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The present study is carried out to understand the factors controlling halogens present in biotites, role of
halogens in metallogeny in context to the magmatic evolution of Tusham Ring Complex (TRC), NW
Indian Shield. The investigated rocks are identiBed with hypersolvus, high-K calc-alkaline, peraluminous,
ferroan-enriched and typical A-type granitoids aDnity. They are enriched in SiO2, Na2O + K2O, REEs
(except Eu), LILE + HFSE, elevated in Fe/Mg, Ga/Al, Th/U, A/CNK ratio and depleted in CaO, MgO,
Sr, Cr, Ni, P, Ti, V and Eu abundances. The sequential accumulation of incompatible trace elements
(LILE, HFSE, REEs and others) in studied rocks overlaps almost entirely the range of rare metal
granitoids and high heat-producing granitoids. The elemental geochemistry in conjunction with high
abundances of F (0.80–7.11 wt%) and Cl (0.44–1.56 wt%) in biotite mineral collectively attribute to
hydrothermal Cuid activity and the subsequent mineralization around TRC region. Our new results
suggest that the acidic magmatism that occurred in the TRC is considered as a part of the plume-related
Neoproterozoic Malani Igneous Suite (MIS) anorogenic magmatism.
Keywords. Tusham ring complex; Malani igneous suite; A-type; biotite; halogen.

1. Introduction
The A-type acid volcano-plutonic rocks of the
Tusham Ring Complex (TRC) were reported as an
extension of Neoproterozoic anorogenic Malani
Igneous Suite (MIS) in southwestern Haryana,
India (Kochhar 1983; Sharma and Kumar 2017;
Kumar et al. 2019; Sharma et al. 2019). The Malani

igneous rocks are characterized and suggested to be
potentially rich in rare metals, rare earth and
radioactive mineral deposits (Kochhar 1985; Baskar and Sharma 1994; Vallinayagam 2004; Singh
and Vallinayagam 2009; Sharma and Kumar 2017;
Bhushan and Somani 2019; Sharma et al. 2019).
The rocks of the MIS have been studied very well,
and we have extensive knowledge about their age,

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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composition and origin. Unfortunately, there is lack
of information about the role of halogens in their
magmatic evolution and related mineralization.
Therefore, in this paper, an attempt has been made
to measure the concentrations of F and Cl in biotite
mineral along with their geochemical significance.
Volatile-rich minerals are very useful to understand
the origin, source and evolutionary paths of magmatic melt. The volatile composition of H2O, CO2,
S-species, halogens (such as F and Cl) and
notable gases can inCuence magma viscosity, phase
equilibria and crystallization temperature during
magmatic evolution processes (Birski et al. 2019).
Kaur et al. (2019) discussed the external Cuid phase
which strongly controlled the generation of melts as
well as the mobility of elements during hydrothermal processes. H2O and CO2 are the most common
volatile found in many magmatic rocks, but halogens are very rare. Halogens monitor the chemical
behaviour of Cuids and minerals present in the
particular magmatic body. Moreover, halogens
behave as ligands and can act as important metal
and REE carriers via complexation during most
igneous transport systems (Munoz 1984; Haas et al.
1995; Kullerud 1995; Kent et al. 2000; Kullerud
et al. 2001; Yardley 2005; Birski et al. 2019; Kaur
et al. 2019). Furthermore, the high abundances of
halogens (especially F and Cl), play enormous roles
in the evolution of magmatic bodies and their
associated ore deposits (Hedenquist and Lowenstern 1994) as well as in the transport of metal in
magmatic systems (Aiuppa et al. 2009). Normally,
halogens get incorporated in rock-forming hydrous
minerals, i.e., biotite, amphiboles and apatite, and
they may also create their own minerals, e.g., Cuorite, chlorite and sylvite by partition and ionic
replacement (Baker et al. 2005; Birski et al. 2019).
In addition, it was suggested that Cuorine having a
similar ionic radius to OH, can easily incorporate
into hydrous mineral phase whereas chlorine having
a large ionic size, replaces OH with difBculty and
is strongly partitioned into the Cuid phase relative
to the silicates (L
eger et al. 1996). The occurrences
of F- and Cl-rich biotite along with the wide variations in their halogen contents in the investigating
rock-suites can act as potential indicators of
hydrothermal Cuid activity and the important
mineralization associations in the TRC. More
importantly, the anorogenic acid volcano-plutonic
complexes of TRC are one of the important barcodes which contributed to the crustal and geodynamic evolution of MIS in northwestern peninsular
India.
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2. Geological background
The MIS (bimodal, anorogenic, plume-related, area:
55,000 km2, thickness: 3–7 km; age: *780–750 Ma)
exposed in NW India, is a Precambrian silicic large
igneous province and represented later by PanAfrican thermo-tectonic event (Wang et al. 2017;
Sharma and Kumar 2017; Kumar et al. 2019). This
event indicated multiphase volcanic and plutonic
igneous assemblages which were operated by hotspot tectonism during the Neoproterozoic time.
A-type magmatic suites are dominant in TransAravalli Block (TAB) of NW India, in which felsic
rocks are common with alkaline, peralkaline, metaluminous and peraluminous geochemical characteristics. The geological conditions required to
erupt such voluminous felsic magma suggest a high
rate of magma generation, migration and accumulation in northwestern peninsular India (Wang
et al. 2017; Kumar et al. 2020). They are well
exposed in Tusham (Haryana), Jhunjhunu,
Siwana, Jalor, Nakora, Jodhpur, Mokalsar, Sirohi
(Rajasthan) and also in Nagar Parkar (Sind-Pakistan), Kirana (Lahore-Pakistan) areas (Kumar
and Vallinayagam 2014; Kochhar 2015; Sharma
and Kumar 2017; Kumar et al. 2019; Sharma et al.
2019). The TRC consisting of peraluminous,
within-plate setting and co-magmatic volcanoplutonic granitoids, represents MIS extension in
Haryana state of Indian Shield. It is surrounded by
eight independent isolated elliptical hill-locks of
granitic and rhyolitic magmas which display the
distinct ring structures (Kochhar 1983; Sharma
and Kumar 2017; Kumar et al. 2019; Sharma et al.
2019). These granitoids are massive and homogeneous with complex geological structures, viz.,
xenoliths, post-consolidation joints, fractures,
spheroidal weathering and high mineralized veins
and were emplaced in an extensional regime
(Kochhar 2000). The present study area (TRC)
is located about 160 km WNW of Delhi and far
away 400 km NE of Jodhpur (Survey of India
topographic sheet no. H43V13; scale 1:50,000;
28°460 –28°550 N, 75°500 –75°590 E) (Bgure 1). The
rocks of MIS are underlain by the Delhi quartzite
and overlain by Vindhyan arenaceous sediment
(Kochhar 2015; Kumar et al. 2019). Various rocksamples collected from different locations are
extensively studied with equivalent age of MIS
(*732 ± 50) (Crawford and Compston 1970; Dhar
et al. 1996; Torsvik et al. 2001; Wang et al. 2017).
The magmatic evolution of MIS was operated by
hotspot/mantle plume activity and this plume was

J. Earth Syst. Sci. (2021)130:8

Page 3 of 20 8

Figure 1. (a) Map showing the location of the Malani Igneous Suite in NW India and (b) simpliBed geological map of the
Tusham Ring Complex in southwestern Haryana, India.

responsible for the separation of TAB from East
Gondwana, and the emplacement of alkali granite
and the associated acid volcanic rocks in NW
Indian Shield (Kochhar 2015; Kumar et al. 2020).

