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ABSTRACT

Calc-silicate rocks occurring in and around Lunavada town
belong to the Kadana Formation of the Lunavada Group of the
Aravalli Supergroup. These rocks are embedded within pelitic
schists in the form of sporadically distributed lensoidal bodies and
are surrounded by quartzitic ridges. Rocks of the Kadana
Formation and its surrounding area have experienced intrusive
event named as ‘Godhra granite’ which occupy the SW part of
this area. Some prominent field characteristics shown by these calc-
silicates include fine to medium grained size, dark grey colour,
unoriented/star shaped amphibole needles and maculose structure.
These rocks have contact metamorphic textural features and the
typical mineral assemblage viz., Act +Di + Qtz + Ttn+ Cal + Mc +
Bt + Pl + Ep + Scp + Chl with minor proportion of apatite, zircon
and opaques. EPMA studies revealed that the Ca-amphibole
composition of these rocks ranges from magnesio-hornblende to
actinolite whereas the clinopyroxene is salitic to diopsidic and the
mica is found to be phlogopitic biotite. Certain prograde and
retrograde reactions textures present within these rocks have been
interpreted, for e.g. the development of diopside (salite) from
ankeritic composition which is then retrogressed and actinolite
appeared, prograde reaction leading to the formation of titanite
from ilmenite and calcite and breakdown of scapolite into calcite
and quartz with plagioclase lacking co-existence with these
scapolites, indicating retrogression. Mineral assemblage and
mineral chemistry data interpretation points towards the
calcareous sandstone or marl as a probable protolith having impure
calcareous composition, moreover, field characteristics and reaction
textures observed give indication that the protolith might had
passed through the contact metamorphic event to give rise to the
present day calc-silicates.

INTRODUCTION

The calc-silicate rocks of the area under investigation belong to
the Lunavada Group which is the second youngest Group of the
Aravalli Supergroup and make a part of Southern Aravalli Mountain
Belt (SAMB) in Gujarat. These rocks are of Meso-proterozoic age
and represent the youngest formation of Lunavada Group known as
‘Kadana Formation’ (Igbaluddin, 1989; Gupta et al. 1992, 1997). In
the previous studies of this area greater attention was paid on the various
aspects like lithostratigraphy, sedimentology and structural geology
by Gupta and Mukherjee (1938), Igbaluddin and Venkatramaiah (1976)
and Mamtani (1998) as well as Mamtani et al. (1999a, 2000)
respectively and very little is known about the genesis of the calc-
silicates present here unlike the calc-silicates of neighbouring area
present in the Champaner Group where these rocks have been studied
in great details with respect to petrology by Das et al. (2009). The
present paper contributes to petrography, mineral chemistry and
mineral parageneses in terms of prograde and retrograde reaction
textures of these rocks for the first time and on the basis of these
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studies it will become possible to acquire the general idea regarding
the protolith of these calc-silicates and the metamorphic events they
had gone through.

GEOLOGICAL SETTING

The Lunavada Group occupies an area of 10,000 sq.km and covers
NE part of Gujarat state partially and is having its extension in SW
part of Rajasthan (Merh,1995).As per the stratigraphy, only a part of
Lunavada Group falls within the Gujarat state known as the Kadana
Formation while remaining five formations of this Group occupy the
areas of southern Rajasthan(Igbaluddin,1989).In this group,
argillaceous as well as arenaceous metasediments with thin bands of
calcareous rocks intercalated within them are found to occur, viz.
phyllites, mica schists, chlorite schists, meta-siltstones, meta-
semipelites, meta-protoquartzites with thin sheets of dolomitic
limestone, petromict meta-conglomerate, manganiferous phyllite and
phosphetic algal dolomite (Gupta et al., 1980, 1992). Study area under
investigation lies in the SE part of Lunavada town between latitudes
23°00'-23°09" N and longitudes 73°35'-73°45" E (Fig.1). In this area
only three major lithologies i.e. quartzites, pelitic schists and calc-
silicate rocks have been encountered and the isolated lensoidal bodies
of calc-silicates reside along with the pelitic schists in the planar areas
which are surrounded by tightly folded quartzitic ridges. Impressions
of regional scale folding events can be identified as F, F, and F,
within rocks present in and around Lunavada, formed on account of
D,-D, deformational episodes where D, and D, are coaxial with
NE-SW striking axial traces, whereas D, marks the NW-SE trend
and is coeval with the granite emplacement (Mamtani et al., 2001;
Mamtani et al., 2002; Mamtani and Greiling, 2005; Sen and Mamtani,
20006). Several NW-SE trending axial planer slippages have also been
recorded with the last phase of deformation (Mamtani et al., 1999a;
Joshi et al., 2016). ‘Godhra Granite’ which is intrusive into the Kadana
Formation and surrounding area occurs at the SW part of the study
area whereas younger extrusive basaltic rocks are exposed on the
eastern margin of the study area (Gupta et al., 1980;1995).
These granites have Neoproterozoic age i.e. 955+20 Ma (Gopalan et
al., 1979).Calc-silicate rocks under study exhibit fine to medium
grained size and dark grey colour. Development of unoriented/
star shaped actinolite porphyroblasts can be observed within these
rocks (Fig.2a). Maculose structure is also prominently developed
over these rock surfaces (Fig.2b).Apart from it other features observed
are compositional bandings as well as foliations, in rare cases (Fig.2c
and 2d).

PETROGRAPHY

These rocks are characterized by prominent hornfelsic texture
which is defined by unoriented actinolite needles and hence considered
as hornfels (Bhaskar Rao,1986).Apart from this, porphyro-
poikiloblastic texture and the granoblastic polygonal groundmass
composed of quartz and plagioclase feldspar in some samples are
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Fig.1. (a) Location map and (b) Geological map of the study area, (modified after Mamtani,1998)

some minor textures observed in these rocks. The typical mineral
assemblage of these calc-silicates is actinolite + diopside + quartz +
titanite + calcite + microcline + biotite + plagioclase feldspar (An,, -
Ang.) + epidote * scapolite + chlorite along with minor proportion of

apatite, zircon and opaques.

Although most of the actinolites are unoriented or star shaped,

rarely oriented actinolites can also be
observed. They are strongly pleochroic
with colourless to pale green pleochroism.
Oriented actinolites are found to be
comparatively slender and most of them are
devoid of any inclusion. Inclusion trails of
quartz or diopside when present in the
actinolites of these rocks, show concordant
relationship with the groundmass fabric and
also the quartz inclusions exhibit sharp
extinction suggesting post-tectonic growth
of these porphyroblasts (Ghosh, 1993 and
Passchier and Trouw, 2005). Simple
twinning is shown by some actinolite
grains. Apart from acicular or needle shape,
rhombic to pseudohexagonal shaped
actinolites are also seen to be developed
due to their typical amphibole cleavage on
(110). Diopside is subidioblastic, can be
distinguished by its high relief, weak
pleochroism and two distinct cleavages
almost at 90° angle. It is enclosing
dolomitic (or ankeritic) mass indicating
its formation at the expense of latter
(Fig.3a). Similarly, it makes most part of
the groundmass in some samples and is
present in the form of inclusions within
actinolite porphyroblasts (Fig.3b). Titanite
grains exhibit their characteristic wedge or
spindle shape or sometimes distorted

shape and distinct relief. They can be seen to be closely associated
with ilmenite and quartz (Fig.3c). Plagioclase feldspar (An,,~An)
occurs as fine to medium-sized tabular, subidioblastic grains
with 2-5% modal amount. Biotite can be seen along the margins
of actinolite in the matrix of microcline frequently (Fig.3d). In
some thin sections biotite laths are getting altered to chlorites.

Fig.2. Field photographs showing (a) unoriented/star shaped actinolite needles on the surface of
calc-silicate rocks, Loc. E of Jotangiya. (b) Maculose structure developed over the surface of calc-
silicate rock, Loc. N of Amliyat (¢) Compositional bandings within calc-silicates, Loc. N of Chari.
(d) Foliated calc-silicate rock, (S,, S, foliations can be seen), Loc. Panam river section.
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Pleochroic haloes can also be seen
within biotites. Anhedral epidote grains
are commonly associated with actinolites
and they are almost non-pleochroic
and exhibit higher order colours.
Anhedral to sub-hedral scapolite grains
can be seen in the form of granular
clusters and exhibit moderate relief
with well developed cleavages and
are found to be closely associated with
calcite and quartz (Fig.3e). Rarely,
myrmekitic texture can be seen in some
rock samples developed due to the
intergrowth of quartz in plagioclase
feldspar (Fig.3f).

MINERAL CHEMISTRY

To know the mineral chemistry, the
Electron Probe Micro Analysis (EPMA)
was carried out for all important mineral
phases present in these rocks with the help
of CAMECA SXFive instrument at DST-
SERB National Facility, Department of
Geology (Center of Advanced Study),
Insititue of Science, Banaras Hindu
University. Polished thin sections were
coated with 20 nm thin layer of carbon
for electron probe micro analyses using
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Fig.3. Photomicrographs of calc-silicate rocks in crossed polars showing (a) Salite nucleating from ankeritic composition. (b) Actinolites with
numerous inclusions of associated diopside suggesting formation of actinolite at the expense of latter. (¢) Replacement of ilmenite by titanite
grains. (d) Retrogression of actinolite indicated by the formation of biotite along the actinolite margins in association with microcline. (e)
Replacement of scapolite by calcite and quartz indicates retrogressed scapolite, here the presence of plagioclase is lacking. (f) Development of
myrmekitic texture having close association of alkali feldspar (microcline).

