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The western Indian volcanic rifted margin, and its large-scale tectonic feature called the Panvel Cexure,
formed at 62.5 Ma during the late stages of Deccan Traps Cood volcanism. We present a geological
account of late-stage (B 62.5 Ma) Deccan volcanism and plutonism in the relatively poorly studied
Thane–Vasai region in the Panvel Cexure zone. The study area shows west-dipping basaltic sequences up
to hundreds of meters thick, overlain by pyroclastic deposits of various types. The volcanic units are
intruded by gabbro plutons, and all these units are in turn intruded by dykes of varied compositions
(including tholeiitic basalt, lamprophyre, and granophyre). There are also early tholeiitic dykes, some of
which may be feeders to the basaltic sequence. We focus on the gabbro intrusions and provide extensive
petrographic and mineral chemical data on them. The gabbros are tholeiitic, and of considerable interest
in commonly containing interstitial silicic melts (granophyre or silicic glass). One of the intrusions, the
Chena pluton, shows clear outcrop transitions from gabbro, and gabbro with interstitial granophyre, to
transitional gabbro-granophyre, and then to a distinct upper zone of granophyre and microgranite.
Granophyre is common in maBc intrusions in continental Cood basalt provinces of the world (e.g., the
Palisades Sill and the Skaergaard Intrusion), where its genesis is ascribed to mechanisms such as fractional crystallisation, liquid immiscibility, or crustal melting, typically based on geochemical data. The
Chena gabbro outcrops are valuable in providing direct evidence for a fractional crystallisation origin of
the granophyres (and silicic glasses) found in the Thane–Vasai gabbro intrusions, with which the mineral
chemical compositions are also consistent.
Keywords. Flood basalt; rifted margin; Deccan Traps; gabbro; granophyre; magmatic differentiation.
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1. Introduction
Volcanic rifted margins (VRMs), which form
during the breakup of continents, combine large-scale
extensional tectonics with Cood basalt magmatism
(e.g., Menzies et al. 2002). Classical examples of
continental Cood basalt (CFB) provinces associated with VRMs include the Karoo province of
southern Africa, the Paran
a province of South
America, the East Greenland and West Greenland
provinces, and the Deccan Traps province of India
(e.g., Klausen and Larsen 2002; Klausen 2009;
Brooks 2011; Pedersen et al. 2017, 2018; Patel et al.
2020). Each of these CFB provinces contains a
volcanic sequence several thousands of meters
thick, horizontal in the continental interior but
showing significant tectonic dips along the VRM
towards the newly formed ocean. These are the socalled ‘monoclinal Cexure zones’, and they contain,
along with Cood basalts, significant volumes of
evolved magmas (such as trachytes, dacites and
rhyolites), forming lava Cows, pyroclastic deposits,
and intrusions including dyke swarms (references
above).
The Late Cretaceous–Palaeocene Deccan Traps
CFB province (Bgure 1a), with a present-day area
of 500,000 km2, is dominated by tholeiitic basalts
and basaltic andesites, which reach a thickness
of *2 km in the Western Ghats escarpment
(Krishnamurthy 2020). A narrow coastal strip of land,
termed the Konkan Plain, separates the escarpment from the Arabian Sea, and is a structurally
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disturbed region (Bgure 1a). It is a part of the
western Indian VRM formed at 62.5 Ma during
continental breakup between India-Laxmi Ridge
and the Seychelles microcontinent (Pande et al.
2017; Yatheesh 2020). A NNW–SSE-oriented dyke
swarm (the Coastal Deccan dyke swarm), containing tholeiitic, alkalic and silicic members, crops out
in the Konkan Plain (Clark 1869; Auden 1949;
Deshmukh and Sehgal 1988; Dessai and Viegas 2010;
Misra et al. 2014; Gadgil et al. 2019; Patel et al.
2020).
Covering an *150 km length of the Konkan
Plain, adjacent to the Arabian Sea coastline, is the
Panvel Cexure zone (Bgure 1a) in which the
volcanic sequences show significant (avg. *15°)
tectonic dips towards the sea with eastward blockfaulting (Samant et al. 2017; Patel et al. 2020).
Well-studied localities in the Panvel Cexure zone
include Elephanta Island and the Mumbai
metropolitan area (also originally a group of
islands) (Bgure 1b). Elephanta Island is made up of
66–65 Ma tholeiitic lava Cows and dykes which
represent the westernmost, downCexed exposures
of the Western Ghats sequence (Samant et al. 2019;
Patel et al. 2020). In contrast, the downCexed
Mumbai sequence is compositionally highly
diverse, with lava Cows of spilite, tholeiitic basalt,
ankaramite, and rhyolite, maBc to silicic pyroclastic deposits, sedimentary ‘intertrappean’ beds
frequently containing volcanic ash input, and
basalt-trachyte intrusions (e.g., Sukheswala and
Poldervaart 1958; Sethna and Battiwala 1977;

Figure 1. Map of the Deccan Traps (a), showing the Western Ghats escarpment (dashed line) and the Konkan Plain, as well as
locations discussed in the text. The region of the present study is between Mumbai and Vasai (Bassein in some older literature).
(b) Map of the Mumbai city and Elephanta Island and surrounding areas, including a part of the Vasai region. Curved red line
shows the changing structural trend of the dipping volcanic units of the Mumbai–Thane and Vasai regions (modiBed from Patel
et al. 2020).
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Singh 2000). The Mumbai sequence, being Danian
in age (Cripps et al. 2005; Pande et al. 2017), is
younger than and unrelated to the Western Ghats
and Elephanta sequences. Many Mumbai lithounits (tholeiite, ankaramite and rhyolite lavas,
tholeiitic dykes, and a trachyte intrusion) have
been dated at 62.5 Ma using 40Ar/39Ar geochronology; they comprise the syn-breakup magmatism
coinciding with the rift-to-drift transition between
India-Laxmi Ridge and Seychelles, formation of the
Panvel Cexure, and oAshore submarine volcanism
(Pande et al. 2017). Post-breakup magmatism is
seen in 60–61 Ma trachyte and basalt intrusions in
Mumbai, and syenitic intrusions in the Seychelles
(Pande et al. 2017; Shellnutt et al. 2017; Samant
et al. 2019).
In comparison to the Deccan geology of the
Elephanta and Mumbai areas, the geology of the

Thane–Vasai region to the north of Mumbai
(Bgures 1b, 2), located on the same VRM, is poorly
known. Early studies (Mathur and Naidu 1932;
Sukheswala and Sethna 1962) and a few later ones
(Godbole 1987; Godbole and Ray 1996) indicate
basaltic lava Cows several hundred meters thick,
overlain by pyroclastic deposits. These volcanic
units have been intruded by diorite and gabbro
bodies and compositionally diverse dykes ranging
from tholeiitic basalt to alkaline and silicic types
(such as camptonite, nephelinite, phonolite, and
granophyre, Sukheswala and Sethna 1962; Sahu
et al. 2003). Large parts of this region are forest
reserve, some parts are remote due to lack of road
networks, whereas other parts are heavily urbanised and industrialised, which has destroyed many
outcrops reported in the early studies (e.g., Mathur
and Naidu 1932; Sukheswala and Sethna 1962).
In this paper, we present extensive Beld observations on the Deccan volcanic and plutonic rocks
of this region, and use them to interpret these rocks
in a modern volcanological framework. We focus on
hitherto poorly studied gabbro intrusions, and
present geological maps of these intrusions based
on earlier work and our own observations
(Bgures 3, 4). These gabbros are of considerable
petrological interest in containing trapped silicic
melts (granophyre or glass), which in one example
were able to segregate out of the gabbroic matrix.
We present extensive petrographic and mineral
chemical data on these gabbros, granophyres and
glasses, which provide insights into magmatic
differentiation processes. All localities mentioned
are shown in Bgures 1–4, and all elevations reported
are in meters above mean sea level.

2. Field geology
2.1 Lava Cows

Figure 2. Geological map of the region of the present study
(polygonal area), along with a part of the contiguous Mumbai
city area to the south, based on GSI (1994) and our own Beld
observations (see Pande et al. 2017 and references therein).
Also marked are important towns and locations mentioned in
the text as well as prominent hills (open triangles).

Lava Cows of tholeiitic basalt and basaltic andesite
which form the overwhelming bulk of the Deccan
Traps (e.g., Krishnamurthy 2020) are the dominant lava Cows in the study area as well. They form
the highest peaks in the region, namely, the
Tungareshwar plateau with its bauxite cap
(662 m) and Kamandurg (654 m). The lava Cows
dip roughly due west at *15°, and form
NNW–SSE-trending cuesta ridges with steep eastern escarpments and gentler westerly dipslopes.
However, vertical stratigraphic sections clearly
exposing the structural dips are not common. One
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Figure 3. Geological map of Vasai region north of the Ulhas
River, based on GSI (1994) and our own Beld observations.
Topographic contours, places mentioned in the text, roads,
and sample locations have been shown (without the preBx
‘ANK’ to avoid cluttering). Sample locations on Tungareshwar
Hill have the preBx TNG. Large gabbro pluton exposed between
Kharbao and Parol is the Kharbao gabbro, and smaller gabbro
intrusions described are also shown. Contour lines (grey) are
drawn at 100 m intervals.