3. Petrography
The investigated rocks have been divided into mainly
two groups on the basis of mineral texture, i.e., rhyolite and granite with different shades of colour.
Rhyolite is represented by microcrystalline, porphyritic, vitrophyric, granophyric, glomeroporphyritic, aphyritic, spherulitic and perlitic textures,
whereas granite shows hypidiomorphic, granophyric,
equigranular and porphyritic textures (Bgure 2).
Rhyolite of grey colour consists of embayed quartz,
sanidine, plagioclase, and biotite as essential mineralogy, whereas magnetite, zircon, apatite, monazite,
chlorite and rutile as accessory mineralogy. Furthermore, pink rhyolite having Bne-to-medium texture
records with embayed quartz, sanidine, orthoclase,
plagioclase, and biotite as essential mineralogy,
whereas hematite, zircon, apatite, monazite, chlorite,
titanite and rutile as accessory mineralogy. Grey
granite consists coarse to medium grained quartz,
plagioclase feldspar (albite), K-feldspar (orthoclase),
biotite and muscovite as essential minerals. Accessory
minerals include hematite, apatite, illmenite, zircon,

chlorite, monazite, rutile and allanite. Pink granite
variety contains quartz, K-feldspar (perthite, orthoclase), plagioclase (albite), biotite and muscovite as
essential minerals, whereas apatite, zircon, chlorite,
monazite, titanite, rutile and allanite as accessory
minerals. At the outer margins of Nigana hill (in the
south direction of Tusham), biotite granite with
hypidiomorphic and glomeroporphyritic textures is
also recognized. The felsites occur on the northeastern
and the top of the Tusham hill. Under the microscope,
these rocks are composed of quartz, orthoclase, biotite
and oxides of iron embedded in a cryptocrystalline to
microcrystalline groundmass. Allanite, sodalite,
eudialyte, sylvite and Cuorite are abundantly recorded in most of the rhyolite and granite samples.
Several xenoliths with a groundmass of plagioclase
and biotite composition are occasionally present in
both rock-types. Back scattered electron (BSE) images recorded from EPMA have suggested that Cuorite, chlorite, apatite and biotite are very common
mineral phases in the studied granitoids, and this type
of mineralogy is potentially perspective for external
Cuid activity and related metallogeny in NW Indian
Shield (Kaur et al. 2019; Kumar et al. 2020) (Bgure 3).
Hexagonal shaped quartz is a common morphological
character in rhyolite with a groundmass of plagioclase
and biotite composition (Bgure 3a). Apatite zoning is
also a unique feature of grey and pink varieties of
granite in most of the region (Bgure 4d). However,
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Figure 2. Photomicrographs show (a) vitrophyric texture with quartz and feldspar granular intergrowth in the groundmass of
the biotite and plagioclase in grey rhyolite, (b) glomeroporphyritic texture in pink rhyolite, (c) contact between micro-granular
xenoliths and porphyritic grey granite, (d) hypidiomorphic texture in pink granite, (e) granophyric texture in grey granite, and
(f) equigranular texture in biotite granite. Abbreviations: Qz: quartz, Plg: plagioclase, K-fel: K-feldspar, Ab: albite, Bt: biotite
and Chl: chlorite.

amphibole, pyroxene and biotite played an important
role in the magmatic evolution of Khanak and Devsar
rocks in TRC (Sharma and Kumar 2017). But, in the
present report, amphiboles are absent in most of the
investigated samples. Based on the petro-mineralogical relationships, it seems that the acid volcanoplutonic rocks of TRC have close resemblance with
anorogenic felsic magmatism (MIS) that occurred in
NW peninsular India during the Neoproterozoic
period (Kumar et al. 2019, 2020).
4. Geochemical constraints
4.1 Analytical procedure
A large number of samples (60) including granite,
rhyolite were collected for detailed petrographical

and geochemical studies. Thin sections of
representative samples were studied by optical
microscope. The petrographical study and wholerock geochemical analysis were carried out at
Wadia Institute of Himalayan Geology (WIHG),
Dehradun, India. To describe the geochemical
characteristics of investigating areas, representative samples from TRC were selected for geochemical analysis. Major oxides and selected trace
element analysis were carried out from powder
pellet methods using X-Ray Fluorescence Spectrometer. Loss-on-ignition was determined by
heating a separate aliquot (0.5 gm rock powder) of
each representative sample at 1000°C for 5 hrs.
Rare earth elements (REE) of the samples were
determined in the same institute by Inductively
Couple Plasma-Mass Spectrometer using the open
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Figure 3. Back scattered electron (BSE) images. (a) Hexagonal-shaped quartz crystal (vitrophyric texture) in studied rhyolite
with maBc groundmass (Bt+Plg) around it, (b) mineral composition of grey granite including plagioclase, alkali-feldspar, quartz
and biotite as essential minerals, whereas chlorite and magnetite as accessory minerals, (c) biotite granite with high halogen
content and basic mineralogical composition of essential and accessory minerals, and (d) apatite zoning in biotite granite.
Abbreviations: Qz: quartz, Plg: plagioclase, K-fel: K-feldspar, Bt: biotite, Chl: chlorite, Mgt: magnetite, Ap: apatite and
F: Cuorite.

system rock digestion method. Analytical precision
for major elements is well within ± 2 to 3%
and ± 5 to 6% for trace elements. Accuracy of rare
earth elements ranges from 2 to 12% and precision
varies from 1 to 8%. To study mineral chemistry of
acid magmatic rocks of TRC, nine representative
thin-slides of granites (six) and rhyolites (three)
were selected. The analytical work was carried out
on the Electron Probe Micro Analyzer (EPMA)
CAMECA SXFive instrument at DST-SERB
National Facility, Department of Geology (Center
of Advanced Study), Institute of Science, Banaras
Hindu University. Polished thin section was coated
with 20 nm thin layer of carbon for electron probe
micro analyses using LEICA-EM ACE200 instrument. The CAMECA SXFive instrument was
operated by SXFive Software at a voltage of 15 kV
and current 10 nA with a LaB6 source in the
electron gun for the generation of an electron beam.
Natural silicate mineral andardite as the internal
standard used to verify positions of crystals
(SP1-TAP, SP2-LiF, SP3-LPET, SP4-LTAP and
SP5-PET) with respect to corresponding wavelength dispersive (WD) spectrometers (SP#) in