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 W source in the electron gun for generation of electron
beam. Natural mineral standards were used for routine calibration and
quantification. Representative microprobe analyses of major and
important minerals present within these calc-silicate rocks are as
follows:

Calcic-amphibole

All studied amphiboles can be classified as calcic amphiboles as
per the nomenclature suggested by Leake (1978) and these calcic
amphiboles correspond to the magnesio-hornblende to actinolite with
(Na+K) , <0.5 apfu, Ti < 0.5 apfu. (Table II,Leake et al.,1997), (Fig.4a).
Those amphiboles which plot in the magnesio-hornblendes field
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(Fig.4c) contain 7.1-7.5 apfu Si, 0.9-1.3 apfu Al'", and (Mg / Mg+
Fe?*) values between 0.67 to 0.78 and those with actinolitic
composition contain 7.5 to 7.9 apfu Si, 0.26-0.76. apfu Al'", and (Mg
/ Mg+ Fe?*) values between 0.68 to 0.79. Manganese and Ti are present
in amounts from 0.00 to 0.07 apfu (Table 1).

Clinopyroxene

Clinopyroxene (Cpx), is essentially a diopside-hedenbergite solid
solution (Wo,, 5,,En,, .., Fs , 5). The composition is salitic to
diopsidic (Table 1) with XMg ranging between 0.76 and 0.82. The
Al is both tetrahedrally and octahedrally co-ordinated. Most of the
analysed clinopyroxenes fall in the salitic field in the Ca-Mg-Fe
triangular plot (Fig.4b). Clinopyroxenes contain 1.79- 2.00 apfu of

Si, 0.02-0.2 apfu of A, Fe** 0.00-0.08 apfu. Na ranges from 0.01-
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Table 1. Representative electron microprobe analyses of calcic-amphibole and clinopyroxene

Calcic-amphibole Clinopyroxene
Rock no. PRS-10  RGP-13 BR-10 ASN-17 Rock no. PRS-10 BR-10 ORA-6
SiO, 51.26 50.02  53.86 48.80 SiO, 54.71 52.41 52.01
TiO, 0.10 0.09 0.02 0.33 TiO, 0.03 0.03 0.01
AlLO, 3.56 4.82 1.55 7.96 AlLO, 25.56 50.74 0.64
FeO 8.59 11.11 9.45 12.14 Cr,0, 0.92 0.04 1.19
MnO 0.59 0.35 0.38 FeO 4.37 6.60 7.29
MgO 16.93 15.46 17.29 13.65 MnO 0.62 0.66 0.22
CaO 14.33 12.65 12.83 11.87 MgO 10.44 13.87 13.44
Na,O 0.31 0.51 0.09 0.84 CaO 18.53 24.81 24.02
K,0 0.24 0.38 0.07 1.23 Na,O 0.16 0.20 0.18
K0 4.23 0.001 0.062
Total 95.95 95.44  95.57 97.35 Total 99.62 99.41 99.09
Tons on the Tons on the
basis of 23(0) basis of 6(0O)
Si 7.37 7.39 7.79 7.12 Si 1.79 2.01 1.95
Ti 0.01 0.01 0.00 0.03 Ti 0.006 0.0005  0.0004
Al 0.60 0.84 0.26 1.37 Al 0.21 0.03 0.02
Fe 1.03 1.37 1.14 1.48 Cr 0.13 0.05 0.03
Mn 0.07 0.04 0.04 0.06 Fe 0.14 0.19 0.22
Mg 3.63 3.40 3.73 2.97 Mn 0.02 0.02 0.007
Ca 2.20 2.00 1.99 1.85 Mg 0.66 0.64 0.75
Na 0.08 0.14 0.02 0.23 Ca 0.98 0.96 0.96
K 0.04 0.07 0.01 0.22 Na 0.02 0.05 0.01
K 0.003 0.008 0.003
% Mg/(Mg +Fe) 0.78 0.71 0.76 0.67 Mg/(Mg +Fe*) 0.82 0.76 0.77
Pyx. components
‘Wo 53.68 51.24 49.11
En 36.14 34.36 38.23
Fs 9.08 11.65 11.96

0.05 apfu. Manganese varies from 0.007 and 0.02 apfu. K, Cr and Ti
are below detection limit.

Titanite

Titanite contains 0.95 -1.02 apfu Ca, 0.84-0.90 apfu Ti, 0.15-0.29
apfu Al. Mg is below detection limit. A typical titanite has the formula
Cay gy (Ti  ggAly 15 Fe 41) Sty o6 (Fy g7 Cl op3)- Na, M, K and Ba were
measured in amounts 0.00-0.57 wt % oxide concentrations (Table 2).
Low analytical totals in the range of 92.7-98.3% , including all Fe
calculated as Fe,O, , suggest the presence of OH and /or F to
maintain the charge balance during the coupled substitution reaction:
Ti** + O = AI** + F (Rene, 2008; Fukai, 2013).

Biotite

Biotite has a variable Ti content ranging from 1.68 to 2.14 wt %.
The Ti content of biotite present in calc-silicates lying closer to the
granititc intrusion is higher than those which are away from it on
account of increase in temperature. Their X,, composition range is
between 0.60 to 0.66 (Table 2). On the Al vs. Fe/(Fe + Mg) diagram
of Deer et al. (1992) biotites of these calc-silicate rocks lie in the
biotite zone but very near to phlogopite boundary (Fig.4c) with their
(Fe/Mg+ Fe) ratio ranging from (0.33-0.37 apfu).

Scapolite

Scapolites of these rocks are Cl-absent calcic-rich meionites.
Their Ca/(Ca+Na+K) ratios vary between 0.89 and 0.93. SO, and
F contents are below detection limit. K,O values are very low (0.1-
0.2 wt %). The meionite component varies from 89.7 to 92.8 %
(Table 2).

REACTION TEXURES
Petrography revealed certain reaction textures which help to
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understand the parageneses of various minerals present in these rocks
and can be shown by following reactions:

Salite forming reaction

Textural evidence of progressive metamorphism can be shown
with the help of reaction texture viz. enclosed dolomite (or ankerite)
by salite in the matrix of quartz. Thus it can be stated that the salite is
getting formed at the expense of former. Since the salite is Fe rich
variety of diopside, the carbonate phase on account of which it is
getting produced must be ankerite i.e Fe rich carbonate (Fig.3a).Thus
the formation of salite can be given by following reaction (Winter,
2001)

Ankerite + 2 SiO, = Salite + 2CO, (hH

Actinolite forming reaction

Actinolite porphyroblasts show numerous inclusions of salite
thereby indicating their formation at the expense of latter (Fig.3b).This
is a retrograde reaction and is given as follows:

5 Salite + H,0 + 3CO, = Actinolite + 3CaCO; + 2SiO, 2)
Titanite forming reaction
Titanite grains within these calc-silicates are found to be closely

associated with ilmenite in the matrix of quartz + calcite (Fig.3c). The
probable reaction leading to their formation is:

CaCO, + SiO, + Ilmenite = Titanite + CO, 3),
which is a prograde reaction.
Biotite forming reaction

In some of the specimens of calc-silicate rocks, biotite laths can
be observed to be nucleating along the margins of actinolite needles

JOUR.GEOL.SOC.INDIA, VOL.97, FEB. 2021



1.0 rollastonite
Tremolite Wollastonite
0.9 Magnesio-
L hornblende . X
Actinolite Tschermakite
® o
° iﬂ Regs
L™ ®ge
° °
o o300
o~ °
K
=
205
B Ferro-augite
= Ferro- erro-homblende ot
actinolite Ferro-homblende Ferro-
tschermakite . 20
/ Low-Ca Augite Low-Ca ferroaugite \
/ Magnesian Ferropigeonite \
pigeonite
L A 1 1 L\ AN
Enstatite Ferrosillite
0.0
8.0 75 7.0 6.5 6.0 5.5
Si (apfu)
Estonite Siderophyllite
3
299 o
‘e
281 g
2 =
- 2.71 £
s 264
= 25+ iB
<
= 244 N
o
= 234
224
2.1
2 T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Phlogopite Fe/(Fe + Mg) Annite

Fig.4. (a) Chemical composition of calcic-amphibole present in these rocks. Classification scheme (after Leake et al.1997). (b) Ca-Mg-Fe
triangular plot showing clinopyroxene composition. (¢) Mica composition ranges from biotite to phlogopite. Classification scheme (after Deer

et al.1992).

which are associated with microcline( Fig.3d). This indicates following
reaction,

3 Ca-Amphibole + 5 K-feldspar + 6 CO, + 2 H,O = 5 Biotite +
6 Calcite + 24 Quartz 4)

Scapolite forming reaction

Occurrence of scapolite within these calc-silicate rocks is limited
to the narrow zone around granitic pluton. Retrogressed scapolite can
be seen, as it is getting replaced by the calcite and quartz and the
plagioclase is not associated with these scapolites (Fig.3e). This is
considered as a vapour absent reaction and is given as follows:

Scapolite = 3 plagioclase +Calcite +Quartz

(%),

(Satish-Kumar et al., 1995)

At places within these rocks, it has been found that the mymerkitic
intergrowth of plagioclase feldspar and quartz is closely associated
with alkali feldspar. This implies a fluid induced metasomatic
retrograde reaction (Sameera et al., 2015), (Fig.3f). The reaction is as
follows:

calcite + alkali feldspar + Na* (fluid) = plagioclase

feldspar + quartz + K* (fluid) 6)

