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Cavity-filling calcite is among the most widespread secondary phases in the Deccan Traps,
and its position late in the amygdale paragenesis, after zeolites and silica phases, is long
established. Two questions that remain open are addressed here: whether this calcite re-
tains a mechanical record of deformation imposed after the cavities were sealed, and what
a naturally carbonated flood-basalt pile can tell us about the durability of engineered mineral
carbon storage. Calcite from three closely spaced amygdaloidal basalt exposures in the dis-
trict of Maharashtra, Ane Ghat in Junnar taluka, Pune, Shindewadi 1 and Shindewadi 2 in
Parner taluka, Ahilyanagar was examined by transmitted-light petrography, scanning elec-
tron microscopy with energy-dispersive X-ray spectrometry (SEM—-EDS) and micro-Raman
spectroscopy, with growth features deliberately separated from post-growth strain features.
All three occurrences comprise coarse, optically continuous calcite grown into open voids:
rhombohedral cleavage is perfect, birefringence is extreme, planar crystal faces survive in
secondary-electron images, and no replacement front is developed against the basalt wall.
Superimposed on this growth fabric are closely spaced polysynthetic e-twin lamellae, un-
dulose extinction, cleavage-controlled intracrystalline microfractures, and healed fractures
carrying trails of secondary inclusions. Because these features truncate cleavage and crys-
tal boundaries that are continuous elsewhere in the same individual, they post-date crys-
tal growth. Twin morphology is dominated by thin, straight lamellae, which on the Ferrill
classification indicates deformation below roughly 170-200 °C. EDS spectra confirm a Ca-
carbonate composition; because light-element quantification in a coated carbonate is not
reliable, measured Ca/C atomic ratios of 1.31-1.61 depart substantially from the ideal value
of unity and the analyses are treated as semi-quantitative throughout. Micro-Raman spec-
tra are those of well-ordered calcite, with lattice modes near 156 and 279-281 cm~' and
internal modes at 711-712 cm~" (v4) and 1085-1087 cm~" (v4); differences between sites
do not exceed instrument calibration uncertainty. The results are placed in the framework
of in situ mineral carbon sequestration. Deccan amygdale calcite is a completed natural ex-
periment in basalt carbonation: divalent cations liberated by fluid—rock interaction was fixed
as a thermodynamically stable carbonate that has survived approximately 66 million years
in the same pore volume now targeted for engineered CO, injection. The microstructural
record modifies that otherwise reassuring picture in a specific way. Mineralized amygdales
were subsequently strained, brittle microfractures propagated through the carbonate ce-
ment, and those fractures were later healed by carbonate-bearing fluids. Permanence of
mineral trapping in a tectonically quiescent plateau interior is therefore neither uncondi-
tional nor catastrophically compromised: it is a balance between fracture generation and
carbonate self-sealing that can be read directly from the cement.
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+ Mechanical deformation of calcite and implications for engineered carbon storage, post growth deformation.

+ Vibrational spectroscopy of calcite amygdules and relevance to carbon storage implication as a natural ana-

logue.

» The twin morphology of calcite is consistent with low temperature deformation, broadly below ~170-200 °C

according to the Ferrill framework.

The Deccan Traps blanket close to 500,000 km? of
western and central India in their present eroded state, and
an original extent of order 1.5 million km? is generally in-
ferred. Eruption was rapid and straddled the Cretaceous—
Palaeogene boundary; high-precision geochronology con-
fines the bulk of the erupted volume to a few hundred
thousand years around 66 Ma [1—4]. The origin and dis-
tribution of secondary minerals in the Deccan Traps have
been debated for several decades. Early studies recog-
nized recurring associations of zeolites, silica, calcite and
other alteration minerals within vesicles, cavities and frac-
tures of the basaltic flows, with subsequent studies pro-
viding broader perspectives on the mineralogical and geo-
chemical characteristics of volcanic materials in the Indian
context [5]. Walker [6] proposed a broad vertical zonation
of zeolite minerals, with laumontite, scolecite and heulan-
dite defining successive zones with increasing elevation,
and interpreted this distribution primarily in terms of burial
depth and the associated geothermal gradient. Sukhesh-
wala et al. [7] subsequently recognized these three zones
in the Western Deccan and suggested that their distribu-
tion reflected increasing depth together with the action of
circulating fluids. They also noted that structural distur-
bances and intrusive activity could enhance fluid circu-
lation. Subsequent investigations, however, demonstrated
that the distribution of secondary minerals is more com-
plex than a simple regional burial depth model. Jeffery [8]
based on the distribution and mineral chemistry of zeolites
over a large part of the Western Deccan, found no con-
sistent support for the proposed regional zonation. Com-
mon zeolite species, including heulandite, stilbite, morden-
ite and apophyllite, occur at different stratigraphic levels
and in different formations, indicating that their distribu-
tion cannot be explained solely by present by altitude or
burial depth. The study instead emphasized the impor-
tance of temperature and post emplacement fluid circu-
lation in controlling secondary mineral formation. More re-
cent studies have further developed this interpretation by
demonstrating the secondary mineralization in the Deccan
Volcanic Province was multistage and involved changing
physiochemical conditions during post volcanic fluid circu-
lation. Ottens et al. [9] showed that commonly occurring
secondary minerals are not restricted to a simple verti-
cal sequence and documented multiple stages of cavity