of these, exposing the lowermost units of the
Tungareshwar sequence, is seen in an abandoned
quarry at Pelhar (Bgure 5a), whereas another is in
an abandoned quarry near Yeur (Bgure 5b).
The exposed basaltic lava Cows are commonly
sheet lobes tens of meters thick, and show internal
structures such as columnar jointing, usually
crudely developed (Bgure 5c). Squeeze-ups (shallowly-derived lava extrusions) are observed rarely
within the Cows (Bgure 5d). The rocks are dark
grey to greenish black in hand specimen, and range
from aphyric to phyric; plagioclase (with polysynthetic twinning and sometimes melt inclusions) is
the most common phenocryst phase (Bgure 5e, f).
Sometimes, clinopyroxene also forms phenocrysts
or microphenocrysts, but olivine is rare. The
groundmass consists of plagioclase, augitic clinopyroxene and Fe–Ti oxides, and sometimes apatite
and interstitial brown maBc glass.
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Interesting petrographic variants of the basaltic
lava Cows found in this region include giant
plagioclase basalt (GPB), packed with large (2–3
cm long) plagioclase laths (Bgure 5g). This has not
been seen as exposures in-situ but occurs as
boulders at Tikujini Vadi and 1 km east of Yeur.
Ankaramite is also found 1 km east of Yeur, and
this very distinctive rock contains large (4–5 mm)
clots of brilliantly coloured, twinned clinopyroxene
crystals containing concentric zones of melt inclusions (Bgure 5h) and olivine. Based on its characteristic petrographic appearance and elevation, we
infer that this ankaramite is the strike extension of
the Powai ankaramite lava Cow *12 km to the
south (Chatterjee and Sheth 2015; Bgure 2). The
Powai ankaramite is dated at 62.5 Ma by the
40
Ar/39Ar technique (Pande et al. 2017), and
the apparent feeder dyke of the Cow as inferred
from petrography, geochemistry, and a 40Ar/39Ar
age of 62.5 Ma, has been identiBed on Elephanta
Island (Samant et al. 2019; Patel et al. 2020).
An intriguing, distinctly spotted rock type is also
found forming lava Cows throughout the region.
This rock contains abundant dark grey to black
spots up to several centimeters in size, in a light
greenish grey matrix, giving a ‘leopard skin’
appearance (Bgure 6a–d). The dark spots may be
patches of irregular shape (Bgure 6a), but they commonly have oval to circular outlines (Bgure 6b–d).
Numerous such rounded spots may coalesce, forming ‘Bgures of eight’ outlines (Bgure 6b–d), or broad
dark areas (Bgure 6b). The dark spots are not
related to weathering of exposed surfaces, as freshly
broken interior parts of these lavas also contain
these spots. These spotted lavas occur at all elevations. They are found at 15–20 m elevation around
the Tungareshwar–Kamandurg Range (Bgure 3),
for example, at Shirgaon and Pelhar (Bgure 6a, b)
and in an operating quarry north-northwest of
Paye. They also crop out at 516–527 m in the
Tungareshwar section (Bgure 6c, d). Millimeterthick veins of secondary calcite traverse these outcrops, and pass through the spots and the matrix
alike.
In fact, such spotted lavas are widespread not
only in our study area, but also in the Konkan
Plain north of it. They crop out near sea level
around Daman (Sethna and Javeri 1999), and
similar spotted lavas occur at *150 m at the base
of the Mount Pavagadh volcanic sequence
(Bgure 1; H Sheth, unpubl. data). The spotted
lavas of Daman are pillowed, with a green spilitised
matrix in which the original calcic plagioclase and
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Figure 4. Geological map of the Thane–Yeur–Chena region south of the Ulhas River, based on GSI (1994) and our own Beld
observations. Topographic contours, places mentioned in the text, roads, and sample locations have been shown (without the
preBx ‘ANK’ to avoid cluttering). Of the two gabbro plutons shown, the northern is the Chena gabbro described here and the
southern is the Yeur gabbro. Line X–Y shown on the Chena gabbro is the line of a cross-section shown in Bgure 21. Contour lines
(grey) are drawn at 100 m intervals.

clinopyroxene of the basalt have been altered to
sodic plagioclase and chlorite, respectively (Sethna
and Javeri 1999). These authors considered these
lavas to be products of submarine volcanism, with
seawater as the source of sodium and agent of
spilitisation. The black spots and patches, they
suggested, were the original basalt which had
escaped spilitisation. The same spotted appearance
is shown by thick sheet lobes in the Daman area as
well as dykes cutting them (H Sheth, unpubl.
data); it is not known if all these represent shallow
submarine spilitised basalts.
Petrographic observations of the Tungareshwar
spotted basalt at 516–527 m show little alteration,
and specifically, no chloritisation of clinopyroxene
(Bgure 6e–h). The plagioclase and clinopyroxene
crystals forming the light matrix are fresh, with a
small amount of interstitial glass present
(Bgure 6e). The spots, clearly recognisable in thin
section based on their shape and coalescence, have

a much Bner grain size than the matrix (Bgure 6f).
Contacts of the spots with the matrix are sharp,
though some plagioclase laths in the matrix protrude into the spots. Enlarged views of the spots
(Bgure 6g, h) show abundant plagioclase crystals
that are highly elongated and spiky, with several
being skeletal or hollow (hopper) crystals, and
these crystals form feathery and sheaf-like growths
with bow-tie, fan-shaped or radial arrangements
(partial or complete spherulites) (Bgure 6g, h). The
Fe–Ti oxide grains are also acicular (Bgure 6g, h).
This is an evidence that the lava forming the spots
was quenched and significantly undercooled
relative to that forming the matrix, so that the
plagioclase and Fe–Ti oxide crystals experienced
preferential growth in a single dimension (e.g.,
Lofgren 1971). As shown by Lofgren (1974),
plagioclase crystal morphology is strongly dependent on the degree of undercooling DT, such that
crystals are tabular at small DT and change to
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Figure 5. (a) West-dipping basalt units cut by intersecting dykes, exposed in an abandoned quarry (location N19°250 26.600 ,
E72°520 46.100 , 20 m) near Pelhar. Person (encircled) provides a scale. (b) West-dipping basalt lava Cow ANK17 with crude
columns, exposed in an abandoned quarry (location N19°130 22.900 , E72°560 57.100 , 135 m) near Yeur. The quarry face is about 15 m
high above the pond level. (c) Colonnade of basalt lava Cow TNG9 exposed in the Tungareshwar section. Location is
N19°250 04.100 , 72°540 46.900 , 365 m. Persons for scale. (d) Lava squeeze-up intruding the Tungareshwar lava Cow TNG9. (e)
Photomicrograph of Tungareshwar basalt TNG9 in plane polarised light, showing an altered plagioclase (Pl) feldspar phenocryst
in a very Bne-grained matrix. (f) Photomicrograph of Tungareshwar basalt Cow TNG10 (sampled at N19°250 08.500 , E72°540 54.900 ,
404 m) in cross-polarised light, showing numerous large melt inclusions (MI) preserved in a plagioclase phenocryst. (g) Giant
plagioclase basalt (GPB) with plagioclase megacrysts several centimeters long, exposed as bouldery outcrops near Yeur. Coin is
2.5 cm wide. (h) Photomicrograph (in cross-polarised light) of ankaramite lava Cow ANK23 sampled at N19°130 28.200 ,
E72°570 27.300 , 74 m, in the Yeur area. A large rounded aggregate of twinned and radially arranged clinopyroxene (Cpx) crystals,
with concentric zones of melt inclusions, is shown. The southern outcrop of this Cow is the 62.5 Ma Powai ankaramite (details in
Chatterjee and Sheth 2015; Pande et al. 2017).

skeletal crystals, dendrites, and spherulites with
increasing DT.
Thus, the spots are dark grey or black because
they are spherulitic, very Bne-grained to glassy
domains in the lava. The matrix of the rock is lightcoloured because it is crystalline. These spotted
rocks may have formed by incomplete quenching of
basaltic lavas during their entry into streams or
shallow freshwater lakes. In the literature on
altered basalts, such spots are called varioles and
the spotted basalts with quenched spherulitic
growths are called variolitic basalts (e.g., Arndt
and Fowler 2004). They may be spilitised, like the

Daman area examples (Sethna and Javeri 1999) or
not, like the Tungareshwar Cow TNG14. We suggest that all these spotted basalts, found over much
of the Konkan Plain, be described as variolitic
basalts, and their exact nature and genesis would
be a good topic for a study employing Beld,
mineralogical and geochemical data.

2.2 Pyroclastic deposits
The study area experienced widespread explosive
volcanism subsequent to the basaltic lava

J. Earth Syst. Sci. (2021)130:152

Page 7 of 30 152

Figure 6. Spotted basaltic lava Cows widespread in the study area and beyond. (a) Host lava Cow of the Shirgaon gabbro
intrusion, exposed at N19°280 37.200 , E72°500 42.300 , 15 m. Coin is 2.5 cm wide. (b) Lava Cow in the Pelhar quarry (location
N19°250 26.600 , E72°520 46.100 , 20 m). Coin is 2.5 cm wide. (c, d) Lava Cow TNG14 in the Tungareshwar section at N19°250 31.000 ,
E72°540 59.200 , 516 m. Coin is 2.7 cm wide. (e–h) Photomicrographs of Tungareshwar lava Cow TNG14 in plane polarised light.
Panel (e) shows the light matrix containing plagioclase, clinopyroxene and F–Ti oxides (Ox); interstitial light green areas are
glass (Gl). Panel (f) shows two small and merging dark spots in the light matrix. (g, h) are enlarged views of the dark spots
shown in (f), showing the acicular and spherulitic plagioclase, pyroxene, and Fe–Ti oxides. Irregular green areas are altered glass.

eruptions, evidenced in pyroclastic deposits with
an extensive areal distribution (Bgures 3, 4). The
pyroclastic rocks form low plain country (with the
underlying basaltic lava Cows not exposed), or low,
elongated ridges parallel to the regional structural
trend. They have colours such as brown, grey,
green, yellow, and oA-white. Mathur and Naidu
(1932) described tuAs and bedded tuAs at
Nalasopara which are intruded by a gabbro pluton,
and Sukheswala and Sethna (1962) described other
tuAs and bedded tuAs. These outcrops today, like
those of Mumbai City, stand destroyed, or are
highly inaccessible due to urban and industrial

development; only spot observations are generally
possible.
Lapilli tuAs are common north of the Ulhas
River, as at Bilkharipada (Belkadi) (Bgure 7a).
The lapilli tuAs are of several genetic types. Lithic
tuAs with angular basaltic fragments in a Bner ashsized matrix are found at high elevations (408 and
501 m) in the Tungareshwar section (Bgure 7b, c).
The lithic fragments generally range in size from
less than a centimeter to several centimeters, and
occasionally larger. These lithic tuAs are commonly
unbedded and structureless, and appear to have
steep contacts with the adjacent basalts suggesting
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Figure 7. Typical pyroclastic rocks of the study area. (a) Lapilli tuA ANK34 with dark lithic fragments of basalt at Bilkharipada.
Location is N19°210 49.900 , E72°550 04.900 , 24 m. Coin is 2.5 cm wide. (b) Lapilli tuA TNG11 in the Tungareshwar section. Location
is N19°250 09.500 , E72°540 57.800 , 408 m. Coin is 2.5 cm wide. (c) Another lapilli tuA in the Tungareshwar section, at N19°250 27.100 ,
E72°540 56.800 , 501 m. Vertical face. Note large angular lithic fragments of basalt. (d) Photomicrograph (in plane polarised light)
of lapilli tuA ANK23A at Tikujini Vadi, showing lithic fragments of a porphyritic basaltic (possibly andesitic) rock in a Bne ash
matrix. Location is N19°140 09.700 , E72°570 38.200 , 134 m. (e) Chena tuA with angular lithic fragments of basalt and a large
fragment of gabbro. Plan view, coin is 2.5 cm wide. Location is near N19°160 05.100 , E72°550 45.000 , 72 m. (f) Blocks of basalt in
Chena tuA. Plan view, crack hammer is 28 cm long. Location as in (e). (g) Dumbbell-shaped basaltic bomb in Chena tuA. Plan
view, coin is 2.7 cm wide. Location as in (e). (h) Rheomorphic tuA with Cow folding including sheath folds at Chena, location
N19°160 08.200 , E72°550 43.100 , 55 m. Vertical face, pen 15 cm long. (i) Vitrophyre band in rhyolitic tuA at Chena, location
N19°160 09.900 , E72°550 33.100 , 16 m. Vertical face, clinometer compass for scale.

that they may be Blling valleys in the alreadyeroded basalts. Sharma and Pandit (1998) have
reported *100 m thick sections of ignimbritic
deposits at Juchandra and Sasunavghar, though
they did not provide Beld photographs or
photomicrographs.
Lithic tuAs are also found near Tikujini Vadi. In
thin section, these tuAs show angular fragments of
plagioclase- and clinopyroxene-phyric basaltic
(possibly andesitic) rocks in a Bne ash matrix
(Bgure 7d). Extensive development of pyroclastic
rocks including volcano-sedimentary types is seen
in the Sanjay Gandhi National Park and Reserved
Forest, and detailed descriptions and numerous
photographs can be found in Duraiswami et al.