JOUR.GEOL.SOC.INDIA, VOL.97, FEB. 2021

DISCUSSION AND CONCLUSIONS

The kind of mineral assemblage and textures observed in these
rocks are typical of calc-silicate hornfels. The major minerals like Ca-
amphibole and calcic-pyroxene present in these rocks are rich in both
Mg and Fe, although Mg > Fe, i.e amphibole is actinolitic and pyroxene
is salitic in composition. This is reflected from the classification
diagram (see Fig.4a) and for clinopyroxene by Ca-Mg-Fe triangular
plot (Fig.4b). Mica is a phlogopitic biotite. In the rock samples lying
close to the granitic pluton occurrence of diopside (salite) has been
noticed which indicates moderate to high temperature conditions
whereas the appearance of scapolite is seen only within those samples
lying very close to the pluton. These two minerals are then retrogressed
which is shown by reaction textures present in these rocks.
Retrogression by co-existing clinopyroxene and amphibole is also
reported within the calc-granulites of Hammerhead syncline from
Southern Sandmata Complex, NW India (Purohit et al., 2015). Effect
of increased temperature due to nearby granitic pluton has led to the
development of maculose structure over these rock surfaces. Typical
contact metamorphism, viz. hornfelsic, porphyo-poikiloblastic texture
and granoblastic polygonal groundmass (Winter, 2001) are typical of
these calc-silicates also. Similarly, according to Deer et al. (1985)
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Table 2. Representative electron microprobe analyses of titanite, biotite and scapolite

Titanite Biotite Scapolite

Rock no. PRS-10 ASN-17 ORA-6 Rock no. PRS-10 ASN-17 BR-10 Rock no. BR-10/34 BR-10/35
SiO, 26.66 29.23 29.96 SiO, 34.04 37.03 37.22 Sio, 42.44 44.81
TiO, 33.33 36.86 37.81 TiO, 1.68 1.70 2.14 AlLO, 20.37 22.90
AlLO, 2.06 1.74 1.89 AlLO, 16.59 16.00  15.86 FeO 0.34 0.25
Fe O, 0.56 0.49 0.37 FeO 15.31 16.48 1397 MnO 0.1 0.17
MnO 0.02 0.00 0.07 MnO 0.34 0.18 0.31 Ca0, 2.89 23.36
CaO 25.74 29.17 29.26 MgO 16.52 14.22 14.54 Na,O 2.31 1.99
Na,O 0.43 0.06 0.00 CaO 0.05 0.00 0.00 K,0 0.20 0.1
K,0 0.16 10.07 0.02 Na,0 0.09 0.09 0.01 PO, 0.48 0.39
Cr,0, 7.01 70.66 0.06 K,0 5.39 9.79 9.95
PO, 0.48 0.60 0.53
BaO 0.33  0.0003 0.26
F 0.00 0.72 0.34
Total 96.96 100.44 100.59 Total 90.01 9549  94.00 Total 90.99 93.97
Tons on the Tons on the Tons on the
basis of basis of basis of 12
5(0) 22(0) (Si, Al)
Si 0.91 0.95 1.02 Si 5.30 5.56 5.62 Si 6.46 6.81
Ti 0.86 0.90 0.84 AIY 2.69 2.43 2.37 Al 2.78 3.07
Al 0.18 0.15 0.28 AM 0.34 0.39 0.44 Fe? 0.02 0.01
Fe* 0.01 0.01 0.009 Ti 0.19 0.19 0.24 Mn 0.006 0.01
Mn 0.0006 0.00 0.001 Fe?* 1.99 2.07 1.76 Ca 1.78 1.9
Ca 0.95 1.02 0.95 Mn 0.04 0.02 0.04 Na 0.19 0.14
Na 0.02 0.003 0.00 Mg 3.83 3.18 3.27 K 0.01 0.00
K 0.007 0.003 0.03 Ca 0.009 0.00 0.00 P 0.03 40.02
P 0.04 0.05 0.04 Na 0.02 0.02  0.003
Ba 0.004 0.00 0.005 K 1.07 1.87 1.91
F 0.00 0.07 0.05 Xne 0.66 0.60 0.65

Mol.% 89.67 92.77

Meionite

more magnesium rich varieties of calcic-pyroxenes like diopside are
essential constituents of contact metamorphism of calcium-rich
sediments. Formation of calc-silicate hornfels on account of contact
metamorphism of impure carbonates due to granitic intrusion (Godhra
granite) leading to the development of minerals like diopside in these
rocks has been observed by Das et al. (2009) in Champaner Group
also. All these observations indicate the effect of contact metamorphism
of Ca-rich sediments. Mineral chemistry of mineral assemblage reveals
the presence of Fe rich Ca-amphibole, Fe rich Ca-pyroxene as well as
moderate amount of biotite. This implies that impure calcareous
sediments like calcareous sandstone/marl as probable protolith that
has undergone contact metamorphism resulting in the formation of
calc-silicate rocks of the area.
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In this work, the calc-silicate rocks affiliated to the ‘Kadana Formation’, a youngest formation of the
Lunavada Group have been investigated. These rocks are found to be embedded within associated rock
types, viz., quartzites and metapelites in the form of isolated lensoidal bodies. Contact metamorphic
textures and the typical mineral assemblage, viz., Act +Di 4 Cal + Qtz + Ttn + Mc £+ P1 + Bt & Ep &+ Scp
4 Chl with minor proportion of apatite, zircon and opaques can be observed in these calc-silicates. Major
oxides, trace and rare earth elements were analysed to investigate the protolith type, provenance and
tectonic setting of these rocks. Protolith must be calcareous sandstone with varied proportion of clay and
deposited in shallow water environment as revealed by CaO, Al,O3 and FeO+MgO and Al-Zr-Ti ternary
diagram, respectively. Low to moderate weathering of source rocks has been indicated by A—~CN-K ternary
diagram. Th/Sc vs. Zr/Sc and Th/Co vs. La/Sc plots confirm the continental source with felsic nature for
these rocks and the calc-silicate samples fall within the active continental margin region of Sc—Th-Zr/10
diagram which also justify the kind of provenance for primary sediments.

Keywords. Calc-silicate rocks; Lunavada; Kadana; geochemistry; protolith; tectonic setting.

1. Introduction Kadana Formation having Meso-proterozoic age

(Igbaluddin 1989; Gupta et al. 1992, 1997). The

Calc-silicate rocks are the type of metamorphic
rocks primarily composed of calc-silicate minerals
and contain less than 5% volume of carbonate
minerals, i.e., calcite and/or aragonite and/or
dolomite, as per the ‘subcommission on the sys-
tematics of metamorphic rocks’ (SCMR) classifi-
cation scheme. The calc-silicates being investigated
here belong to the Lunavada Group which is a
second youngest group of the Aravalli Supergroup
comprising an extension of the Southern Aravalli
Mountain Belt (SAMB), which occupies the NE
part of the Gujarat state. These rocks comprise
youngest formation of Lunavada Group known as

Published online: 19 September 2020

area around Lunavada has been variously investi-
gated on the basis of their lithological (Gupta and
Mukherjee 1938), sedimentological (Igbaluddin
and Venkataramaiah 1976) and structural (Mam-
tani et al. 1999, 2000) aspects. However, the calc-
silicate rocks did not receive much attention.
Therefore, present paper makes a maiden attempt
to characterize this rock based on its major, trace
and rare earth elements geochemistry. These data
have been used to constrain the protolith charac-
teristic and investigate the depositional environ-
ment, weathering history, provenance and tectonic
setting. Understanding these aspects is of utmost


http://crossmark.crossref.org/dialog/?doi=10.1007/s12040-020-01463-4&amp;domain=pdf
https://doi.org/10.1007/s12040-020-01463-4

198 Page 2 of 14

importance as they offer the key to understand the
evolution of these rocks during Meso-proterozoic
age.

2. Geological setting

The study area lies to the SE part of the Lunavada
town between latitudes 23°00'-23°09'N and longi-
tudes 73°35'-73°45'E  (figure 1). The Kadana
Formation, which hosts the calc-silicates under
study, makes the only representation of Lunavada
Group of rocks within Gujarat (Igbaluddin 1989).
The Lunavada Group occupies parts of Sabarkan-
tha and Panchmahal districts of Gujarat state
covering an area of 10,000 km? with its extension
in SW part of Rajasthan (Merh 1995). This group
is composed of clastogenic metasediments (viz.,
phyllites, mica schists, chlorite schists, meta-silt-
stones, meta-semipelites, meta-protoquartzites,
petromict meta-conglomerate and manganiferous
phyllite) along with the thin intercalations of

J. Earth Syst. Sci. (2020)129 198

chemogenic and biogenic rocks (viz., dolomitic
limestone and phosphetic algal dolomite) respec-
tively (Gupta et al. 1980, 1992). In this area, only
three major lithologies, i.e., quartzites, metapelites
and calc-silicate rocks have been encountered and
the isolated lensoidal bodies of calc-silicates are
present along with the pelitic schists in the planar
areas which are surrounded by tightly folded
quartzitic ridges. Regional scale folds, i.e., Fy, Fo
and F3 have their impressions over the rocks pre-
sent in and around Lunavada which are formed on
account of D{—D3 deformational episodes. Dy, Ds
developed Fy, F5, respectively, are coaxial having
NE-SW axial traces and D3 associated with Fj
projects, its separate trend as NW—SE. This Dj is
found to be coeval with the granitic emplacement
(Mamtani et al. 2001, 2002; Mamtani and Greiling
2005; Sen and Mamtani 2006). Several NW-SE
trending axial planer slippages have also been
recorded with the last phase of deformation
(Mamtani et al. 1999; Joshi et al. 2016). Chlorite
appears in schists towards the northern part of the

