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Abstract: Secondary minerals occur within the tholeiitic basalts of Salsette Island in the greater
Mumbai region, as well as in other localities in the Deccan Volcanic Province (DVP). However, the
secondary minerals of Salsette Island show remarkable differences with respect to their mineral
speciation and precipitation sequence, which are both due to their unique geological environment.
The greater Mumbai region is built up by the Salsette subgroup, which represents the youngest
sequence of the DVP. It formed subsequently to the main phase of DVP activity in Danian time
(62.5 to 61.5 Ma), in the course of the India–Laxmi Ridge–Seychelles breakup. The main part of the
Salsette subgroup consists of tholeiitic basaltic flows with pillows, pillow breccia, and hyaloclastite,
which formed in contact with brackish and fresh water in a lagoonal environment. In some places,
intertrappeans are represented by fossiliferous shallow water sediments. On the top, trachytic and
rhyolitic subaqueous volcaniclastics occur, and some dioritic bodies have intruded nearby. Due to
differing fluid rock interactions, several distinctly different secondary minerals developed in the
void spaces of the hyaloclastite breccia of the interpillow matrix and in the pillow cavities. The
highly permeable hyaloclastite breccia formed an open system, where pronounced precipitation
occurred in the early phase and at higher temperatures. In contrast, the pillow cavities were a
temporally closed system and contained, for example, more low-temperature zeolites. The genesis of
the secondary minerals can be summarized as follows: During initial cooling of the volcanic rocks
at about 62 Ma, the first mineralization sequence developed with chlorite, laumontite I, quartz, and
calcite I. Ongoing magmatic activity caused reheating and the main phase of precipitation at prehnite–
pumpellyite facies conditions. During generally decreasing temperatures, in the range of 270–180 ◦C,
babingtonite, laumontite II, prehnite, julgoldite, yugawaralite, calcite II, ilvaite, pumpellyite, and
gryolite developed. The fluid contained SiO2 + Al2O3 + FeO + MgO + CaO, and minor MnO
and Na2O, and was predominately mineralized by the decomposition of basaltic glass. Further
temperature decreases caused zeolite facies conditions and precipitation of okenite I, scolecite,
heulandite, stilbite, and finally chabazite I, in the temperature range of 180 ◦C to less than 100 ◦C.
As FeO, MgO, and MnO were then absent, an interaction of the fluid with plagioclase is indicated.
According to Rb-Sr and K-Ar ages on apophyllite-K, a third phase of precipitation with apophyllite-K,
okenite II, and chabazite II occurred in the late Eocene to early Oligocene (30–40 Ma). The new
hydrothermal fluid additionally contained K2O, and temperatures of 50–100 ◦C can be expected.

Keywords: Deccan Volcanic Province; secondary minerals; zeolites; prehnite–pumpellyite facies;
geochronology

1. Introduction

The Deccan Volcanic Province (DVP) is one of the largest igneous provinces on Earth.
During recent decades, the genesis, composition, stratigraphy, and timing of eruption of
the DVP flood basalts, including the greater Mumbai area, have been studied extensively
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(e.g., [1–6]). One conspicuous feature of the Deccan basalts is the frequent occurrence of
secondary minerals (e.g., zeolites, carbonates, silicates) in vesicles and cavities of the rocks,
which often form large, euhedral crystals [7,8]. The precipitation of such secondary minerals
is commonly explained by low grade metamorphic reactions in different P/T zones during
initial cooling, burial [1,9,10], or in the context of hydrothermal events [11]. Early studies
on secondary minerals of the DVP favored the hypothesis of formation in different burial
zones [1,8]. However, later investigations by Jeffery [12] and Sabale and Vishwakarma [13]
refuted this hypothesis, based on better knowledge about the distribution of the secondary
minerals and their relation to the stratigraphy and former overburden.

The main Deccan Volcanic Province (DVP) consists of tholeiitic basalts occurring
as sheet-like flows formed under terrestrial conditions. The variation of the mineral
assemblages in the cavities therein is limited. Recently, Ottens et al. [14] developed a
mineralization model for Savda/Jalgaon in the main DVP and concluded with a multi-
stage model that included burial metamorphism and postvolcanic hydrothermal activity.
In contrast, the basalts in the Mumbai (formerly Bombay) region erupted in a lagoonal to
shallow marine environment, forming pillows and volcaniclastics [15–17]. The mineral
association appearing in these cavities shows some remarkable differences with respect
to those in that area of the main DVP, which consist predominantly of lobate flows. This
was first mentioned by Sukheswala et al. [8], and the first detailed descriptions of the
secondary minerals from Salsette Island were reported by Ottens [18,19]. The most delicate
secondary minerals were found in certain quarries, which operated until 1997. After
that, they were overbuilt by houses and new findings were only made very rarely during
building foundation works.

The target of this study is to describe the secondary minerals in the pillows and
interpillow matrix at Salsette Island and their genesis in a unique geological environment.
The study includes field observations from quarries over a time span ranging from 1980
until 1999. Further data on the chemical composition of some secondary minerals, and
on the crystallization age of apophyllite, are also reported on. These data allow the
determination of the secondary minerals’ precipitation sequence and discussion of their
formation environment. Finally, the data on the secondary minerals within the cavities of
the Salsette spilite are compared to those of the main DVP.

2. Geological Setting and Mineralization

The DVP formed 67.5 to 60.5 Ma ago and covers an area of about 500,000 km2

in western and central India (e.g., [3,20,21]). The main part of the tholeiitic flood
basalt extruded from certain fissure systems [5,6] within just one million years between
65.4 to 66.4 Ma, before and after the Cretaceous–Paleogene boundary [5,22,23]. This main
phase was followed by rifting during the course of the India–Laxmi Ridge–Seychelles
breakup at 62.5 Ma. This rifting was also accompanied by magmatism, which occurred
during the syn-breakup and continued post-breakup, up to 60.5 Ma in the Mumbai area and
the Seychelles [24,25]. With respect to rift related structures, the main DVP can be subdivided
into areas east or west of the north–south trending, extensional Panvel flexure zone.

The DVP east of the Panvel flexure is formed by subhorizontal, 1◦ to 2◦ east-dipping
monotonous and successive tholeiitic lava flows, which were extruded during the main
phase of volcanic activity. Based on their typical surface morphology, both lobate and
sheet flows can be distinguished [26,27]. The units of lobate flow are vesicular with
pipe amygdales at the base and they are strongly vesicular at the top, with spherical
vesicles and a rather dense core zone. Individual flows consist of a number of sheet-
like emplaced cooling units and ellipsoidal toes. They formed subaerially in a terrestrial
environment and are characterized by weathering profiles and bole horizons without
fossilized intertrappeans; if boles are mentioned [5,28]. Based on extensive geochemical
stratigraphic work in the Western Ghats, the main part of the DVP volcanic sequence
has been divided into three subgroups and eleven formations, with a total stratigraphic
thickness of about 3.4 km [6,27]. The part of the DVP west of the Panvel flexure is dipping
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towards the west by up to 25◦ [15,29,30] and is characterized by a domino-type block-
faulted structure [6].

In the greater Mumbai area (including the Salsette, Madh, Gorai, Trombay, and
Mumbai islands), the subgroups exposed in the Western Ghats are overlain by the
Salsette subgroup [6,16], which formed during the last phase of volcanic activity [31] at
62 to 60.5 Ma [6,32]. This area shows remarkable differences with respect to the units
below. The Salsette subgroup contains not only basalt, but also trachyte and rhyolite, as
well as felsic and basic tuffs. They partially erupted subaqueously near a paleo coast line,
forming pillowed flows and layers of hyaloclastite and explosive volcanic breccia [16,17,31].
In the Salsette subgroup formations of southern Mumbai, seven individual flows were
identified, separated by 2 to 5 m thick sedimentary intertrappeans. The succession formed
in a lagoonal setting and, according to the variety of fossils, in a brackish or even freshwater
environment [33–35].

Salsette Island is characterized by a range of hills extending north–south along its center
(Figure 1). Amygdaloidal tholeiitic basalt occupies most of the eastern part of the island,
whereas spilitic basalt with pillow structure is widespread on the western slopes of the hills
(Figure 2a). At several places, the basalt was quarried as a construction material until 1997. The
most important quarries were (1) Dahisar, (19◦15′ N,72◦52′ E; 30–130 m asl); (2) Damupada,
(19◦12′ N, 72◦52′ E; 55–65 m asl); (3) Kurar, (19◦11′ N, 72◦52′ E; 20–40 m asl); (4) Pathanwadi
(19◦10′ N, 72◦52′ E; 30–50 m asl); and (5) Amboli (19◦08′ N, 72◦50′ E). The Kurar quarry was
also denoted as the Kurad, Khandivali, or Malad quarry. Due to heavy urbanization, most of
the natural outcrops and quarries in the Mumbai area have, regrettably, been destroyed, or are
at least, highly inaccessible. The Dahisar River bed pillows are located at 19◦13′ N, 72◦53′ E.

Figure 1. Geological map of Salsette Island, Mumbai (modified after Sheth et al. [31], with the position
of the investigated quarries (red dots) and the Dahisar river bed pillows (blue dot and DR, respectively).

The studied quarries on the Salsette Islands are situated in the pillowed basalts with
variable degrees of spilitic alteration (Figure 2a). They probably belong to the Sewri forma-
tion [16,17]. However, Cripps et al. [35] argued that the flow-types are not geochemically
related to the Sewri formation and were coeval with terminal Wai subgroup eruptions
occurring along the Western Ghats. Intertrappeans, such as those on the southern Mumbai
Island, were not observed. Duraiswami et al. [17] studied the rock formations between the
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Borivali and Kanheri caves in the Sanjay Gandhi National Park on Salsette Island. They
identified a sequence with a subaqueous emplaced flow with pillow structure, followed
by overlying subaqueously erupted explosive volcaniclastics. Remarkable exposures of
pillow basalt are also present in the Dahisar river bed (Figure 2b). It is likely that the pillow
basalts in the quarries belong to the same pillow flow as those in the Dahisar river bed.

Figure 2. (a) Schematic illustration of an east–west section between an imaginary north–south line of
the quarries and the Kanheri caves, displaying the position of the quarries and the Dahisar river bed
pillow basalts. The pillow basalts and sheet lava are overlain locally by volcaniclastics. (b) Oblong
entities of a pillow flow in the Dahisar river bed. The stream bed is ~15 m wide.