(2019). TuAs that crop out around the Chena River
(Bgure 4) contain a few xenoliths of gabbroic rocks
(Bgure 7e). Because gabbroic intrusions in our
study area intrude the basaltic lava Cows and
overlying pyroclastics (see below), the few gabbroic
xenoliths in the Chena River tuA may indicate
several phases of gabbro intrusion or explosive
volcanism, probably both. The same outcrops also
contain rounded basaltic masses resembling
bombs, some of which have dumbbell shapes
(Bgure 7f, g), and likely represent clots of juvenile
magma erupted during the explosive volcanism.
Rheomorphic tuAs are also found: brown rhyolitic
tuAs along the Chena River (Bgure 4) show millimeter- to centimeter-scale Cow banding and Cow
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Figure 8. Field photographs of the gabbro intrusions. (a, b) The Shirgaon gabbro (ANK25) sheet intrusion intruding a spotted
variolitic basalt Cow at N19°280 37.200 , E72°500 42.300 , 15 m. The Cow dips 15°WSW, whereas the sheet strikes N–S and dips 45°E.
Note person for scale. (c) The Chena gabbro with bouldery topography. Person for scale. Sample ANK12D was collected here,
location is N19°140 52.200 , E72°560 36.300 , 176 m. The hill in the distance is the 442 m summit of Chena Hill, capped by microgranite.
(d) The highly porphyritic Yeur gabbro ANK19, at N19°130 19.000 , E72°570 07.200 , 122 m. Field of view is *1 m wide. (e) Coarse,
dark, fresh Kharbao gabbro exposed at Ravtyachapada (sample ANK29, location N19°190 17.300 , E72°580 53.200 , 16 m). Coin is 2.7
cm wide. (f) A boulder of Chena gabbro in the Chena River, showing local Bne-scale modal layering. Coin is 2.5 cm wide. (g) A
sliced and polished boulder of Chena gabbro found in the Chena River (sample ANK8B), showing a cross-cutting granophyre
vein. Coin is 2 cm wide.

folding, indicating strong rheomorphic deformation
during Cow of the hot ash (Bgure 7h). Local fusion
of rapidly deposited hot silicic ash followed by
quenching has formed lenses of vitrophyre within
the tuA (e.g., Sheikh et al. 2020, Bgure 7i).
2.3 Gabbro plutons
Several gabbro plutons have intruded the basalt
lava Cows and the pyroclastic rocks of the study
area (Bgures 2–4). The largest is the Kharbao

gabbro intrusion mapped by Godbole (1987). This
extends *15 km in a NNW–SSE direction on the
low plain country from Kharbao to Parol, and also
forms a part of the eastern escarpment of the
Tungareshwar–Kamandurg hill range, with a
maximum width of 3.5 km (Bgures 2, 3). A small
gabbro intrusion in basaltic lava Cows is exposed
near the top of Tungareshwar Hill (Bgure 3). The
Nalasopara and Shirgaon gabbro intrusions
(Bgure 3) are similarly small intrusions. The
former is intruded into pyroclastics (Mathur
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and Naidu 1932), whereas the latter intrudes the
spotted variolitic basalt shown in Bgure 6(a).
The intrusive contacts and plan forms of the
gabbro plutons are clear in some cases. An example
is the Shirgaon gabbro which forms a 9 m-thick
sheet intrusion, with a N–S strike and a dip of 45°
due east (Bgure 8a). Due to quarrying (ongoing in
the area), the three-dimensional form of the Shirgaon gabbro is well exposed. Note that the host
variolitic basalt dips *15° west-southwest, so the
gabbro is highly discordant to it. Correcting for the
tectonic dip results in an original dip of 60° due
east for the gabbro body, implying that it was
injected neither as a sill nor as a dyke, but as an
inclined sheet. It has coarse grain size along its
interior parts, which becomes distinctly Bner
towards the upper and lower contacts owing to
more rapid cooling there. The sheet has welldeveloped columnar jointing perpendicular to its
contacts; the columns are wide in the interior parts
and become narrower in the marginal parts. This
reCects the fact that, under conditions of conductive cooling, wider joint spacing develops due to a
low cooling rate (dT/dt) and a low thermal gradient (dT/dx), both of which obtain in the interior
parts (Grossenbacher and McDuDe 1995). Above
and parallel to its upper contact, the gabbro sheet
has sent a thin, glassy oAshoot into the host basalt
(Bgure 8b).
The other gabbros do not have well-exposed
contacts, though they may form substantial hills.
The Chena gabbro (Bgure 4) forms an isolated
circular hill rising to a substantial 442 m height,
and has bouldery topography (Bgure 8c). The Yeur
gabbro (Bgure 4) forms a 4 km-long and narrow
(0.5 km) linear intrusion along the eastern
escarpment face of the west-dipping lava Cows, and
is elongated NNE–WSW, parallel to the regional
strike. The intrusion is associated with faults,
thought to be marked by silica veins in breccias of
the host rocks found throughout the area (Raman
1982; Godbole 1987; Godbole and Ray 1996;
Bgure 4). The Yeur gabbro is distinctly porphyritic, with abundant plagioclase laths reaching
2 cm length (Bgure 8d). The other gabbros are
equigranular and display an interlocking texture.
Modal variations or features such as layering are
only rarely observed at outcrop scale. The Kharbao
gabbro at Ravtyachapada (Bgure 8e) grades into a
plagioclase-rich anorthositic gabbro over a few
meters. The Chena gabbro shows many textural
varieties, and we observed local modal layering in a
boulder of it along the Chena River, in which
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millimeter-thick plagioclase-rich white layers and
clinopyroxene-rich
dark
layers
alternate
(Bgure 8f). At a few places, the Chena and Yeur
gabbros are cut by small veins containing Bnegrained felsic material (Bgure 8g).
Though we have not dated the gabbros, an upper
limit for their intrusion age is provided by the host
rock ankaramite (Bgure 5h), whose equivalent from
the Powai area was dated at 62.5 Ma and identiBed
as a part of the compositionally varied syn-breakup
magmatism in the Mumbai area (Pande et al.
2017). Besides, because the tuAs are the youngest
eruptive units in the study area, plutons such as
the Nalasopara gabbro which intrude the tuAs
(Mathur and Naidu 1932) can only be somewhat
younger. Also, there is apparent tectonic control on
the large Kharbao gabbro pluton, which follows the
structural trend of the seaward-dipping lava Cows
(Bgures 2, 3). This suggests the pluton have been
emplaced late, i.e., B 62.5 Ma.

2.4 Dykes and feeder dykes
Dykes are abundant in our study area, and show a
NNW–SSE preferred orientation which is that of
the Coastal Deccan swarm (Patel et al. 2020, and
references therein). The dykes intrude basaltic
lava Cows, pyroclastics, as well as the gabbro
intrusions, and were likely emplaced at different
times. They also vary widely in composition.
Tholeiitic dykes (dolerites and basalts) are very
common. They can be several meters thick, such
as the 6 m wide dyke ANK32 at Khairpada near
Tilher (Bgure 9a). Dyke TNG18 on the northern
lower slopes of Tungareshwar is 2.2 m wide
(Bgure 9b). Some dykes are only a few centimeters
thick, such as 17 cm wide dykelet at Tilher–
Khairpada (Bgure 9c). All thick or thin dykes
usually contain large strike-perpendicular cooling
joints (Bgure 9a–c) and a small-scale, roughly
cubical jointing along both margins. The very
Bne-grained to glassy nature of the dyke margins,
and their narrow joint spacing, indicates chilling
of the magma in contact with cold host rock.
Though no dyke was directly observed to pass
into a Cow, no vertical or lateral dyke terminations (tips) have been observed. The dykes are
truncated by the present topography (e.g.,
Bgure 9a, b), implying that at least some may be
feeders to lavas at higher levels, now removed
by erosion. Tholeiitic dykes also intrude tuAs
(Bgure 9d), sometimes sending small oAshoots into
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Figure 9. Typical features of dykes in the study area. (a) Dolerite dyke ANK32 intruding basaltic lava Cows at
Tilher–Khairpada. Dyke is subvertical, strikes N60°, and is 6 m wide. Note margin-parallel cooling columns. Location is
N19°250 49.600 , E72°580 52.400 , 17 m. (b) Basalt dyke TNG18 intruding basaltic lava Cows in the Tungareshwar section. Dyke is
highly jointed, subvertical, strikes N–S, and is only 2.2 m thick, but has a much greater width of outcrop as a result of the section
being subparallel to its strike. Location is N19°260 44.400 , E72°550 59.100 , 222 m. (c) Basaltic dykelet intruding basalt Cows at
Tilher–Khairpada. Dykelet is subvertical, with a N70° strike, and though only 17 cm wide it shows very well-formed, marginperpendicular cooling columns which meet along its median plane. Pen is 15 cm long. Location is *100 m south of dyke ANK32.
(d) Basalt dyke intruding Chena tuA. Dyke is exposed for a few meters, and is 65–85 cm wide and subvertical. It is slightly
curved in plan with the main segment trending N40°. Location is N19°160 05.100 , E72°550 45.000 , 72 m. (e) Photomicrograph (in
cross-polarised light) of dolerite dyke ANK32 shown in (a). The dyke contains plagioclase and olivine (Ol) phenocrysts in a Bnegrained matrix. (f) Highly plagioclase-porphyritic felsic dyke ANK35 (within white lines) cutting lapilli tuA ANK34 (shown in
Bgure 7a) at Bilkharipada. Dyke is 2 m wide and columnar-jointed, strikes N150° and dips 70°E into the cliA. Location is
N19°210 49.900 , E72°550 04.900 , 24 m. (g) Very Bne-grained to glassy basaltic dykelet ANK31 cutting the Kharbao gabbro ANK30 at
Ravtyachapada. The dykelet is a few meters long and only centimeters in thickness (coin is 2.5 cm wide) and somewhat wavy in
plan with an overall N–S strike. Its contact with the host gabbro is especially glassy. Location is N19°190 17.300 , E72°580 53.200 , 16
m. (h) Photomicrograph (in plane polarised light) of the dykelet ANK31, showing abundant elongated and hollow plagioclase
crystals forming feathery and spherulitic growths.
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Figure 10. (a) Vertical section view of composite dyke in the Tungareshwar section, made up of an earlier glassy, aphyric
injection (TNG7) and later, highly plagioclase-phyric injection (TNG8). Dyke is vertical and strikes N110°, and its northern
contact with the host basaltic Cow is shown in the photo, whereas the southern contact is not well-exposed. The exposed width of
the dyke is 1.5 m. Clinometer compass for scale. Location is N19°250 04.300 , E72°540 41.100 , 321 m. (b) Lava Cow TNG13 exposed in
the Tungareshwar section at N19°250 09.600 , E72°550 01.500 , 422 m. (c) Close-up of the highly plagioclase-phyric basalt Cow TNG13.
Coin is 2.7 cm wide. (d) Aphyric part of the basalt Cow TNG13, net-veined by silicic melt. Coin is 2.5 cm wide. (e, f)
Photomicrographs of the aphyric dyke TNG7. Note the striking petrographic similarity of the dyke TNG8 (g, h) and the Cow
TNG13 (i, j), both showing abundant plagioclase crystals which are intensely fractured forming glomeroporphyritic aggregates,
and a few clinopyroxene phenocrysts, in a very Bne-grained to glassy dark matrix. The dark spot marked ‘var’ in (i) is a variole.
Photomicrographs (e–j) have all been taken in plane polarised light.