CAMECA SX-Five instrument. The following
X-ray lines were used in the analyses: F–Ka,
Na–Ka, Mg–Ka, Al–Ka, Si–Ka, P–Ka, Cl–Ka,
K–Ka, Ca–Ka, Ti–Ka, Cr–Ka, Mn–Ka and
Fe–Ka. Natural mineral standards: Courite, halite,
apatite, periclase, corundum, wollastonite, orthoclase, rutile, chromite, rhodonite and hematite
standard supplied by CAMECA-AMETEK used
for routine calibration, X-ray elemental mapping
and quantiBcation. Routine calibration, acquisition, quantiBcation and data processing were carried out using SxSAB version 6.1 and SX-Results
software of CAMECA. The precision of the analysis is better than 1% for major element oxides and
5% for trace elements from the repeated analysis of
standards. The analytical details are also mentioned in Sharma and Kumar (2017), Sharma et al.
(2019), Kumar et al. (2019, 2020).
4.2 Geochemistry and tectonic implications
The whole-rock geochemical data, i.e., major and
minor oxides with calculated CIPW norms, trace
elements and rare earth elements for the acid
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Figure 4. (a) SiO2 vs. Na2O+K2O (wt%) volcanic rocks
classiBcation binary diagram (after Le Bas et al. 1986),
showing that the investigating rock samples straddle with
rhyolitic composition, (b) R1–R2 alkaline–subalkaline compositional discrimination diagram (Roche et al. 1980), most
of the studied samples fall in alkali-granite Beld, (c) SiO2 vs.
FeOt/(FeOt+MgO) diagram displays ferroan enriched
A-type granitoids nature of TRC rock-suites (after Frost
et al. 2001).
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volcano-plutonic rocks, are listed in table 1. They
are high in SiO2, K2O + Na2O, Al2O3, Rb, Zr, Ba,
Y, Nb, Th, U, REEs (except Eu) and low in CaO,
TiO2, MgO, V, Ni, Cr, Sr, Ti, P, Eu; typically
A-type aDnity. For geochemical classiBcation of
rocks, total alkalis–silica (TAS) plot (Le Bas et al.
1986) is used for volcanic rocks and R1–R2 alkaline–subalkaline compositional discrimination diagram (Roche et al. 1980) is used for plutonic rocks.
The volcanic rocks of Riwasa and Tusham area
straddle in the Beld of rhyolite and dacite, respectively (Bgure 4a), whereas the plutonic rocks of
Khanak, Dadam, Dulheri, Dharan, Nigana and
Devsar fall in the boundary of alkali granite Beld
(Bgure 4b). The rock classiBcation of TRC is in
good agreement with the volcano-plutonic relationship of the studied granitoids which is also one
of the most striking features of MIS (Singh and
Vallinayagam 2009, 2012; Kumar et al. 2019;
Sharma et al. 2019). Moreover, SiO2 vs. FeOt/
(FeOt + MgO) diagram displays ferroan enriched
A-type granitoids nature of TRC rock-suites
(Bgure 4c). Discrimination based on the molecular
ratio of alumina to alkali [Al2O3/(Na2O + K2O)]
vs. alumina to lime and alkali [Al2O3/
(CaO + Na2O + K2O)] after Maniar and Piccoli
(1989) shows that both rhyolites and granites are
peraluminous (Bgure 5a). Peraluminous A-type
granitoids are corundum normative (0.09–13.8) and
their high A/CNK ([ 1) ratio is consistent with
magma derived from high-grade metasedimentary
source (Eby and Kochhar 1990). The elemental
ratios, i.e., Ga/Al vs. Zr diagram (Bgure 5b) are
plotted to discriminate between A-type, S-type and
I-type (Whalen et al. 1987). Most of the studied
samples are plotted in the A-type granitic Beld. A
tectonic environment of the study areas is best
described by Y + Nb vs. Rb diagram (Pearce et al.
1984). This diagram explains that granites and
associated rhyolites were formed in the within-plate
granite (WPG) tectonic regime (Bgure 5c). Besides,
the decreasing trend of Eu content with increasing
silica indicates that K-feldspar played a major
role in the fractionation mineral assemblages
(Bgure 5d). A similar geochemical evolutionary
trend was also observed in the magmatic evolution
of A-type hornblende + biotite granite to topazbearing leucogranite of Kokshaal Range, Kyrgyzstan (Konopelko et al. 2007). The evolution of
Tusham granite was largely controlled by alkali
feldspar and plagioclase (Kochhar 2000), which is
quite similar to the studied granitoids.
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Table 1. Average whole rock geochemical data of Tusham Ring Complex (TRC).
Location

Riwasa

Nigana

Dharan

Dulheri

No. of samples
10
10
5
5
Average geochemical data of samples collected from indivdual hill
SiO2
73.0
71.5
67.9
69.9
TiO2
0.2
0.3
0.4
0.4
Al2O3
12.9
13.5
15.0
14.6
Fe2O3
3.5
3.5
3.9
3.5
MnO
0.1
0.0
0.1
0.1
MgO
0.2
0.3
0.6
0.4
CaO
1.0
1.4
1.9
1.5
Na2O
2.6
2.5
2.8
2.8
K2O
5.3
5.6
5.9
6.0
P2O5
0.0
0.1
0.1
0.1
LOI
0.9
0.7
1.1
1.0
Total
99.6
99.5
99.7
100.3
Q
35.1
32.3
24.7
27.2
Or
31.3
33.3
34.9
35.5
Ab
22.1
21.1
23.4
23.4
An
4.7
6.3
8.5
6.9
Cor
1.2
1.0
0.9
1.0
Hy
0.6
0.8
1.5
1.1
Il
0.1
0.1
0.1
0.1
Ap
0.1
0.2
0.3
0.3
Hem
3.5
3.5
3.9
3.5
Ru
0.2
0.3
0.5
0.4
Sc
5.8
5.5
6.8
6.1
V
9.4
16.8
25.5
20.5
Cr
17.5
17.6
8.5
7.5
Ni
4.9
2.8
5.5
3.5
Cu
8.2
185.1
4.0
7.0
Zn
44.1
95.2
51.0
52.0
Ga
18.2
20.0
19.0
19.0
Rb
336.9
333.0
308.0
327.0
Sr
64.2
86.6
141.5
123.5
Y
58.4
55.3
52.0
55.0
Zr
208.6
259.9
299.5
246.0
Nb
21.6
21.6
22.5
22.0
Ba
597.8
729.7
935.0
909.0
Pb
49.6
42.3
37.5
47.0
Th
104.1
95.7
94.5
99.0
U
10.4
8.8
5.7
8.6
Ba/Rb
1.8
2.2
3.0
2.8
Rb/Sr
5.4
4.9
2.2
2.7
Rb/Ba
0.6
0.5
0.3
0.4
Ba/Sr
9.2
9.2
6.6
7.4
Th/U
10.4
11.4
16.7
13.2
La
282.1
245.1
177.5
183.6
Ce
555.1
475.3
327.5
339.7
Pr
60.0
50.8
35.8
36.9
Nd
193.1
163.8
118.9
122.0
Sm
30.5
25.1
18.4
19.1
Eu
1.8
2.2
2.4
2.1
Gd
29.0
23.9
19.1
19.9
Tb
3.7
2.9
2.4
2.5
Dy
17.9
13.6
12.5
12.8