The first comprehensive studies on zeolites and associated secondary minerals from
the Deccan Traps of Western India were published by Sukheswala et al. [7,8]. Their reports
included remarks on a few minerals, such as laumontite, prehnite, okenite, and gyrolite,
from some specific outcrops of greater Mumbai. The comprehensive report about the
secondary minerals from the main DVP given by Wilke [36] also contains information on
minerals from greater Mumbai, but it lacks a discussion of their relation to the volcanic
host rocks. Studies focused on the secondary minerals from Greater Mumbai include the
following papers: Yugawaralite, a rare zeolite, was first described in detail by Wise [37].
Meyer [38] studied the chemical composition of gyrolite and described the correlation
between its color and its Fe and Mn content. Furthermore, Wise and Moller [39] examined
Ca-Fe-silicates and zeolites from the basalt cavities in Salsette Island. A first report specifi-
cally on the whole sequence of secondary minerals was published by Ottens [19]. However,
a complete description of the secondary minerals from the Salsette Island, concerning their
precipitation sequence and genesis within partly spilitized pillow basalt and hyaloclastite,
respectively, is as of yet not available.

3. Materials and Methods
3.1. Sample Material

The investigated material includes dozens of hand specimens of secondary minerals.
These specimens come from cavities within pillows and from the void spaces in between,
and were collected from the Dahisar, Damupada, Kurar, Pathanwadi, and Amboli quarries
(Figure 1), between 1980 and 1999.

3.2. Analytical Methods

Thin sections from the basaltic host rock were investigated under a petrographic micro-
scope, and rock slabs were measured using a scanning electron microscope (SEM-EDX).

Several mineral samples were identified by X-ray diffraction analysis (XRD). The
mineralogical compositions of the separated and prepared (<20 µm) fractions were analyzed
by X-ray diffraction using a URD 6 (Seifert/Freiberger Präzisionsmechanik, Freiberg,
Germany) with Co K_ radiation in the range 5–80◦ (2θ). Analytical conditions included a
detector slit of 0.25 mm, 0.03-µm step width, and a 5-s measuring time. The data were then
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evaluated qualitatively with Analyse RayfleX v.2.352 software (Version 2.352, International
Union of Crystallography, Chester, England). Some chemical mineral data were obtained
by X-ray fluorescence spectrometry (RFA).

Geochronology: mechanical and chemical sample preparation for Rb-Sr analyses
was performed at the Geological Survey of Austria in Vienna. Apophyllite crystals
of >1 cm, several millimeter large prehnite aggregates, as well as defined parts of altered
host rock were broken or cut off of hand specimens. They were then separately crushed in
an agate hand mortar. After that, the mineral concentrates were refined under a binocular
microscope, whereas the host rock samples were ground by hand in an agate mortar. The
weights of the samples used for dissolution were about 200 mg for apophyllite and prehnite,
and 100 mg for basalt powders. They were dissolved in a mixture of HF:HNO3 = 4:1.
Chemical sample preparation followed the procedure described by Sölva et al. [40].

Rb-Sr isotopic measurements were made at the Department of Lithospheric Research
at the University of Vienna. Element concentrations were determined by isotope dilution
using mixed Rb-Sr spikes. Isotopic ratios were measured with a ThermoFinnigan® Triton
MC-TIMS (Thermo Fisher Scientific, Waltham, MA, USA). Sr was run from Re double
filaments, whereas Rb was evaporated from a Ta single filament. Total procedural blanks
were <1 ng for Rb and Sr. During the periods of measurement, the NBS987 standard yielded
86Sr/87Sr = 0.710248 ± 4 (n = 17) on the Triton TI. Ages were calculated with the software
ISOPLOT/Ex [41], assuming an error of 1% on the 87Rb/86Sr ratio.

The separated size fraction of apophyllite was analyzed by the K-Ar method, following
the procedure laid out by Balogh [42] in the K-Ar laboratory of the Institute for Nuclear
Physics, Hungarian Academy of Sciences, Debrecen. Potassium content was measured
on 50-mg sample aliquots, after dissolution by HF and HNO3, with a Sherwood-400-type
flame spectra-photometer with accuracy better than ±1.5%. Separated mineral sample splits
were then subjected to heating at 100 ◦C for 24 h under vacuum, to remove atmospheric
Ar contamination that was adsorbed on the surface of the mineral particles during sample
preparation. Argon was extracted from the minerals by fusing the samples via high-frequency
induction heating at 1300 ◦C. The released gases were cleaned in two steps in a low-blank
vacuum system by St-707 and Ti-getters. The isotopic composition of the spiked Ar was
measured using a Nier-type mass spectrometer and corrected for the atmospheric 40Ar/36Ar
ratios [43]. The accuracy and reproducibility of isotope ratio measurements were periodically
controlled with the Rodina 2/65 internal standard. Decay constants recommended by Steiger
and Jäger [44] were used for age calculation, with an overall error of ±2%.

4. Results
4.1. Field Observations in the Quarries of Salsette Island

The Dahisar quarry complex was operated at an altitude between 30 to 130 m asl.
During the field observation in the 1990s, the upper part (50 to 130 m asl.) was already
overgrown by vegetation and no longer accessible for studying. The lower part consists
mainly of hyaloclastites without pillows. In the other Salsette Island quarries, partly
spilitized pillows, with hyaloclastite breccia in the interpillow spaces in between, were
exposed. Intercalations of massive lava flows or intertrappeans were not observed.

4.1.1. Textures of Pillow Basalt and Hyaloclastite

Figure 3a shows a characteristic sequence of pillowed basalt and hyaloclastite in the
Kurar quarry. The textures are not uniform, but rather show a diffuse layering. This
is due to the density of pillowed basalt within the hyaloclastite matrix, which is also
demonstrated by slight differences in color. Layers of densely packed pillows are greyish.
The bottoms of the individual pillows have a convex shape and there is only a minor
amount of hyaloclastite in the gaps in between. In contrast, layers rich in hyaloclastite are
greenish, with more isolated pillows characterized by a round or oval shape and a concave
bottom. The pillow size ranges between 20 cm and 100 cm.



Minerals 2022, 12, 444 6 of 30

Figure 3. Textures of pillow basalt and hyaloclastite. (a) Photograph of a north–south section (north
on the left side) of pillow basalt in the Kurar quarry, displaying a sequence of the irregular distribution
of pillows and gaps between, filled by strongly altered hyaloclastite and pillow breccia. Cavities
occur within pillows and void spaces appear in the breccia. (b) Section of a pillow with greenish
selvedge (A), several gas blister cavities (B), and radiating cracks (C).

Pillows show typical outer selvedges of highly to completely altered basaltic glass
formed during rapid cooling in water (Figure 3b). Cavities are frequently present in the
central part of the pillows, which are also surrounded by thin selvedges of highly altered
basalt. The cavities are usually connected to the pillow outside by radiating cooling cracks,
which are generally filled with laumontite.

The interior of the pillow matrix consists of grey-greenish, moderately to intensively
spilitized basalt, with irregularly distributed spots of more freshly preserved, dark-grey
basalt (Figure 4a). Angular fragments of brownish to greenish-gray altered basaltic glass and
pillow basalt form the components of the hyaloclastite and pillow breccia (Figure 4b). They
are predominately centimeter sized, but some fragments may reach up to several decimeters.

Figure 4. (a) Detail of a pillow core displaying a partly spilitized green-grey groundmass (A), with
dark gray spots (B) of freshly preserved basalt. (b) Detail of hyaloclastite and pillow breccia with
laumontite and other minor secondary minerals.

In thin sections of the freshly preserved dark grey basalt from the interior of the pillows,
a fine grained matrix of plagioclase, pyroxene, opaque ore minerals, and glass in between
is visible (Figure 5a). Up to a-few-millimeter-sized plagioclase phenocrysts seldom occur
therein. Sometimes they form aggregates of several crystals. Frequent bubbles are filled
by concentrically zoned brownish, green-brownish, or yellowish palagonite. In the center,
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greenish chlorite or colorless zeolites may be present. The fresh basalt is surrounded by
altered basalt, with an irregularly shaped contact. In the altered basalt, the glass is replaced
by palagonite, but magmatic plagioclase and pyroxene are at least partly preserved. The
selvedges towards the outside and along the cracks are highly, to completely, spilitized
with dusty albite intergrown with zeolites and other minerals (Figure 5b).

Figure 5. Thin section of pillow basalt. (a) Fresh basalt (dark upper part) with aggregate of plagioclase
phenocrysts and altered basalt (lower part) (sample K1, field of view (fov) ca. 7 mm). (b) Altered
basalt (upper part) and spilitized basalt (lower part). At the bottom, the margin of a cavity consisting
of laumontite, calcite, and other minerals is visible (sample K2, fov ca. 3.5 mm).

4.1.2. Cavities in the Volcanic Rocks

Three types of cavities can be observed in the volcanic rocks. Original gas blisters occur
within the pillows (Figure 3b). They are situated in the central to upper central part of the
pillow and exhibit a shape with a concave section. The second type of cavities arises within
pillow lobes formed when molten lava inside drains out to form pillow buds or pillow toes.
These drained cavities are often characterized by multiple horizontal lava levels, called
lava septa, between which more or less flat cavities have formed (Figure 6a,b) [45]. Even if
their geometry differs from that of gas blisters, they still form closed cavities surrounded
by massive basalt. No fundamentally different mineralization could be observed between
the blister and the drained cavities. In less than 30% of the pillows, one or several cavities
occur. Their size can range from a few centimeters up to about 30 cm in horizontal diameter.
Generally, the cavities are only partly filled by secondary minerals (Figures 3b and 6a). A
third type is represented by void spaces in the interpillow matrix. This results from gaps
between the individual pillows that are not completely filled with breccia (Figure 6a,b). The
void spaces in the interpillow matrix are characterized by an irregular shape and their size
ranges from a few centimeters up to several decimeters (Figure 6a,b). Local quarry workers
reported that in two exceptional cases the cavities in the Pathanwadi quarry were large
enough for a man to stand inside. Small void spaces are commonly completely filled by
laumontite and other minor secondary minerals, whereas larger ones are only partly filled.
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Figure 6. Cavities in a pillow and void spaces in the interpillow matrix. (a) Field photograph
(section view) and (b) schematic sketch showing: (A) partly spilitized pillows, (B) interpillow matrix
consisting of altered hyaloclastite breccia, (C) drained cavities within pillows, (D) void spaces.

Some of the secondary minerals occur all around on the cavity walls, without any
preferred orientation (Figure 7a), whereas others tentatively appear only on the bottom or side.
Occasionally, one or two horizontal crusts consisting of different minerals may be present in
the lower part of the cavities (Figure 7a). However, in most cases, only remnants are attached
to the cavity walls, whereas encrusted fragments appear on the cavity ground (Figure 7b).

Figure 7. Photographs of hand specimens with secondary minerals and mineralized crusts.
(a) Typical blister cavity from a pillow with slightly irregular, lenticular shape. The wall lin-
ing consists of tiny quartz crystals (A). Some secondary minerals such as gyrolite (B) and calcite
(C) appear all around the cavity walls, whereas okenite (D) typically tends to occur at the bottom.
In addition, at the bottom, remnants of a horizontal mineralized crust (E) are visible. (b) Detail
from a bottom part of a pillow cavity: Fragments of brownish crust (A) are encrusted by quartz and
overgrown by calcite (B) and gyrolite (C).