them. In thin section, the tholeiitic dykes range
from phyric to aphyric, with plagioclase (generally
euhedral) being the most common phenocryst
phase in a Bne-grained matrix (Bgure 9e).
Felsic dykes are also common, and an example is
shown from Bilkharipada (Bgure 9f). For reasons
noted, we have been unable to locate a granophyre dyke and a camptonite dyke described by
Sukheswala and Sethna (1962) in the low grounds
near Parol. However, a small granophyre exposure
of unclear trend occurs in contact with a N145°-

trending maBc dyke at the western boundary of the
village of Varathpada (N19°250 27.700 , E72°570 47.000 ,
16 m). Duraiswami et al. (2019) describe pyroclastic dykes intruding breccias of the Sanjay
Gandhi National Park, just southwest of our study
area (Bgures 2, 4). We infer dykes that intrude the
gabbros to be the youngest magmatic phase, such
as a few dykes intruding the Kharbao gabbro at
Ravtyachapada. These include a thin glassy
dykelet ANK31 (Bgure 9g), which in thin section
shows an abundance of narrow and elongated,
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feathery, swallow-tail plagioclase crystals and
elongated Fe–Ti crystals, suggesting quenching of
the magma (Bgure 9h).
Direct Beld evidence of feeder dykes has been
documented only rarely in the vast Deccan Traps
(Crookshank 1936). A probable case of a feeder
dyke and lava Cow pair in the Tungareshwar section is therefore of interest and importance. The
dyke in question is composite, with an outer part of
aphyric glassy basalt (sample TNG7) and a central
part of highly plagioclase-phyric basalt (sample
TNG8) (Bgure 10a). The plagioclase phenocrysts
are *1 cm in size and so abundant as to have
rendered the magma mushy. The contact between
the two magma injections is sharp and nearly
straight. We emphasise that the outer aphyric
glassy type is not simply the chilled margin of the
central highly porphyritic type. Had that been the
case, we would expect to see at least some
phenocrysts preserved in the glassy type. Also, a
process of Cow differentiation (Bhattacharji 1967),
which might have swept and concentrated plagioclase phenocrysts along the central part of a dyke
during magma Cow, can be expected to leave at
least a few phenocrysts along the margins. This is
why we interpret the dyke as having formed by an
initial injection of aphyric basalt, followed by
a second injection of highly plagioclase-phyric
crystal mush when the Brst injection was nearly

Figure 11. Evidence for faulting in the study area. (a)
Intensely fractured pyroclastic rock; sample ANK21L at Yeur.
Location is N19°130 33.400 , E72°570 09.500 , 186 m. (b) SiliciBed
breccia zone traversing the Chena gabbro-granophyre; sample
ANK12G5, location N19°150 18.900 , E72°560 31.300 , 290 m. (c)
Slickensides on a face of the Yeur gabbro, at location
N19°140 09.700 , E72°570 38.200 , 134 m.

fully solidiBed, so that there was no mixing
between the two batches.
A hundred meters higher up in the section is
exposed lava Cow TNG13 (Bgure 10b). The Cow is
distinctly and highly plagioclase-phyric with
phenocrysts *1 cm in size (Bgure 10c), similar to
the central part (TNG8) of the composite dyke
exposed at 321 m. The Cow TNG13 grades laterally into an aphyric part, which shows net-veining
by felsic segregation material (Bgure 10d). The
Cow is spotted, like the other spotted variolitic
Cows described above (Bgure 6).
In thin section, the glassy aphyric dyke TNG7
shows elongated plagioclase and pyroxene crystals (Bgure 10e) and especially Fe–Ti oxides
(Bgure 10f), suggesting quenching of the melt. A
striking similarity is observed in thin section
between dyke TNG8 and Cow TNG13. The dyke
shows abundant glomerocrysts of euhedral but
pervasively fractured plagioclase, with a few wellformed clinopyroxene phenocrysts, in a dark, Bnegrained groundmass (Bgure 10g, h). The Cow shows
the same glomeroporphyritic texture with abundant, intensely fractured plagioclase crystals
and fewer clinopyroxene phenocrysts in a dark,
Bne-grained groundmass (Bgure 10i, j). The variolitic spots are extremely Bne-grained to glassy
(Bgure 10i, compare Bgure 6f). The striking petrographic similarity between dyke TNG8 and Cow
TNG13 observed in outcrop and thin section
(Bgure 10), and the curious, pervasively fractured
plagioclase crystals that we have only rarely
observed in other Deccan rocks, implies that the
dyke is probably a feeder of the Cow.
We have seen a second possible feeder dyke
north-northwest of Paye (Bgure 3), in an operating
quarry in spotted variolitic basalt located at
N19°190 43.200 , E72°570 37.500 , 15 m. An *15 m high
cliA face in the quarry pit gives the impression of a
vertical, *5 m wide tabular body with horizontal
cooling columns passing laterally into a lava Cow
which forms the rim. However, exposure is poor
and we have no convincing photographic evidence
to argue a feeder dyke case.

2.5 Post-eruptive faulting
Field evidence for faulting is seen in the area south
of the Ulhas River, in the form of numerous *N–S
trending, intensely brecciated, commonly siliciBed
zones (Raman 1982). These cut the volcanic units
(Bgure 11a) as well as the gabbros (Bgure 11b).
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Figure 12. Thin section photomicrographs of gabbro plutons north of the Ulhas River. (a) Shirgaon gabbro ANK25 showing
subophitic texture. Cross-polarised light (xpl). (b) Nalasopara gabbro ANK24 (location N19°250 40.800 , E72°490 43.500 , 38 m)
showing clinopyroxene and plagioclase crystals, plane-polarised light (ppl). (c) Tungareshwar gabbro TNG17 (location
N19°260 34.900 , E72°550 22.300 , 611 m) showing large clinopyroxene oikocryst with inclusions of plagioclase, rounded and fractured
olivine grains, and Fe–Ti oxides (xpl). (d) Ca X-ray map of Tungareshwar gabbro showing discrete grains of augite (Aug) and
pigeonite (Pgt) as two clinopyroxenes. (e) Kharbao gabbro at its northern end at Parol, sample ANK26 (location N19°270 13.400 ,
E72°560 39.300 , 18 m), showing a cluster of rounded and fractured olivine grains occurring between and partly enclosed by large
plagioclase crystals (xpl). (f) Sample ANK26 showing formation of biotite (Bt) along the rim of an olivine grain included within
plagioclase (xpl). (g) A large oscillatory-zoned plagioclase crystal in ANK26 (xpl). (h) Elongated plagioclase laths and
clinopyroxene and olivine grains in the Kharbao gabbro sample ANK27 at Kharbao (ppl). Location is N19°180 10.400 ,
E72°590 29.600 , 19 m. (i) Anorthositic variety of the Kharbao gabbro (sample ANK30, location N19°190 17.300 , E72°580 53.200 , 16 m)
at Ravtyachapada (ppl). The plagioclase crystals are pervasively fractured.

These siliciBed breccia zones are *10 m wide with
an exposed strike length of a few tens of meters.
Slickensides observed in the Yeur gabbro (Bgure
11c) also indicate faulting. Srinivasan (2002),
Misra et al. (2014), Samant et al. (2017), and Jacob
et al. (2020) provide various geological and geophysical evidences for faulting in the parts of the
VRM surrounding our study area as well.
3. The gabbro intrusions: Petrography
and mineral chemistry
3.1 Analytical methods
Chemical analyses of the minerals in the gabbros
were carried out with a Cameca SX-Five electron

probe micro-analyser (EPMA) at the Department
of Earth Sciences, IIT Bombay. The EPMA is
equipped with Bve wavelength-dispersive spectrometers (WDS) Btted with a range of LIF, PET and
TAP crystals. The instrument was operated at 15
kV acceleration voltage, 20 nA probe current and
a nominal beam diameter of 1 lm. For Na-rich
phases (e.g., sodic plagioclase), the beam was
defocused to 5–10 lm to avoid counting problems
and subsequent analytical errors, which are commonly encountered due to high volatility of the
element Na. Both natural and synthetic standards
such as orthoclase (K), diopside (Mg, Ca), albite
(Na), apatite (P, F), Th glass (Si), Al2O3 (Al),
Fe2O3 (Fe), BaSO4 (Ba), Rhodonite (Mn), TiO2
(Ti), NaCl (Cl), ZnS (Zn) and Cr2O3 (Cr) were

J. Earth Syst. Sci. (2021)130:152

Page 15 of 30 152

Figure 13. Thin section photomicrographs of features of interstitial glasses in the gabbro plutons north of the Ulhas River.
(a) Nalasopara gabbro ANK24 with devitriBed glass containing elongated, swallow-tail and hollow crystals of plagioclase, long
and narrow tube-like apatite (Ap) crystals, and Fe–Ti oxides (ppl). (b–d) Ppl views of interstitial glass in Kharbao gabbro
sample ANK26, showing (b) elongated, feathery crystals of plagioclase, olivine, and –Ti oxides, (c) cluster of tube-like apatite
crystals, and (d) a partial spherulite of clinopyroxene exhibiting fern-like, radiating, dendritic habit. (e–i) Interstitial rhyolitic
glass in Kharbao gabbro sample ANK27, showing (e–g) spectacular quench textures of clinopyroxene and olivine,
plagioclase–clinopyroxene intergrowths, elongated and hollow-cored plagioclase, acicular, spiky and fern-like crystallites and
microlites of apatite, and (h) a spectacular skeletal titanomagnetite grain. (i) Hexagonal basal sections of apatite crystals and
apatites showing long prismatic sections, with haloes around them. These are set in glass which contains hundreds of apatite
microlites. Photomicrograph (g) provides an xpl view, and all the rest provide ppl views.

used for calibration. Peak counting time of 10 s and
half the peak time for background analyses were
allocated for all the elements. Spectral interference
of Ba La on Ti Ka was corrected and matrix correction was done by X-PHI method (Merlet 1994).
Detailed calibration parameters for each element
are given in the supplementary table S1 and the
full chemical analyses of minerals (plagioclase and
orthoclase feldspars, clinopyroxenes, olivines) and
glass are provided in Supplementary tables S2–S6.
All iron in feldspars was taken to be present in its
trivalent state (Fe3+), whereas in olivines, it was
considered as ferrous iron (Fe2+). Fe2+ and Fe3+
in the pyroxene formula were recalculated by
standard stoichiometry following Droop (1987).
Below we Brst describe the petrography and
mineral chemistry of the gabbro intrusions of

the Vasai region, north of the Ulhas River (the
Shirgaon, Nalasopara, Tungareshwar and Kharbao
gabbros), followed by those of the Thane region
south of the river (the Yeur and Chena gabbros).

