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ABSTRACT

Several mineralized vein rocks were intruded into the granites of Rajasthan, India. In some of the vein rocks in
Rajasthan has associated with enormous amount of critical metals and rare metals. The metals are spatially associated
with the vein rocks of Degana, Rajasthan, India. Six samples were collected in wall and core of the vein rocks. Two
samples from wall and one sample from core of each vein respectively. The samples were selected for fluid inclusion
and laser Raman microprobe studies. Four distinct types of fluid inclusion were identified and classified. Type I is
aqueous bi-phase (L, +V,,,) inclusion; Type II is aqueous-carbonic (L, +L_,,) inclusion; Type III is carbonic
mono liquid (L_,,) inclusion under room temperature; Type IV is polyphase inclusion (L, +V,,,+S). The varying
homogenization temperatures with different salinities implies mixed fluid process. The fluid process was mainly
derived from the host rock granite. Later the cooled magmatic fluids were mixed with the meteoric water during
hydrothermal stage may be the major key factor for formation of Li-Rb-F-W mineralization in Rajasthan, India.

Keywords: Neoproterozoic; vein rock; fluid salinity;
fluid  boiling;  carbonic inclusion; Laser Raman
microprobe.

Evidencia de un proceso fluido en rocas veteadas ricas en Li-Rb-F-W de Degana, Rajastén, India

RESUMEN

Varias vetas de roca mineralizadas fueron intruidas en los granitos de Rajastan, India. Algunas de estas vetas de Ra-
jastan presentan una enorme cantidad de metales criticos y raros. Estos metales estan asociados espacialmente con las
vetas de Degana, Rajastan, India. Para este trabajo se recolectaron seis muestras de la pared y del nticleo de dos vetas.
Dos muestras de la pared y una del nucleo de cada veta, respectivamente. Las muestras se seleccionaron para estudios de
inclusion fluida y microsonda laser Raman. Se identificaron y clasificaron cuatro tipos distintos de inclusion fluida: el tipo
I es una inclusién acuosa bifasica (L,,,,+V,,,); €l tipo IT es una inclusién acuoso-carbénica (L, , + L ,)s €l tipo I es una
inclusién carbénica monoliquida (L, ) a temperatura ambiente; y el tipo IV es una inclusién polifdsica (L, + Vi, +S).
La variacion en las temperaturas de homogeneizacién con diferentes salinidades implica un proceso de fluido mixto. Este
proceso fluido se derivo principalmente del granito de la roca huésped. Mas tarde, los fluidos magmaticos enfriados se
mezclaron con el agua metedrica durante la etapa hidrotermal, lo que puede ser el principal factor clave para la formacion
de la mineralizacién de Li-Rb-F-W en Rajastan, India.

Palabras clave: neoproterozoico; veta de roca;
salinidad del fluido; lava; inclusion carbonica;
microsonda laser Raman.
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1. Introduction

Lithium (Li), rubidium (Rb), and tungsten (W) are economically valuable
critical metals and widely used into many industrial applications (Wang et
al., 2017b; Huang et al., 2020; Sovacool et al., 2020; Xu et al., 2021; Deng
et al., 2022; Guo et al., 2022; 2023; Wenkai et al., 2023). The critical metals
are often associated with many magmatic and hydrothermal vein rocks in
different geodynamic settings (Linnen et al., 2012; Kaeter et al., 2018; Liu et
al., 2020; Yin et al., 2020). The hydrothermal vein rocks are broad diversity of
economic interest, and it is a significant source for many metals. Understanding
the metallogenesis by SIMS (Secondary Ion Mass Spectrometry), [CP-MS
(Inductively Coupled Plasma Mass Spectrometry), and SHRIMP (Sensitive
High-Resolution Ion Microprobe) have been used significantly (Li et al., 2023;
Xu et al., 2023).