4.2. Secondary Minerals from the Cavities and Void Spaces

In this section, the secondary minerals from cavities and void spaces are described in
chemical-alphabetical order. They include sulfides, oxides, hydroxides, carbonates, sulfates,
and different types of silicates. Table 1 lists details about their frequency of occurrence
within pillow cavities and void spaces. Examples of most of the minerals are shown in
Figure 8 and several chemical analyses are presented in Table 2.
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Table 1. Frequency of the secondary minerals from the cavities and void spaces from Salsette Island.
X—very rare, XX—rare, XXX—frequent, XXXX—common.

Mineral In Pillow In Void Space Mineral In Pillow In Void Space

Sulfides Sorosilicates

Chalcopyrite x Prehnite XXX XXXX

Sphalerite X Pumpellyite-(Fe2+) x

Galena X Inosilicates

Pyrite XX XXX Babingtonite XX

Oxides, Hydroxides Okenite XXXX XXX

Hematite X XXX Phyllosilicates

Quartz XXXX XXXX Chlorite XXX XXXX

Ferberite x Apophyllite-(K) XXX XXXX

Carbonates Gyrolite XXXX XXXX

Calcite XXXX XXXX Zeolites

Aragonite Chabazite-Ca XX

Sulfates Epistilbite XX

Gypsum X Heulandite-Ca XX

Neosilicates Laumontite XXXX XXXX

Andradite X Natrolite XX

Sorosilicates Scolecite XX

Ilvaite X Stilbite-Ca XX

Julgoldite-(Fe2+) X Yugawaralite X XX

Figure 8. Cont.
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Figure 8. Photographs of secondary minerals from Salsette Island. (a) Chalcopyrite; (b) Sphalerite
and galena as vein filling; (c) Pyrite as dodecahedron with gyrolite; (d) Hematite; (e1) Quartz, (e2)
quartz precipitated on a brownish crust; (f1) Brown calcite I overgrown by quartz, colorless calcite II
and yellow chabazite; (f2) Calcite II with flat brown central zone, gyrolite, okenite, and laumontite;
(f3) Aragonite; (g) Gypsum with apophyllite-(K); (h) Andradite (yellow) with prehnite; (i) Ilvaite; (j)
Julgoldite-(Fe2+); (k1) Yellow prehnite; (k2) Casts of green prehnite after laumontite. (l) Pumpellyite-
(Fe2+) on ilvaite; (m) Babingtonite with quartz; (n) Okenite; (o) Apophyllite-(K) with okenite and
quartz; (p1) Gyrolite; (p2) Schematic section through a gyrolite sphere, increasing Fe, Mn content; (q)
Chabazite-Ca; (r) Epistilbite; (s) Heulandite-Ca with pink chabazite-Ca; (t) Laumontite with gyrolite;
(u1) Natrolite; (u2) Green scolecite with red stilbite-Ca and altered apophyllite-K; (v) Chlorite with
quartz and prehnite; (w) Red stilbite-Ca with calcite; (x) Yugawaralite.

4.2.1. Sulfides

Chalcopyrite CuFeS2 (Figure 8a) appears as idiomorphic crystals with the form {211}
and can be up to 5 mm in size. The mineral was only detected in void spaces of highly
altered hyaloclastite breccia on top of the quartz lining in the Dahisar quarry.

Sphalerite ZnS and Galena PbS (Figure 8b) occur as vein fillings in the Dahisar quarry.
Sphalerite with small spots of galena formed a 1–3 mm thick layer of ~25 cm2 total on one
side of a hand sized specimen.

Pyrite FeS2 (Figure 8c) appears as 0.2–1.0 mm sized xenomorphic aggregates in highly
altered basalt but also as idiomorphic well-developed crystals up to 10 mm in size within
the cavities of the pillows. The predominant form is the {210}. The isomorphic crystals are
precipitated on quartz and associated with calcite, prehnite, gyrolite, and hematite. Pyrite
crystals from the Dahisar quarry exclusively developed the form {100}.
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4.2.2. Oxides, and Hydroxides

Hematite Fe2O3 (Figure 8d) occurs in the void spaces of the hyaloclastite breccia as
bladed crystals, forming rosette-like hemispheres. In the Kurar quarry, it is associated with
calcite, prehnite, gyrolite, quartz, and pyrite and reaches 10 mm in diameter. In the Dahisar
quarry, large hemispheres up to 20 mm in size were found.

Quartz SiO2 (Figure 8e1,e2) occurs very commonly, but in different modes. Most
common are the up-to-5-mm-long clear crystals forming the wall lining in the cavities.
They exhibit a habit of prism {100} and both main rhombohedra {011}, {101}. Such a quartz
wall lining is underlain by a very thin layer of laumontite and occasionally by brown calcite
I crystals. All the other secondary minerals appear on top of the quartz wall lining. In a
fractured, light grey colored and strongly altered hyaloclastite breccia of the Kurar quarry,
the void spaces contained quartz crystals up to 5 cm in length. They were associated with
natrolite/scolecite and apophyllite-(K). In the same zone, unusually formed crusts are
found at the bottom of some void spaces. They form clusters connected by later mineral
overgrowths. On one side of the plates, quartz crystals with a short prism and a diameter
of 3 cm (Figure 8e2) developed, whereas the other side is overgrown by short 5 to 10 mm
long quartz crystals, prehnite, and apophyllite-(K). Remarkably, cryptocrystalline quartz
varieties (e.g., chalcedony) are not detected on Salsette Island.

Ferberite Fe+2WO4 crystals were only observed once in the void spaces of the hyalo-
clastite breccia, between the pillows in the Kurar quarry. The black platy crystals are
characterized by the forms {100}, {102}, {111}, and {110}, forming sprays up to 10 mm in size.
Ferberite is precipitated after prehnite and is associated with quartz.

4.2.3. Carbonates

Calcite CaCO3 (Figure 8f1,f2) counts in the Kurar quarry as the most frequently
occurring secondary mineral, and it often appears in two generations. In the pillow
cavities, the first generation is deposited directly on chlorite, before the first laumontite
precipitation. This early calcite I reaches 5 cm in size and develops a flat rhombohedral
habit with a black to brownish color. It is generally overgrown by laumontite and wall
lining quartz. The second generation (calcite II) is formed after quartz. It frequently
developed on crusts in pillow cavities (Figure 7b) and reaches up to 3 cm in size. Two
growth phases can be recognized for calcite II. During the first phase, dark brown crystals
with a flat rhombohedral form were precipitated. In the second phase they are overgrown
in a phantom-like manner by colorless calcite with a dipyramidal habit, composed of
several different rhombohedral and scalenohedral forms (Figure 8f2). The brownish color
of calcite I is due to dispersed Al-Mg-Fe phyllosilicates (pers. com. Pöhlmann, 1996).

Calcite is also the dominant mineral in the hyaloclastite breccia from the Dahisar
quarry. Crystals of the first generation (calcite I) developed two different forms. The
first, predominant, form is scalenohedral, with crystals up to 10 cm in length, occasionally
overgrown by macrocrystalline quartz. Second, distorted rhombohedral crystals with
tabular to lamellar habit are found, which are generally overgrown by green prehnite. The
second generation (calcite II) is characterized by combinations of steep scalenohedra and
rhombohedra. While the calcite from the pillow cavities does not show any fluorescence
under short or long wave UV light, the second calcite generation (calcite II) from the
Dahisar quarry shows an intensive red fluorescence under UV light (254 nm), probably
due to traces of Mn. Additionally, yellow-colored, up-to-7-cm-long calcite crystals with
significant prism faces were found in the Pathanwadi quarry. Argonite CaCO3 (Figure 8f3)
was discovered only once, as up-to-7-cm-long crystals, situated on laumontite.

4.2.4. Sulfates

Gypsum CaSO4 (Figure 8g) belongs to the latest mineral phases and only occurs rather
rarely. Clear idiomorphic crystals with a characteristic monoclinic habit reach up to 5 cm in
size. They were found in the void spaces of the hyaloclastite breccia between the pillows in
the Kurar quarry, deposited on prehnite.
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4.2.5. Silicates
Nesosilicates

Andradite Ca3Fe3+
2(SiO4)3 (Figure 8h) is one of the very rare minerals found in

the void spaces of the hyaloclastite breccia in the Kurar quarry. Wise and Moller [39]
described hydro-andradite, which is an OH-containing variety of andradite. It forms
yellowish transparent crystals up to 1 mm in size, and is associated with julgoldite, hematite,
and quartz.

Sorosilicates

Ilvaite CaFe3+Fe2+
2O(Si2O7)(OH) (Figure 8i) belongs to the group of Ca-Fe-silicates.

Rarely, it has been detected in pillow cavities as prismatic crystals, occasionally reaching
more than 10 mm in length. The shape of the dipyramidal crystals is characterized by the
forms {112}, {110}, and {010}. Dull black spheres of pumpellyite are commonly grown on
the high gloss prism faces. Ilvaite is associated with quartz, calcite, laumontite, gyrolite,
and okenite.

Prehnite Ca2Al(Si3Al)O10(OH)2 (Figure 8k1,k2) appears frequently as rhombic crystals,
typically forming spherical aggregates with a diameter up to ca. 8 mm. Single crystals
always exhibit a tabular curved habit. Spherical aggregates are occasionally present in the
cavities of the pillows, sitting directly on the quartz wall lining or on laumontite. In the
void spaces of the hyaloclastite breccia, prehnite is common. The perimorphs of prehnite
after laumontite from the void spaces are remarkable. When laumontite was dissolved, the
casts represented perimorphs of prehnite after laumontite (Figure 8k2). Pale green prehnite
contains up to 2.5 wt% Fe2O3, whereas the rarer yellowish variety is characterized by a
Fe2O3 content of only about 0.5 wt%. Furthermore, the Fe2O3 content in the prehnite of the
pillow cavities is significantly lower than that in the void spaces. The pale green prehnite
perimorphs after laumontite contain up to 4 wt% Fe2O3, partly replacing Al2O3.

Pumpellyite-(Fe2+) Ca2Fe2+Al2(Si2O7)(SiO4)(OH,O)2·H2O (Figure 8l) belongs to the
seldom discovered Ca-Fe-silicates. The greenish-black mineral forms spherical aggre-
gates up to 5 mm in size, resting predominantly on the prism faces of ilvaite. Pumpel-
lyite has not been detected together with julgoldite or babingtonite. Julgoldite-(Fe2+)
Ca2Fe2+Fe3+

2(Si2O7)(SiO4)(OH)2·H2O (Figure 8j) is the iron-rich endmember of the pumpel-
lyite group. It is present in the void spaces of the hyaloclastite breccia, as thin tabular black
crystals up to 20 mm in length. It is associated with chlorite, prehnite, andradite, hematite,
and quartz.

Inosilicates

Babingtonite Ca2Fe2+Fe3+Si5O14(OH) (Figure 8m) is found in the hyaloclastite breccia
of all of the quarries except Dahisar. The black and highly lustrous crystals are up to 10 mm
in size and clearly display the triclinic symmetry, with the forms {110}, {001}, {100}, {101},
{210}, and {111}. Most commonly, it is in association with quartz and prehnite.