Khanak

Devsar

Dadam

Tusham

10

10

5

5

68.4
0.5
14.6
3.8
0.1
0.6
1.7
2.8
5.7
0.1
0.8
99.1
26.4
33.4
24.0
6.9
1.3
1.6
0.1
0.3
3.8
0.5
0.0
31.5
13.0
3.9
5.7
48.8
19.0
307.2
132.9
51.7
301.4
25.2
922.7
31.1
59.9
8.8
3.2
6.0
0.5
9.3
10.1
143.9
268.9
29.9
101.5
17.9
2.8
17.0
2.3
11.6

69.4
0.4
14.8
3.5
0.1
0.4
1.4
2.7
6.0
0.1
0.9
99.5
27.5
35.2
22.9
6.6
1.4
0.9
0.1
0.2
3.5
0.4
0.0
19.6
8.5
2.4
4.6
51.3
19.3
320.9
110.9
53.6
305.1
19.9
926.6
45.8
99.1
7.5
2.9
3.0
0.3
8.6
14.1
210.3
390.3
41.8
136.8
22.8
2.5
21.1
2.7
12.7

69.5
0.4
15.7
3.0
0.1
0.5
1.3
2.1
6.2
0.1
1.0
99.9
30.2
36.6
18.0
5.8
3.4
1.2
0.1
0.3
3.0
0.4
0.0
21.7
10.0
2.0
8.7
40.7
18.3
324.7
101.3
47.3
262.3
17.7
807.7
28.0
62.3
4.2
2.7
27.4
0.7
21.4
9.2
130.3
253.9
27.5
93.4
17.0
2.8
15.3
1.9
9.2

64.7
0.3
19.8
5.5
0.0
0.4
0.1
0.2
5.0
0.0
1.3
97.4
43.2
29.8
2.0
0.5
13.8
0.9
0.1
0.1
5.5
0.4
0.0
42.8
23.8
15.3
23.3
49.0
26.0
629.0
35.8
79.3
177.8
114.0
201.8
47.3
61.8
14.3
1.0
61.3
50.2
4.4
4.4
44.9
98.0
12.1
43.6
13.1
0.6
15.0
3.3
21.7
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Table 1. (Continued.)
Location

Riwasa

Nigana

Dharan

Dulheri

Khanak

Devsar

Dadam

Tusham

Ho
Er
Tm
Yb
Lu
P
REE
P
LREE
P
HREE

3.5
9.4
1.4
8.8
1.3
1197.6
1120.8
74.9

2.6
7.0
1.0
6.5
0.9
1020.8
960.2
58.4

2.5
6.9
1.0
6.5
1.0
732.4
678.1
51.9

2.5
6.9
1.0
6.6
1.0
756.6
701.3
53.2

2.5
6.8
1.1
6.8
0.9
613.9
575.0
49.0

2.7
7.1
1.0
6.5
0.9
859.1
818.6
54.6

1.9
4.8
0.7
4.4
0.6
563.8
534.1
38.9

5.5
15.4
2.6
16.5
2.2
294.6
216.8
82.2

Figure 5. (a) Discrimination based on the molecular ratio of alumina to alkali [Al2O3/(Na2O+K2O)] vs. alumina to lime and
alkali [Al2O3/(CaO+Na2O+K2O)] after Maniar and Piccoli (1989), which indicates the peraluminous nature of investigated
rock-samples, (b) 104 Ga/Al vs. Zr diagram discriminating between A-, I- and S-type granitoids (after Whalen et al. 1987),
(c) Rb vs. Y+Nb plot describes that these acidic rocks are emplaced in within-plate tectonic setting, and (d) SiO2 vs. Eu plots
suggest fractionation of feldspar in acidic rocks (Konopelko et al. 2007). Symbols are as in Bgure 4.

In chondrite normalized-spider diagram and
primitive mantle diagram (Sun and McDonough
1989), granites and co-existed rhyolites of studied
areas are very similar in their chemistry and could
be of comagmatic in origin (Bgure 6). It is worth
noting that all the rock samples have pronounced
negative Eu anomaly (Eu/Eu* = 0.13–0.47). The
negative Eu anomaly in the subsolidus to

hypersolvus (peraluminous) granitoids could be
due to the interaction with a Cuid phase and also
due to fractionation of plagioclase (Eby and
Kochhar 1990). The Eu/Eu* ratio \ 1 could be
due to feldspar fractionation, residual feldspar in
the source region and source region with a negative
Eu anomaly (Kochhar 2000). Variations of
incompatible trace elements are used to predict
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Figure 6. (a) Chondrite normalized-spider diagram and
(b) rock/primitive mantle diagrams constructed for rhyolites
and co-existed granites of investigated areas, represent comagmatic nature of their evolution (Sun and McDonough
1989). Symbols are according to Bgure 4.