mineralization. Their observations indicate that tempera-
ture, fluid composition and the availability of suitable cavi-
ties and fluid pathways played important roles in determin-
ing mineral assemblages. Accordingly, sequence of clay
minerals, zeolites silica and calcite observed in the Dec-
can basalt cavities should not be regarded as a univer-
sally fixed paragenetic sequence applicable to the entire
province. Rather, secondary mineralization considered to
reflect the interaction between evolving post emplacement
fluids and the basaltic host rocks under changing tem-
perature, fluid chemistry and permeability conditions. Pre-
existing vesicles, cavities, fractures and flow related dis-
continuities could have provided localized pathways and
sites for fluid rock interaction and mineral precipitation. The
relative abundance and sequence of individual secondary
minerals may therefore vary between localities and strati-
graphic units. In the present study, the observed mineral
assemblages are consequently interpreted in terms their
local petrographic relationships and mineralogical charac-
teristics rather than being assigned solely to a regional
depth-controlled zeolite zone.

That paragenesis is not in dispute, and this paper is
not offered as a rediscovery of it. Integrating cathodolumi-
nescence imaging, fluid-inclusion work, carbon and oxy-
gen isotope analysis and radiometric dating across the
province, Ottens and co-workers resolved at least three
separate mineralization stages and more than one calcite
generation, with the youngest carbonate and apophyllite
returning ages tens of millions of years younger than the
volcanism [9, 10]. Their synthesis changes the question
that a newly described Deccan calcite has to answer. It is
no longer whether the phase is late, almost invariably it is,
but which generation it represents, and what happened to
it after it crystallized.

Two lines of inquiry follow from the second half of that
question, and both are pursued here.

The first is structural. Calcite deforms by mechani-
cal twinning one {0118} at differential stresses of only
a few megapascals and at temperatures far below the
threshold of any other common crystal-plastic mechanism,
which is why calcite twins have become a routine instru-
ment for reconstructing low-temperature stress and strain
in fold—thrust belts and forelands [11-15]. Amygdale cal-
cite in a flood-basalt pile is an unconventional but promis-
ing host for that instrument. It is coarse, chemically sim-
ple and monomineralic; it grew into a void at a known
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point in a well-constrained paragenetic sequence; and it
is distributed through hundreds of metres of stratigraphy
across the plateau. Any twin it carries records strain that
necessarily post-dates cavity sealing. Whether the plateau
interior has in fact experienced significant post-eruptive
deformation is contested: geomorphometric analysis of
drainage basins across the Western Ghats found no sta-
tistically meaningful signal of active tectonics and assigned
the western Deccan to a low-activity class [16], while struc-
tural, geophysical and Quaternary-sediment studies have
argued for reactivation of sub-trappean basement disconti-
nuities and differential block uplift. A microstructural strain
marker independent of landscape morphology is therefore
worth developing.