Okenite Ca10Si18O46·18H2O (Figure 8n) counts as one of the commonly occurring
minerals in the cavities of the pillows. It forms radiating aggregates of white, up to 20 mm
long fibrous crystals, associated with quartz, laumontite, prehnite, calcite, and gyrolite.
Okenite was also found in the void spaces of the hyaloclastite breccia as spherical aggregates
up to 10 mm in diameter and was deposited on prehnite.

Phyllosilicates

Chlorite group–Clinochlore Mg5Al(AlSi3O10)(OH)8 is the first precipitated mineral,
rarely forming spherically aggregates of idiomorphic crystals up to 2 mm in diameter
(Figure 8v). It is commonly overgrown by laumontite, quartz, or prehnite.

Apophyllite may occur as fluorapophyllite-(K) KCa4(Si8O20)(F,OH)·8H2O and hy-
droxyapophyllite-(K) KCa4Si8O20(OH,F)·8H2O (Figure 8o). According to Ottens [19], the
content of F in apophyllite from Salsette Island is variable, with an average value of
0.45 wt%. Due to the low fluorine content, it can be regarded as an intermediate member
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of the apophyllite-(K) subgroup and is therefore referred to as apophyllite-(K) in the
following. It exhibits short prismatic to blocky crystals, with the forms {110}, {001}, and
minor {101}. The commonly colorless crystals reach 20 mm in size. Apophyllite-(K)
occurs predominantly on prehnite within the void spaces of the hyaloclastite breccia and is
occasionally found together with calcite, laumontite, gyrolite, and okenite within pillow
cavities. The color of the very rarely occurring green varieties present in the void spaces is
due to a V content of approximately 500 to 1500 ppm [46].

Gyrolite NaCa16(Si23Al)O60(OH)8·14H2O (Figure 8p1,p2) is one of the most frequent
minerals in the pillow cavities. The very thin lamellar hexagonal crystals form spherical
aggregates with a diameter of up to 5 cm and aggregate clusters of up to 30 cm. Gyrolite is
deposited directly on laumontite or quartz wall lining and predates precipitation of okenite.
It is usually white in color, but green, and brown to black varieties are also observed. In
some cases, the colored spheres show a white center and colored overgrowths. The color is
due to Fe and Mn contents [39], reaching up to 3500 ppm and 2800 ppm, respectively.

Tectosilicates–Zeolites

Chabazite-Ca Ca2[Al4Si8O24]·13H2O (Figure 8q) is present in the pillow cavities and
forms crystals up to 2 cm in size. The color is commonly white but can also tend towards
salmon-like pink or yellow. The habit is formed by rhombohedra. The mineral is associated
with quartz, calcite, only occasionally with scolecite, and remarkably frequently with
epistilbite. Chabazite was also detected as 0.1 mm sized crystals together with okenite on
apophyllite, probably formed as a late second generation in the void spaces.

Epistilbite Ca3[Si18Al6O48]·16H2O (Figure 8r) belongs to the zeolites rarely occurring
in the cavities of the pillows. The white tabular crystals are up to 10 mm in size and are
dominated by the forms {110}, {112}, and {101}. They are generally twinned on the twinning
plane (100).

Heulandite-Ca (Ca,Na,K)5(Si27Al9)O72·26H2O (Figure 8s) rarely occurs in the cavities
of the pillows. It appears as white crystals up to 3 cm in size, sitting directly on the quartz
wall lining. The habit is dominated by the form {010}, exhibiting slightly curved faces.
The mineral is associated with calcite, chabazite, and scolecite. Additional EDX-analyses
indicate Na and Sr contents of 1.57 wt.% and 0.4 wt.%, respectively. Such varieties should
be classified as sodium-strontium bearing heulandite-Ca.

Laumontite CaAl2Si4O12·4H2O (Figure 8t) is a widespread zeolite, forming masses and
crystals up to 15 cm in length within the void spaces of the interpillow breccia, and crystals
of up to 5 cm in the pillow cavities. The large crystals display a monoclinic habit with the
forms {100} and {110}. The first laumontite precipitation (laumontite I) in the pillow cavities
is present as a thin (ca. 1 mm) layer covering the altered host rock or chlorite, and is in turn
overgrown by the quartz wall lining. The second generation (laumontite II) is represented
by elongated idiomorphic crystals appearing on quartz. It is commonly associated with
gyrolite and okenite. In the void spaces of the hyaloclastite breccia, laumontite II is often
completely overgrown by prehnite. After the opening of a pillow cavity, freshly extracted
laumontite crystals are transparent and display a pink color and sharp crystal edges. In dry
air, they change their original structure by the loss of 1/8 of the chemically bounded H2O.
The quick dehydration process causes a metamorphosis into the variety leonhardite, a very
soft material, which decomposes to a dusty powder with the weakest mechanical loads.
Additionally, laumontite III is present as thin coatings, also present on prehnite. In general,
laumontite is very pure, with a negligible Fe content according to RFA analyses.

Natrolite Na2(Si3Al2)O10·2H2O, Mesolite Na2Ca2(Si9Al6)O30·8H2O, and Scolecite
Ca(Si3Al2)O10·3H2O (Figure 8u1,u2) are three members of the natrolite group. They are de-
scribed together, because at Salsette Island they occasionally occur as epitaxial intergrowths.
First, scolecite was precipitated, followed occasionally by a transitional zone of mesolite,
and finally by natrolite. This was revealed by chemical element mapping of a 1 mm thick
(cross section) crystal by SEM-EDX, which showed a core of scolecite and an approximately
40-µm-thick Na rich rim. The needle-like crystals are usually colorless, reach 10 cm in
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length, and are grouped in radiating aggregates. All crystals display a pseudo-tetragonal
habit by the forms {110} and {111}. The crystals are situated directly on the quartz wall
lining and are associated with laumontite, prehnite, and calcite, and seldomly with stilbite.
Occasionally, the crystals consist mainly of scolecite and contain green inclusions of a
clay mineral.

Stilbite-Ca NaCa4(Si27Al9)O72·28H2O (Figure 8w) is rarely observed as white to cream
or reddish colored crystals reaching up to 4 cm in size. It is associated with calcite, quartz,
and scolecite.

Yugawaralite Ca(Si6Al2)O16·4H2O (Figure 8x), belonging to the worldwide rare zeo-
lites, was discovered as unusually big crystals of up to 8 cm in size. They are tabular to
lath-like, flattened parallel to the most prominent form {010}, and elongated along the a-axis.
Some larger crystals occur in elongated tabular aggregates of several individuals oriented
parallel to {010}. The central crystals of the aggregates tend to be the thickest and longest
with progressively thinner and shorter crystals outward along the b-axes. Yugawaralite
occurs in the cavities of the pillows and in the void spaces of the hyaloclastite breccia. It
was precipitated after the first laumontite generation and the quartz wall lining. Prehnite
and babingtonite also grew earlier, whereas gyrolite and okenite formed later on.

Table 2. Chemical composition (wt.%) of the most common secondary minerals from Salsette Island.

1 2 3 4 5 6 7

Laumontite Stilbite-Ca Heulandite-Ca Chabazite-Ca Natrolite Scolecite Yugawaralite

SiO2 51.86 57.26 58.27 52.73 47.39 45.70 60.38

Al2O3 21.28 15.29 16.19 16.35 26.84 24.90 16.58

Fe2O3 <0.01 <0.01 <0.01 0.54 0.46 <0.01 <0.01

CaO 13.09 8.49 7.10 8.02 0.15 15.11 10.41

MgO 0.04 0.02 0.02 n.d. n.d. 0.05 0.03

BaO n.d. n.d. 0.09 n.d. n.d. n.d. n.d.

SrO n.d. n.d. 0.40 n.d. n.d. n.d. n.d.

Na2O <0.01 0.52 1.59 0.69 14.48 n.d. <0.01

K2O 0.02 n.d. 0.33 1.02 0.02 n.d. n.d.

l.o.ign. 13.57 18.29 15.85 20.00 10,.86 14.00 12.23

Total 99.88 99.88 99.88 99.35 100.20 99.77 99.92

8 9 10 11 12 13 14

Epistilbite Apophyllite-K Okenite Gyrolite Prehnite Calcite I Chlorite

SiO2 58.20 52.70 53.47 53.88 42.53 0.20 29.05

Al2O3 16.68 0.17 0.04 2.21 21.01 <0.01 10.54

FeO n.d. n.d. n.d. n.d. n.d. n.d. 27.63

Fe2O3 <0.01 n.d. <0.01 0.45 3.93 1.42 n.d.

CaO 0.99 25.62 28.58 30.02 27.88 55.50 0.23

MgO 0.02 n.d. n.d. n.d. 0.06 0.20 15.61

MnO 0.01 n.d. n.d. n.d. n.d. n.d. 0.47

Na2O 0.95 n.d. n.d. 0.26 n.d. n.d. n.d.

K2O 0.01 4.22 n.d. 0.02 n.d. n.d. n.d.

o−2 n.d. −0.19 n.d. n.d. n.d. n.d. n.d.

l.o.ign. 15.01 16.98 16.81 12.41 4.44 42.56 n.d.

Total 99.88 99.95 99.91 99.26 99.88 99.88 99.88

Comments: (1) For analyses, a freshly preserved laumontite, protected in an airtight box after extraction in the quarry,
and was used. (2) White stilbite-Ca is characterized by low Fe2O3 contents, the red variety contains up to 0.08 wt%.
(5) The sample is an epitaxial overgrowth from natrolite on scolecite. Pure natrolite was not detected. (12) The
characteristically green color of prehnite from a void space is due to a Fe2O3 content. N.d. – not determined.



Minerals 2022, 12, 444 15 of 30

4.3. Summarized Mineralization Sequence

Based on the observations in the quarries and hand specimens, a general mineraliza-
tion sequence for the secondary minerals in void spaces of the hyaloclastite breccia and the
pillow cavities can be summarized as follows:

Void spaces: chlorite → laumontite I (masses) → calcite I (often partly dissolved)
→ laumontite II (big crystals) → quartz → babingtonite → yugawaralite → prehnite
(overgrown on laumontite II) → julgoldite → calcite II → laumontite III → gyrolite →
okenite→ apophyllite-(K).

Zeolites such as heulandite-Ca, stilbite-CA, epistilbite, natrolite/scolecite, and chabazite-
Ca are absent in the void spaces. Calcite II and quartz occur only rarely. Prehnite commonly
forms perimorphs after laumontite II. The number of secondary mineral species and their
volume vary significantly between individual void spaces.

Pillow blister and drained cavities: chlorite → calcite I (often partly dissolved) →
laumontite I (thin crust)→ quartz→ laumontite II (big crystals), prehnite (no perimorphs
after laumontite) → calcite II → ilvaite → pumpellyite → gyrolite → laumontite III →
okenite→ natrolite/scolecite→ heulandite-Ca→ stilbite-Ca→ epistilbite→ apophyllite-
(K)→ chabazite-Ca.