whether the magmatic evolution was controlled
dominantly by fractional crystallization, partial
melting or some more complex processes. The
granites and rhyolites display uniform REE patterns, parallel to sub-parallel, slightly LREE enriched over HREE, i.e., strongly compatible with
hypersolvus nature (Bgure 6a). These acidic rocks
show similar REE fractionation pattern having
average values of (La/Yb)
N = 17.74–37.85, (La/
P
=
5.19–6.54,
LREE
= 216.8–1120.8
ppm,
Sm)
P N
P
HREE = 38.9–82.2 ppm, and
REE = 294.6–
197.6 ppm, respectively. The REE content is
slightly higher in acid volcanics compared to
granites. More importantly, the REE distribution
patterns and other trace element concentrations of
the investigating granitoids are closely similar to
rare-metal granites (Vallinayagam 2004; Singh and
Vallinayagam 2009; Moghazi et al. 2015; Kumar
et al. 2019). The slight HREEs enrichment in
Tusham volcanic may be due to F complex (Webb
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et al. 1985). This enrichment is typical as the
low-P rare metal granite series (Raimbault et al.
1991). The primitive mantle normalized multielement diagram for samples of TRC, shows relatively high concentrations of large ion lithophile
elements (LILEs) such as Rb, K, Th, HFSE (Zr),
Nd and Lu and conspicuous negative anomalies for
Sr, Ba, Ti, Y, La, and Ce reCect the high abundances of potash feldspar (the host of Rb, K, Cs)
relative to plagioclase (the host of Sr, Ba) (Ghoneim et al. 2002). The high concentration of
radioelements, i.e., U (4.2–14.3 ppm) and Th
(59.9–104.1 ppm) and rare earth elements are
strong characteristics of high heat-producing and
rare-metal bearing granitoids that were objectives
of many studies (Singh and Vallinayagam
2009, 2012; Vallinayagam and Singh 2011; Sharma
et al. 2019). These features are consistent with
geochemical signatures of an A-type granite and
tend to be attributed to feldspar fractionation,
whereas P and Ti anomalies more likely reCect
fractionation of Fe–Ti oxides (Jahn et al. 2001; Wu
et al. 2002). The conspicuous negative anomalies
for Sr, P, Ti, Ba, and Eu on the multi-element
diagrams for studied granites are also common
features for A-type granitoids (Whalen et al. 1987).
The enrichment of Zr, Nd, and Lu in granitoids of
TRC is possibly due to the solubility of zircon and
rare metals in the parent melts and the enrichment
of Rb, Pb and K are attributed to the K-feldspar
and mica accumulation (Ghoneim et al. 2002). The
relative concentrations of Nb, Ce, Zr, Ga and Y are
indicative of their compatibility with a dominant
crustal component in the magmatic melt (Eby
1990). Elevated contents of HFSE, LILE and
LREE in A-type magma have been attributed to
low aH2 O , high aHCl and high aHF by many workers
(Collins et al. 1982; Whalen et al. 1987; Eby 1990).
Low aH2 O also requires high temperatures during
partial melting (Clemens and Vielzeuf 1987),
which is consistent with evidence from A-type
magmas (Clemens et al. 1986). The alkali feldspar
granites having substantial content of albite and
Cuorite, wide variations of HFSE, trace element
parameters in primitive mantle normalized multielement diagram and REE’s pattern of studied
rocks emphasized that the parental melt was possibly controlled by crystal fractionation and
Cuid–rock interactions as dominant mechanisms
that were also the subject of debate of many
studies (Singh and Vallinayagam 2009; Moghazi
et al. 2015; Kaur et al. 2019; Heikal et al. 2019;
Sharma et al. 2019).
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4.3 Mineral chemistry
Biotite is the most common maBc mineral in the
investigating samples. Locally, it is replaced by
chlorite-group minerals along the cleavage planes.
The chemical compositions and structural formula
of the analyzed biotite grains are listed in Supplementary table S1(a and b). The analyzed grains
show SiO2 (31.11–36.17 wt%), FeOt (20.55–32.24
wt%), Al2O3 (11.01–14.55 wt%), K2O (6.29–9.58
wt%) and MgO (2.75–11.25 wt%) contents,
respectively. The chemical composition of biotite
mineral in TRC rock-samples is annite and phlogopite (Bgure 7a) with significant variations in the
XFe ratios (0.21–0.61 apfu) and Al contents
(2.19–3.10 apfu). One grain of biotite lies in the
Beld of siderophyllite biotite. In the Ti# vs. Mg#
diagram, the composition of the biotite grain closely matches with the re-equilibrated biotite Beld
margin (Bgure 7b). Some biotite grains of rhyolitic
samples straddle in the neoformed and primary
biotite Belds. Occasionally, on average, F and Cl
contents in biotite from rhyolite are higher than
that of granite in this region. As a result, chlorine
contents show a negative correlation with Na, K,
XSi, XMg and positive correlation with Al and XFe,
respectively (Bgure 8). Moreover, Cuorine contents
in the present biotite grains are negatively correlated with chlorine (wt%), Al (apfu), Ti (apfu) and
positively correlated with Si (apfu), K (apfu) and
XMg (Bgure 9). The F contents also vary significantly, ranging from 0.80 to 7.11 wt% (Bgure 10a),
whereas Cl contents vary from 0.44 to 1.56 wt%,
respectively (Bgure 10b).
5. Discussion
5.1 Constraints on halogen contents, crystal
chemistry and Cuid activity
Several factors inCuenced the halogen contents of
biotite in a given rock, i.e., (i) source composition
(including a degree of partial melting and differentiation), (ii) temperature of crystallization, (iii)
halogen partitioning behaviour between the halogen-bearing minerals, which is partly inCuenced
by their major element composition (and thereby
indirectly linked to source composition) and
by temperature, as well as (iv) secondary eAects
such as late-stage redistribution of halogens because
of re-equilibration, interaction with hydrothermal
Cuids and secondary alteration (Teiber et al.
2014, 2015; Wang et al. 2016). Biotite shows

Figure 7. Analyzed biotite compositions in the (a) (Fe+2/
[Fe+2+Mg]) (apfu) vs. Al (apfu) classiBcation diagram (Deer
et al. 1966) and (b) Mg# (MgO/[MgO+MnO+FeO]) in wt%
vs. Ti# (109TiO2/[109TiO2+FeO+MgO+MnO]) in wt%
diagram (Nachit et al. 2005; Bonin and Tatu 2016).

significant variations in the F and Cl abundances on
the local scale of individual intrusions, extrusions
and also at times on the thin-section scale. This
variation is responsible for biotite equilibration with
Cuids. The high concentration of F (0.80–7.11 wt%)
and Cl (0.44–1.56 wt%) in biotite are usually ascribed to the presence of Cuid activity. Based on our
data, F contents in biotite generally increase with
the presence of Cuorite. The high content of Cuorine
over chlorine in the investigating rock types is
principally controlled by the variation in the Cuid
activity ratios of aF =aOH and aCl =aOH . The
activity gradients in the Cuid generated due to the
interaction between the granitic melt and an
extremely derived halogen-bearing Cuid (Kaur et al.
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Figure 8. Binary plots of Cl (wt%) against (a) Na+K (apfu), (b) K (apfu), (c) Al (apfu), (d) XSi (Si/[Si+Al]) (apfu), (e) Mg#
(Mg/[Mg+Fe2+]) (apfu), and (f) Fe# (Fe2+/[Fe2++Mg]) (apfu), showing compositional variations in the F- and Cl-rich analyzed
biotite grains. Symbols are according to Bgure 7.

2019). Higher halogen (F, Cl) contents in biotite and
elevated contents of incompatible trace elements in
studied granitoids reCect halogen-enriched magmatic source (Eby 1990). Based on the above discussion, it is possible that the investigating
granitoids of TRC might be derived from a magma
source that was enriched in halogens.
Whole-rock geochemical data propose that high
concentrations of some trace elements (REE, Y,
HFSE, Rb and F, in particular) were due to their
incompatible behaviour during magma crystallization processes. In addition, F dissolved in
the felsic magmas lowered the crystallization temperature of accessory minerals and encouraged the

trace elements (REE, HFSE and Y) to behave
as incompatible elements (Agangi et al. 2010).
Accessory minerals (Cuorite, zircon, apatite,
titanite and Ti oxides) can act for the high trace
element contents of the rocks. Recently, chlorinerich amphibole and biotite in the A-type granites
from Khetri and Alwar complexes of the northern
Aravalli orogen were studied and assumed that
variations in their halogen contents can act as
potential indicators of hydrothermal Cuid activity
and the subsequent mineralization in this region
(Kaur et al. 2019). Linear zone of crustal weakness along NE–SW in TAB has suggested that a
common magmatic activity might be possible
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Figure 9. Binary plots of (a) Cl (wt%) against F (wt%), F (wt%) against (b) K (apfu), (c) Al (apfu), (d) Mg#(Mg/[Mg+Fe2+])
(apfu), (e) Si (apfu), and (f) Ti (apfu), showing F variations in the analyzed biotite grains. Symbols are as in Bgure 7.