In India, Rajasthan characterized by many granitic rocks and
intruded by many hydrothermal vein rocks and enriched with Li, Rb, W,
Sn, B, Nb and Ta (Chattopadhyay et al., 1994; Pandian, 1999; Pandian
and Varma, 2001; Singh and Singh, 2001). In Rajasthan, Degana region
has well occupied three important mineralized hills (Phyllite hill, Tikli
hill, and Rewat hill) (Figure 1). Several mineralized vein rocks are intruded
into the granites of Degana, Rajasthan, India (Pandian and Varma, 2001). In
Tikli hill, the mineralized vein rock is approx. 30-40cms wide and >1meter
long and has the trend of N29° with moderate dip (18°). Similarly, In Rewat
hill, the mineralized vein rock is approx. 50cm wide and >1.5meter long. The
mineral assemblages and the grain sizes may vary from wall to core of the
vein. Anand et al., 2018 has reported about the Degana granite (greisen quartz)
associated tungsten deposit fluid process. Till now no one reported about the
wall-core vein rock fluid characteristics; In this manuscript reporting the types
of fluid inclusions, fluid composition, fluid salinity, first melting temperature,
last ice melting temperature, clathrate (gas hydrate) melting temperature and
homogenization temperatures to elucidate the fluid process are discussed in this
manuscript.

2. Methodology

Six samples were obtained from the Tikli and Rewat granite intruded
mineralized vein rocks. Two of the samples were collected from western
and eastern wall of the vein, one sample from the quartz rich core (quartz-
zinnwaldite) respectively. The doubly polished thin wafer sections of these
Li-Rb-F-W samples were prepared for microscopic studies.

2.1 Fluid-microthermometry

The fluid-microthermometry (heating-freezing) were measured by
Linkam THMS-600 stage mounted on the Leica transmission microscope
(German made). The unit were operating in the temperature range
is -180 to +600°C (L(liquid) N(nitrogen) T(temperature). The fluid-
microthermometry unit calibrated by using synthetic CO,-H,O inclusion
(CO, triple point (-56.6 °C) and H,O triple point (-0.01 °C). The inclusions
were freezes to -100°C for solidification and warmed slowly. The Type I to Type
III inclusions were cooled first until solidified, then heated slowly to record
CO, and H,O melting temperature (triple points), clathrate melting temperature,
and homogenization temperature. Type IV inclusions were heated (10°C/min)
to record the liquid-vapor (L-V) homogenization temperature (Th, ) and salt
dissolution temperature (Tm_). Data generated on only those inclusions not
decrepitated and gave reproducible during the freezing-heating runs. The doubly
polished wafer sections were prepared and analyzed at the Department of Earth
Sciences, Pondicherry University, India and Curtin University, Malaysia. The
measurement accuracy is +0.2°C during freezing and £2°C during heating runs. The
detailed Tikli and Rewat vein rocks fluid inclusion data were given in the Table 1-4.

3. Results

3.1 Vein rock petrography

Tikli and Rewat vein rocks mainly composed of k-feldspar, zinnwaldite
(Li-mica), plagioclase, quartz and topaz phenocrysts in a fine-grained matrix

(groundmass) (Figure 3). The matrix predominantly composed of feldspar and
quartz. The feldspar and quartz phenocrysts are corroded along their margins
by the surrounding matrix phase. Quartz is partially reabsorbed (replacement)
by k-feldspar (Figure 3¢). The zinnwaldite shows the colorless to slightly darker
colored, which shows the strong pleochroism and light brown to orange-blue
interference colour. The zinnwaldite grains were typically associated with
quartz and feldspar in the wall of the vein rock (Figure 2 and 3).

Figure 1. Geological map of Degana hill (Phyllite hill, Tikli hill, Rewat hill),
Rajasthan, NW India (modified after Anand et al., 2018).
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Figure 2 (a) Li-Rb-F-W mineralized vein rock intruded into Tikli granite, Degana,
Rajasthan, NW India.
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Figure 2(b) Li-Rb-F-W mineralized vein rock intruded into Rewat granite,
Degana, Rajasthan, NW India.
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Figure 3. Microphotographs of Li-Rb-F-W mineralized quartz vein rock samples.
(A-B) Tikli vein rock; (C-D) Rewat vein rock. Mineral abbreviations: Qtz-Quartz;
Plag-Plagioclase feldspar; Kfs-K-feldspar; Tpz-Topaz; Zinn-Zinnwaldite.