The second line of inquiry is applied, and it is the
one that gives the microstructural result its wider signif-
icance. The increasing environmental pressures associ-
ated with climate change and resource depletion have
strengthened the need for sustainable approaches to car-
bon management and long-term environmental protection,
and the transition toward cleaner energy systems [17, 18].
Basaltic rock is now among the most actively investigated
hosts for permanent geological disposal of carbon diox-
ide, because divalent cations released by dissolution of
plagioclase, clinopyroxene and glass react with dissolved
CO, to precipitate carbonate minerals, converting a mo-
bile fluid into an immobile solid [17, 19, 20]. Field injection
has demonstrated that the reaction is fast: the majority of
CO, injected into basaltic lavas at the Hellisheidi site in
Iceland was mineralized within two years, far more rapidly
than pre-injection models predicted [21, 22]. Flood basalts
specifically have been identified as high-capacity candi-
date reservoirs [23], and the Deccan Volcanic Province
has been repeatedly nominated as a strategic compo-
nent of India’s storage portfolio [24—27]. Modelling stud-
ies of CO, storage in the Eastern Deccan Basalt further
demonstrates the potential for rapid carbonate mineraliza-
tion within the basaltic reservoir [28]. Recent reviews of
basalt—-CO,—water interactions likewise emphasize the im-
portance of basalt dissolution, cation release and carbon-
ate precipitation for long term carbon storage, including the
Deccan Volcanic Province [29, 30]. Laboratory carbona-
tion experiments on Deccan lithologies confirm the reactiv-
ity directly, with secondary carbonate growing on grain sur-
faces and in intergranular space under supercritical con-
ditions [31, 32]. Experimentation investigation of altered
Deccan basalt has further demonstrated the basalt disso-
lution can provide the reactive cations required for subse-
quent carbonate mineralization during CO injection [33].

The connection between these experimental and
modelling studies of basalt—-CO, mineralization and the
natural carbonate record preserved within the Deccan Vol-
canic Province forms the basis of the present study. Every
filled amygdale in the Deccan is a completed natural ex-
periment in exactly the reaction that engineered carbona-
tion seeks to induce, run at ambient conditions and pre-
served for approximately 66 million years. Amygdale cal-
cite therefore constitutes a direct empirical constraint on
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the permanence of mineral trapping over geological time
and, because the same crystals also record whatever de-
formation the pile subsequently underwent, on whether
that permanence was mechanically disturbed. This is a
question about reservoir integrity that no short-duration in-
jection pilot can address, and it is answerable with ordinary
petrographic tools.

Three exposures within a single district and a com-
parable stratigraphic interval were selected so that litho-
logical and altitudinal variables are minimized. The objec-
tives are stated narrowly. They are: to establish texturally
that the calcite grew in open space and was subsequently
strained; to characterize the twin population and extract a
first-order deformation temperature; to determine whether
SEM-EDS and Raman data resolve inter-locality differ-
ences at all, and to state plainly where they do not; and
to develop the implications of a naturally carbonated, sub-
sequently deformed basalt pile for engineered carbon stor-
age in the same province.

The study area lies in the Pune and Ahilyanagar dis-
tricts of Maharashtra within the Deccan basalt outcrop. The
present location which belongs to Upper Ratangarh For-
mation (Figure 1) constitutes an important basaltic unit of
the Sahyadri Group of the Deccan Volcanic Province and is
predominantly characterized by compound lava flows and
is restricted to the north-western parts of Ghod valley and
in the central part in the Bhima valley [34]. In the Pune-
Ahilyanagar region, the formation is mainly represented by
thick sequences of compound-pahoehoe flows composed
of dark grey, fine to medium grained basalt that is gener-
ally massive, hard and compact [35]. The basalts range
from non-porphyritic to sparsely or moderately porphyritic
varieties, with plagioclase and locally olivine phenocrysts
occurring within a fine-grained basaltic groundmass [36].
Individual pahoehoe flows commonly comprise a relatively
massive central portion bounded by vesicular zones, with
pipe amygdales, spherical vesicles and local cavity and
crack filling features. The compound nature of the forma-
tion is expressed by the occurrence of multiple overlap-
ping lava lobes and flow units. The lava pile locally con-
tains megacrystic plagioclase bearing horizons that serve
as regional stratigraphic marker units and are important
for correlation within the Deccan lava succession [37]. In
the broader Pune-Ahilyanagar sector, the Upper Ratan-
garh Formation is associated with a thick pahoehoe dom-
inated lava sequence, and its stratigraphic relationships
have been refined using Giant Plagioclase Basalt (GPB)
horizons [35, 38]. An important component of the Deccan
basalt succession is the occurrence of interflow red bole
horizons, which commonly occur between successive lava
flows. These reddish to reddish-brown, fine-grained hori-
zons are generally associated with weathering of volcanic
material and development of paleosol-like or altered in-
terflow horizons during intervals of volcanic quiescence.
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Red bole beds have been documented extensively within
the Deccan Volcanic Province, including the Pune region,
and may occur between individual basaltic flow units [39].
The presence of such interflow horizons introduces addi-
tional heterogeneity into the fluid flow architecture of the
Deccan basalt pile. Depending on their thickness, continu-
ity, degree of induration and alteration, red bole horizons
may act as relatively low permeability horizontal barriers
that impede vertical fluid movement, while in other circum-
stances, their altered or fractured character may provide
preferential lateral pathways for groundwater or hydrother-
mal fluids. Consequently, fluid circulation within the Dec-
can basalt sequence should not be considered as a simple
system in which massive It represents an interflow strati-
graphic horizon that may have influenced the direction and
degree of fluid circulation through the host basaltic pile.
The formation of the secondary Calcite is consequently in-
terpreted in the context of a heterogeneous basaltic reser-
voir in which fluid pathways were controlled by the spatial
relationships among vesicles, fractures, flow contacts and
interflow horizons.