Study
Area

Quartzites

Thick bands of Schist with
intercalations of calc-silicate
rocks

Thick bands of calc-silicate
rocks with thin bands of Schist

Godhra Granite
Strike and dip of bedding plane

Strike and dip of foliation

ARNNN il

Direction of plunge of fold
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T
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(modified after Mamtani 1998)

Figure 1. (a) Location map and (b) geological map of the study area (modified after Mamtani 1998).
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Lunavada terrain, whereas, garnet appears
towards the southern part, indicating increase in
the grade of metamorphism from greenschist to
lower amphibolite facies from north to south
(Mamtani 1998; Mamtani et al. 2001). ‘Godhra
Granite’, which is intrusive to the Kadana For-
mation and the surrounding area, occurs towards
the SW part of the study area whereas, the younger
extrusive basaltic rocks are exposed on the eastern
margin of the area (Gupta et al. 1980, 1995). The
granites have shown Neoproterozoic age, i.e.,
955420 Ma (Gopalan et al. 1979). The calc-silicate
rocks exhibit fine to medium grained texture and
light to dark grey colour. Characteristic features
seen on the surfaces of these rocks include star
shaped or unoriented actinolite needles (figure 2a)
as well as the maculose structure developed on
account of increased temperature due to intrusion
of granites in close proximity to these rocks
(figure 2b). Apart from this, minor features

observed within these rocks are the compositional
bandings, discordant granite-pegmatite veins and
marginal orientation of actinolite needles in the

lying

calc-silicates in contact with adjacent
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quartzite-metapelite intercalations (Akolkar et al.
2018).

3. Petrography

These rocks are characterized by the prominent
granofelsic /hornfelsic texture which is defined by
orientation of actinolite needles (Bhaskar Rao 1986;
figure 2¢). Apart from this, porphyro-poikiloblastic
texture and the granoblastic polygonal groundmass
can be observed as the minor textures. Groundmass is
composed of quartz and microcline in some samples.
These calc-silicate rocks possess a typical mineral
assemblage as actinolite + diopside + quartz +
titanite + calcite £ microcline &+ biotite & plagioclase
feldspar (Anss—Ang;) +epidote &+ scapolite £ chlorite
along with minor apatite, zircon and opaques.
Although most of the actinolites are unoriented
or star shaped, oriented actinolites can also be
observed in rare cases. Due to their cleavage on
(110), sometimes they assume rhombic or pseudo-
hexagonal shape. Colourless to pale green
pleochroism and simple twinning is shown by
actinolite grains. Diopside is subidioblastic and

Figure 2. (a) Field photographs showing unoriented/star-shaped actinolite needles on the surface of calc-silicate rocks. Location
Jotangiya. (b) Maculose structure developed over the surface of calc-silicate rock. Location Balaji no muvada. (¢) Photomicro-
graphs of calc-silicate rocks in crossed polars showing hornfelsic texture generated on account of disoriented actinolite needles.
(d) Diopside can be seen in association with actinolite, microcline and quartz, formation of actinolite at the expense of diopside is

indicated.
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Table 1. Major (wt.%), trace and rare-earth elements (ppm) analyses of the representative calc-silicate rock samples of Lunavada area.

Sample no. GCSL-1 GCSL-2 GCSL-3 GCSL-4 GCSL-5 GCSL-6
Lat. 23°5/48.9" 23°5'11.3" 23°04'56.9" 23°04'51.2" 23°03/30.1" 23°03/31.1"
Long. 73°43/17.8" 73°43/0.1" 73°42/27.6" 73°42/14.2" 73°40/11.5" 73°40/20.5"
Si0, 58.98 58.51 51.36 52.66 64.87 56.97
ALLOs 13.15 12.13 8.46 9.18 7.82 8.46
Fe,04 5.79 6.05 6.69 5.89 4.12 5.88
MnO 0.13 0.19 0.37 0.35 0.25 0.27
MgO 7.27 8.43 15.59 13.39 5.99 11.47
CaO 6.76 7.18 13.50 12.99 12.72 10.11
Na,O 1.31 0.80 0.80 0.93 0.28 0.81
K0 3.02 3.51 1.80 1.95 0.29 2.81
TiO, 0.79 0.82 0.51 0.58 0.84 0.57
P,0; 0.24 0.16 0.24 0.16 0.24 0.17
LOI 0.71 0.54 0.44 0.48 0.62 0.63
Sum 98.15 98.32 99.76 98.56 98.04 98.15
Sc 8.0 9.1 9.2 7.5 11.0 8.4
\% 49 60 67 35 74 66
Cr 41 73 43 65 56 52
Co 15.4 20.5 24.4 18.4 18.9 22.0
Ni 24.5 335 27.3 28.6 28.3 30.4
Cu 11.4 18.4 10.8 14.5 13.1 13.1
Zn 61 89 91 61 59 74
Ga 50.2 444 34.3 27.6 43.8 36.5
Rb 946.1 1332.2 603.6 101.4 762.4 636.3
Sr 144.8 124.8 131.0 206.3 167.5 101.6
Y 43.0 34.9 27.8 57.9 36.5 30.6
Zr 465.9 299.4 201.7 467.8 292.6 343.6
Nb 22.0 23.1 17.1 29.8 19.0 23.3
Cs 6.68 9.45 5.61 0.50 7.08 1.99
Ba 1378 1820 1115 156 1791 1714
La 46.1 29.7 23.7 60.4 30.3 22.1
Ce 95.9 61.0 48.7 126.2 69.6 46.0
Pr 10.2 6.5 5.4 13.6 6.9 4.9
Nd 40.3 25.7 22.1 53.9 27.4 20.0
Sm 8.3 5.4 48 11.1 5.9 43
Eu 15 1.0 0.9 1.7 1.1 0.8
Gd 6.7 4.7 4.1 8.9 5.0 3.9
Tb 1.1 0.8 0.7 1.5 0.9 0.7
Dy 7.6 5.9 4.9 9.9 6.4 5.3
Ho 1.6 1.3 1.1 2.1 1.4 1.1
Er 44 3.6 2.9 5.6 3.9 3.2
Tm 0.6 0.5 0.4 0.8 0.6 0.5
Yb 42 3.7 2.8 5.2 3.9 3.2
Lu 0.6 0.5 0.4 0.7 0.5 0.5
Hf 14.7 9.8 7.0 15.0 9.8 11.3
Ta 1.0 1.2 0.8 1.4 1.1 1.0
Pb 23.7 19.6 19.0 29.1 16.5 20.8
Th 47.8 418 27.1 66.5 33.6 35.9
U 2.2 1.9 1.3 3.0 14 1.6
(La/Sm) y 3.56 3.52 3.15 3.49 3.26 3.27
(Gd/YDb)y 1.29 1.04 1.2 1.4 1.04 0.99
(La/Yb)y 7.73 5.65 5.89 8.2 5.45 4.85
Eu/Eu* 0.59 0.61 0.61 0.51 0.63 0.61
Zr/Sc 58.11 32.59 21.71 61.97 26.37 40.45
Th/Sc 5.97 4.55 2.91 8.82 3.03 4.22
Th/Co 3.1 2.03 1.1 3.6 1.77 1.62
La/Th 0.96 0.71 0.87 0.90 0.90 0.61
La/Sc 5.76 3.23 2.55 8 2.73 2.6
Cr/Th 0.86 1.75 1.6 0.98 1.69 1.46
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Table 1. (Continued.)
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Sample no. GCSL-7 GCSL-8 GCSL-9 GCSL-10 GCSL-11 GCSL-12 GCSL-13
Lat. 23°4'1.5" 23°4'1.7" 23°3'13.1" 23°3'14.1" 23°04'11.4"  23°0327.17  23°02'10.1”
Long. 73°3951.5" 730395167 73°40'20.9”  73°40'25.17  73°40'34.77  73°40'14.6"  73°38/53.2"
Si0, 57.94 51.85 62.96 60.09 51.37 52.89 51.43
ALO, 8.85 8.36 12.98 12.11 9.05 10.54 9.86
Fe,0, 6.21 7.82 4.66 3.69 5.95 6.46 6.97
MnO 0.21 0.39 0.13 0.21 0.22 0.30 0.27
MgO 10.88 14.99 5.73 5.70 13.93 12.71 12.62
CaO 10.70 12.56 5.42 12.38 12.83 9.02 12.10
Na;O 2.25 0.80 1.48 2.91 0.86 0.53 0.66
K,0 0.53 1.58 3.39 0.39 2.48 3.11 1.94
TiO, 0.67 0.48 0.72 0.58 0.58 0.65 0.72
P,0; 0.17 0.20 0.14 0.17 0.15 0.16 0.20
LOI 0.44 0.55 0.69 0.68 0.91 2.05 1.65
Sum 98.85 99.58 98.3 98.91 98.33 98.42 98.42
Sc 8.5 10.7 8.0 7.6 9.3 9.8 9.3
% 54 74 54 43 62 63 63
Cr 51 15 59 a7 a7 a7 48
Co 20.3 24.1 17.1 10.6 22.7 21.5 22.3
Ni 25.2 28.4 27.4 24.9 27.8 28.8 27.9
Cu 11.8 10.2 12.9 11.2 10.9 29.3 11.6
Zn 86 85 57 69 73 88 79
Ga 425 45.2 46.2 33.1 39.6 45.8 44.4
Rb 241.5 499.1 1270.6 112.2 737.6 1547.7 637.3
Sr 154.5 142.0 155.3 200.2 122.2 90.1 124.9
Y 38.2 31.0 29.4 27.6 30.6 30.2 31.3
Zr 320.9 187.7 295.9 150.9 227.2 300.7 259.3
Nb 24.6 17.1 18.1 19.6 15.9 18.8 23.3
Cs 1.34 2.883 11.038 0.568 5.33 468 5.20
Ba 206 1218 2076 259 1533 1660 1445
La 38.6 26.3 32.0 28.1 29.0 27.1 19.7
Ce 79.0 53.7 65.5 60.0 59.8 61.0 40.6
Pr 8.6 6.0 6.9 6.6 6.5 5.8 44
Nd 34.9 24.1 27.3 25.7 26.1 23.2 17.8
Sm 7.3 5.1 5.7 5.5 5.5 49 3.9
Eu 1.3 0.9 1.0 1.0 1.0 0.9 0.7
Gd 5.9 43 46 45 45 42 3.6
Tb 1.0 0.7 0.8 0.8 0.8 0.8 0.7
Dy 6.6 5.2 5.2 5.0 5.2 5.4 5.0
Ho 1.4 1.1 11 1.0 11 1.2 1.1
Er 3.87 3.22 2.93 2.81 3.06 3.26 3.13
Tm 0.6 0.5 0.4 0.4 0.4 0.5 0.5
Yb 3.8 3.1 2.8 2.7 2.9 3.2 3.4
Lu 0.5 0.4 0.4 0.4 0.4 0.4 0.5
Hf 10.3 6.3 9.5 5.1 7.5 10.2 8.2
Ta 1.0 0.9 0.7 1.0 0.8 1.0 1.0
Pb 14.0 18.7 16.6 16.1 15.4 21.5 14.5
Th 38.2 26.2 37.2 31.6 31.2 39.1 36.4
U 2.0 0.9 1.9 0.9 1.6 1.2 15
(La/Sm) v 3.37 3.27 3.62 3.25 3.38 3.52 3.21
(Gd/Yb)y 1.27 1.13 1.34 1.37 1.28 1.06 0.88
(La/YD)y 7.16 5.93 9.15 7.3 7.08 5.94 411
Eu/Eu* 0.58 0.6 0.58 0.62 0.60 0.59 0.62
Zr/Sc 37.59 17.40 36.82 19.86 24.25 30.66 27.63
Th/Sc 447 2.43 463 415 3.33 3.99 3.88
Th/Co 1.87 1.08 2.17 2.95 1.37 1.81 1.63
La/Th 1.01 1 0.86 0.88 0.93 0.69 0.54
La/Sc 4.52 2.43 3.99 3.69 3.1 2.77 2.1
Cr/Th 1.34 1.72 1.58 1.51 1.50 1.21 1.33

