of different minerals, temperature and
pressure of mineralizing fluids and structural features of the deposit indicate
that the process of mineralization occurred in different stages and it started
with a supercritical state of the mineralizing fluids. From the fluid inclusion
data, it hardly seems feasible that the ore-forming fluids had a concentration
change greater than 0-1 g/l. and in a great majority of cases it appears to
have been much less than this (Roedder 1960).

The possible pressure existing during mineralization could be approxi-
mately calculated on the assumption that the total thickness of the over-
lying Aravalli rocks including the phyllite in that region was not more than
5,000 ft and the granite was emplaced after the folding of the rocks. The
crystallization of the granitic rocks from the melt appears to have been at
a shallower depth as indicated by the occurrence of many inclusions of solidi-
fied glass in quartz I. Assuming that the mineralization took place below
the blanket of 5,000 ft of rock, the original pressure must have been of the
order of 400 and 270 atms of lithostatic and hydrostatic pressures respec-
tively. Hence a temperature correction of 25-50°C for these pressures
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will have to be added to the temperature of homogenization of the inclusions
(Kennedy 1950). S

The mineral associations in the deposit indicate that the ore-forming
fluids were probably fluorides and chlorides of Fe, Al, Mn, W and other
alkaline metals. The qualitative chemical analyses of the water extract of
inclusions in quartz and fluorite had the following anions and cations : Cl’,
F’, CO4", SO,” (the last two only in quartz IV and V) and Nat*l, K%,
Ca*z, Mg*2, Al*3 and Fe'2 respectively. The pH of the extract varied
between 6-0 and 7-5.

These halides mostly form volatile compounds with the elements like
Fe, Mn and W having low boiling points. The field evidences also indicate
a good deal of contamination of post-magmatic fluids by the phyllitic wall
rock. Most of the fluids mentioned are transported at low pH and are acidic.
It is expected that iron will be precipitated first during the neutralization
of solutions by wall rock contact and hence the first stage of mineralization
noticed is maghemite-stilpnomelane. The mineralization is very meagre
and localized. The upper limit of stability for stilpnomelane is 560° C when
it starts to break down (Gruner 1937). On the other hand the stability of
maghemite is greatly influenced by other factors like replacement of Fe*3
by Al*8 and presence of small amounts of MgO and BeO. In such cases it
can be stable up to 650-700° C (Basta 1959) but normally it is oxidized to
hematite above 400° C. The intimate association of maghemite with stilp-
nomelane suggests that some degree of replacement of Fet3 by Al*3 must
have taken place.

The considerable fall in temperature from the previous stage, and the
rise of pH consequent upon the neutralization of fluids, instigated the preci-
pitation of molybdenite, cassiterite and wolfram, rich in the ferberite mol-
ecule. The wolfram from the main hill is comparatively richer in the ferberite
molecule than that of the adjoining small hill, probably due to the fall of
temperature during the mineralization in the latter place. Structurally,
the shear fractures which are occupied by the quartz-wolfram veins in the
smaller hill are of later origin than those of the main hill (Dekate 1962). The
prevailing temperature was of the range of 355-410° C.

The varied nature of homogenization of fluid inclusions in quartz II is
interesting and important : (i) homogenization in gaseous phase, (ii) homo-
genization in gas phase with ‘inversion point’, and (iii) homogenization in
liquid phase at the critical point. These diversities of homogenization of
inclusions indicate gas-liquid phase transition in the critical region. Mayer
and Streeter (1939) experimentally showed that the gas-liquid phase transi-
tion in the critical region is of anomalous first order type. The different
criteria used by Smith (1953) to classify the different phase transitions can
be correlated with the type of homogenization in the inclusjons. The second
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type of homogenization referred to above is above thé eritical temperature
where it is of the diffused first order type, whereas the third type of homo-
genization is at critical temperature and is of the anomalous first order type.

The transporting fluids must have been either simple chlorides and
fluorides of tungsten or some complex alkali fluochloro-tungstate, at or
above the critical temperature. Most probably silica was transported as
disilicate of sodium (Tuttle and Friedman 1948). Smith (1953) indicates
that there is considerable solubility of sodium silicate in supercritical hydrous
fluids (6-11 per cent). The presence of halite crystals in quartz II inclusions
indicates the supersaturated nature of the solution.