In the pillow blister and drained cavities, prehnite occurs as single spherical aggre-
gates on quartz. The zeolites heulandite-Ca, stilbite-Ca, epistilbite, scolecite/natrolite, and
chabazite-Ca occur only rarely. Generally, the number of mineral species present does not
vary significantly between the individual pillow cavities. The position of the minerals
shows common characteristics, whereby the early precipitated minerals (calcite I, laumon-
tite I, quartz, and calcite II) occur all around the cavity walls, without any preference, and
the later formed minerals (like okenite) appear only tentatively on the bottom or sides.

4.4. Geochronology

Geochronological investigations on apophyllite-(K) were performed, to obtain some
time constraints on the formation of the secondary mineralization. Apophyllite-(K) contains
about 3–5 wt.% K2O and high Rb/Sr ratios suitable for the K-Ar and Rb-Sr methods,
respectively. For the latter method, additional data points with low Rb/Sr ratios are
necessary for age calculations. Two samples, one from a void space within the hyaloclastite
breccia (BOM-3) and the other from a pillow cavity (K4a), both from the Kurar quarry, were
investigated. Analytical results are presented in Figure 9 and Tables 3 and 4.

Table 3. K isotopic data apophyllite (App) from the Deccan volcanic province (India) near Mumbai.
In comparison the corresponding Rb-Sr ages are given. For an explanation see text.

Sample Material Laboratory K 40Ar rad 40Ar rad K-Ar Age Rb-Sr Age

number (%) (ccSTP/g) (%) (Ma) (±1σ) (Ma) (±2σ)

BOM-3 App 8700 3.081 3,3066E-06 32.0 27.4 ± 1.5 29.19 ± 0.29

A piece of greenish-grey slightly altered basalt from about 2 cm below the quartz
wall lining and another piece of bright greenish-grey spilitized basalt selvage, forming
a 3 mm wide layer in contact with the quartz lining, were separated from the sample
(K4a). Additionally, 3 mm large spherical prehnite aggregates overgrown by a thin crust
of laumontite, and a 16 mm long and 10 mm wide apophyllite-(K) crystal situated on top
of the quartz wall lining, were extracted. From the second sample (BOM-3), massive pale
green prehnite and a pseudocubic apophyllite-K crystal with about 1-cm edge length sitting
on top of it were prepared.

The slightly altered basalt (WR) and the spilitized selvage (Sel) at the cavity margin
show strongly different Rb and Sr contents, with higher values in the less altered basalt.
With respect to the geochemical data in Patel et al. [6], from nearby Elephanta Island,
the Rb contents are in the range of fresh tholeiitic basalt (0.1-20 ppm), whereas the Sr
content (ca. 220 ppm) is considerably lower. The measured 87Sr/86Sr ratios are in the
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range of published data for fresh tholeiitic basalt [6] and spilitized basalts of Salsette Is-
land [47] (0.70391–0.70784), and the initial 87Sr/86Sr calculated for 65 Ma (K4a WR = 0.70568;
K4a Sel = 0.70566) are also comparable (0.7039–0.7045 but up to 0.7079). The investigated
prehnite yielded low Rb and Sr contents of about 0.1 to 2.6 ppm and 5.5 to 7.8 ppm, respec-
tively, causing low 87Rb/86Sr ratios (0.03 and 1.38) and 87Sr/86Sr ratios in the range of those
of the basaltic rocks. Apophyllite-K concentrates are characterized by Rb and Sr contents
of about 130 and 1 ppm, respectively. These values fit those reported by Ottens et al. [14].
Accordingly, high 87Rb/86Sr ratios in the range of 270–340 were detected. From all data
points of sample K4a, an age of 40.95 ± 0.41 Ma was calculated, whereas sample BOM-3
yielded 29.19 ± 0.29 Ma.

Figure 9. Rb-Sr age data from Salsette Island. (a) Sample BOM-3 derived from a void space within
hyaloclastite breccia of the Kurar quarry. Blocky apophyllite is grown on greenish prehnite (wide of
specimen 10 cm). The age was calculated from prehnite (Prh) and apophyllite-K (App). (b) Sample
K4a was collected from a pillow cavity from the Kurar quarry. In contact with the cavity, the basalt
shows a 3-mm-thick spilitized selvage. The secondary mineralization includes a thin layer mostly
consisting of laumontite and calcite, overgrown by quartz. On top, spherical prehnite aggregates and
up to 2 cm large apophyllite-K crystals are situated (wide of specimen 8 cm). For age calculation,
basaltic whole rock (WR), selvage (Sel), prehnite (Prh), and apophyllite-K (App) were used. Both
calculations are based on an error of ±1% on the 87Rb/86Sr ratio.

The apophyllite-(K) concentrate of sample BOM-3 contained 3.08 wt% K (correspond-
ing to 3.71 wt% K2O). The amount of radiogenic 40Ar was 32.0%, and the determined K-Ar
age was 27.4 ± 1.2 Ma. An interpretation of the age data is given in the discussion.
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Table 4. Rb-Sr isotopic data on whole rock (WR), selvage (Sel), prehnite (Prh), and apophyllite (App)
from the Deccan volcanic province (India) near Mumbai. Rb-Sr ages were calculated assuming an
error of ±1% on the 87Rb/86Sr ratio.

Sample Material Rb Sr 87Rb/86Sr 87Sr/86Sr +/−2σm Age

(ppm) (ppm) (Ma) (±2σ)

K4a WR 21.00 96.08 0.6324 0.70626 0.000006

K4a Sel 3.469 48.70 0.2061 0.70585 0.000004

K4a Phr 2.649 5.563 1.3782 0.70684 0.000026

K4a App 142.7 1.541 272.00 0.86148 0.000093 40.95 ± 0.41

3-BOM Phr 0.082 7.771 0.0305 0.705745 0.000004

3-BOM App 126.6 1.104 336.32 0.842906 0.000011 29.19 ± 0.29

5. Discussion

Field observations and the study of hand specimens revealed a number of secondary
minerals present in the void spaces of the hyaloclastite breccia and pillow cavities from
Salsette Island. Their overgrowing textures in combination with the analytical data pre-
sented here, and in comparison to data in prior literature, allow a discussion of several
aspects of their genesis.

More or less precise formation temperatures of the individual minerals can be found in
the existing literature, and additional information comes from the fluid inclusions measured
on calcite. With this data it is possible to estimate whether the precipitation sequence reflects
simple cooling after eruption of the volcanic host rocks, or a more complex thermal history
with episodes of reheating. Aspects of the temporal evolution are given by the timing
of the magmatic event and the geochronological age data measured on apophyllite. The
determined formation history can be related to that of the tholeiitic host rock and the
regional geological evolution. Finally, the results from Salsette Island can be compared to
other occurrences of secondary minerals in tholeiitic volcanic provinces.

5.1. Minerals and Aspects of Formation Temperatures and Physical Conditions

Most of the secondary minerals in the void spaces of the hyaloclastite breccia and the
pillow cavities from Salsette Island are typical for zeolite facies and prehnite–pumpellyite
facies in basaltic rocks. In general, diverse zeolites (e.g., laumontite, wairakite, heulandite),
albite, quartz, and calcite are typical for the zeolite facies, whereas prehnite, pumpellyite,
quartz, chlorite, albite along with titanite, and epidote appear in the prehnite–pumpellyite
facies [48]. Their formation is associated with the breakdown of the basaltic mineral
assemblage (calcic plagioclase, olivine, pyroxene, and glass) in contact with fluid during
prograde burial metamorphism [49] and/or by hydrothermal processes, often induced
by ongoing magmatic activity [50]. Field observations and the study of hand specimens
revealed a number of secondary minerals present in the void spaces of the hyaloclastite
breccia and pillow cavities from Salsette Island. Their overgrowing textures, in combination
with the analytical data presented here and in comparison with data in prior literature,
allow a discussion of several aspects of their genesis.

Even if the P-T fields for the various low-grade metamorphic facies are overlapping,
the following ranges can be given [48]: The zeolite facies extend from about 50 ◦C to ca.
200 ◦C, but some zeolites (e.g., wairakite) appear up to >350 ◦C, at pressures below 4 kbar.
The prehnite–pumpellyite facies, sensu stricto, cover a restricted field at 180–270 ◦C and up
to 4 kbar. However, they are overlapped by prehnite-actinolite and pumpellyite-actinolite
facies, which define a field at 220–350 ◦C and up to 9 kbar, whereby prehnite is stable at
lower pressures. The lower limit of the greenschist facies can be estimated to be 250–350 ◦C.
These values, determined by thermodynamic calculations by Frey et al. [48], fit the variable
temperatures proposed from field observations. For example, Coombs et al. [49] described
the transition from the zeolite facies to the prehnite–pumpellyite facies at ca. 250 ◦C in a
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depth of 3–13 km for burial metamorphism in New Zealand. In contrast, Cho et al. [51]
suggest 190 ± 30 ◦C for the Kartmutsen metabasites of Vancouver Island in Canada, and
according to Kristmannsdottir [50] it is at about 200 ◦C in the high temperature hydrothermal
fields in Iceland. The secondary minerals discussed here formed in the cavities of tholeiitic
basalt, which never experienced burial of more than a few hundred meters, maximum.
This environment is characterized by badly defined fluid pressure conditions and selective
transport of distinct elements into the cavities. These facts must be kept in mind during the
following discussion on the formation temperatures of the individual secondary minerals.

5.1.1. Minerals with Large Stability Fields

The minerals with large stability fields, and including greenschist facies conditions,
are chlorite, quartz and calcite.

Chlorite, the first precipitated secondary mineral at Salsette Island, appears systematically
in modeling results at low temperatures. In nature it is typical of greenschist facies conditions,
but in hydrothermal environments formation is possible at as low as 200 ◦C (e.g., [50]).

Calcite is present in two generations. The first lamellar to platy calcite I crystals
in the void spaces of the hyaloclastite breccia and the flat rhombohedral crystals in the
pillow cavities are associated with laumontite, and both are characteristically completely
overgrown by quartz or prehnite. Calcite II crystals with rhombohedral and scalenohedral
forms were precipitated after quartz.

Patil et al. [52] studied the fluid inclusions of calcite from Salsette Island. They found
significant differences in the homogenization temperatures for calcite developed in early
veins and vesicles/cavities, respectively. The homogenization temperatures of the vein
calcite are reported as being between 194 and 246 ◦C, and the temperatures in the cavities
are reported at 161–178 ◦C. Unfortunately, they did not distinguish between calcite I and
II crystals. However, Wise and Moller [39] studied Ca-Fe-silicates associated with calcite
and noted homogenization temperatures of primary inclusions in the calcite of 180–195 ◦C.
According to the observations presented here, calcite II is associated with Ca-Fe-silicates.
To summarize, temperatures of 195–250 ◦C can be estimated for early formed calcite I,
whereas calcite II developed at 160–195 ◦C.