The vesicular and amygdaloidal portions of these
basaltic flows are particularly significant for secondary
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mineralization because they provide cavities and fracture
networks that can be subsequently occupied by hydrother-
mal or low temperature secondary minerals. Such sec-
ondary mineral assemblages in the Deccan basalts com-
monly include zeolites, calcite, silica minerals and other
cavity filling phases [9]. Therefore, the vesicular, fractured
and amygdaloidal character of the Upper Ratangarh basalt
provides an appropriate geological host for the occurrence
of secondary calcite investigated in the present study.

2.2. Field Sampling

Hand specimens were collected from fresh quarry and
road-cut faces (Figure 2a,c,e), weathered surfaces and
soil-covered zones being avoided. Calcite was sampled
together with a rim of adhering host basalt wherever pos-
sible so that the wall-rock contact could be examined in
thin section. Because the present dataset comprises a
limited number of specimens, all comparative statements
between localities are treated with corresponding caution
throughout, and the compositional and spectroscopic re-
sults are interpreted principally as a pooled description of
a single texturally defined calcite generation rather than as
evidence of inter-site variation.
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Figure 1. Geological map of Deccan Volcanic Province, after Parthasarathy 2006 [40]. (A) Location of study area marked
in red box. (B) Geology of the study area [Junnar, Parner Taluka in Pune & Ahilyanagar].
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Figure 2. (a,c,e) Outcrops of Ane ghat, Shindewadi 1, Shindewadi 2; (b,d,f) Secondary minerals from locations—Ane

ghat, Shindewadi 1, Shindewadi 2.

2.3. Cavities in the DVP

The Deccan Volcanic Province (DVP) contains various
types of open spaces within basaltic lava flows including
vesicles, cavities, vugs and fractures. These features differ
in their morphology, origin and relationship with secondary
mineralization. The term cavity is used here as a gen-
eral morphological term for an open space with a roughly
rounded to irregular boundary, ranging in size from millime-
tres to centimetres. Cavities may develop through vesicu-
lation, dissolution cooling related processes, or structural
modification of the host basalt. Vesicles are primary cavi-
ties produced by the exsolution and entrapment of volatile
rich gas bubbles during the cooling and solidification of
lava. When such vesicles are subsequently filled partly
or completely by secondary minerals, they are referred
to as amygdales (amygdules). In the study area, amyg-
dales range from a few millimetres to several centime-
tres in size and are commonly filled by secondary miner-
als such as Stilbite, Scolecite, apophyllite, Calcite, Quartz,
and/or Chalcedony.

A vug refers to an open cavity, commonly within the
rock or a mineralized zone, whose walls are lined or coated
by crystals. In contrast, a fracture is a linear or planar
mechanical discontinuity produced by brittle failure of the
rock. Fractures may develop as a consequence of tectonic
stresses, contraction during cooling of the lava, or unload-
ing associated with erosion and removal of overlying mate-
rial. Where such fractures become mineral filled, they may
form mineralized veins or fracture filled assemblages.