3.2 Petrography of the Shirgaon, Nalasopara,
Tungareshwar and Kharbao gabbros
The gabbro sheet at Shirgaon is coarse- to mediumgrained and hypidiomorphic. It is olivine-free and
shows an ophitic or subophitic texture with laths
of plagioclase feldspar contained within clinopyroxene (Bgure 12a). Fe–Ti oxides and tiny
crystals of apatite occur as accessory phases. The
Nalasopara gabbro is similarly hypidiomorphic
and shows large crystals of plagioclase and
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Figure 14. BSE images of microtextures preserved in the Kharbao gabbro. (a) Plagioclase–-clinopyroxene intergrowths
(encircled) in interstitial glass in sample ANK26. (b, c) Details of plagioclase–clinopyroxene intergrowths in interstitial glass in
samples ANK26 and ANK27. (d) Mosaic of sample ANK27 showing plagioclase, clinopyroxene, olivine and Fe–Ti oxides along
with interstitial glass. Olivine is light grey, clinopyroxene medium grey, plagioclase dark grey, and oxides bright white.
Interstitial glass is dark grey to black, and made up of Bne intergrowths of plagioclase and clinopyroxene. (e) Spectacular skeletal
Fe–Ti oxide grains (see also Bgure 12h). Note zoned augite in the right with an irregular rim of Fe-rich pigeonite. (f) Hundreds of
apatite microlites and microphenocrysts with hollow cores set in the interstitial glass, displaying vitrophyric texture. Note tiny
apatite prisms nucleated on the larger ones and the haloes around them.

clinopyroxene (Bgure 12b). The Tungareshwar
gabbro is coarse-grained and hypidiomorphic, and
shows an ophitic texture with plagioclase laths
included in clinopyroxene grains (Bgure 12c). This
gabbro contains a fair amount of olivine, which
forms anhedral, rounded grains contained within
clinopyroxene and plagioclase to produce poikilitic
texture (Bgure 12c). The olivine crystals are characteristically fractured and partly altered to serpentine with secondary iron oxides formed along the
fractures. The clinopyroxene is dominantly augite, but
some grains of pigeonite are also found (Bgure 12d).
The Kharbao gabbro is a coarse-grained,
equigranular, hypidiomorphic rock, composed of
plagioclase feldspar and clinopyroxene, with minor
amounts of olivine. In the sample ANK26 collected
near Parol, highly fractured rounded grains of
olivine occur as inclusions within plagioclase
(Bgure 12e), and a few are altered along their rims

to form biotite (Bgure 12f). A few plagioclase
crystals display oscillatory zoning (Bgure 12g).
Samples of the Kharbao gabbro taken at Kharbao
(ANK27, Bgure 12h), Malvadi (ANK28) and
Ravtyachapada (ANK29) show large elongated
laths of plagioclase, sometimes with fan-shaped
arrangements. The Kharbao gabbro at Ravtyachapada shown in Bgure 8e (sample ANK29) changes
over a few meters into an anorthositic type
(Bgure 12i). Minor amounts of Fe–Ti oxides and
apatite occur in the various Kharbao gabbro samples. An interesting feature of the Nalasopara and
Kharbao gabbros, not found in the Shirgaon and
Tungareshwar gabbros, is the presence of interstitial glass (Bgure 13). Mathur and Naidu (1932)
originally observed abundant glass in the Nalasopara gabbro. We observe that this interstitial
glass contains feathery growths of skeletal and
hollow (hopper) plagioclase and clinopyroxene
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Figure 15. Compositions of (a) olivine, (b) feldspars, and (c) pyroxenes in the Tungareshwar gabbro sample TNG17.
Compositions of (d) olivine, (e) feldspars, and (f) pyroxenes in the Kharbao gabbro samples ANK26 and ANK27. (g) Total
alkalis–silica (TAS) plot for interstitial glass in the Kharbao gabbro sample ANK27.

crystals, along with very long and narrow, tubular
grains of apatite (Bgure 13a). Interstitial glass is
abundant (12% by volume) in the Kharbao gabbro
sample ANK26 from Parol (Bgure 13b–d). Highly
elongated, spiky and feathery crystals of olivine,
plagioclase, clinopyroxene and Fe–Ti oxides, some
forming axiolites, occur in this glass (Bgure 13b), as
do long tubular crystals of apatite (Bgure 13c). At
places the glass has undergone devitriBcation to
produce partial spherulites (Bgure 13d). Spectacular quench crystals of all these minerals are found
in abundant interstitial glass in the gabbro sample
ANK27 from Kharbao (Bgure 13e–i). Floating
within the glass, plagioclase forms hollow-cored
crystals (Bgure 13e–g), pyroxene forms elongated
crystals (Bgure 13e–g), apatite forms hundreds of
elongated tubular crystals (Bgure 13f), whereas olivine forms acicular crystals (Bgure 13g). The Fe–Ti
oxides display large, spectacular skeletal crystals
(Bgure 13h). There are also tiny, roughly equi-dimensional prisms of hollow-cored apatite seen within
the glass, on which even smaller (*10 lm), elongated apatite prisms have nucleated (Bgure 13i).

These apatite crystals have depletion haloes
around them, marking regions without apatite
microlites in a groundmass which is full of them
(size *1–5 lm) (Bgure 13i). Backscattered electron (BSE) images of the Kharbao gabbro
samples ANK26 and ANK27 are presented in
Bgure 14(a–f). An interesting feature of these
samples is the presence of small-scale interstitial
intergrowths between plagioclase and clinopyroxene, of the kind described by Philpotts (1966)
and Smith (1974) (Bgure 14a–c), besides the
features of the interstitial glass observed under
the microscope.

3.3 Mineral chemistry of the Tungareshwar
and Kharbao gabbros
Olivines in the Tungareshwar gabbro, occurring as
inclusions in clinopyroxene and plagioclase, are
nearly homogeneous hortonolite in composition
(Fo59–60, Bgure 15a). Plagioclase feldspars, hosted
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Figure 16. Thin section photomicrographs of the Yeur gabbro south of the Ulhas River. (a) Well-formed plagioclase and
clinopyroxene crystals in sample ANK21J (N19°130 36.900 , E72°570 15.900 , 214 m). Note oscillatory zoning in plagioclase crystal on
lower left. Interstitial glass is present between the crystals (xpl). (b) Sample ANK21B (location N19°130 17.600 , E72°570 05.500 , 113
m) showing a large fractured plagioclase crystal along with numerous subhedral clinopyroxene crystals. Clinopyroxene (Feaugite) and Fe–Ti oxides have also precipitated along the fractures in the plagioclase (xpl). (c) Outcrop photograph of highly
porphyritic Yeur gabbro ANK19 cut by veins of rock ANK20. Coin is 2 cm wide. Location is N19°130 19.000 , E72°570 07.200 , 122 m.
(d) Highly fractured plagioclase megacryst in sample ANK19, containing olivine inclusions. Clinopyroxene (Fe–augite), sodic
plagioclase, and Fe–Ti oxides have precipitated along the fractures (ppl). (e) Enlarged view of rounded olivine inclusions (now
serpentinised) in plagioclase megacryst in gabbro ANK19 (ppl). (f) BSE image of gabbro ANK19 traversed by vein ANK20. The
vein is composed of Bne-grained sodic plagioclase and clinopyroxene, thus broadly trachytic in composition, and has a chilled
margin. (g) Clinopyroxene and Fe–Ti oxide precipitated along cleavage-parallel fractures in plagioclase megacryst in the gabbro
ANK19. (h) Zoned augite crystal in vein ANK20 with Fe enrichment from core to rim. (i) Spectacularly skeletal Fe–Ti oxide
grain in vein ANK20.

within large clinopyroxene grains, are Ca-rich
and normally zoned, with cores of bytownite
(An73–68Ab26–30Or0.5–1.5) and rims of labradorite
(An67–57Ab41–32Or1–2) (Bgure 15b). Pyroxenes are
of two distinct types (Bgure 15c). Clinopyroxene
grains which show an ophitic relationship with
plagioclase laths are nearly homogeneous augite
(Wo37–38En42–43Fs18.5–19.5). Pigeonite (Wo6–10
En57–59Fs31–36) is also present, occurring as an
intergranular phase. The Mg# [Mg# = Mg9100/
(Mg+Fe)] in the pyroxenes varies from 68.9 to
62.3.
There are two generations of olivine in the
Kharbao gabbro. Rounded and fractured olivine
grains occur as inclusions within plagioclase

crystals and are normally zoned from core to rim.
These olivines have cores of hyalosiderite–
hortonolite (Fo60–48) and rims of hortonolite–
ferrohortonolite (Fo44–29) (Bgure 15d). Acicular
olivine crystals are also found, in interstitial
glass. They are fayalite in composition, with Fo
content as low as 5 mol% (Bgure 15d). Plagioclase
feldspars are normally zoned, with cores of
labradorite–andesine (An72–52Ab28–48Or1–5) and
rims of andesine–oligoclase (An52–25Ab71–48Or1–5)
(Bgure 15e). Orthoclase (An1–3Ab1–22Or75–98)
crystals are also present in the interstitial glass
(Bgure 15e). Pyroxenes are augite and pigeonite
(Bgure 15f). Augite is the dominant pyroxene, and
augite crystals are normally zoned with Mg-rich
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Figure 17. Thin section photomicrographs of features of interstitial glasses in the Yeur gabbro. (a–c) Gabbro sample ANK21J,
showing large areas of glass with quench crystals of plagioclase (swallowtail and hollow-cored), pyroxene, and Fe–Ti oxides.
(a) and (c) are ppl views and (b) is xpl view. (d) xpl and (e) ppl view of Yeur gabbro with a quenched intergranular basalt
matrix. (f) Plagioclase–pyroxene intergrowth in the quenched matrix (PPL). Location is N19°140 10.900 , E72°570 35.800 , 138 m.
(d) is an xpl view and (e–f) are ppl views. (g–i) BSE images of sample ANK23D, showing skeletal and acicular Fe–Ti oxide
crystals and plagioclase–clinopyroxene intergrowths.

cores (Wo37–25En43–27Fs42–19) and Fe-rich rims
(Wo12–42En15–35Fs61–52). Their Mg# varies from
68.3 (core) to 38.1 (rim). Quenched interstitial
glass is of rhyolitic composition, with a SiO2 content of 75–82 wt.% and a total alkali content
of 2–11 wt.% (Bgure 15g). Such compositional
heterogeneity in the silicic glass may arise from
nucleation and growth of microlites of different
minerals that take up different elements from the
viscous melt.