Quartz occurs as macro crystalline crystals with only well-developed prisms, while
microcrystalline and amorphous silica phases are absent. The formation of macro crys-
talline quartz in hydrothermal environments is promoted by temperatures >150 ◦C, low
concentrations of silica in the solution, and the presence of electrolytes [50,53].

5.1.2. Minerals Typical for the Prehnite–Pumpellyite Facies

Currier [54], Wise and Moller [39] (Table 5), and Ottens [19] described several Fe-
containing members of the prehnite–pumpellyite facies from Salsette Island, without
referring to their relationships to the host rock and the crystallization sequence. With
respect to the observations presented here, ilvaite and pumpellyite-(Fe2+) are present only
in the pillow cavities, whereas babingtonite, julgoldite, and andradite occur in the void
spaces of the hyaloclastite breccia, and prehnite occurs in both.

Julgoldite appears together with chlorite, prehnite, andradite, hematite, and quartz.
While, Wise and Moller [39] described crystals from Mumbai as julgoldite-(Fe2+), Artioli
et al. [55] and Nagashima et al. [56] concluded their investigations of Salsette specimens as
julgoldite-(Fe3+).

Prehnite in the void spaces of the hyaloclastite displays an intensive green color,
due to up to 4% Fe2O3 (up to 11 wt% FeO according to Wise and Moller [39]), while
greyish to yellowish prehnite in the pillow cavities contains approximately 0.5% Fe2O3. The
higher iron content in prehnite from the void spaces might be explained by the higher Fe
content and fluid flow rate within the hyaloclastite breccia. An increase of the iron content
with decreasing temperatures, as proposed by Weisenberger and Bucher [57], cannot be
confirmed. In general, prehnite forms at temperatures >180–200 ◦C and <300 ◦C [48,58].
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Table 5. Chemical composition (wt.%) of Ca-Fe-silicates from Salsette Island reported by Wise and
Moller [39]. n.d.—not determined.

Julgoldite-(Fe2+) Pumpellyite-(Fe2+) Ilvaite Babingtonite Andradite
(OH) Bearing Prehnite

SiO2 33.13 34.53 30.50 52.87 33.03 41.73

Al2O3 2.99 11.84 0.15 0.51 2.25 15.71

FeO 33.03 22.42 51.32 21.29 35.96 11.16

MnO 0.04 0.13 0.77 0.84 0.05 -

MgO 1.41 1.44 0.60 1.96 0.31 -

CaO 20.72 21.65 14.40 20.10 33.78 26.21

l.o.ign. n.d. n.d. n.d. n.d. n.d. n.d.

Total 91.32 92.01 97.73 97.57 97.15 94.91

Babingtonite appears as intergrown with prehnite and quartz. The observations from
Salsette Island correspond to those of Duggan [59], who studied the pillowed basalts in
western Southland of New Zealand. He reports that babingtonite occurs as a common
mineral in the void spaces between pillows, together with prehnite, pumpellyite, andradite,
calcite, and quartz. It forms from hydrothermal solutions by direct precipitation in open
spaces and by the replacement of higher temperature silicate phases in a shallow marine
volcanic environment.

Ilvaite was deposited on calcite II crystals in the pillow cavities only. Considering
the homogenization temperatures of fluid inclusions in calcite II (160–195 ◦C, Wise and
Moller [39]), the formation temperature of ilvaite should also be less than 200 ◦C.

Pumpellyite-Fe(2+) was only detected as crystals deposited on ilvaite. Wise and
Moller [39] suggest that this precipitation sequence is due to increasing Ca and Al com-
ponents in the fluid, causing formation of pumpellyite as a more stable phase. Based on
this assumption, the formation temperature of pumpellyite is also expected to be about
180–200 ◦C.

5.1.3. Minerals of the Zeolite Facies

Zeolitization of basaltic rocks generally occurs in a temperature range from 40 to
250 ◦C in a water-rich environment (Table 6). Under open or closed system conditions,
fresh volcanic glass is converted to palagonite, a microcrystalline and brownish to yellowish
mixture of smectite, zeolites, and calcite. The zeolites may be subdivided into high- and
low-temperature zeolites, which form above and below ca. 100 ◦C, respectively [50]. High-
temperature zeolites include laumontite, yugawaralite, and wairakite, whereas typical
low-temperature zeolites are mordenite, heulandite, stilbite, epistilbite, mesolite-scolecite,
thomsonite, and chabazite. In Salsette Island, wairakite and thomsonite had not been
reported until now. With the exception of the high-temperature zeolites, laumontite and
yugawaralite, all other zeolites were discovered predominantly in the pillow cavities.

Laumontite is the dominant mineral of the zeolite facies of Salsette Island [37]. Micro-
crystalline laumontite occurs as layers, compact masses, or thin coatings, but centimeter-
sized, transparent crystals were also found. With respect to its relationship to other phases,
at least three generations can be distinguished. Laumontite I formed after chlorite but
before the quartz wall lining. Laumontite II is present on top of quartz and overgrown
by prehnite. Finally, laumontite III formed after prehnite. According to the literature,
laumontite appears in a wide temperature range, from about 110 to 240 ◦C, coexisting
with many other minerals (e.g., [48,50,60]). For the early laumontite I, the association with
chlorite argues for temperatures up to 240 ◦C [60]. Laumontite II, including the large crys-
tals, also formed at relatively high temperatures of >180 ◦C, at the transition or within the
prehnite–pumpellyite facies. In contrast, Keith and Staples [61] argue for lower formation
temperatures for cm-sized laumontite crystals formed at a late stage after mordenite in
the Siletz River basalts, Oregon/USA. Temperatures of as low as 110 ◦C may be true for
laumontite III.
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Table 6. Estimated formation temperatures of zeolites and associated minerals of Salsette Island.

Mineral Approx. Temp. Temperature Range ◦C
◦C 300–250 250–200 200–150 150–100 100–90 90–70 70–50 <50

Chlorite <300 ————- —–

Calcite 100–300 ———— ————- ———— ————-

Babingtonite 200–250 ————-

Yugawaralite 200–250 ————-

Julgoldite 200–250 ————-

Quartz 200–300 ———- ————- ————

Prehnite >200 —– ————-

Pumpellyite <200 ——-

Ilvaite <200 ——-

Laumontite 190–230 ——— —-

Gyrolite 175–200 ——–

Heulandite 120–150 ———-

Epistilbite 100–130 ——–

Stilbite 100–130 ——–

Okenite 100–130 ——–

Scolecite 90–100 –

Natrolite 90–100 –

Apophyllite 70–100 – – — ————- ————-

Chabazite 50–70 ————-

Gypsum <50 ——-

Yugawaralite was deposited after laumontite I and quartz, together with babingtonite
and before prehnite [19]. For yugawaralite from Iceland different formation temperatures
can be found in the literature. Barrer and Marshall [62] expected a precipitation from
hydrothermal fluids at temperatures of 270–350 ◦C, whereas Weisenberger and Selbekk [10]
proposed temperatures of about 110 ◦C based on field mapping and because yugawaralite
had formed in the same mineralization stage as laumontite. The temperature stability
field of yugawaralite is considered to be intermediate between that of laumontite and
wairakite [63,64]. Experimental studies by Zeng and Liou [65] define an invariant point
(234 ◦C, 550 bars where P H2O = Ptotal), where yugawaralite, wairakite, and laumontite
are stable. The absence of wairakite in Salsette samples indicates lower temperatures.

The zeolites, heulandite-Ca, stilbite-Ca, and epistilbite occur rather rarely. They
developed after calcite II in the pillow cavities in the temperature range 80–160 ◦C [50,66].

Chabazite-Ca is a rare zeolite in Salsette Island [19]. The crystals were not overgrown
by other minerals and belong to the latest formations, probably at 40–80 ◦C [60]. Several
chemical analyses of chabazite resulted in up to 1.40% Na and 1.02% K at corresponding
Ca contents of 8.02%. The Na end member gmelinite was not detected.

Natrolite is interesting when considering the question of whether seawater could have
an influence on the chemical composition of the secondary minerals from Salsette Island. It
was found only rarely in the pillow cavities, as the latest epitaxial overgrowth on scolecite.
Occasionally it is associated with Na bearing stilbite. The later precipitated chabazite-Ca
also contains Na. However, the sodium content of these three minerals seems not to be a
significant indication of the influence of seawater, because the Na bearing minerals occur in
the selvedge protected pillow cavities but are missing in the void spaces of the surrounding
hyaloclastite breccia.
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5.1.4. Hydrated Calcium Silicate Minerals

The hydrated calcium silicates gyrolite and okenite belong to the most characteristic
and commonly occurring minerals in Salsette Island and are more frequently found in
cavities of the pillows than in void spaces.

Merlino [67] stated that the crystal lattice of natural gyrolite always contains both Na
and Al, and the most likely composition of natural gyrolite is NaCa16Si23Al60(OH)8·14H2O.
The analysis of the gyrolite from Salsette Island resulted in 2.21 wt% Al2O3 and 0.26 wt%
Na2O, confirming this observation. The green-brown coloration of some gryolite is most
likely due to the substitution of Ca by Fe and Mn [37,68,69]. Baltakys and Siauciunas [70]
describe the experimental synthesis of gyrolite at temperatures of 175 ◦C to 200 ◦C, and they
point out that gyrolite only rarely occurs together with zeolites. As gyrolite was precipitated
later than calcite II (formed at 160–195 ◦C), temperatures close to 175 ◦C seem likely.

Okenite was formed as the latest calcium silicate in Salsette Island. A late formation
is indicated by a second generation of microscopic okenite crystals rarely occurring on
apophyllite in the void spaces of the hyaloclastite breccia. Kurnosov [71] attributed okenite
to a group of ‘middle-temperature minerals’ formed at 100–350 ◦C. However, Taylor [72]
stated that synthesis of okenite is possible only at low temperatures, a little above or
perhaps even below 100 ◦C.

5.1.5. Apophyllite

Apophyllite from Salsette Island can be characterized as an intermediate member of
fluor- and hydroxyapophyllite-(K) [73]. With the exception of gypsum and the second
okenite generation, apophyllite is the latest secondary mineral precipitated. The crystals
are commonly colorless, and only a very limited number of pale greenish crystals have
been observed. With respect to other occurrences from the main DVP, the green color is due
to a V content of several hundred ppm [46,74]. Information on the formation temperature
of apophyllite is rare. For late formed fluorapophyllite-K crystals from the main DVP,
temperatures of 141–222 ◦C [14] or alternatively 250–280 ◦C [75] were reported based on
fluid inclusion homogenization temperatures. In contrast, fluorapophyllite-(K) formed at
70-100 ◦C in veins of the Swiss Alps together with laumontite and quartz [76]. According
to these data, formation temperatures in the wide range of 70–150 ◦C can be estimated.