The temperature régime, composition of the ore-forming fluids and to
some extent pressure must have changed considerably in the third stage of
mineralization with the renewal of fectonic movements. Highly charged
liquid solutions of chlorides and fluorides of Na, Li, Ca and other elements
obtained from deeper sources would increase the critical temperature of the
water considerably. This was the greisening stage, effecting wall rock altera-
tion along the fractures newly developed due to tectonic movements.

As a result of further fall of acidity, fluorine combined with alumina-
forming topaz along with quartz III. Greenish and pale brown fluorite I
also formed at this stage. Formation of zinnwaldite, partly by replacement
of siderophyllites and biotite and albitization of felspars, indicate Na-Li-F
mineralization.

The temperature prevailing during this stage was 400-430° C indicating
a rise of at least 80° C from the previous stage. The liquid inclusions in
quartz III indicate the type of homogenization found at the critical tem-
perature of the liquid-gas transition. The inclusions in topaz and fluorite I,
on the contrary, are purely of hydrothermal origin below the critical tem-
perature of solution.

The fourth stage is of sulphide mineralization which started with small
scale fracturing of the rocks in which sulphides were deposited. The
mineralization is extremely meagre and localized. Considerable fall of tem-
perature (about 120°C) was observed from the previous stage. The tem-
perature range prevailing in this stage was 260-290° C. The nature of mineral-
izing solution as indicated by the ions present in the inclusions seems to be
siliceous with minor content of Sn, Sb, Pb, Fe, Cu and 8. Sn, Sb and Pb
seem to have been precipitated at a comparatively higher temperature than
Cu and Fe sulphides.

The fifth stage is of phosphate-carbonate mineralization forming siderite,
fluorite IT and collophane. Siderite occurs in cavities replacing pyrite;
is formed within temperature range of 70-80° C. Collophane otlites are
associated with colourless fluorite IT filling small cavities at the contact of
granite with quartz-wolfram veins, The temperature of formation as indicated
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Temperature range of mineralizing process in different stages in Rewat
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TasLE II

Hill wolfram deposit, Rajasthan
{Uncorrected for pressure)

Phase of * Stage of
mineral-
ization

mineral-
ization

ization of

Intra-

mineral- Formation Temperature of ore-forming fluids in °C
(uncorrected for pressure)
adjust- minerals 500 450 400 350 300 250 200 150 100 50 0

ment Qe O e e Orem e e QO e e ——0

Pneumato-
lytic

X
Maghemite
Niceolite
Stilpnomelane ---..--- ?

Hydrothermal

II

Quartz IT ——
Molybdenite

Cagsiterite

‘Wolfram

oI

Quartz ITT —
Albite

Zipnwaldite

Topaz —_—

Fluorite I ———

v
(Early)

Stannite
Franckeite
X Quartz IV
Pyrite
Chalcopyrite
Pyrrhotite
Bornite

v
(Late)

Siderite
Fluorite I1
Collophane

Supergene

VI

Uranosphaerite
Walpurgite

v

Limonite
Ferritungstite

X indicates intramineralization adjustment.
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by fluorite II is 60-65° C. It ‘is probably formed by hot phosphoric acid
solution on the fluorite and other calcium and fluorine bearing minerals.
Its occurrence in such a high temperature deposit is anomalous and requires
further investigation. .

The last two stages of U-Bi mineralization and formation of oxidation
products of W and Fe such as ferritungstite and limonite are supergene. The
U-Bi mineralization is in extremely minute stringers in quartz, topaz, fluorite
and in wall rock.

CONCLUSIONS

The tungsten mineralization appears to have taken place between the tem-
peratures 355° and 410° C at a shallow depth at lithostatic pressure of approxi-
mately 400 atm in the critical region of liquid-gas transition phase and can
be classed as a high temperature hydrothermal deposit. The mineralizing
fluids were probably chlorides and fluorides of Fe, Mn and W or some complex
alkali fluochloro-tungstate solutions at or above the critical temperature.
The sequence of mineralization and temperature range of the solutions during
the formation of the wolfram deposit is summarized in Table II.
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