Eu/Eu* = (Eu)n/{/(Smy * Gdy).
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distinguished by its high relief, weak pleochroism
and two distinct sets of cleavages crossing almost
at 90° angles. Actinolite can be seen nucleating
along its margin, indicating its retrogression
(figure 2d). Wedge or spindle shaped titanite
grains with bold relief can be seen. Microcline
is abundant (~30-40%), however, plagioclase
(Angzs—Ang;) makes only 2-5% of the mode. Biotite
commonly occurs along the margins of actinolite in
the matrix of microcline. Its alteration to chlorite
forms interdigitation, similarly, numerous pleo-
chroic haloes are present in biotites. Epidote grains
are anhedral, show higher order interference col-
ours and commonly associated with actinolites.
Subidioblastic scapolite grains can be seen in the
form of granular clusters. They show prominent
cleavages and moderate relief.

4. Bulk rock geochemistry

Thirteen representative samples of the calc-sili-
cate rocks of the study area were analysed for
determining major oxide, trace as well as rare
earth elements (REEs) concentration. Major
oxide data acquired using wavelength dispersive
X-ray fluorescence (WD-XRF) wusing Philips
MagiX PRO model PW 2440 wavelength disper-
sive X-ray fluorescence spectrometer coupled with
automatic sample changer PW 2540, while trace
elements and REEs have been analysed using
high resolution inductively coupled plasma mass
spectrometer (HR-ICP-MS; Nu Instruments
Attom, UK) at the CSIR National Geophysical
Research Institute, Hyderabad, following acid
digestion that involves repeated treatment with
HF-HNO3;-HClO4. SARM-40 (South Africa) was
used as standard.

Analytical results for major, trace and rare-earth
elements are presented in table 1.

4.1 Major elements compositions

Analysed calc-silicate rocks exhibit arange of SiO4
(51.4-64.9wt.%) and Al,03 (7.8-13.1 wt.%) which
is lower than the average composition of post-
archean upper continental crust (PAUCC), i.e.,
65.9% and 15.17%, respectively, of Taylor and
McLennan (1985), whereas MgO (5.7-15.6 wt.%),
CaO (5.4-13.5 wt.%), FeO (3.7-6.9 wt.%), and
MnO (0.1-0.4 wt.%) whole-rock compositions
show enrichment relative to the compositions
of PAUCC. The Harker plots show positive
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correlation of SiOy with Al,O3, Na,O, K;O and
TiO,; whereas negative correlation with CaO,
MgO, FeO, MnO, P,O5 and LOI (figure 3).

4.2 Trace elements compositions

Analysed calc-silicates show concentrations of Zn
(61-91 ppm), Ga (27.6-50.2 ppm) and large-ion-
lithophile elements (LILEs), viz., Rb (101.4-1547.7
ppm), Ba (156-2076 ppm) and Th (26.2-66.5 ppm)
and high field strength elements (HFSEs), viz.,
Zr (150.9-467.8 ppm), Nb (15.9-29.8 ppm) Hf
(5.1-15.0 ppm) which are higher compared to the
PAUCC, whereas they are generally depleted in V
(35-74 ppm), Cr (41-73 ppm), Ni (24.5-33.5 ppm),
Cu (10.2-29.3 ppm) along with other LILEs, i.e.,
Sr (90.1-206.3 ppm) and U (0.9-3.0 ppm). Simi-
larly, analyzed calc-silicates have concentrations
of Co (10.6-24.4 ppm), another LILEs such as
Cs (0.50-11.03 ppm), Pb (14.0-29.1 ppm) and
another HFSE, viz., Ta (0.7-1.4 ppm) similar to
PAUCC.

These rocks exhibit LREE-enriched but
HREE-depleted subparallel chondrite-normal-
ized REE patterns with moderately negative Eu
anomalies (Eu/Eu*) ranging from 0.5 to 0.6
(figure 4). According to Taylor and McLennan
(1985), negative Eu-anomaly indicates a typical
continental crust composition and it is also a
characteristic of post-archean sedimentary rocks,
which is thus supplementing the fact, i.e., sedi-
mentary protolith must be of post-archean age.
As the plagioclase is a host mineral for Eu, its
weathering and Eu-depleted source rocks may
affect the intensity of negative Eu anamoly.
These rocks reveal fractionated REE patterns
(Lay/Yby = 4.1 to 9.1) with higher total REE
abundances (up to 300 ppm).

REE patterns (including Eu anomalies) are
influenced not only by provenance and sedimen-
tary environment, but by climatic conditions also,
present at the time of deposition of rocks (Yanjing
and Yongchao 1997). Based on the studies of the
early Precambrian sediments from the North
China craton, these workers have convincingly
argued that the high total REE and Eu depletion
are the characteristics of the sediments deposited
in oxidizing conditions (i.e., fO5 is high), similarly,
reverse being true. Banded iron formations, red
beds, etc. found to be residing within the Protero-
zoic rocks from all over the world also supports this
concept.
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Figure 3. Whole-rock concentrations of major-element vs. silica in weight percent oxides for calc-silicates samples of Lunavada.
Concentrations of all major elements excluding Al,O3, K,O, Nay,O and TiO, exhibit near-linear inverse correlations with SiOs.
*All irons are reported as FeO.
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5. Discussion

5.1 Protolith of calc-silicate rocks

Certain metamorphic events and other alterations
may have significantly affected mobility of some
elements such as Si, Na, K, Ca, Mg, Rb, and Sr of
parent material of these calc-silicates which are
embedded within the metapelites present in the
study area. Hence relatively immobile elements
such as the HREEs, HFSEs, Cr, Co, Th and Sc can
be considered most reliable for protolith determi-
nation (Taylor and McLennan 1985; Bhatia and
Crook 1986). They are insensitive to the igneous
and sedimentary fractionation processes (Garcia
et al. 1991; McLennan et al. 1993; Garcia et al.
1994; Polat and Hofmann 2003) and generally pass
on to the sediments quite unfractionated during
sedimentary processes thus leaving the signatures
of parent material within those sediments (Nance
and Taylor 1977; Taylor and McLennan 1985;
McDaniel et al. 1994).