that could occur along Khetri copper belt, Alwar
and Tusham. Based on the above discussion, it
is suggested that incorporation of F and Cl in
biotite of A-type volcano-plutonic barcodes plays
an important role in the Cuid activity, trace elements enrichment and modifying residual melt
composition.
5.2 Possible environment and evolution of Cuid
Recent studies on the distribution of F and Cl also
demonstrated that the larger Cl anion seems to be
more easily mobilized and re-distributed during
hydrothermal processes, especially in biotite and
amphiboles (Teiber et al. 2015; Kaur et al. 2019). F
seems to be less aAected than Cl by any subsequent

re-distribution processes during cooling (e.g.,
diffusion or hydrothermal overprint) (Kaur et al.
2019). Besides, Mg and Fe contents in biotite are
directly related to F–Cl–OH exchange between
biotite and hydrothermal Cuids (Munoz 1984; Li
et al. 2003; Kaur et al. 2019). The F bearing Cuids
can transport lithophile immobile elements as
indicated by the presence of REE- and HFSEbearing minerals (e.g., zircon, Cuorite, allanite) in
the alkali feldspar granite (Moghazi et al. 2015).
Worldwide, the study on the role of halogens in
A-type magmatic system is very limited (Munoz
1984; Haas et al. 1995; Kullerud 1995; Kent et al.
2000; Kullerud et al. 2001; Webster et al. 2004;
Yardley 2005; Agangi et al. 2010; Moghazi et al.
2015; Kaur et al. 2019; Birski et al. 2019 and
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Figure 10. Analyzed biotite compositions in (a) XFe([Fe+Mn]/
[Mg+Ti+Fe+Mn]) (apfu) vs. F (wt%) and (b) XMg(Mg/
[Mg+Ti+Fe+Mn]) (apfu) vs. Cl (wt%) diagrams (Finch et al.
1995). Symbols are as in Bgure 7.

others). The emplacement, alteration and mineralization in the TRC were caused by ore-bearing
hydrothermal Cuids (Kochhar 1985). He proposed
that the acid volcanics of TRC show postemplacement hydrothermal alteration which was
indicative of porphyry type Cu and Sn mineralization. The orthomagmatic model of sub-volcanic
alteration had been suggested for the genesis of
these deposits. The low soda content of these acid
volcanic-plutonic rocks is due to post emplacement
devitriBcation and hydrothermal alterations. The
acid volcanics of the whole of the MIS show
hydrothermal alteration (Kochhar 1985) and this is
strongly suggestive of porphyry type Cu and Sn
and related mineralization in these rocks. In summary, it was concluded that the hydrothermal
alterations shown by acid volcanic are strongly
suggestive of porphyry type copper and tin
mineralization in the area.
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Pollard et al. (1987) have recognized two types
of tin environments; boron-rich environment and
Cuorine-rich environment. The boron-rich environment is the characteristics of peraluminous
granites and the mineralization style is hydrothermal intrusive breccias, stockworks and vein
deposits. Tourmaline is the characteristics mineral
and the principal metals are Sn and W. The Cuorine-rich granites are characterized by the presence
of Cuorite/or topaz and include peraluminous and
peralkaline non-orogenic varieties. Mineralization
is controlled by brittle fractures and stockworks
systems in massive/fractured granite systems. The
principal metals are Sn, W, Nb and Tb. Based on
the present study, the acid volcano-plutonic rocks
of TRC represent a Cuorine-rich environment in
mineral deposit systems.
Kinnaird (1985) has recognized four types of
subsolidus hydrothermal alteration processes in
Nigerian HHP granites; (i) sodic metasomatism,
(ii) potassic metasomatism, (iii) acid (hydrogen
ions) metasomatism, and (iv) argillic alteration.
These processes provided a suitable environment
for porphyry-type copper deposits in TRC. Sodic
metasomatism overprints are very rare in the
studied rock-types. During potash metasomatism,
the microclinization of feldspar due to the partial
or complete replacement of sodium by potassium in
the feldspar was accompanied by haematitic reddening. There is a development of new mica in the
compositional range phlogopite to annite to ferrous
siderophyllite. Chemically, there is an increase in K
and a concomitant loss of Na. During (hydrogen
ions) metasomatism, there is a progressive breakdown of granitic minerals in response to changing
K+/H+ ratio in the Cuids. Perthite or microcline
feldspar is destroyed and replaced by mica
during metasomatism, and may be accompanied
by sericite/chlorite/topaz/Cuorite/cryolite (Kinnaird
1985; Kochhar 2000). Argillic alteration involves
the formation of clays at the expanse of feldspars.
In the Tusham tin deposits, the potassic zone
(potash metasomatism) is very well developed
(Kochhar 2000).
Two principal genetic models have been proposed for the origin of the F and Cl-rich Cuids: a
primary magmatic origin (Clarke 2004) and a secondary metasomatic origin (Moghazi et al. 2015).
Based on the physico-chemical characteristics of
the Cuids that aAected and modiBed the chemistry
of present rock-suites, it can be inferred based on
the texture and compositions of the minerals present. The most striking feature of the studied
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granitoids is that they contain quartz, albite,
K-feldspar, biotite, and chlorite with similar compositions. The homogenous composition and coexistence of most albite, biotite and K-feldspar as
euhedral to subhedral crystals indicate a magmatic
origin. However, the composition of chlorite in
studied rock samples contradicts its primary petrographic feature. Therefore, chlorite is assumed as
the secondary phase, even though it formed in a
magmatic environment typical of biotite bearing
peraluminous granitoids. Moderately and extremely albitised A-type granites agreed with the role
of halogens (F, Cl) which are potential indicators of
sub-solidus Cuid–rock interaction and metallogeny
may take place (Kaur et al. 2019).