3.2 Fluid Inclusion in Li-Rb-F-W mineralized vein rock

Fluid inclusion in vein rock samples were genetically classified into
primary inclusions (isolated and group of inclusions), secondary (intergranular)
and pseudo-secondary (intra granular) inclusions (planar arrays or trails)
(Shepherd et al. 1985, Roedder,1992, Bakker, 2003, Bodnar et al., 2014).
Secondary and Pseudo-secondary inclusion not focused for the present study.
Fluid inclusions were not recorded for feldspar, topaz minerals due to poor
anisotropism contrast with quartz mineral. Few aqueous inclusions were
observed in zinnwaldite, due to its contrasting light intensity unable to
run microthermometry. Four types of inclusions were classified in quartz-
zinnwaldite minerals contact zone. Type I is aqueous bi-phase (L, +V,,,)
inclusions; Type II is aqueous-carbonic inclusions (L, +L,,) with graphite
(C). The size of the inclusion varies from 8 to 20um, and the shape is almost
oval to rounded and irregular. Type III is carbonic monophasic inclusion,
which contains CO, liquid (L,,,) at ambient laboratory temperature. Type IV
is polyphase inclusion (L, +V,,,*C+S,+S)). Type IV inclusions were
randomly distributed with size ranging from 4-16pum, and the shape is irregular,
rectangular, and rounded (Figure 4-5).

3.3 Tikli Li-Rb-F-W mineralized vein rock

The first melting temperature recorded for Type I-III inclusions at -23 to
-25°C and -61 to -42°C, suggesting that the solution has mixture of Li*, K*, Na*,
Ca*, F, and CI.. The final ice melting temperature varies from -12.4 to -4.3°C
(salinity: 16.3 to 6.8 wt. % NaCl equivalent). Type I inclusions were homogenized
into liquid between 200-325°C (L ,;>V ,o—> Lpo)» While some inclusions
were homogenized into vapor between 240-370°C (V,,>L,,,—V,,,). For
Type II inclusions, the Tm,, recorded between -59.4 and -56.5°C (indicates
presence of other volatile phases). Tm-clathrate recorded between 2.5 to 8.6
(salinity: ~16.2 to 4.9 wt. % NaCl equivalent) (Darling, 1991). The partial
Th,, recorded between 20-29°C (L, L,V or>LinotLeoy) and the Th,

CcO2 CO2 o2 H20 CO2 total
for Type III inclusions observed at 200-356°C (L, +L ,,—L,,,)- Some of
the Type II inclusions were homogenized into vapor (275-396°C). For type
III inclusions, Tm,.,, recorded between -62.3 to -57.0°C (indicates presence of
other carbonic phases). The Th,, of these inclusions were homogenized into
vapor phase between 10 and 27°C (V,,>L.,,—V,,,)- For Type IV inclusions,
vapor out temperature for Type IV inclusions were occurred between 185-
330°C (L,,0>VinotS—L,,0tS). The total homogenization observed by
the disappearance of salt (salt melting or dissolution) average at 210-386°C
(salinity: 32-46 wt. % NaCl equivalent) (Table 1). The fluid salinity calculated
based on the last ice melting (Type-I) (Goldstein, 1994), clathrate melting
(Type-1I-11I) (Darling, 1991) and salt melting (dissolution) temperatures (Type

IV) (Goldstein, 1994; Bodnar, 1993).

10 pm 10 pm

10 pm 10 pm
Figure 4: Types of fluid inclusions from Tikli and Rewat granite associated
mineralized vein rock samples, Degana, Rajasthan, NW India. (a) Type |
inclusions; (b) Type II inclusions; (¢) Type Il inclusions; (d) Type IV inclusions.