Relative proportions of major-elements such as
Si0,, CaO, Al,O3, FeO, and MgO reveal whether
the calc-silicates possess a carbonate/silicate-rich
clastic protoliths or metasomatic origins (Barton
et al. 1991; Tracy and Frost 1991). Calc-silicate
bulk-rock compositions normalized to CaO, Al,Os,
and FeO + MgO correspond closely to the com-
positions of marls and calcareous sandstone (Pet-
tijohn 1984). On CaO, Al,O3 and FeO + MgO
ternary diagram, most of the calc-silicate samples
fall within or very near to greywacke zone
(figure 5). Hence, the near-linear negative correla-
tion of CaO, MgO, FeO, MnO, P,O5 and LOI with
SiO5 observed within sample areas may therefore
be due to quartz dilution related to wvariable
amounts of quartzo-feldspathic material and clay
within protolith.

The positive correlation between Al,Osz; and
nearly all measured trace elements implies that
these elements are primarily controlled by the
K-bearing minerals, i.e., clay minerals and micas.
Similarly, positive correlation of Al,O3 with NayO
and K,O indicates that the K-bearing minerals
exert significant control over the Al distribution
(figure 6), thus further suggesting that the pro-
tolith must have been bound to clay (McLennan
et al. 1990; Condie et al. 2001).

Enrichment of heavy mineral zircon in these
calc-silicates is often due to its accumulation with
quartz in the sand fraction during sedimentation
and recycling (Taylor and McLennan 1985;
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McLennan 1989; McLennan et al. 1990). Similarly,
enrichments of Ba in silica-rich samples are also
seen which indicate that Zr and Ba are positively
correlated with SiO,. Ba is also having positive
correlation with KO may reflect a celsian compo-
nent in detrital potassium-feldspars and deposited
with quartz in the sandy portion of the protolith, as
potassium-feldspar is more resistant to chemical
weathering than plagioclase (Nesbitt and Young
1989). In these rocks, abundant microcline is pre-
sent. This fact supports the hypothesis of accu-
mulation of potash feldspar in fluvial sands on
account of source which must be mostly granitic
(Nesbitt et al. 1996).

In the study area, the quartzite-metapelite
sequence suggests the transition from sandstone to
shale which denotes the sedimentary facies tran-
sitions from shallow-water shelf deposits to deep-
water slope deposits. As the calc-silicate samples
fall closer to sandstone zone on the Al-Zr-Ti
diagram (figure 7) of Garcia et al. (1994) which
shows a sandstone-shale continuum, shallow-water
shelf depositional environment is indicated for
primary sediments. Near linear variation of sam-
ple plots on this sandstone-shale continuum
reflects the bimodal character of these rocks due
to alternating cycles of sandstones and shale
deposition, across strike within the study area
which again supports the protolith having mixture
and varying proportions of quartzo-felspathic
material and clay.

5.2 Source area weathering

Weathering of the source rocks is affected by
factors such as properties and mineral composition
of the parent rocks and the climate. According to
Sawyer (1986) and Nesbitt et al. (1996), weather-
ing in source area ultimately affects the composi-
tion of clastic sedimentary rocks or the protolith of
any metamorphic rock.

Nesbitt and Young (1982) proposed the Chemi-
cal Index of Alteration (CIA) as a measure of the
degree of chemical weathering/alteration of the
source rocks. They have put forward the calcula-
tion where CIA is equal to [Al,O3/(Al,O3+
CaO*+NayO+K0)]*100. The values of oxides
are in molecular proportions and CaO* represents
CaO in silicate minerals only. The CIA values
for calc-silicate rocks were calculated and plotted
in the conventional Al,03-(CaO+Nay0)-K,0
(A—CN-K) ternary diagram (figure 8). It has been
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Al203
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Figure 5. The bulk-rock compositions of calc-silicates are
plotted on a CaO-Al,03-FeO+MgO (wt.%) ternary diagram.
General bulk compositions of unaltered arkoses, pelites,
greywackes and marls are represented by shaded fields along
with schematic regions for metasomatic types (after Barton
et al. 1991).

observed that the calculated CIA values for calc-
silicate rocks are low to moderate, i.e., 50-86 with
average = 63 which indicates low to moderate
weathering. Most of the samples plot in the upper
part of the diagram having inclination towards the
illite composition, thus indicating moderate degree
of alteration.

Low CIA values indicate near absence of chem-
ical alteration which may reflect cold and/or arid
conditions or alternatively rapid physical weath-
ering (Singh and Khan 2017) probably in a sub-
tropical condition. Thus cold and arid climatic
conditions must have had a control over the
weathering of source rocks for the calc-silicates
under study. Major elements such as Ca, Na and K

Lii

rare earth elements (REEs) patterns for calc-silicates of the study area (after Sun and

are highly mobile and likely to get affected by
weathering processes (Nesbitt et al. 1980; Nesbitt
and Young 1982), but Al,O3 remains as a residual
product as it is immobile relatively.

5.3 Provenance

Immobile elements like Zr, Ti, Y, Nb, Cr, Sc, La,
Th, Ce and Nd are often used to infer the paleo-
tectonic environments of metamorphic rocks
(Nutman et al. 2010; Giere et al. 2011), apart from
their role in protolith determination. Th/Sc ratio is
directly propotional to Zr/Sc ratio during igneous
differentiation, but as zircon enrichment in sedi-
ments affects this relation, Th/Sc vs. Zr/Sc dia-
gram (McLennan et al. 1993) also serves as a good
indicator to assess the sediment recycling (Ahmad
et al. 2016). The Th/Sc-Zr/Sc plot (figure 9) can
distinguish between evolved and juvenile sediment
sources and the extent of sorting and recycling
experienced by sediments (Taylor and McLennan
1985; McLennan et al. 1990), thus distinguishing
the effects of source composition and sedimentary
process on the basis of assumption that quartz
dilution would result in preferential enrichment in
Zr and to some extent, in Th (McLennan and
Taylor 1991). This is based on the general trend of
higher Th/Sc (>1) and Zr/Sc (>10) values in
sediments derived from evolved continental sedi-
ment sources relative to sediments supplied by
juvenile, mafic sources (Roser et al. 1996). Detritus
from felsic rocks of the UCC have an average ratio
equal to or greater than 0.79, while values less than
0.6 suggest mafic and ultramafic components
(McLennan et al. 1990).
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Figure 6. Whole-rock compositions of selected trace-elements along with Na,O and K,O exhibit a positive correlation with
Al,03 in these calc-silicates (with the exception of Ni and Sc) suggesting these components were bound in clays.
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Figure 7. Whole-rock compositions of calc-silicates fall within
the continuum between sandstone and shale (grey) on a
ternary Al-Zr-Ti diagram (after Garcia et al. 1994). The field
outlined by the dashed line represents the typical curved trend
exhibited in whole-rock compositions of rocks derived from
calc-alkaline plutonic suites.
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Figure 8. A-CN-K diagram (after Nesbitt and Young 1982)
using molar proportions of Al,O3, CaO, Nay,O and K,O. As per
the CIA scale, sample plots of calc-silicates indicate low to
moderate weathering of source rocks.

Th/Sc ratio of greater than 0.79 is shown by these
calc-silicate rocks thus suggesting a provenance
from a felsic source. Similarly, detritus derived from
a felsic source tend to be enriched in incompatible
elements like Th, Zr and La, whereas those derived
from a mafic source are enriched in compatible ele-
ments like Sc, Cr and Co (Ahmad et al. 2016). Here,
it has been observed that the calc-silicate rocks of
the study area show enrichment in the incompatible
elements, viz., Th, Zr and La and are depleted in Sc,
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Figure 9. Th/Sc vs. Zr/Sc ratio diagram showing the compo-
sition of the sources for the primary sediments of calc-silicate
rocks and the extent of recycling or concentration of Zr in
sediments, associated with the abundance of heavy minerals,
particularly zircon (after McLennan et al. 1990).
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Figure 10. Th/Co ws. La/Sc diagram (after Cullers 2002)
where sample data plotted can be seen to be showing affinity
towards the source rocks of homogeneous composition of felsic
nature.

Cr and Co, thus emphasizing the felsic nature of
provenance. Apart from Th/Sc, other elemental
ratios between immobile elements such as La/Sc,
Th/Co, and Cr/Th are the robust indicators of
provenance (Wronkiewicz and Condie 1990; Cullers
1994). Th/Sc (2.4-8.8), La/Sc (2.1-8), Th/Co
(1.1-3.6) and Cr/Th (0.8-1.7) ratios also support
the sediment derivation from mostly homogeneous
sources with major contribution from the felsic
component. Calc-silicate samples fall in an array
indicative of felsic composition of the source rocks
in Th/Co wvs. La/Sc bivariate plot, i.e., figure 10
(Cullers 2002). Trace element studies revealed that
the source of these calc-silicates was similar in
composition to the average post-archean upper
continental crust, mostly granitic thus supporting
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Figure 11. Sc-Th-Zr/10 diagram of Bhatia and Crook (1986),
A: oceanic island arc; B: continental island arc; C: active
continental margin; D: passive/rifted margins; calc-silicate
samples fall in the ‘C’ region of this diagram indicating
deposition of primary sediments in active continental margin
setting.

an idea that a significant amount of differentiated
felsic igneous rocks probably present in the source
area at the onset of sedimentation.

5.4 Tectonic setting

The tectonic settings in which sedimentary rocks
are deposited also exert a control over the geo-
chemistry of those rocks to large extent (Bhatia
and Crook 1986; Roser and Korsch 1986; McLen-
nan et al. 1990).