The investigated localities show distinct morpho-
logical and mineralogical characteristics of these open

spaces. At Ane Ghat, the secondary mineralization occurs
within a cavity that is filling predominantly by Calcite and
is associated with Stilbite. At Shindewadi 1, Calcite oc-
curs within an irregularly shaped cavity, representing cav-
ity fill mineralization, where Calcite occurs in association
with Scolecite within pre-existing vesicular spaces (Fig-
ure 2b,d,f). Thus, the investigated Calcite occurrences rep-
resent predominantly cavity fill and amygdaloidal mineral-
ization, rather than unequivocal fracture or vein fill miner-
alization. The morphological distinction is important for in-
terpreting the mode of emplacement of Calcite and its par-
agenetic relationship with the associated zeolite minerals.

3. Analytical Methods
3.1. Optical Petrographic

Petrographic examination of the thin section was car-
ried out using a polarizing optical microscope at the De-
partment of Geology, Savitribai Phule Pune University,
Pune, India.

Petrographic examination of the Calcite bearing sam-
ples reveals variations in crystal morphology, deforma-
tion intensity, fracture development and the relationship
between Calcite and the surrounding basaltic host. The
Calcite generally occurs as coarse to medium grained
secondary crystals occupying vesicular/cavity spaces and
fractured domains within the basalt. Individual Calcite crys-
tals are predominantly anhedral to subhedral, although, lo-
cally well-developed crystal boundaries can be observed.
The crystals are generally optically homogeneous and do
not show conspicuous, concentric or sectorial growth zon-
ing in the examined thin sections.
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The Ane Ghat Calcite (Figure 3a,b) is characterized
by relatively coarse crystals displaying abundant intersect-
ing planar features. These features form a prominent grid
like pattern within the crystals and are interpreted pri-
marily as Calcite twinning and deformation related frac-
tures rather than compositional growth zoning. Several
fractures transect the Calcite crystals indicating that frac-
turing occurred after at least part of the Calcite had crys-
talized. The Calcite-host contact is locally irregular, and
dark, fine grained material occurs along portions of the
crystal margin. However, a systematic replacement front or
dissolution-replacement texture is not sufficiently evident
in the available thin-section images to establish replace-
ment of an earlier mineral.

The Shindewadi 1 sample (Figure 3c,d) contains com-
paratively homogeneous Calcite with relatively subdued in-
ternal optical variation. Several straight to slightly irregu-
lar fractures intersect the Calcite crystals. Unlike the Ane
Ghat sample, the Calcite does not display a pronounced

==l
0.06 mm
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network of intersecting Twin/deformation features. No ob-
vious concentric growth zoning is observed. The relatively
uniform optical character suggests crystallization of a com-
paratively homogeneous Calcite generation, followed sub-
sequently by brittle fracturing.

The Shindewadi 2 sample (Figure 3e,f) exhibits a
more complex textural association between Calcite and
the surrounding altered basaltic material. Calcite occurs
as irregular to locally fragmented domains adjacent to the
darker host material with numerous fractures developed
through the carbonate. Some Calcite boundaries are ir-
regular rather than euhedral, indicating growth into an ir-
regular open space or fractured domain. The available
image therefore supports an interpretation of Calcite fill-
ing an existing void or fracture network rather than per-
mitting a definitive identification of a replacement texture.
Where Calcite occupies an open cavity, the contact with
the basaltic wall is irregular and locally associated with fine
grained alteration products.

0.06 mm

=
0.06 mm

Figure 3. Photomicrographs of calcite (a,b) Ane Ghat. (¢,d) Shindewadi 1. (e,f) Shindewadi 2.
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Across the three samples, the most conspicuous post-
crystallization feature is fracturing and deformation of Cal-
cite, particularly in the Ane Ghat sample. The fractures
commonly cross the individual Calcite crystals, demon-
strating that at least part of the deformation post-dates Cal-
cite crystallization. However, the available thin sections do
not provide unequivocal evidence for repeated crack-seal
growth, because discrete successive generations of car-
bonate separated by healed fracture bands are not clearly
resolved. Similarly, although Calcite occurs in association
with altered basalt and secondary mineral assemblages,
the present petrographic images do not permit a definitive
identification of Calcite replacing an earlier zeolite or other
secondary mineral.