3.4 Rewat Li-Rb-F-W mineralized vein rock (wall-core)

The first melting temperature for Type I inclusions for western wall is
(-68 and -12°C), core (-62 and -15°C) and eastern wall (-64 and -52°C). The
solution has rich in Li* Na*, K*, Ca?', and Mg?" in the wall zones, while being
richer in Li*, Na*, K* Ca* in core of the vein. The final ice melting temperature
and salinity varies from western wall (-10.1 to -4.2°C/14 to 6.7 wt. % NaCl
equivalent) to core (-4.4 to -1.2°C/7.2 to 2 wt. % NaCl equivalent) and eastern
wall (-13.1 to 4.5°C/17 to 7.2wt. % NaCl equivalent). For Type I inclusions, the
average homogenization temperature into liquid between (L, >V =L )
for western wall is 220 to 310°C, core of the vein is 160 to 235°C and eastern
wall is 250 to 355°C. Some Type I inclusions were homogenized into a vapor
phase between 190-380°C (V,,>L,,;—>V,p,,) in the wall zone. For Type I,
the Tm,, was recorded in western wall (-61 to -57°C), core (-64 to -57.6°C),
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and eastern wall (-58 to -56.7°C). The clathrate melting temperature for the
wall of the vein is (3.1 to 7°C/14.1 to 5.05 wt. % NaCl equivalent); core (6.5
to 8°C/8 to 3 wt. % NaCl equivalent). The partial homogenization for Type
1I inclusion in wall of the vein is 12-29°C and core of the vein 2-15°C. The
total homogenization temperature (L,;,>L,,—L,,,) for Type II inclusion
in western wall (265-340°C), core of the vein (170 to 225°C) and eastern
wall (218-348°C). Some of Type II inclusions were homogenized into vapor
(Vino~Lino) between 245-412°C in wall zones. For Type IIT inclusions, the
Tm,,, was recorded in western wall (-59 to -57.1°C), core (-60 to -56.6°C)
and eastern wall (-59 to -56.8°C). The homogenization temperature for Type
1II inclusion for western wall (15-26°C), eastern wall (12-20°C) and core zone
(-2 to 10°C). For Type III inclusions were homogenized into vapor phase. The
salt melting (dissolution) temperature for type IV inclusions in western and
eastern wall (145 to 412°C; 152 to 385°C (the corresponding salinity range is
29.5-48 wt. % NaCl equivalent). The liquid-vapor homogenization temperature
for type IV inclusions in the wall of the vein varies from 138-352°C (western)
and is 132-298°C (eastern wall). The Type IV inclusions were not found in the
core of the vein (Table 2-4).

4. Laser Raman microprobe

Laser Raman microprobe is an important method to identify the volatile
species composition (CO,, CH,, C, N,) of the fluid inclusions. The volatile
composition identified based on the Raman shift value of the spectra obtained
(Frezzotti et al., 2012). The samples were analyzed by “Thermo Almega Laser
XR dispersive Raman Spectrometer, the accumulation time for each scan is
~20-25 secs; 50 and 100x high standard objectives were used for observation in
the Department of Earth Sciences, IIT Bombay, India. The volatile composition
of CO, doublets (1274 & 1378cm™), graphite (1602cm™) (D-peak) and CH,
(2911cm™) (G-peak) were identified in the mineralized samples (Figure 6).

10 pm

10 pm

10 pm

10 pm

Figure 5. Types of fluid inclusions from Tikli and Rewat granite associated
mineralized vein rock samples, Degana, Rajasthan, NW India. (A-D)
metal rich inclusions.

Table 1. Fluid microthermometry of Tikli mineralized vein rock, Degana, Rajasthan, India