The immobile trace elements (as mentioned
earlier) are also used to determine the paleo-tec-
tonic setting of clastic sediments (Bhatia and
Crook 1986; McLennan et al. 1990). Here,
Sc—Th-Zr/10 plot of Bhatia and Crook (1986) has
been used because it can discriminate the sedi-
ments from passive margin to active continental
margin settings. It can be seen that the sample
data are plotted within the field of active conti-
nental margin on this diagram (e.g., Sc=8.49 ppm,
Th=35.92 ppm, Zr=343.69 ppm; figure 11).
Deposited sediments at the active continental
margin are poorly sorted, less recycled as well as
are having less maturity than those deposited at
the passive continental margin (Roser et al. 1996).

6. Conclusion

The calc-silicate rocks show major oxides, trace
and rare earth element compositions that closely
resemble to those of their post-archean
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counterparts suggesting that the chemical
composition of continental crust of the study area
was similar to that of post-Archean crust which
is also supported by the REEs wvs. sample/REE
chondrite normalized pattern in which moderate
negative Eu anomaly is suggestive of post-
archean continental crust. On the basis of Al;Os3,
Ca0O and FeO+MgO diagram of Barton et al.
(1991) where most of the samples fall within or
very close to greywacke zone, it can be concluded
that the protolith of calc-silicate rocks of the
study area must be calcareous sandstone with
small and varied amounts of clay within it. CTA
studies are pointing towards the low to moderate
weathering of source under cold and arid condi-
tions. The Th-Sc characteristics (Th/Sc > 1)
support a predominantly continental source for
these rocks, similarly values of Zr/Sc indicate
moderate amount of sediment recycling. Higher
abundances of incompatible elements imply pre-
dominantly felsic rocks in the source, further
approved by LREE enriched patterns. Also, as
per the Th/Co wvs. La/Sc plot, a predominantly
felsic source, i.e., mostly of granitic composition
is inferred for primary sediments for these calc-
silicate rocks. Lastly, it is concluded that the
primary sediments for the calc-silicates of the
Lunavada Group were deposited in an active
continental margin setting.
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Abstract

The Lunavada region of NE Gujarat is characterised by discontinuous lensoidal bodies of calc-silicate rocks belonging to the Kadana
Formation of Lunavada Group, upper Aravallis. These calc-silicates bands are sandwiched between quartzite-metapelite intercalations that
occur at lower elevations. Various mineral assemblages within calc-silicates has two petrographic distinctions. Type-1 calc-silicates with un-
oriented actinolite needles consists minerals in order of their decreasing abundance as Act + Di + Cal + Qtz + Sph + Mc + Pl + Bt + Ep & Chl.
Type-2 calc-silicates contain un-oriented hornblende laths with skeletal almandine garnets having dominant mineral assemblage of Hbl + Grt +
Qtz + P1 + Cal + Mus + Chl + Sph + Ep. Both the types subsists minor proportion of zircon and opaques. Established time relationship of
metamorphic crystallisation with deformation on meta-pelites of Lunavada region signifies no syn-post emplacement growth, while minerals
like actinolite/hornblende and garnet within calc-silicates show overprinting and exhibit signatures of syn-to-late stage of metamorphic

crystallisation.

Keywords: Lunavada, Kadana, Calc-silicate, Metamorphic crystallisation, Microstructures

Introduction

The Lunavada region situated at NE Gujarat comprises
exposures of the Lunavada Group, a part of Southern Aravalli
Mountain Belt (SAMB) in Gujarat (Fig.1). These rocks are of
Meso-Proterozoic age and represent the youngest formation of
Lunavada Group within the Aravalli Supergroup (Igbaluddin,
1989; Gupta et al., 1992; 1997) (Table 1). Rocks of this region
exhibit an intercalated sequence of quartzite-metapelite with
minor occurrences of calc-silicate rock as discontinuous bands
and lenses (Mamtani, 1998; Mamtani et al., 2000). Godhra
granite as a significant pluton obscures its southern and south-
western boundary, whereas the western margin shows
overlapping of younger extrusive basaltic rocks (Gupta et al.,
1980; 1995). The Lunavada terrain is also well known for its
regional scale tectonics and analogous micro-scale derivatives
(Mamtani et al., 2001). The present work signifies first hand
microscopic evidences of these calc-silicates in terms of its
petrographic distinction and highlights generation of minerals
in response to the neighbouring pluton. With the help of
existing mineral growth records through microstructural
analysis, the present work claims inherent refinement by
proposing the effect of thermal metamorphism on the calc-

silicate rocks during syn-post phases of granite emplacement.
Geological and Structural Setting

Lunavada Group of rocks exposed in NE Gujarat are
identified as a part of SAMB and assigned the status of second
youngest group in the Aravalli Supergroup. These rocks mark
the polygonal shaped outline, which occupies an area of
>10,000km’. Chief rock-types of the Lunavada Group are
meta-pelites, quartzites, meta-subgreywackes, petromict
meta-conglomerates with minor layers of marble and
phosphatic algal meta-dolomites (Gupta et al., 1980, 1992,
1995, 1997). The said lithological sequences are invaded by
Neo-Proterozoic Godhra intrusives of 955+20Ma (Gopalan et
al., 1979). The grade of regional metamorphism has reached
up to lower amphibolite facies condition by the development
of chlorite grade in the northern part to garnet grade in the
southern part within the schistose rocks of the Lunavada
terrain (Mamtani, 1998; Mamtani ef al., 2001). Structurally,
rocks of the Lunavada region are affected by three
deformational episodes. D, and D, are coaxial with NE-SW
striking axial traces, where as D, marks the NW-SE trend and
is coeval with the granite emplacement (Mamtani et al., 2001;
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Table 1: Proterozoic succession of North Gujarat and South Rajasthan
(modified after Gupta et al., 1980; 1992).
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Fig.1. Lithostratigraphic map of Southern Aravalli mountain belt (SAMB)
(modified after Mamtani et al., 2005).

Mamtani and Greiling, 2005; Mamtani ef al., 2002; Sen and
Mamtani, 2006). Several NW-SE trending axial planer
slippages have also been recorded with the last phase of
deformation (Mamtani et al., 1999; Joshi et al., 2016). The
area selected for the study lie SE of Lunavada town, which
comprises intercalated sequence of quartzite-metapelite with
minor bands and lenses of calc-silicate rocks (Fig. 2). These
rocks belong to the Kadana Formation of the Lunavada Group,
Aravalli Supergroup.

Field exposures of the Type-1 calc-silicate rocks located
at the southern part of the study area nearer to granite display
well defined maculose structure (Fig 3a). The thick band of
Type-1 calc-silicates resides within the core of D, and D, fold.
The rock is massive in nature and exhibit dark grey
appearance. Protruding porphyroblasts of un-oriented
actinolites are well developed over the upper and inner
surfaces. The calc-silicate rocks in contact with the adjacent
quartzite-metapelite intercalations show marginal orientation
of these needles. The average length of needles present within
the southern part ranges from 0.5 to 1cm. At places, the present
variety is enriched in quartz vein of folded nature embedded in
these calc-silicate rocks (Fig. 3b). However, few associations
with granite-pegmatites of discordant nature were
encountered along the southern most margins (Fig. 3¢). Type-2
calc-silicate variety is mainly restricted to the northern part of
the study area. The present variety consists of thin band as
compared to the former. The rock exhibit dirty white
appearance with the development of tiny dark green un-
oriented hornblende needles of 0.2 to 0.5cm in length (Fig 3d).
Both the types prominently exhibit regional foliation striking
NE-SW with 47° of north-westerly dip.

Petrography

Petrographic analysis of calc-silicate rocks exhibit
hornfelsic texture as a major texture with poikioblastic texture
as a minor texture (Fig. 4a). There exists variation in terms of
mineral assemblages in both the types of calc-silicate rocks.
Mineral assemblage present within Type-1 calc-silicate rock is
actinolite + diopside + calcite + quartz + sphene + microcline +
plagioclase feldspar (andesine to labradorite variety) + biotite
+ epidote + chlorite, whereas Type-2 is composed of
hornblende + garnet + quartz + plagioclase feldspar (anorthite)
+ calcite + muscovite + chlorite + sphene + epidote. Both the
types contain minor proportion of zircon and opaques.
Actinolites within the Type -1 calc-silicate rock occur as
rhombic to pseudo-hexagonal shape needles with beads or
strands like appearance (Fig. 4b). The average crystal length of
actinolite needles ranges from 0.45 to l.lcm. Actinolites
predominantly occur as poikiloblasts within the medium to
coarse grained ground mass comprising of calcite, diopside,
sphene, microcline, plagioclase feldspar and quartz. Biotite,
chlorite and epidote lie in subordinate proportions (Fig. 4c).
The variety of biotite exhibit phlogopite mica. Type-2 calc-
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Fig.2. a) Location map; b) Geological map of the study area.