5.3 Factor controlling halogens and metallogeny
During mineralization, chlorine anions can be
strongly complexed with numerous metal cations
such as Pb, Zn, Cu, Ni, Co and Ag as chloride
complexes, and thus making these metals highly
mobile in saline hydrothermal Cuid (Agangi et al.
2010). During partial melting and crystallization,
F and Cl can exert important eAects on phase
equilibria, solidus temperature and magma viscosity and rheology (Teiber et al. 2014, 2015). The
high concentrations of Th and U in the investigating areas could also reCect their partition into
chlorine and Cuorine enriched Cuids during melt
generation (Heikal et al. 2019). The geochemical
data bank of the studied granitoids also accepted
that the external Cuid enriched in halogens might
aAect the concentrations of radioactive elements.
The relevant study carried on halogen distribution
in the granitic melt by Van Dongen et al. (2010)
suggested that Y, Zr, P, Ti and REE are highly
mobile under certain conditions of ore-forming
magmatic-hydrothermal systems. The halogenrich aqueous solution derived through anorogenic
setting would operate remobilization of highly
charged metal ions, i.e., Nb, Ta, Mo, W, U, Th,
and REE (Collins et al. 1982; Creaser et al. 1991;
Salvi et al. 2000). The external Cuids may cause
secondary metasomatic alteration superimposed
on the host rocks (Kaur et al. 2019). The results
of Cuid–host rock interaction are metasomatic
pegmatite rim surfaces and associated veins,
which carry potential economic bearing minerals
with high HFSE, REE and trace element abundances. The remarkable enrichment of Y, Nb, Zn,
Cu, U, Th and REE in juvenile phases (dykes,
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pegmatite and pink granite), which is possible due
to notable contents of radioactive minerals and
prevalence of post-magmatic processes in the
region.
Tusham, Jalor and Siwana granites showed
the Sn, W, Ta, U, Th and REE mineralization
(Kochhar 1992). Baskar and Sharma (1994)
observed (i) high potentials for Nb, Zr, REE mineralization in Siwana granites, (ii) high potentials
for Mo, Bi and W in Jalor granites, and (iii) Sn, W,
Ta, Nb enrichments in Tusham and Jhunjhunu
granites. Siwana and Jalor granites are enriched in
radioelements (U, Th, K, Rb) and also in Cs, Ta,
Nb, Y and Be contents (Kochhar 2000). Rare
metals and rare earth element mineralization were
also reported from the Kundal area of Malani
Felsic Province (MFT) (Singh and Vallinayagam
2009).
It was also predicted that the emplacement of
A-type granitoids around TRC is controlled by
shallow crust residency and post-magmatic processes (Kochhar 2000). Moreover, the fragment of
quartz porphyry and quartzite exposed in Tusham
hill attests to the role of volatile Cuid in their
emplacement. High Rb/Sr ratio also supports postmagmatic Sn–Nb mineralization. Shrivastava and
Gaur (2009) reported the Cuorite deposits associated with acid volcanic of the MIS region at Jalera
Khurd area (Jalor), Rajasthan, but did not explain
the halogen’s role in their formation. The relationship between A-type granites and post magmatic-hydrothermal activity is indicated by the
high heat-production nature of Khanak and
Devsar area in TRC (Sharma and Kumar 2017).
Hydrothermal or low-temperature mineral deposits
developed where there is a sufBcient increase of
heat from crust–mantle Cuid interactions after
their emplacement (Plant et al. 1985). The
enrichment of incompatible elements with Nb–
Sn–W mineralization indicates post-magmatic
Cuid interactions (Singh and Vallinayagam 2012).
The extremely evolved granitic system shows much
higher levels of enrichment of mineral deposits
through a combination of fractional crystallization
and high abundances of REE in F-rich residual
melt (Boily and William-Jones 1994). The acid
volcano–plutonic rock association in TRC exhibits
a natural laboratory for hydrothermal processes
related to evolved magmatic suites. The remarkable enrichment of HFSE and REE (except Eu) in
both volcanic and plutonic suites is considered as
the ultimate product of crystal-melt and volatile
activity during the Bnal stage of crystallization
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in a highly silicic magmatic chamber. The high
temperature and volatile-rich nature of anorogenic
acidic suites of TRC suggested that they were
probably formed from a variety of geological processes, i.e., partial melting, Cuid–melt interactions,
crustal assimilation, fractional crystallization, etc.
(Kumar et al. 2020). Occasionally, Cuorine may
Cux the source somewhat, and it is considered that
the presence of halogen’s product creates selective
trace element–halide complexes in the melt. This
‘counter ion-effect’ releases Ga and HFSE into the
melt and increases their abundances in anorogenic
magma. The strong clues from Beld observations,
i.e., quartz veins with Cuoride, iron encrustations,
pegmatitic knots/druses, alteration of K–Na–
feldspar to kaoline/perthite/rapakivi textures and
elemental geochemistry support that the investigating granitoids may be the results of fractional crystallization and Cuid-melt partitioning
behaviour of REE during magmatic and hydrothermal evolution. Recently, in the advancement
of the discovery of mineralization associated
with A-type granitoids, many geoscientists provided nomenclature to these granitoids as ‘raremetal bearing granitoids’ (Singh and Vallinayagam 2009; Moghazi et al. 2015; Kumar
et al. 2019).
Three different models have been proposed to
explain the rare metal endowments in the acidic
rocks: (1) enrichment controlled by magmatic
processes, i.e., fractional crystallization (Moghazi
et al. 2015), (2) volatile-phase transfer and complexation of rare metal elements and REE with F,
Cl, CO2 (Webster et al. 2004; Agangi et al. 2010;
Moghazi et al. 2015), (3) transportation of ore
elements by hydrothermal aqueous Cuids (Sami
et al. 2018). These rare metal granitoids are also
consistent with fractional crystallization, volatilephase transfer, and hydrothermal Cuid interaction
processes. The halogen ratio (F/Cl) is highly
useful to estimate the type of mineralization
associated with halogen-enriched rock types
(Munoz 1984). It describes that most of our
investigating rock samples are straddled in the
Beld of porphyry copper deposit and some samples
of rhyolitic and granitic composition, fall in the
Beld of Sn–W–Be mineralization also (Bgure 11).
So, it is possible that Tusham Ring Complex
(Haryana) which is very near to Khetri copper
belt (Rajasthan) along NE–SW lineaments can be
a potential region of hydrothermal Cuid activity
and the subsequent mineralization associated with
a-type granitoids.
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Figure 11. F/Cl ratio value plotted against F concentrations
for biotite from Tusham Ring Complex (TRC) granitoids. The
Belds are modiBed from Munoz (1984). Composition of biotite
from the Tusham Ring Complex is similar as those of porphyry
copper deposits. Symbols are according to Bgure 7.