Fluid Tm Telath Salinity
iti CO2- 0 (J (J i 0, 0 0
Type Phases Composition ©C) ©C) Th,,(°C) | Thtot.(°C) | Teut(°C) | Tmice(°C) | Th,, (°C) | TmSalt(°C) (Wt. %)
200-325
-23to -25 -12.4 to (9]
+ + . .
B FieotVieo 6lto-42 | -43 | 240-370 1631068
™
59410 200-356(L)
11 LI+L2+V | L,o+Leo, Vo, 5.6 5 2.5t0 8.6 20-29 275- 16.2 to 4.9
' 396(V)
-62.3 to
11 L Leon:Veo 570 10 and 27
v L+V+S | LotV ot Salt 185-330 210-386 32 to 46
Table 2. Fluid microthermometry of Rewat mineralized vein rock (western wall).
Fluid Tm Tclath Thtot. Salinity
Ph iti coz- Th_ (" Teut(" Tmice(° Th, (° T 1t(°
Type ases Composition ©C) “C) c02(°C) ¢C) eut(°C) mice(°C) 120(°C) mSalt(°C) (Wt. %)
220 to
-10.1 to 310(L)
I L+V Lino™Viso -68 to -12 420C 190 to 14t0 6.7
380(V)
265 to
340 (L) 14.1 to
I |L+L+V | L,otL, Vo, |-61t0-57| 3.1t07 12 to 29 295 to 5.05
412 (V)
-59 to
11 L Leo 571 15t0 26 (V)
IV | L+V+S | L, +V,,,TSolid 138-352 145 to 412 294.158 o
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Table 3. Fluid microthermometry of Rewat mineralized vein rock (core).
Fluid . . Telath . . . .o . . Salinity
Type Phases Composition | Tm_,,(°C) ©C) Th,,(°C) | Thtot.(°C) | Teut(°C) | Tmice(°C) | Thy, (°C) | TmSalt(°C) . %)
I L+V LoVino -62to-15 | -44t0-1.2 | 160 to 235 72t02
-64 t
M| LIHL24V | Lyl Veo, _657 o |6508] 21015 | 17010225 8103
-60 to 12 to
m L Leos -56.6 20(V)
Table 4. Fluid microthermometry of Rewat mineralized vein rock (eastern wall).
Fluid . . Tclath . . . N . . Salinity
Type Phases Composition | Tm_,(°C) ©C) Th,,(°C) | Thtet.(°C) | Teut(°C) | Tmice(°C) | Th,, (°C) | TmSalt(°C) (wt. %)
-64 to
I L+V Lot Vino 5200 -13.1t0 4.5 | 250 to 355 17t0 7.2
-58 to
I | LI+L2+V | Lot Lo, ™Veos 56.7 1.5t0 6.8 20-24 218-348 13t0 6.5
-59 to
1 L Leo 568 12-20 (V)
v L+V+S | LV, +Solid 132-298 152 to 385 30 to 46

Abbreviations: CO, melting temperature (Tm,,,,

temperature (Tmsalt).

Figure 6. (a) Laser Raman microprobe spectra of Type Il inclusions (fermi CO,
doublets at 1280 and 1383cm’) and H,O liquid (3452cm™) in Tikli mineralized
vein rock; (b): Type II inclusions (fermi CO, doublets at 1274 and 1378cm™),
graphite (1602cm™) and H,O liquid (3424cm) in Rewat mineralized vein rock
(western wall); (¢): Type II (fermi CO, doublets at 1281 and 1384cm, (CH, at
2912 ecm™) inclusions in the Rewat mineralized vein rock (core quartz). (d): Type 11
inclusions (fermi CO, doublets at 1278 and 1382cm™) and H,O liquid (3417cm")
in the Rewat mineralized vein rock (eastern wall).

5. Discussion

The Tikli-Rewat granites and the mineralized vein rocks contain
significant amount of zinnwaldite (Li rich), plagioclase (Rb-rich), fluorite (F),
tourmaline (B), topaz (Al-F) and wolframite (W). In Degana, Li (~4000 ppm),
Rb (>1000 ppm), F (4-6 wt. %), W (50 ppm) are above the crustal abundances
in the small volume of the study area (Anand et al., 2018; Ghosh et al. 2023),
so that it is important to understand the conditions of metals formation. The
geochemistry, petrogenesis and geochronology of Degana granites were
discussed by several researchers (Pandian and Varma, 2001, Chattopadhyay et
al., 1994; Anand et al., 2018; Ghosh et al., 2023; Kumar et al., 2023).