Fig.3. a) Field photograph showing maculose structure on the upper surface of calc-silicate rocks, Loc. Jotangiya; b) Arrow headed fold developed
within quartz vein intruding calc-silicate rock indicating synchronous deformation with granite, Loc. Chari; ¢) Thick granite-pegmatite vein depicting
discordant relationship with calc-silicate rocks, Loc. Ora; d) Randomly oriented hornblende laths within Type-2 calc-silicate rocks, Loc. right bank of
Panamriver.



silicate show subidioblastic grains of hornblende ranging from
0.25 to 0.4cm in length with almandine garnets as skeletal
growth (Fig. 4d). Few garnets show partial chloritisation in
varied proportions from rim to core (Fig. 4e). The groundmass
of this variety is composed of quartz, calcite, microcline and
plagioclase feldspar to develop prominent granoblastic
polygonal texture with grain boundaries meeting at triple point
having approximate 120° angle between them (Fig. 4f).
Plagioclase feldspar occurs between 20-30% as fine to
medium sized tabular subidioblastic grains. Other Ca-bearing
minerals such as calcite, sphene and epidote are present in very
less quantity, i.e. about 4-15%. Rounded to sub-rounded
zircons are present in trace amounts as inclusions in
hornblendes and muscovites. Based on the overall texture
within two types of calc-silicates, the over printing
relationship can be established. The poikiloblasts of
actinolite/hornblende and garnet from both the varieties show
inclusions of quartz, biotite/muscovite and zircons suggest
concordant relationship with the ground mass fabric (Fig. 4g).

Discussion

It is evident from the field relationship that the calc-
silicate rocks of Type-1 variety lay in vicinity to the granitic
intrusion show typical contact metamorphic structure. The
actinolite mineral development within this variety show
coarser grain size along with the random orientation of
crystals. The Type-2 calc-silicate rocks located at a
considerable distance from the granite pluton possess similar
character with finer crystal size distributions of hornblende
laths. Petrographic analyses reveal that both the types of calc-
silicate rocks exhibit identical inclusion trails as compared to
the external fabric of the ground mass. The acquired results
imply that the development of actinolites and hornblendes are
the product of late stage of metamorphic crystallisation. In
other words progressive regional metamorphic condition had
no control over the development of these minerals.

Microstructural analysis proposed by Mamtani et al.
(2001) established a time relationship between metamorphism
and deformation based on the inherent porphyroblast-matrix
relationships within metapelites of the region. Their
inferences suggest progressive regional metamorphic mineral
growth co-relatable with the respective deformation events are
chlorite + muscovite during D,, whereas biotite + garnet till
syn-late D, event. D, event do not support any new mineral
growth hence it was devoid of any metamorphism. In all, two
phases of metamorphism has been recorded viz., M,and M,. M,
indicate progressive regional metamorphism, whereas M, has
partial retrogressive signatures during late D, event. Such
signatures have been shown by the development of chlorite
along fractures within syn-D, garnets. D, deformation event
was characterised by syn-tectonic granite emplacement which
gave rise to the thermal metamorphism in terms of grain
coarsening. Crystal Size Distribution studies (CSDs) on

Fig.4. Photomicrographs of calc-silicate rocks in
crossed polars showing a) Hornfelsic texture within
Type-1 calc-silicate rocks; b) Rhombic to
pseudohexagonal shaped actinolites with beads or
strands like appearance; c¢) Poikiloblasts of
actinolites; d) Skeletal texture shown by
hornblendes and garnets; e) Partial chloritization
shown by garnet grain from rim to core; f) Quartz
and plagioclase feldspar grains unite to form
granoblastic polygonal texture; g) Concordant
relationship of internal fabric with the ground mass.



schists and quartzites of Lunavada region indicate strong
effect of annealing due to static re-crystallisation over quartz
grain and development of granoblastic microstructure in
quartzites, present nearer to the granitic intrusion (Mamtani
and Karanth, 1996). However, field evidences of discordant
granite pegmatite in the southern part of the study area indicate
it's prolong emplacement record.

Conclusion

Based on the above evidences from Type-1 and Type-2
calc-silicate rocks the present work proposes a slight
refinement within the time relationship between
metamorphism and deformation in Proterozoic rocks of the
Lunavada region. The salient findings of the study has been
summarised in (Table 2). The D, phase of deformation coeval
with granite emplacement supports new mineral growth due to
thermal metamorphism. These mineral includes actinolites
within Type-1 and hornblendes in Type-2 along with sphene,
plagioclase feldspar and epidote in both the varieties.

Minerals Deformational events

D D D- and syn to post D- phase followed by thermal event
\I/ J/ along with static recrystallization
M M... and M

Chlorite (1) <————>

Chlorite (2) <>

Biotite (1) >

Biotite (2) SSm———

Garnet I S—

Muscovite = —

Quartz —— —

Act/Hbl —

Sphene —

Plagioclase-

feldspar

Epidote

Table 2: Development of new minerals (bold font) in calc-silicate rocks
in response to the syn-post D, granite emplacement (modified after
Mamtani et al.,2001).

Acknowledgements

The authors are grateful to Prof. L.S. Chamyal, Head,
Department of Geology, M.S. University of Baroda, Vadodara
for providing necessary facilities. First author acknowledge
the help rendered by Ms. Apurva and Ms. Mitali during
introductory field work.

References

Joshi, A.U., Limaye, M.A. and Deota, B.S. (2016). Microstructural
indicators of post-deformational brittle-ductile shear zones,
Lunawada region, Southern Aravalli Mountain Belt, Gujarat, India.
Jour. M.S.U.S.T., v.51(1), pp. 19-27.

Gopalan, K., Trivedi, J.R., Merh, S.S., Patel, P.P. and Patel, S.G. (1979).
Rb-Sr age of Godhra and related granites, Gujarat (India). Proc.
Indian Acad. Sci. (Earth & Planet. Sci., v. 88A, pp. 7-17.

Gupta, S.N., Arora, Y.K., Mathur, R.K., Igbaluddin, B.P., Sahai, T.N. and
Sharma, S.B. (1995). Geological map of the Precambrians of
Aravalli Region, Southern Rajasthan and Northeastern Gujarat,
India. Geol. Surv. India Publ., Hyderabad.

Gupta, S.N., Arora, Y.K., Mathur, R.K., Igbaluddin, B.P., Sahai, T.N. and
Sharma, S.B. (1980). Lithostratigraphic map of Aravalli Region,
Southern Rajasthan and North Eastern Gujarat. Geol. Surv. India
Publ., Hyderabad.

Gupta, S.N., Arora, Y.K., Mathur, R K., Igbaluddin, B.P., Sahai, T.N. and
Sharma, S.B. (1997). The Precambrian geology of the Aravalli
region, Southern Rajasthan and Northeastern Gujarat. Mem. Geol.
Surv. India, v. 123, pp. 58-65.

Gupta, S.N., Mathur, R.K. and Arora, Y.K. (1992). Lithostratigraphy of
Proterozoic rocks of Rajasthan and Gujarat. Rec. Geol. Surv. India,
v. 115, pp. 63-85.

Igbaluddin, B.P. (1989). Geology of Kadana reservoir Area, Panchmahals
district, Gujarat and Banswara and Dungarpur districts, Rajasthan.
Mem. Geol. Surv. India, v.121, 84p.

Mamtani, M.A. (1998). Deformational mechanisms of the Lunavada Pre-
Cambrian rocks, Panchmahal district, Gujarat. Unpubl. Ph.D.
thesis, M.S. University of Baroda, 268p.

Mamtani, M.A. and Greiling, R.O. (2005). Granite emplacement and its
relation with regional deformation in the Aravalli Mountain Belt
(India) - inferences from magnetic fabric. Jour. Struct. Geol., v. 27,
pp-2008-2029.

Mamtani, M.A., Greiling, R.O., Karanth, R.V. and Merh, S.S. (1999).
Orogenic deformation and its relation with AMS fabric - an
Example from the Southern Aravalli Mountain Belt, India. In:
Radhakrishna, T. and Piper, J.D. (eds.), The Indian Subcontinent
and Gondwana: A Palaeomagnetic and Rock Magnetic Perspective.
Mem. Geol. Soc. India, v. 44, pp. 9-24.

Mamtani, M.A. and Karanth, R.V. (1996). Effect of heat on crystal size
distributions of quartz. Curr. Sci., v. 70, pp. 396-399.

Mamtani, M.A., Karanth, R.V., Merh, S.S. and Greiling, R.O. (2000).
Tectonic evolution of the Southern part of Aravalli Mountain Belt
and its environs- possible causes and time constraints. Gond. Res.,
v.3,pp. 175-187.

Mamtani, M.A., Merh, S.S., Karanth, R.V. and Greiling, R.O. (2001).
Time relationship between metamorphism and deformation in the
Proterozoic rocks of Lunavada region, southern Aravalli Mountain
Belt (India) - a microstructural study. Jour. Asian Earth Sci., v. 19,
pp. 195-205.

Mamtani, M.A., Karmakar, [.B. and Merh, S.S. (2002). Evidence of



polyphase deformation in gneissic rocks around Devgadh Bariya: Sen, K. and Mamtani, M.A. (2006). Magnetic fabric, shape preferred
implications for evolution of Godhra granite in the Southern orientation and regional strain in granitic rocks. Jour. Struct. Geol,
Aravalliregion (India) Gond. Res., v. 5(2), pp. 401-408. v. 28, pp. 1870-1882.



	Geochemistry ofs &/s;calc-silicate rocks around Lunavada region, NE Gujarat: Implications fors &/s;their protolith, provenance ands &/s;tectonic setting
	Abs1
	Abstract
	Introduction
	Geological setting
	Petrography
	Bulk rock geochemistry
	Major elements compositions
	Trace elements compositions

	Discussion
	Protolith ofs &/s;calc-silicate rocks
	Source area weathering
	Provenance
	Tectonic setting

	Conclusion
	Acknowledgements
	Author Statement
	References