5.4 Geodynamic evolution and mode of
emplacement of Tusham Ring Complex
Volatiles are considered to play a significant role in
the petrogenesis of A-type granitoids. Moreover,
the combination of high temperature and high
halogen content for A-type magmas leads to Cuid,
highly mobile melts, which can readily reach high
levels in the crust (Agangi et al. 2010; Teiber et al.
2015). Two sources were suggested for the halogen
migration in A-type suites: mantle-derived (Bailey
1978) or released during partial melting from the
breakdown of halogen-enriched amphiboles and
biotites residual from a previous melt extraction
(Collins et al. 1982). The halogens (in particular,
F) are considered to play an important role in
concentrating the HFS elements in A-type magmas
through complex ion formation (Collins et al. 1982;
Bonin 1990). The presence of late-stage halogenrich Cuids can participate in metasomatic processes
(Bonin 1990). Based on the petrography and geochemistry, it was concluded that the acid volcanics
and the associated granites of TRC are comagmatic and calc-alkaline suites and were probably
emplaced at shallow depths and may represent
partial melts generated at 700°–750°C (Kochhar
1983; Kumar et al. 2020). Further, the initial
87
Sr/86Sr ratio (0.705) for TRC has suggested that
the magma had sub-crustal origin with very short
crustal residence time.
From the preceding discussions, it seems that the
late-stage alkali-, F- or Cl-rich solutions interact
either with the residual magma or metasomatically
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with pre-existing granites, which is the most
appropriate reason for the generation of TRC
granitoids. Also, our results from halogen enriched
biotite as well as geochemical data bank support
this model related to MIS. On the other hand, it
was suggested that A-type granitoids were crystallized from relatively dry, high-temperature,
completely molten (i.e., restite free), Cl- and F-rich
magmas (Whalen et al. 1987). That’s why, along
with the halogen distribution and related metallogeny in the TRC, the present study also focuses
on the emplacement of Neoproterozoic felsic magmatism in context with the tectonic framework of
the MIS.
The rocks exposed in TRC are represented by
sub-volcanic, independent, isolated, elliptical and
circular geological settings, and also display the
distinct ring structures which are very common in
Malani Igneous Suite (Kochhar 1983, 2015; Kumar
et al. 2019, 2020). Riwasa and Tusham consist of
rhyolite and dacite as the volcanic phase, whereas
Khanak, Dadam, Dharan, Dulheri, Nigana and
Devsar consist of granites with various shades of
colour as a plutonic phase. The mirco-granular
granites and rhyolites are also identiBed as dyke
phase which was intruded in the last phase of magmatism (Kumar et al. 2020). The major lithological
associations of TRC has been divided into three
stages based on the mode of emplacement similar to
MIS having (i) the acid volcanic rocks representing
the Brst stage of igneous activity (Bhushan 1985;
Bhushan and Khullar 1998; Bhushan and Chitora
1999), (ii) the granites of different colours, discordant plutons and bosses as the second stage (Kochhar 1983; Sharma et al. 2019), and (iii) dykes of
microgranites and rhyolites cutting across the host
rocks are showing as the third stage.
Based on the detailed petrological and geochemical study, it was suggested that the acid
volcano-plutonic rocks of high heat-producing
nature in TRC were co-magmatic and emplaced
from 15 to 30 km shallow depth (Kumar et al.
2019) and may represent partial melts generated at
700–750°C (Kochhar 1983). They are highly enriched in radioactive, trace and rare earth elements
and bear evidence of Cuid activity (Kochhar
1985, 2000; Sharma et al. 2019). Using log(fH2O/
fHF) and log(fH2O/fHCl) values for external Cuid,
Munoz (1984) also calculated 727°C temperature
for biotite in the evolved granitic melt. Relatively
evolved granites have higher F/Cl ratios than
amphibole-bearing granites, granodiorites, monazites and diorites which have lower F and higher
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Cl concentrations (Birski et al. 2019). Therefore,
both the temperature range and halogen contents
(F/Cl [ 1) are also consistent with the present
study. Moreover, negative anomalies of Ti, P, Ba,
Sr and Eu in the multi-element spider diagrams
suggest that the emplacement of these granitoids
was controlled by fractional crystallization of
feldspar (alkali and plagioclase), whereas the relative enrichment of Nb, Y, Ga, Ce and Zr indicates
subcrustal origin. Furthermore, it was presented
that magmatism related to the TRC is consistent
with anorogenic, intraplate, co-magmatic and A2subtype granitic Beld, emplaced in an extensional
plume-related tectonic environment (Kumar et al.
2019).
However, TRC is composed of common hydrous
minerals, i.e., biotite, amphiboles, apatite and
muscovite, but volatile components in the form of
halogens are present in biotite mineral from this
study indicate these comagmatic-rocks experienced
several mineral phases during their evolution.
During this Brst episode of magmatism, the melting
of lower continental crust was caused by heating
from basaltic magma and the acid volcanic rocks of
Tusham and Riwasa complex with some maBc
components were emplaced. During the crystallization of amphibole (especially, hornblende)
mineral, the system was closed, i.e., the rocks of
Khanak and Devsar are formed and no volatile
composition was recorded. Only, the apatite crystals with volatile compositions were recorded.
During the last phase, the high abundance of
halogen composition recorded by biotite that provides information about the system opened again.
This is estimated by the decrease in the concentration of Cl in the melt. Moreover, the concentrations of F do not change significantly, but Cl is
continuously decreasing, which indicates continuous exsolution of aqueous Cuid from silicate melt or
the crystallization of Cl-bearing minerals. Due to
reactivation of magmatic chamber, partial melting
along with fractional crystallization, crustal
assimilation of subcrustal rocks and degassing took
place. This time, the rocks of Nigana, Dadam,
Dulheri and Dharan have been generated at shallow depth. The importance of other volatiles in an
uprising of newly generated magmas towards the
earth’s surface cannot be neglected. The present
model of close system during the formation of acid
volcanics of Tusham and Riwasa complex and
amphibole-bearing granites of Khanak and Devsar
complex, and open system during biotite-bearing
granites of Nigana, Dadam, Dulheri and Dharan
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complex is closely compatible with the origin and
evolution of volatiles in the central Europe of late
Variscan granitoids, Strzegom-Sobotka Massif, SW
Poland (Birski et al. 2019). The geochemical model
used for granitoids of the Strzegom–Sobotka Massif, SW Poland, also estimated the temperature
range, i.e., 829–650°C for halogen (F and Cl)
bearing biotite which is in good agreement with the
present study. The parental magma source for
granitoids of the Strzegom–Sobotka Massif, SW
Poland, was assumed metasedimentary rock
materials which have undergone a low degree of
partial melting. This statement also justiBed the
geochemical model of Eby and Kochhar (1990) in
which they suggested that the Tusham granites
showed chemical characteristics typical of magma
derived from a high-grade metasedimentary
source, but they did not identify the mode of
emplacement as well as magma compositional
changes during the close and open system in TRC.
Moreover, the injection of an external Cuid phase
played an enormous role in the hydrothermal Cuid
reactions and mineral deposition system. The
external Cuid of Cl-rich aDnity and the residual
melt which left after crystallization of major silicate minerals may be injected in host rocks through
joints and fractures. This type of Cuid activity
commonly occurs around Khetri copper belt
(Rajasthan) and that is why most of the mineralization in NW, Indian shield was controlled by
hydrothermal Cuid. Based on the present study, it
is clear that the granitoids of the TRC were also
controlled by volatile Cuids and there is a high
possibility of important mineralization associated
with the host rocks.
There are mainly two privileges and accepted
models for Malani geodynamic system: (a) plume
related extensional model (Singh et al. 2006;
Maheshwari et al. 2009; Kumar and Vallinayagam
2014; Kochhar 2015; Sharma and Kumar 2017;
Kumar et al. 2019, 2020) and (b) subduction model
(Pandit et al. 2001; Gregory et al. 2009; Ashwal
et al. 2013; Wang et al. 2017). The present contribution is argued with plume related extensional
environment. Ring structures and the cauldron
subsidence are strong evidence for hotspot magmatism in TRC and MIS, respectively. The isotopic data interpreted by some previous workers,
also recorded that MIS magmatism was contemporaneous with the breakup of Rodinia and
Pan-African thermo-tectonic event. Being a small
portion of the NW continental block, the geodynamic
evolution of the TRC has a significant role in the

conBguration of the MIS for palaeo-existed Rodinia
and later Pan-African thermo-tectonic event.
6. Conclusions
The geochemical characteristics of the investigating A-type acid volcano-plutonic rocks form
Tusham Ring Complex have reached on the
following conclusions:
1. They are enriched in SiO2, Na2O + K2O, REEs
(except Eu), LILE + HFSE, elevated in Fe/Mg,
Ga/Al, Th/U, A/CNK ratio and depleted in
CaO, MgO, Sr, Cr, Ni, P, Ti, V and Eu
abundances, i.e., exhibit A-type aDnity.
2. The studied granitoids consisting peraluminous,
hypersolvus and high-K calc-alkaline geochemical characteristics are identiBed as rare metal
granitoids.
3. The halogen distribution in biotite and the
elemental geochemistry attributed hydrothermal Cuid activity and subsequent mineralization
in these acid volcano-plutonic rocks of the TRC.
4. The high abundances of halogens in biotites
from the investigated granitoids indicates halogen-enriched magmatic source.
5. Our new results suggested that the acidic
magmatism that occurred in the TRC is considered as a part of the Neoproterozoic Malani
Igneous Suite (MIS) derived from the plumerelated anorogenic magmatism.
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