3.4 Petrography of the Yeur gabbro
The Yeur gabbro is coarse-grained and hypidiomorphic, with plagioclase, clinopyroxene, small
amounts of altered olivine, and accessory Fe–Ti
oxides and apatite occupying the interstices.
Sample ANK21J shows plagioclase crystals with
oscillatory zoning (Bgure 16a). Sample ANK21B

shows subhedral clinopyroxene grains reaching 1
cm size contained within fractured plagioclase
phenocrysts (Bgure 16b). These clinopyroxenes are
zoned, display undulose extinction, and themselves
contain laths of plagioclase which lack fractures
and are relatively fresh (Bgure 16b). Sample
ANK19 is distinctly inequigranular (Bgure 8d),
with numerous plagioclase crystals C 2 cm in size.
It is cut by numerous felsic veins up to a few
centimeters in thickness (Bgure 16c). ANK19 plagioclase phenocrysts contain inclusions of rounded
olivine grains which are altered to serpentine
(Bgure 16d, e). The plagioclase phenocrysts are
highly fractured, with most fractures being lengthand cleavage-parallel and others randomly
oriented. Fine-grained plagioclase, acicular clinopyroxene and Fe–Ti oxides have been precipitated
along the cleavage-parallel fractures (Bgure 16d).
In BSE images the felsic veins (sample ANK20)
traversing the gabbro ANK19 show glassy chilled
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Figure 18. Compositions of (a) feldspars and (b) pyroxenes in the Yeur gabbro samples ANK21J and ANK23D and vein ANK20
in gabbro ANK19. Compositions of (c) feldspars and (d) pyroxenes in the Chena gabbro samples ANK8 (location N19°150 47.200 ,
E72°550 46.300 , 230 m), ANK12C (location N19°140 48.200 , E72°560 39.600 , 154 m), and the Chena granophyre sample ANK12G
(location N19°150 09.100 , E72°560 30.400 , 212 m).

margins (Bgure 16). The veins have a Bne-grained,
equigranular, interlocking texture, and are composed mainly of plagioclase feldspar with minor
clinopyroxene and Fe–Ti oxides (Bgure 16g). The
clinopyroxene is distinctly zoned (Bgure 16h) and
the oxides display skeletal habits (Bgure 16i).
Interestingly, sample ANK21J shows large
crystals of plagioclase and clinopyroxene in a Bnegrained, glass-rich matrix. Plagioclase in the
matrix occurs as acicular crystals with ‘swallowtail’ and ‘hollow-cored’ habits, and the Fe–Ti oxides also form acicular crystals (Bgure 17a–c).
Sample ANK23D collected near the northern end
of the Yeur gabbro near Tikujini Vadi shows a
framework of plagioclase and clinopyroxene grains,
with Bne-grained interstitial material composed of
plagioclase, clinopyroxene, needles of Fe–Ti oxides,
and abundant glass (Bgure 17d–f). Fine-scale
intergrowths between plagioclase and clinopyroxene (Smith 1974) are observed in the matrix
(Bgure 17f). BSE images of sample ANK23D are
presented in Bgure 17(g–i), which show the same
petrographic features as observed under the
microscope, including abundant interstitial material with acicular feldspars and Fe–Ti oxides,

skeletal Fe–Ti oxides, and plagioclase–clinopyroxene intergrowths.

3.5 Mineral chemistry of the Yeur gabbro
Olivines which occur as inclusions in plagioclase
phenocrysts in the Yeur gabbro are completely
serpentinised. Plagioclase phenocrysts in sample
ANK23D show normal compositional zoning,
ranging from labradorite (An71Ab28Or1) cores to
andesine (An54Ab44Or2) rims (Bgure 18a). At
higher exposure levels (ANK21J), the plagioclase
phenocrysts
are
compositionally
andesine
(An48–40Ab50–57Or2–3) and progressively become
Na-rich towards the rim. Orthoclase feldspar is
found as Bne, subhedral grains in the quenched
intergranular matrix (Bgure 18a). Pyroxenes that
occur in the spaces between the plagioclase
framework are augite (Bgure 18b). They show
normal compositional zoning, from cores of
Wo42–28En39–34Fs28–20 composition changing to
rims of Wo43–23En31–26Fs34–31 which are richer in
Fe. Mg# decreases from 72.9 in the core to 36.0 in
the rim. Calcium does not show any definite trend
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Figure 19. Thin section photomicrographs of the Chena gabbro south of the Ulhas River. (a) Interstitial granophyre (Gr) in the
spaces between plagioclase and clinopyroxene grains in gabbro sample ANK8 (location N19°150 47.200 , E72°550 46.300 , 230 m). (b)
Enlarged view of interstitial granophyre in ANK8. (c) Trellis-type and sandwich-type ilmenite lamellae exsolved from the titanomagnetite. Note the hollow cored apatite and granophyre in the groundmass. (d–g) Abundant and spectacular interstitial
granophyric intergrowths in gabbro sample ANK12G6 (location N19°150 19.200 , E72°560 29.800 , 285 m). (h, i) Needles and
elongated prisms of apatite in interstitial granophyre in gabbro samples ANK12D (N19°140 52.200 , E72°560 36.300 , 176 m) and
ANK11 (location N19°160 09.800 , E72°550 35.600 , 34 m).

of variation, though overall it shows a slight
increase from core to rim.
The gabbro ANK19 shows calcic plagioclase
(normally zoned with rimward increase in Na) and
augite (also normally zoned with rimward increase
in Fe). The intergranular spaces of this plagioclase
framework in the gabbro are occupied by augite
and Fe–Ti oxides and an occasional altered olivine
crystal. This intergranular augite shows a very
distinct undulose extinction. The minerals in the
cleavage-parallel fractures of the plagioclase
megacrysts of ANK19 are albite and Fe-rich augite
(Bgure 18a).
The felsic vein (ANK20) cutting the Yeur
gabbro ANK20 is composed mainly of plagioclase,
with minor amounts of augite and Fe–Ti oxides.
The plagioclase is sodic (albite and oligoclase)
(Bgure 18a), and rare crystals of bytownite seen in
ANK20 may be xenocrysts derived from the host

gabbro. Composition of the augite in the vein
ANK20 is equivalent to the composition of the
rims of the augite in the host gabbro (Bgure 18b).
Pyroxenes and plagioclase, which have been
precipitated along with Fe–Ti oxides along the
cleavage-parallel fractures in the plagioclase
phenocrysts of gabbro ANK19, are of similar
evolved compositions. This rock appears to have
suffered some tectonic deformation, resulting in
cleavage-parallel brittle fractures in the plagioclase megacrysts and ductile deformation of
clinopyroxene resulting in undulose extinction,
and we noted the outcrop evidence for faulting of
the Yeur gabbro above (Bgure 11). We believe
that felsic veins such as ANK20 were intruded
during a deformation episode and they precipitated albitic plagioclase and Fe-augite in the
fractures developed in calcic plagioclase megacrysts in the host gabbro ANK19 during the same
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Figure 20. Outcrop and thin section photographs and BSE images of Chena granophyres (see Bgures 4, 21a for locations).
(a) Outcrop of transitional gabbro-granophyre ANK12F1 with both rock types in approximately equal amounts. Coin is 2.5 cm
wide. Location is N19°150 03.900 , E72°560 33.200 , 205 m. (b) Outcrop of granophyre ANK12G with abundant maBc needles. Coin is
2.5 cm wide. Location is N19°150 09.100 , E72°560 30.400 , 212 m. (c, d) Thin section photomicrograph (xpl) and BSE image of
granophyre ANK12G. Note large spherulite on the left in (d) with euhedral plagioclase nucleus at the centre and radiating
needles of albite (Ab) in the middle and alkali feldspar (Af) in the rim and discreet quartz (Qtz) in the centre. (e) Hand specimen
of Bne-grained granophyre ANK12G3. Location is N19°150 16.100 , E72°560 28.300 , 265 m. (f–h) Thin section photomicrographs (xpl)
of granophyre ANK12G3. The Brst two show granophyric intergrowths and the last shows a clinopyroxene crystal surrounded by
a granophyre matrix and Fe–Ti oxide (black). The clinopyroxene grain contains numerous apatite inclusions (tubular) and three
zircon (Zrn) inclusions. (i) Outcrop of highly weathered microgranite ANK12H at the 442 m summit of Chena Hill. Location is
N19°150 32.900 , E72°560 29.200 , 438 m. (j) Photomicrograph (xpl) of microgranite ANK12H. (k) Enlarged thin section view (xpl) of
ANK12H showing local granophyric intergrowths. (l) Photomicrograph (ppl) of ANK12H showing abundant apatite prisms
contained as inclusions within a feldspar phenocryst (dashed rectangle).

deformation episode. However, note that gabbro
sample ANK18 (*10 m away from ANK19 location) and ANK21B (Bgure 16b) which is even
farther, display the same precipitated minerals
along plagioclase megacryst fractures, while not
containing any visible veins.

3.6 Petrography of the Chena gabbro
and granophyre
The Chena gabbro is olivine-free. It is equigranular
and hypidiomorphic, and composed of subequal
amounts of plagioclase and clinopyroxene which
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Figure 21. (a) Interpretative cross-section in a NNW–SSE direction along the line X–Y on the Chena gabbro pluton in Bgure 4.
The section shows the actual topographic proBle without vertical exaggeration, and shows the transitions between various rock
types represented by the samples collected. (b–e) are line sketches of thin section photomicrographs (in xpl) and an outcrop
photograph (c) of the various rock types. Line sketches are used in this Bgure for illustrative clarity and because typical
photomicrographs are represented in the preceding Bgures. Note the varied scales of the views in panels (b–e).

make up the bulk of the rock (Bgure 19). Similar to the
case with several other gabbros examined, the Chena
gabbro contains interstitial residual liquid, some of
which has crystallised as granophyre (Bgure 19a, b).
BSE images of the gabbro ANK8 show titanomagnetite displaying oxy-exsolution (Buddington and
Lindsley 1964) in the form of sandwich-type and
trellis-type ilmenite lamellae (Bgure 19c). Spectacular interstitial granophyric intergrowths are found in
the gabbro sample ANK12G6 near the summit of
Chena Hill (Bgure 19d–g). Interstitial glass with long
tubular crystals of apatite is also found in gabbro
samples ANK12D and ANK11 (Bgure 19h, i).
Interestingly, the volume of intergranular
residual liquid in the Chena gabbro increases, and
the amount of ferromagnesian minerals decreases,
towards higher elevations of the Chena Hill. The
rock shows parts composed of maBc material and of
felsic material (granophyre), each many centimeters across (sample ANK12F1-F3, Bgure 20a).
This zone of transitional gabbro-granophyre rock
grades into granophyre with needles of maBc minerals (sample ANK12G, Bgure 20b–d). Sample
ANK12G3 represents a Bne-grained type in the
same granophyre zone (Bgure 20e–h), which is
followed by gabbro on the upper slopes (samples
12G4-6). These gabbros contain spectacular interstitial granophyre (shown in Bgure 19d–g), and
thus resemble gabbros at lower elevation, such as
ANK12C and ANK8 (Bgures 4, 19a, b).