Imaging and spot analyses were carried out at the
Central Instrumentation Facility, Savitribai Phule Pune Uni-
versity. Secondary-electron and backscattered-electron
images were used to assess crystal face preservation, sur-
face texture and evidence for dissolution or overgrowth;
energy-dispersive spectra were collected from flat regions
of individual crystals.

A limitation is stated at the outset rather than buried.
Energy-dispersive analysis is not a quantitative technique
for carbon and oxygen in a carbonate. Low-energy char-
acteristic X-rays from light elements are strongly self-
absorbed, fluorescence yields are low, and surface con-
tamination together with any conductive coating con-
tributes directly to the measured carbon signal [41]. The
EDS data reported below are used to confirm phase iden-
tity and to place upper limits on minor elements, and are
used for nothing else.

Raman spectra were acquired in the Department of
Earth Sciences, Indian Institute of Technology Bombay, on
the same polished sections used for petrography, with the
analysed spot located optically within a single crystallo-
graphic domain. Peak positions were obtained by fitting in-
dividual bands after background subtraction.

Band width and band position, not absolute intensity,
are used as structural indicators. Absolute Raman inten-
sity in a micro-Raman experiment depends on laser power,
focal quality, objective, integration time and in an optically
anisotropic mineral such as calcite, on the orientation of
the crystal relative to the incident polarization. The E, lat-
tice modes of calcite are strongly orientation-sensitive, so
a favourably oriented grain returns a stronger band irre-
spective of its defect density. Intensity comparisons be-
tween separately mounted grains are not physically mean-
ingful, and none are made here. The full width at half max-
imum of the vy mode, which broadens systematically with
lattice disorder and with magnesium substitution, is the ap-
propriate quantitative crystallinity metric and is identified
below as a target for future measurement [42—486].

Earth Systems, Resources, and Sustainability, 2026, 1(4), 494-512

In every section the calcite occupies vesicles and
short fracture segments and is bounded by the basalt wall
along a sharp, non-reactive contact. No embayment of the
wall rock, no corroded plagioclase or pyroxene relics en-
closed within the calcite, and no reaction rim were ob-
served. Crystals are coarse and commonly fill an entire
void as one or a few optically continuous individuals, dis-
playing the perfect rhombohedral cleavage and extreme
birefringence characteristic of the phase, with interference
colours in the high-order pale range under crossed polars
(Figure 3a—f).

In backscattered and secondary-electron images the
crystals are euhedral to subhedral, with planar faces,
sharp edges and stepped growth surfaces. Etch pits,
rounded corners, dissolution embayment and overgrowths
of a second carbonate generation were not observed at
the scale examined. The sharp wall contact, the absence
of replacement textures and the preservation of crystal
faces together indicate growth into a fluid-filled void rather
than metasomatic replacement of the basalt (Figure 4a—c).

A consistent set of strain features is superimposed on
the growth fabric. Most conspicuous are closely spaced,
straight, parallel lamellae that remain optically continuous
through stage rotation and extinguish at an angle to the
host, identifying them as mechanical e-twins rather than
mineral-filled partings or exsolution lamellae. Two inter-
secting twin sets are developed in several grains. Twin
lamellae terminate at crystal boundaries and do not con-
tinue into adjacent grains or into the wall rock (Figure 3a—f).

Grains at Shindewadi 1 show pronounced undulose
and patchy extinction during rotation, indicating resid-
ual lattice distortion. Intracrystalline microfractures occur
at all three sites; they are dominantly cleavage-parallel
with irregular linking segments and locally offset cleav-
age traces by a few tens of micrometres. A subset of
fractures is healed and marked by planar trails of small
inclusions, a geometry characteristic of secondary fluid-
inclusion planes.

The relative timing is unambiguous. Twins, microfrac-
tures and healed fractures all cross-cut cleavage planes
and growth surfaces that are continuous elsewhere in the
same crystal, so they were imposed after the crystal at-
tained its final size. Neither dynamic recrystallization nor
sub grain development nor bulging grain boundaries were
observed, indicating that strain was accommodated almost
entirely by twinning and brittle failure.