Rb-Sr ages of apophyllite determined from a pillow cavity (sample K4a) and a void
space of the hyaloclastite breccia (sample BOM-3) were about 40 Ma and 30 Ma, respectively.
The K-Ar age of the latter sample is 27 Ma and, therefore, slightly younger than the Rb-Sr
age. At first glance, these data seem to be a bit erratic, but in comparison to other literature
data, they are geologically meaningful. As discussed in Ottens et al. [14], Rb-Sr ages are
typically a bit higher than the corresponding K-Ar or Ar-Ar ages measured on the same
sample material. Furthermore, apophyllite always forms with a significant time lag, with
respect to the eruption of the host volcanic rocks and the ages may scatter in a range of several
million years, even in the same lava flow. The differing timing of crystallization is explained
by heterogeneously distributed hydrothermal fluids, which are present over extended time
periods (e.g., [14,77,78]). For example, in the main DVP they are in the range of 20–60 Ma, and
even in the locality of Savda/Jalgaon they yield ages in the range of 28–44 Ma [14].

5.1.6. Ore Minerals

The observed ore minerals include the sulfides pyrite, chalcopyrite, sphalerite, and
galena, and the oxides hematite and ferberite. While hydrothermal mobilization of Fe,
Cu, Zn, and Pb from basaltic rocks is very common, the occurrence of well-developed
ferberite crystals [79] is remarkable, as the W content of the tholeiites is very low at 1 ppm
or less [80].

5.2. Aspects of the Fluid Conditions

The precipitation of the secondary minerals was controlled by fluids, which, therefore,
give information on the physical conditions and the chemical composition of the latter.
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Based on the observed secondary minerals and their precipitation sequence, decreasing
temperatures and Fe contents in the fluid are indicated. A limited silica concentration can
be deduced by the occurrence of quartz instead of amorphous silica minerals. Furthermore,
differences in both the fluid circulation in the interpillow matrix and hyaloclastite breccia,
and in the interior of the pillows can be expected.

5.2.1. Fluid Conditions in the Interpillow Void Spaces

The hyaloclastite breccia is characterized by high porosity and permeability. It will
have been saturated by fluid immediately after the eruption and stayed as an open sys-
tem for a long time. The number of secondary mineral species and their volume varies
significantly between individual void spaces, which may be due to the heterogeneous flow
capacity. Since they do not show any systematics with respect to their position in the void
spaces, the latter will have been completely filled with a homogeneous fluid during any
times of precipitation.

Larger masses and crystals of laumontite and large aggregates of prehnite indicate
a high material turnover in the early phase of cooling, in the temperature range of 200
to 250 ◦C. Interestingly, some typical low temperature zeolites such as heulandite, stilbite,
epistilbite, natrolite/scolecite, and chabazite are absent in the void spaces.

5.2.2. Fluid Conditions in the Pillow Cavities

The spilitic basalt forming the pillows has a low permeability and exhibits a heteroge-
neously distributed alteration. Nevertheless, most of the cavities were in a limited exchange
with the interpillow matrix via cracks. As the cracks have been filled by laumontite and
calcite, the cavities have, at least temporarily, represented a more or less closed system, with
limited fluid immigration. Generally, the pillow cavities are only partly filled by secondary
minerals, and the volume or weight of the precipitated secondary minerals seems to be
somehow related to the volume and surface of the cavity space. The early precipitated
minerals chlorite, calcite I, laumontite I, quartz, and calcite II occur all around the cavity
walls, without any preferred orientation, whereas later formed minerals such as okenite
tentatively appear on the bottom or side of the cavities. This implies that the cavities had
been completely filled by a homogeneous fluid during the early stage of mineralization,
but that later on the conditions might have changed.

In this context, the mineralized crusts, which have been observed occasionally, are of
special interest. The crusts in the pillow cavities are 0.5–3 mm thick and commonly consist
of calcite with a brownish centerline, caused by contamination of clay minerals (pers. com.
Pöhlmann, 1996) and an overgrowth by quartz. However, mostly broken pieces of crust
are present at the bottom of the cavities, forming clusters encrusted and welded by quartz
and other minerals (Figure 7b). Crusts from the void spaces in the Kurar quarry show big
quartz crystals formed on the bottom side, whereas small ones appear on the upper side
(Figure 8e2). This indicates different conditions below and above the crust at least during
part of the time.

The crusts most likely formed horizontally, orientated on top of the surface of a
solution, partly filling the cavities and void spaces. This solution may represent condensed
fluid mixed with infiltrated water. Interestingly, crusts are not present in most cavities,
and in some cases several levels are present in the same blister cavity. This might be due
to heterogeneity of the fluid and a partial drainage of the solution. Most observed crusts
collapsed, but the reason for the collapse can only be speculated. They most likely broke
under their own weight. However, it is also possible that boiling of the solution during the
reheating in the course of increasing temperature caused the collapse. Unfortunately, there
is no information as to whether the crusts were found in an absolutely horizontal position
or whether they displayed a dipping of ~15◦ analogous to the greater Salsette subgroup
succession [6]. Such observations would provide additional evidence for the timing of the
precipitation of the secondary minerals.



Minerals 2022, 12, 444 23 of 30

5.3. Geological Setting

The Salsette subgroup represents the last phase of the DVP and erupted in early Pale-
ocene time, at around 62.5 to 60.5 Ma. At the time of the magmatic activity, India drifted
northward towards Asia at a rate of about 15 cm per year. At its western margin, it was
affected by rift processes in the course of the India–Laxmi Ridge–Seychelles breakup [6].
The greater Mumbai area was located at a paleo coastline with lagoons, at least partly
with a brackish to freshwater environment [8,35]. Most of the volcanic rocks extruded
subaqueously, forming pillows and pyroclastics, as well subaerial massive lava flows [17].
Contact with brackish or fresh water is supported by the observed secondary minerals in
Salsette Island. In general, they are dominated by Na-poor varieties, and Na-rich zeolites,
such as analcime, gmelinite, lévyne, mordenite, and thomsonite, typical for pillows formed
in a marine environment [81], are absent in Salsette. According to Subbarao [47], the
Sr-isotopic composition of the spilite from Bhoiwada also shows no influence of contamina-
tion by a component with Paleogene seawater values.

The pillowed basalt is exposed in the studied quarries at an elevation of 20–65 m asl
and in the Dahisar River bed to about 80 m asl. Duraiswami et al. [17] assumed, based
on the similar composition to the unspilitized parts of the Bhoiwada lava unit (South
Mumbai) [47], that the Borivali (Dahisar River bed) pillows belong to the same lava flow,
indicating a common emplacement history. It was also assumed that the pillows from the
studied Salsette quarries and those from the Dahisar River bed belong to a common pillow
flow field, but formed different morphologies and textures depending on the position
in this flow field and their cooling histories. The morphology of the pillow flows in the
quarries could only be assessed to a limited extent. Longitudinal tubes, as pronounced
in the Dahisar River bed (Figure 2b), could not be observed. The ellipsoidal shapes point
to the formation of single pillows, which were located on more or less steep slopes. This
also explains the occasional embedding in hyaloclastic breccia. The cavities have a largely
round and flattened shape, are enclosed on all sides by the pillow matrix, and are classified
as former gas blisters or drained cavities. The pillows in the Dahisar River bed have a
significantly denser texture, and cavities are missing [17], which also resulted in less spilitic
alteration and mineralization. As the Dahisar river bed pillows are fresh and only slightly
altered, they are likely to have been in an area of lava flow that had limited alteration
and spilitization in contact with water. The pillows of the quarries indicate intensive
spilitization and alteration, which points to a marginal position in the lava flow under
water. The assumption that the dark spots in the spotted rock are fresh, non-spilitized basalt
is based on reports by Sethna and Javeri [82] and Naik et al. [83]. Studies of other spotted
rocks in the Thane–Vasai region resulted that the spotted rocks are formed by incomplete
quenching of basaltic lavas during their entry into streams or shallow freshwater lakes [30].
The different assessments are to be regarded as an open puzzle.

Due the high homogenization temperatures of the fluid inclusions in calcite, Wise
and Moller [39] suggested a burial depth of more than 1000 m but less than 2000 m for
the pillow basalts at Salsette Island. However, such a burial can be ruled out, because the
eruptions of the Salsette subgroup belonged to the latest phase of the DVP, and no overlying
sedimentary piles are known, except minor quaternary deposits. The tholeiitic succession
exposed in the studied quarries is only overlain by thin tholeiitic sheet layers and by
younger explosive volcanics with trachytic to rhyolitic composition [16,29]. Furthermore,
some later dioritic intrusions occur at short distances of a few hundred meters up to a
few km from the studied quarries [31]. The younger magmatic rocks will have produced
local heat domes, which may have been crucial for the further alteration of the tholeiitic
basalts and the precipitation of secondary minerals in the cavities. Parts of the secondary
minerals and the calcite with the studied fluid inclusions therein most likely formed from
such hot hydrothermal fluids. Similar processes have been described in other localities,
e.g., by Keith and Staples [61] for the Siletz River volcanics (Coast Range, OR, USA), or by
Westercamp [84] for Martinique Island.
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Today the volcanic sequence is dipping about 15◦ to the west. Pillows are exposed
between ~20 to 80 m asl, and the overlying volcaniclastics up to 200 m asl near to the
Kanheri caves (Figure 2a). Assuming uplift of the area as a whole block, a water column
of about 200 m on top of the lowermost outcrops would be indicated. However, such a
water depth is unlikely in a brackish or fresh water lagoonal environment. The recent
situation would have been the result of sea level drop after the high eustatic sea level
during the early Paleocene time (61.8–62.9 Ma) [17], in combination with syn-rift tilting
and domino-type block-faulting and post-rift regional uplift of the western Deccan Traps.
According to the latter authors, the deformation of the Panvel flexure zone occurred in a
short time interval around 62.5 Ma [24], contemporaneous to the late stages of magmatism.
This is well documented, e.g., on Elephanta Island just south-east of greater Mumbai [6].

The uplift of the volcanic sequence above sea level is most probably related to the
rifting event. It would have had an influence on the fluid system. The brackish water of
the lagoon could have been partially drained, and at the same time meteoric water could
have flowed in. It is possible that the change, from cavities completely filled with fluid, to
cavities only partially filled with a solution, is related to the regional uplift. Reheating and
the establishment of a new fluid system was possibly due to the nearby intrusions of the
ongoing magmatic activity.

The tectonic and magmatic activity in the area stopped while still in Danian time,
and since, the western margin of India formed a passive continental margin [24]. The
overburden was limited and, therefore, only very low temperature mineralization would
be expected. All the more astonishing is the formation of apophyllite in the period between
30 and 40 Ma. Apophyllite is overgrown partly by okenite, and the minimum formation
temperatures can be estimated to be about 70 ◦C [76]. The only possible explanation is a
new pulse of hydrothermal fluids in the late Eocene to earliest Oligocene, even if there are
no hints at this from the regional geology. However, the data from the main DVP [14] point
in the same direction.