The uppermost 40 m of the Chena Hill, however,
expose a highly weathered, Bne-grained, leucocratic,
porphyritic rock (sample ANK12H, Bgure 20i). This
rock shows a Bne matrix (grain size a few hundred
microns) of interlocking quartz and alkali feldspar,
with small and local zones of granophyre (Bgure 20j,
k). The phenocrysts are alkali feldspar and plagioclase which have been highly altered and partly
converted to sericite (Bgure 20j, k). Numerous
tubular inclusions of apatite are found in some
feldspar phenocrysts (Bgure 20l). We consider this
rock an additional textural facies of the Chena
granophyre, which is very Bne-grained, porphyritic
microgranite with interstitial granophyre. With this
interpretation, we have been able to construct the
cross-section shown in Bgure 21(a), along the line
X–Y shown in Bgure 4, in which gabbros of the
Chena pluton grade into a transitional gabbro-granophyre rock at upper levels, and Bnally into a granophyre–microgranite zone at the highest exposed
levels. Beyond the summit in a NNW direction, the
microgranite passes back into the gabbro, though
their contact is everywhere obscured by dense vegetation. Representative photomicrographs and
sketches of each of the rock types showing these
lateral and upward transitions are given in
Bgure 21(c–e). The locations and elevations of these
samples, and the distribution of the rock types,
require that the contact between the granophyre–
microgranite and the gabbros with interstitial
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granophyre must approximately follow the topographic slopes of the Chena Hill. The contact must
be gently undulating for the transitions from gabbro
to transitional gabbro-granophyre, to granophyre,
to gabbro, and to microgranite, to be encountered
with increasing elevation along the line Y–X
(Bgure 21a).

3.7 Mineral chemistry of the Chena gabbro
and granophyre
Plagioclase feldspar in Chena gabbros ANK8 and
ANK12C is compositionally zoned, with cores of
labradorite–andesine (An55–43Ab45–55Or1–3) and
rims of andesine–oligoclase (An40–21Ab74–60Or1–5)
(Bgure 18c). Albitic plagioclase (An1–8Ab92–98Or0.5–3) occurs in the groundmass in association
with the granophyre. Alkali feldspar is present as
orthoclase (An0Ab1–17Or83–99) which occurs as a
granophyric intergrowth with quartz in the interstices (Bgure 18c). The pyroxene is augite which
forms subhedral prisms. It shows continuous normal zoning with cores enriched in Mg (Wo36–39En40–42 Fs20–23) and rims richer in Fe (Wo37–40En19–29 Fs28–40), with Mg# ranging from 65.1 in
the core to 46.1 in the rim (Bgure 18d). The Ca
component in the augite from core to rim is
variable.
Plagioclase in the Chena granophyre ANK12G
forms subhedral laths and is compositionally normally zoned, with cores of oligoclase (An18Ab81Or1) and rims of albite (An1.5Ab98Or0.5)
(Bgure 18c). Fine-grained albitic plagioclase ranging in composition from An2Ab26Or71 to An0Ab3Or97 is also present in the groundmass, which also
contains alkali feldspar forming granophyric
intergrowths with quartz (Bgure 18c). Clinopyroxene in the Chena granophyre is Fe-augite,
which is compositionally zoned with progressive
increase in Fe from cores of composition Wo42En21Fs37 and Mg# of 36.4 to rims of composition
Wo44En9Fs48 and Mg# of 15.0. It shows a minor
increase in Ca content towards the rim
(Bgure 18d).

4. Discussion
4.1 Emplacement of the gabbro intrusions
Gabbroic intrusions, like doleritic dyke-sill
swarms, form an important intrusive component of
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CFB provinces. The Skye, Mull and Rum plutonic
complexes of western Scotland, and the Skaergaard
intrusion in East Greenland, contain abundant
gabbros (e.g., Wager and Deer 1939; McBirney
1975; Emeleus and Bell 2001; Brooks 2011). In the
Deccan Traps, gabbro intrusions ranging in size
from\ 1 km to tens of kilometers (Bgure 1; Mathur
et al. 1926; Sukheswala and Sethna 1969; Mulay
and Peshwa 1980; Hari et al. 2011; Sheth et al.
2011; Cucciniello et al. 2014). Future geochronological and geochemical (including isotopic)
studies of the gabbro plutons of this study will
throw light on the absolute age of emplacement
and petrogenesis of these gabbros, as well as their
interrelationships if any. These gabbro plutons
intrude a west-dipping volcanic sequence dated
at 62.5 Ma (e.g., the Powai ankaramite, Pande
et al. 2017). Because the western Indian rifted
margin and the Panvel Cexure formed at 62.5 Ma
(Pande et al. 2017), these west-dipping volcanic
units are immediately pre-Cexure. The gabbro
plutons have no features indicating westward
dips, but there may be post-breakup, post-Cexure
intrusions emplaced into an already downCexed
and block-faulted volcanic sequence. The Kharbao gabbro, the largest pluton in our study area,
parallels the regional structural trend (Bgures 2,
3), suggesting a possible control by pre-existing
faults of the Panvel Cexure zone, as well as significant crustal extension. The faults already in
existence may have provided room for the maBc
magmas, as suggested by the fact that the
Kharbao and the Yeur plutons are exposed on the
eastern escarpments of westward-tilted basaltic
sequences.
Other gabbro plutons of the area may have
formed by trapping of rising maBc magma in the
shallow crust, due to density considerations, or due
to abundant pyroclastics in the volcanic sequence.
Pyroclastic materials when emplaced are unconsolidated and mechanically weak, with pore spaces
and contacts that open up, inhibiting vertical
propagation of rising dykes and resulting in trapping of magma and lateral intrusion and sill-pluton
formation (e.g., Gudmundsson and Marinoni
2002). Indeed, this means that the abundance and
association of pyroclastic deposits and gabbro
intrusions – two very different and apparently
unrelated phenomena – are not coincidental in our
study area.
Whereas the faulting associated with the 62.5
Ma formation of the western Indian VRM may
have permitted the gabbro intrusions to rise into
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the shallowest crustal levels, faulting also continued after their emplacement as indicated by
outcrop and microstructural observations of the
gabbros. Thus, the *N–S trending siliciBed breccia zones in the Chena gabbro pluton (Bgure 11b)
likely represent shear zones or faults (Raman
1982), and slickensides preserved in the Yeur
gabbro at Tikujini Vadi (Bgure 11c) provide direct
evidence for faulting after gabbro emplacement
and solidiBcation. Microstructural evidence for
faulting is preserved in the form of fractured
plagioclase and strained clinopyroxene exhibiting undulose extinction in the Yeur gabbro
(Bgure 16b, d).

4.2 Significance of mineral textures
and compositions
All gabbros studied are exclusively tholeiitic and
silica-saturated, and they lack feldspathoid minerals such as nepheline. On the other hand,
orthopyroxene is also absent in all gabbros. Olivine, augite and pigeonite in the Tungareshwar
gabbro are unzoned and show uniform, Mg-rich
compositions (Bgure 15a, c) compared to those in
the other gabbros (Bgures 15d–f, 18a–d). Plagioclase in the Tungareshwar gabbro, while showing
normal zoning, has higher An content (Bgure 15b)
than plagioclase in the other gabbro plutons. These
features suggest that the Tungareshwar gabbro is
the most primitive of all gabbros in the study area.
The other gabbro plutons show systematic
variations in mineral composition in the form of
continuous normal zoning from core to rim. Olivines are normally zoned with steady decrease in Fo
contents from the core to the rim (Bgure 15d).
Zoned clinopyroxenes (augites) show smooth
increases in Fe towards the rims (Bgures 15f, 18b,
d), and in few samples, the Fe-augite rims themselves grade into Fe-rich pigeonites (Bgure 15f).
Plagioclase feldspars are characterised by Ca-rich
cores and become progressively Na-rich towards
the rims (Bgures 15e, 18a, c). Such smooth compositional changes in these minerals can be
explained by continuously changing crystallisation
conditions with progressive cooling and mineral
growth from a continuously evolving magma.
There are two generations of the pigeonite in
the rocks. Discrete grains of Mg-rich pigeonite
(Bgure 12d) in the Tungareshwar gabbros are
consistent with its crystallisation at high temperature in the liquidus assemblage (Deer et al.
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1966). On the other hand, the Fe-rich pigeonites in
the outermost rims of the normally zoned augite in
the Kharbao gabbros (Bgures 14e, 15f) are latestage products formed from a highly evolved
interstitial melt. The sudden Ca depletion in the
augites and formation of Fe-rich pigeonite in their
rims is probably due to co-crystallisation of apatite
(stabilised by Ca and P) from the surrounding
evolved liquid.
The Bne interstitial intergrowths between
plagioclase and clinopyroxene observed in the
Kharbao gabbro (Bgure 14a–c) and the Yeur gabbro (Bgure 17f) may arise from intergrowth, or
exsolution of plagioclase from earlier high-alumina
pyroxene (e.g., Philpotts 1966). The highly irregular, wormy shapes of the grains of both minerals
(Bgures 14a–c, 17f) suggest lack of crystallographic
control, and this observation, as well as the
apparent optical continuity of the various grains of
each mineral (Bgure 17f), suggest intergrowth from
a melt. The reason why these highly irregular, Bnescale intergrowths formed instead of the common
ophitic or subophitic textures (e.g., Hatch et al.
1984; Vernon 2018) may have to do with rapid
cooling.
The depletion haloes developed around
microphenocrysts of apatite (Bgure 13i) in the
intergranular glass are parts of the groundmass
without apatite microlites. The absence of apatite
microlites in these parts is due to the growth
of apatite microphenocrysts which consumed elements such as P and Ca from the surroundings.
This created a heterogeneity (Vernon 2018), a zone
of depletion in the apatite-forming elements, which
could not be homogenised by ionic diffusion from
more outward-situated melt owing to falling
temperature and high and increasing melt viscosity.