); Clathrate melting temperature (Tm,
(Thtot.); Eutectic (first melting) temperature (Teut); H,O ice melting temperature (Tmice); H,0 homogenization temperature (Th,

); CO, homogenization temperature (Th,,,); Total homogenization temperature

); Salt melting (dissolution)

clath Cco2

Co2

The fluid process of the mineralized wall-core vein rock (magmatic-
hydrothermal mineralization) remains unclear in the study area. Understanding
the relationship between wall rock granite and intruded mineralized vein
rock is crucial for elucidating the metallogenetic mechanism. In the field. the
mineralized vein rocks consists of zinnwaldite, fluorite, plagioclase, and topaz
are lining the vein wall, and quartz occupies the bulk of the vein rock (Figure 2
a-b). The vein rock intruded into the many fracture plans and filled by various
mineral assemblages and finer greisen (altered) veinlets lining the walls, which
suggests a genetic linkage between the host rock and mineralization (Figure 2).

The fluid petrography, microthermometry (lowering of melting
temperature), and laser Raman microprobe (composition of volatile phases)
observation clearly indicates that the mineralized fluid system is interpreted to
be H,0-CO,-NaCl=CH,. The Tikli mineralized vein rock samples and Rewat
mineralized vein rock samples show different homogenization temperatures
and different salinities (Type I-IV inclusion) of 220 to 310°C/265 to 340°C
for the western wall, 160 to 235°C/170 to 225°C for the core of the vein, and
250 to 355°C/265 to 342°C for the eastern wall. The corresponding salinities
are 14 to 6.7/14.1 to 7.5°C wt. % NaCl equivalent for the western wall, 7.2
to 2/8 to 3 wt. % NaCl equivalent for the core of the vein, and 17 to 7.2/8 to
3 wt. % NaCl equivalent for the eastern wall. The different homogenization
temperatures (Type-I to IV) with varying salinities represents a mixed fluid
process. Additionally, aqueous bi phase, polyphase and the carbonic fluid
inclusions represented by the entrapment with variable phase ratios, presence of
graphite (captive phase) and lowering the CO, melting temperature (<-56.6°C)
are further evidences.

Many fractionated mineralized granites, granitic pegmatites and intruded
vein rocks have been identified worldwide, such as Black Hills, South Dakota;
Altai and Cuonadong Dome, P.R. China; Damara Belt in Namibia (Shearer et
al., 1987; Jolliffe et al., 1987; Yin et al., 2013; Hulsbosch et al., 2014; Kaeter
et al., 2018; Liu et al., 2020; Yin et al., 2020; Xie et al., 2020; Bacik et al.,
2021). The Degana granites has been argued to be highly fractionated at a
higher degree (Pandian and Varma, 2001). Fractional crystallization is to be
considered a principal mechanism for the formation of many wall-core zoned
Li-Rb-F-W rich deposits (Liu et al., 2020; Yin et al., 2020; Bacik et al., 2021).
The fluid process may vary due to mineralization style, wallrock interaction,
except for simple cooling process (lack of fluid-wallrock interaction) (Heinrich,
1990, Heinrich et al., 2004; Xie et al., 2019; Li et al., 2019; Zhang et al., 2021;
Li et al., 2021). The hot circulation of fluids in the mineralized zone through
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fracture planes is mainly controlled by type of inclusions, suggesting these
fluids are major source for the vein rocks. The carbonic, aqueous-carbonic
and hypersaline inclusions represent a mixture in the mineralized vein rocks
during crystallization. The mixing of greisenised wallrock granite (magmatic
fluids) and the hydrothermal-derived meteoric fluids (vein rock) carrying high
amounts of metals (metal rich inclusion). in to the host rock and the associated
vein rocks in Degana, Rajsthan, India

6. Conclusion

As discussed above based on the field evidence, analytical data, we
propose that the fluid process of Tikli and Rewat vein rock were mainly derived
from Degana granitic magma. The granitic magmatic evolution is highly
differentiated in composition. The magmatic fluids (wallrock) carried out a large
amount of metal complex flowed through fractures (vein rock) and precipitated
the Li, Rb, W rich minerals while temperature reduced (during meteoric stage).
Cooling of the metal forming fluids and the meteoric water are the key factors
that led to the formation of mineral deposit in the study area.
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