5.4. Summarizing Genetic Model for the Secondary Minerals of Salsette Island

During their eruption, the tholeiitic lavas of the Salsette subgroup came into contact
with brackish or fresh water in a shallow lagoonal environment. This caused rapid cooling
and the formation of pillow structures, accompanied with spilitic alteration and formation of
hyaloclastite and pillow breccia. Void spaces of the breccia were immediately filled by fluid,
which was heated up and also migrated into the pillow cavities via cracks. In the beginning,
the fluid interacted mostly with volcanic glass and was mineralized, mainly by SiO2, Al2O3,
Fe2O3, MgO, CaO, and minor Na2O. During this initial cooling, chlorite, laumontite I, quartz,
and calcite I formed. Temperatures decreased to below 200 ◦C or even 100 ◦C, probably
causing condensation of the fluid in several of the pillow cavities (Figure 10).

Shortly thereafter, ongoing magmatic activity produced more acidic volcanics and
nearby intrusions. These are probably responsible for the reheating and activation of the
hydrothermal system. Further decomposition of the volcanic glass supplied the same
components into the fluid as before, and a second phase of mineral precipitation occurred
in a temperature range of 180–270 ◦C, corresponding to the prehnite–pumpellyite facies.
Besides calcite and quartz, some Fe- and Mg-bearing silicate minerals, as well as high
temperature zeolites, were formed. Based on the study of hand specimens, the general
precipitation sequence was babingtonite, laumontite II, prehnite, julgoldite, yugawaralite,
calcite II, ilvaite, pumpellyite, and gryolite. This sequence is again compatible with a
decreasing temperature trend. However, modifications might be due to fluctuating temper-
ature and changes in the fluid composition. Such changing conditions are able to explain
the formation of the perimorphs and casts of prehnite after laumontite, present in the void
spaces of the hyaloclastite breccia. The significantly higher mineral formation in the void
spaces of the hyaloclastite with respect to the pillow cavities can be explained by a higher
fluid interaction and stronger alteration of the surrounding material.
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Figure 10. Estimated theoretical model of mineral formation in the pillowed basalt on Salsette Islands:
During the eruption stage, interaction of hot lava with water resulted in extensive alteration and
formation of chlorite, laumontite I, calcite I, and quartz. After a short period of more or less cooling
down, reheating in an early postvolcanic stage up to ca. 300 ◦C was again followed by successive
cooling and temperature controlled precipitation, beginning with minerals of prehnite-pumellyite
facies and followed by zeolites. In a later postvolcanic stage several million years after eruption,
formation of apophyllite, okenite II, and chabazite II occurred at significantly lower temperature.

Further temperature decreases, from ca. 180 ◦C to less than 100 ◦C, led to zeolite
facies conditions. Okenite I, scolecite, heulandite, stilbite, and, finally, chabazite I formed.
The chemical composition of the zeolites, which contain no Fe2O3 and MgO, indicates
mineralization from magmatic plagioclase. The low-temperature zeolites only formed in
the pillow cavities and often occur in the bottom part of them. It is likely that magmatism
terminated and the Salsette subgroup was above sea level and infiltrated by meteoric
water during this phase. Possibly, some of the void spaces in the hyaloclastite breccia were
dry, at least temporarily, and maybe the cavities were filled only partly by a solution at
temperatures below 100 ◦C. There are no Cenozoic transgressional sequences overlying the
Salsette subgroup, and, therefore, it has probably stayed above sea level since the end of the
magmatic activity at 60.5 Ma. There have also been no known tectonic events, which could
explain the new phase of hydrothermal activity indicated by the formation of apophyllite,
okenite, and chabazite II. They formed in the late Eocene to earliest Oligocene 20 to 30 Ma,
after the end of the Deccan volcanism. Temperatures for the corresponding fluids will have
been at a minimum of 50 ◦C, but might have reached up to more than 100 ◦C.

5.5. Comparison to the Main DVP and Other Occurrences Worldwide

In this chapter, the mineralization described above is compared to a very similar
deposit a little further north, then to the main part of the DVP in the east, and finally to
some other localities worldwide.

5.5.1. Secondary Minerals of the Daman Area

Near Daman (20◦12′–20◦30′ N and 72◦49′–73◦ E), approximately 130 km north of
Mumbai and at an altitude of 100–200 m above sea level, a quite similar sequence of
spilitized basalt is present. It mostly consists of hyaloclastite breccia, and more rarely
basalts with pillow structures [82,85]. The pillows contain vesicles filled completely by
zeolites, chlorite, and calcite, and in some cases by quartz. Very rarely open cavities
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with idiomorphic crystals of laumontite, calcite, quartz, and apophyllite have been found.
Zeolites and calcite appear as secondary minerals in the highly altered hyaloclastite.

5.5.2. Comparison to the Secondary Minerals of the Main DVP

The assemblage of secondary minerals in the main DVP shows remarkable differences
in comparison to Salsette Island. A detailed study on the precipitation sequence focusing
on the quarry complex of Jalgaon/Savda and the Nashik area was recently published
by Ottens et al. [14]. The authors argue for a complex scenario, with several phases of
precipitation between 65 and 20 Ma and fluctuating temperatures. In comparison, the
following differences are obvious:

Chlorites do not occur in the vesicles and cavities of the main DVP, where the alteration
took place at lower temperatures, resulting in the formation of celadonite and smectites,
among others [14].

Instead of macrocrystalline quartz, chalcedony is the most frequent SiO2 variety in the
MDP, even if the formation runs through several structural states of SiO2 with amorphous
silica as its first solid phase and macrocrystalline quartz later on [14].

Fe-bearing minerals typical for the prehnite–pumpellyite facies (e.g., prehnite, pumpel-
lyite, ilvaite, etc.) are absent in the main DVP. The only exception is julgoldite-(Fe2+), which
was observed in the quarry complex of Jalgaon/Savda as pseudomorphs after mordenite [69].

Laumontite has been observed even less frequently in several localities in the main
DVP. In the Nashik area it commonly appears before and after stilbite, scolecite, and
apophyllite [69]. Additionally, laumontite was observed near Soygaon in the Aurangabad
district as unusual clusters, partially developed on apophyllite [86].

Scolecite is the most common zeolite of the natrolite sub-group in the main DVP,
whereas natrolite has been detected very rarely until now [12,36,46,68,87].

In contrast to Salsette Island, the zeolites heulandite-Ca, stilbite-Ca, and epistilbite
represent the most common secondary minerals in the main DVP [12,36,46]. They formed
in vesicles and large cavities [14]. In addition, chabazite-Ca, gyrolite, and okenite are much
less common in the main DVP [19].

Fluorapophyllite-(K) belongs to the most common secondary minerals in the main
DVP, where it develops large crystals of up to 10 cm in a wide variety of associations,
shapes, and occasionally with an intense green color, due to an elevated V content.

Ore minerals such as sulfides or oxides and Ca-Fe-silicates are unknown or very rare in
the main DVP. Hematite was observed as tiny 1-mm-sized spheres on fluorite and goethite
as crystals up to 2 mm near Sinnar/Mohadari [46]. Flakes of native copper were recently
found in the Wagholi quarries near Pune (pers. comm. Makki, 2019).

Some minerals occurring only occasionally in the main DVP, e.g., powellite or ca-
vansite, are missing on Salsette Island. Additionally, biogenic structures, such as those
described from the quarry complex of Jalgaon/Savda [88], have not been known until now
in the Salsette Islands.

5.6. Comparison with the Secondary Minerals from Other Pillowed Basalts

Pillow basalts are some of the most abundant rocks on earth [89], but most of them
form in a marine environment. The number of similar deposits that have been studied in
detail and can be used for comparison are very limited.

The Siletz River volcanics in Oregon and the Watchung basalts in New Jersey belong
to such occurrences, but are also characterized by significantly different features. The Siletz
River volcanics represent early Eocene subaqueous flows of tholeiitic basaltic pillow lavas
and breccia deposited in a shallow, constantly subsiding basin [61]. The emplacement,
alteration, and mineralization conditions show some similarities to Salsette Island. As
minerals of the prehnite–pumpellyite facies do not occur [61], most of the secondary
minerals in the Siletz River volcanics formed at less than 150 ◦C.

The Watchung basalts in New Jersey are well known for their abundant well-developed
crystals of secondary minerals. Pillow structures occur only sporadically. According to
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the section at the Watchung Ridges, the basaltic flows are under-, inter-, and overlain by
sediments [90–92]. The mineral specimens described by Mason [91], and Laskowich and
Puffer [92], were found in the second Watchung flow ‘extruded by fissures eruptions into
a shallow brackish lake water’. This is partly comparable to Salsette Island, but there
are remarkable differences in the observed minerals. Spilitization is not reported for the
Watchung basalt, and Na-rich minerals such as gmelinite and pectolite or sulfates such as
anhydrite and glauberite occur.

6. Conclusions

1. The secondary minerals were deposited in the early Paleocene time (62.5 to
61.5 Ma) Salsette subgroup, which represents the youngest part of the Deccan Volcanic
province. The host rocks are partly spilitized tholeiitic basalts, with pillow structure
and hyaloclastic interpillow breccia, which formed when the lava came into contact
with brackish and fresh water of a lagoonal environment.

2. Secondary minerals developed in pillow cavities and in void spaces of the hyalo-
clastic interpillow matrix. The two positions show distinctly different secondary
mineralization, due to differences in fluid activity. The highly permeable interpillow
matrix formed an open system, whereas the pillow cavities became more or less closed
systems, at least temporarily.

3. The mineral species indicate formation through interaction of the rock with fresh
water. Minerals characteristic of the influence of seawater have not been observed.

4. Precipitation can be subdivided into three stages:

4.1. During initial cooling after the eruption at about 62 Ma chlorite, laumontite I,
quartz, and calcite I developed.

4.2. Due to reheating caused by ongoing magmatic activity, the second stage of precipi-
tation started at prehnite–pumpellyite facies conditions. With decreasing tempera-
tures, in the range of 270–180 ◦C, babingtonite, laumontite II, prehnite, julgoldite,
yugawaralite, calcite II, ilvaite, pumpellyite, and gryolite developed. Ongoing
temperature decreases caused zeolite facies conditions, and okenite I, scolecite,
heulandite, stilbite, and, finally, chabazite I were precipitated in the temperature
interval of 180 ◦C to less than 100 ◦C. During the first stage and the beginning
of the second stage, the fluid contained SiO2 + Al2O3 + FeO + MgO + CaO, and
minor MnO and Na2O, whereas later on FeO and MgO were absent.

4.3. According to Rb-Sr and K-Ar data on apophyllite, a third stage of precipitation
occurred in the late Eocene to early Oligocene (30–40 Ma). Besides apophyl-
lite, okenite II and chabazite II formed. Significant amounts of K2O are only
indicated by the formation of apophyllite-K in the third stage.
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