4.3 Significance of silicic melts in the gabbro
intrusions
Most gabbro intrusions described here, with the
exception of the Shirgaon and Tungareshwar
gabbros, contain interstitial silicic melts (granophyre or silicic glass, Bgures 13, 14, 17, 19–21).
These rocks can be termed orthocumulates (terminology of Wager et al. 1960), and they indicate
that residual silicic melts of advanced crystallisation remained trapped within the gabbroic matrix.
This may be due to the cooling and solidiBcation of
the intrusions having been rapid relative to the
time required for compaction of the gabbroic
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matrix. Such compaction involves settling of the
dense ferromagnesian minerals under gravity and
their deformation, as the interstitial liquid is
expelled upwards (e.g., Shirley 1986; Tegner et al.
2009). A few rocks in the study area, such as the
Ravtyachapada anorthositic gabbro (Bgures 8e,
12i), approach adcumulates, with little interstitial
liquid (terminology of Wager et al. 1960).
The smaller gabbro plutons in the study area can
be expected to have cooled faster than the larger
ones, in general, and trapped silicic melts should
therefore be found preferentially in the former.
However, whereas the small Nalasopara pluton
does contain such trapped silicic melts, the similarly small Shirgaon pluton does not. On the other
hand, the large Kharbao pluton contains a considerable proportion of trapped silicic melt (up to
12% by volume). There is a good explanation for
this. Trapped silicic melts in the Kharbao pluton
are represented by glass (Bgures 13, 14), which
unlike the granophyric intergrowths observed
elsewhere, represents quenching. The quench plagioclase, pyroxene and apatite crystals displaying
hollow cores and acicular olivine microcrysts that
are preserved in the intergranular glass (Bgures 13,
14), all of the appropriate evolved compositions,
indicate that they nucleated in the glass and grew
rapidly only in a preferred direction due to the high
degrees of undercooling (e.g., Vernon 2018). A
likely scenario is that a mushy gabbro pluton at
depth, with trapped interstitial hydrous silicic
melt, rose very rapidly into the shallow crust due
to faulting of the overlying lava pile, and lost H2O
as an eAect of decompression. This resulted in
quenching of the silicic melt whose temperature
was now much lower than its new (anhydrous)
solidus temperature, and in which ionic diffusion
required for crystal growth was impeded by the
high viscosity of the dry siliceous melt. Thus the
Kharbao pluton, despite its large size, may have
cooled and solidiBed relatively rapidly at very
shallow depths, and a simple relationship between
pluton size and solidiBcation time does not appear
valid.
Though residual silicic melts remained trapped
within a gabbroic matrix in many cases, small veins
of granophyre found in the Chena gabbro ANK8
(Bgure 8g) indicate that in some cases residual
silicic melts at depth were able to segregate and
fracture-Bll overlying gabbros. We have presented
Beld and petrographic observations from the upper
levels of the Chena Hill (Bgure 21a–e), showing
that clear gradations exist from gabbro with
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interstitial granophyre to a transitional gabbrogranophyre, to granophyre with suspended maBc
minerals, and to a maBc-poor summit microgranite
with small-scale granophyric intergrowths. These
gradations provide evidence that substantial
amount of silicic melt eDciently segregated from a
gabbroic matrix and formed a distinct zone at the
upper levels of the Chena pluton. The upward
passage of the silicic melt would have been facilitated by eDcient compaction in the lower levels of
the gabbro pluton which solidiBed relatively
slowly. Slow cooling is also indicated by the silicic
melts crystallising as granophyres rather than
quenching to glass. The granophyre–microgranite
zone in the Chena gabbro pluton would have
originally passed upwards into the gabbroic rocks
forming the pluton roof, now eroded away like the
overlying lava Cows.
Granophyre (see Barker 1970 for a petrographictextural discussion) is common in small to large
maBc magma bodies around the world. The 200
Ma, 300 m-thick Palisades sill, forming a part of
the Central Atlantic Magmatic Province (CAMP)
in northeastern USA, contains abundant granophyre in its upper parts (Shirley 1987). Granophyre is also found in the 100 m thick Holyoke
Cood basalt lava Cow in the same province
(Philpotts et al. 1996). The Scottish Palaeogene
plutonic complexes mentioned above, and the
Skaergaard intrusion, also contain granophyres
(e.g., McBirney 1975; Emeleus and Bell 2001;
Brooks 2011). Granophyre is widespread in the
Deccan Traps, and occurs at size scales from hundreds of microns to tens of kilometers. Krishnan
(1930) reported a lava Cow of granophyric trachyte
from the northern part of Mumbai. Subba Rao
(1971) mentioned the common occurrence of
interstitial granophyre in the abundant dolerite
dykes of the province. The Chakhla–Delakhari
dolerite sill in central India shows abundant
interstitial granophyre in its upper parts (Sen
1980, 1983). Plutonic complexes such as the Phenai
Mata gabbroic complex and the Chogat–Chamardi
complex (Bgure 1) contain notable amounts of
granophyre (Sukheswala and Sethna 1973; Sheth
et al. 2011; Hari et al. 2018). Granophyre forms
large ring dykes many kilometers in diameter in
the Girnar and Alech complexes (Mathur et al.
1926; Bandopadhyaya 1976), and forms the bulk
of the adjacent Barda Hills, the largest silicic
plutonic mass in the Deccan Traps (Dave 1971;
De and Bhattacharya 1971; Cucciniello et al.
2019).
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Cucciniello et al. (2019) argued that the Barda
granophyres and microgranites were derived by
near-closed-system fractional crystallisation of
maBc magmas in very large crustal magma chambers. It is interesting to note that this suggested
process would have involved granophyre-bearing
gabbros (common in our study area) at deeper
levels, and complete gradations from gabbro to
granophyre (as evidenced in outcrop in the Chena
gabbro pluton) at shallower, yet unexposed levels.
Our Beld and petrographic observations on latestage Deccan gabbros of the Thane–Vasai region
thus provide a glimpse of the deeper, yet unexposed
levels of the Barda Hills. They provide strong
support to the mechanism of fractional crystallisation invoked for silicic suites in CFB provinces,
typically based on geochemical arguments (e.g.,
Hari et al. 2018 for Phenai Mata granitic rocks, and
Cucciniello et al. 2019 for Barda granophyres). Our
mineral chemistry data also indicate that the
granophyre and microgranite in the Chena gabbro
pluton may be residual liquids of advanced fractional crystallisation of the maBc magma which
crystallised the gabbros. As expected from this
process, feldspar cores in the Chena granophyre
(An18–14Ab81–86Or1–2) are less calcic than feldspar
cores in the host Chena gabbro (An55–43Ab45–55Or1–3) (Bgure 18c). Pyroxene cores in the Chena
granophyre (with compositions ranging between
Wo42En21Fs37 and Wo44En9Fs48 and Mg# varying
from 36.4 to 15.0) are Fe-rich compared to the
pyroxene cores in the Chena gabbros (Wo36–39
En40–42Fs20–23, Mg# 65.1). The compositional data
therefore suggest the origin of the granophyres by
closed-system fractional crystallisation of the
gabbro-forming maBc melts, and these processes
will be understood better and quantitatively with
whole-rock geochemical and Sr–Nd isotopic data
that we plan to acquire next.
The mass of silicic melt generated by fractional
crystallisation of maBc magma is only a few percent of the original (Bowen 1928), and the amount
of granophyre–microgranite–rhyolitic glass that we
observe in the Thane–Vasai gabbros is of the
correct order, being a few percent by mass of the
host gabbros. We note that the Shirgaon and
Tungareshwar gabbros do not contain interstitial
granophyre or silicic glass. The latter gabbro is
particularly maBc in containing abundant olivine,
though these olivines are evolved (Fo59–60)
(Bgure 15a). The Kharbao gabbro has interstitial
silicic glass, and olivines in this gabbro range from
Fo60 to Fo10 (Bgure 15d). Thus, logically, silicic

residual liquids could only develop in the relatively
evolved gabbros, and are most abundant in the
Yeur and especially the Chena gabbros which are
altogether olivine-free.
The silicic melts derived by fractional crystallisation of the gabbro-forming magmas as suggested
above may have mixed with unrelated magmas.
Sukheswala and Sethna (1962) studied diorites in
the Sativali area, and considered, based on outcrop, petrographic, and whole-rock analyses, that
they had formed by mixing between dolerite and
rhyolite magmas. These interesting diorite outcrops have been destroyed during the subsequent
development of the Sativali industrial area.

4.4 A note on the Bombay Volcanic Complex
An interesting observation is that whereas volcanic
sequences of the Vasai region, north of the Ulhas
River, strike NNW–SSE and dip west-southwest at
*15°, those of the Thane and Mumbai regions
south of the Ulhas River strike NNE–SSW and dip
west-northwest at comparable angles (Bgure 2).
This distinct change in strike has been suggested
by Godbole (1987) and Godbole et al. (1996) to
reCect a regional-length, arcuate boundary fault of
a caldera-like structure (termed by them the
Bombay Volcanic Complex), much of which is
submerged under the Arabian Sea. The importance
of this hypothesised boundary fault is that silicic
rocks and pyroclastic deposits occur in abundance
west of it, but nowhere east of it, and this complex
contains rocks younger than the main Deccan lava
pile. We do believe that a caldera-like structure of
this kind envisaged by them may exist, and would
have formed at a late stage of Deccan Cood volcanism. The proposed eastern boundary fault, we
note, is not the Panvel Cexure axis itself, which lies
several kilometers further inland (see Samant et al.
2017; Patel et al. 2020).

5. Conclusions
Geology of the Thane–Vasai region on the western
Indian rifted margin is diverse, and consists of
Deccan basaltic lava Cows, pyroclastic deposits,
gabbro intrusions, and dykes of diverse compositions from maBc to silicic and subalkalic to alkalic.
The B 62.5 Ma gabbro intrusions are of considerable interest in containing interstitial silicic melts
(granophyres or silicic glasses), which in one case
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segregated from the gabbro host and formed a
distinct upper-level horizon of granophyre and
microgranite. Field, petrographic and mineral
chemical data support an origin for these silicic
melts by fractional crystallisation of the host
gabbros, and we look forward to conBrming and
quantifying this process by acquiring major and
trace element and Sr–Nd isotopic data on the
rocks. Many Deccan silicic suites have been related
to fractional crystallisation processes in maBc
magma chambers, and the trapped interstitial
silicic melts in several gabbro plutons of our study
area, and the gabbro-granophyre transitions
observed in outcrop, constitute valuable direct
evidence for these processes. The cumulus processes observed in the gabbro plutons of this study
operated at several stratigraphic levels within the
Deccan volcanic pile. This is exempliBed by the
Khopoli picritic gabbro, an olivine–pyroxene
cumulate with up to 26 wt.% MgO emplaced in the
66–65 Ma Western Ghats sequence (Cucciniello
et al. 2014). The same processes probably occurred
on an even larger scale in the sub-Deccan crust and
formed a widespread layer of olivine gabbro,
invoked by Glennie (1951) and Takin (1966) to
explain the high gravity anomalies mapped over
Mumbai and adjacent areas of the Konkan Plain.
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