Twin morphology is dominated by thin, straight lamel-
lae that appear as fine dark lines at the working magni-
fication, corresponding to Type | of the Ferrill classifica-
tion [12]. Thick, lensoid and bent twins, and patchy twin-
ning, were not observed. Type | dominance corresponds
to deformation at temperatures below approximately 170—
200 °C. Table 1 summarizes the microstructural observa-
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tions; the qualitative twin-type assignment is reported, and
quantitative twin width and density statistics, which would
sharpen the temperature bracket, are identified in Sec-
tion 6.7 as required future measurement.

4.3. SEM-EDS

Spectra from all three localities are dominated by Ca,
C and O with minor Fe and Mg, and, at Ane Ghat and
Shindewadi 1, sub-1 wt% Si and Al. No other element was
detected above background. Normalized results appear in
Table 2.

cps/eV
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The stoichiometric ratios are the informative rows.
Calcite requires Ca:C:O in the atomic proportion 1:1:3.
Measured Ca/C ratios of 1.31-1.61 depart from unity by
30 to 60%, and measured Ca/O ratios of 0.62 exceed the
ideal value of 0.33 by nearly a factor of two. This is not
a property of the samples. It is the expected behaviour of
energy-dispersive analysis applied to light elements in a
coated carbonate, and the constancy of the Ca/O ratio at
0.62 across all three sites demonstrates that the offset is
systematic and instrumental rather than random.
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501



Mookherjee et al.

Earth Systems, Resources, and Sustainability, 2026, 1(4), 494-512

Table 1. Microstructural observations in cavity-filling calcite.

Feature Ane Ghat Shindewadi 1 Shindewadi 2
Polysynthetic e-twins Present Present Presen3t
Dominant twin type I I I
Intersecting twin sets Observed Observed Observed
Undulose extinction Moderate Pronounced Moderate
Cleri\i/:r%?r:gztrreoslled Present Present Present
Cleavage offsets Observed Observed Observed
Healed fracture planes Present Present Present
Dynamic recrystallization Absent Absent Absent
Inferred T of deformation <170-200 °C <170-200 °C <170-200 °C

Table 2. Semi-quantitative SEM-EDS analyses (weight per cent, normalized; atomic per cent in parentheses).

Locations Ane Ghat Shindewadi 1 Shindewadi 2
Elements Wit% At.% Wit% At.% Wi% At.%
Ca 52.58 29.33 53.75 30.54 53.81 30.13
0] 33.63 46.99 34.53 49.15 34.39 48.24
C 11.99 22.32 10.01 18.98 11.49 21.48
Si 0.89 0.71 0.87 0.71 b.d b.d.
Al 0.62 0.51 0.61 0.52 b.d b.d.
Fe 0.62 0.1 0.19 0.08 0.25 0.1
Mg 0.05 0.04 0.04 0.04 0.05 0.05
Ca/C (atomic) 1.31 1.61 1.4
Ca/O (atomic) 0.62 0.62 0.62

b.d. = below detection. Ideal calcite has Ca/C = 1.00 and Ca/O = 0.33. Values are not stoichiometric and must not

be read as quantitative mineral chemistry; see Section 4.3.

Two consequences follow and are stated rather than
worked around. No claim about carbonate stoichiometry,
purity or crystal chemistry can be supported by these data.
And the differences between localities 1.2 wi% in Ca, 0.06
wt% in Fe, are far smaller than the systematic error just
demonstrated and cannot be read as real compositional
differences.

Twin-type assignment follows the four-type morpho-
logical classification of [12]. The temperature bracket de-
rives from twin morphology alone and is a first-order con-
straint; quantitative twin width and density statistics are
identified as required future measurement in Section 6.7.

All spectra are those of calcite in the R3c structure
(Figure 5a—c). The two external lattice modes lie near
156 cm~! (translational, E,;) and 279-281 cm~' (vibra-
tional, Ey), and the internal carbonate modes at 711-

712 cm~" (v4 in-plane bend, Eg) and 1085-1087 cm~" (4
symmetric stretch, Ag). Weak features near 1435 cm~!
and 1749 cm~" were recorded at all sites. The former cor-
responds to the v3 antisymmetric stretch, formally Raman-
inactive in ideal calcite but weakly present in most natu-
ral spectra; the latter is a well-known combination band.
Neither requires explanation in terms of chemical substitu-
tion [47].

No aragonite, dolomite, magnesite or amorphous cal-
cium carbonate signature was detected. Peak positions
agree between the three localities—Ane Ghat (Figure 5a),
Shindewadi 1 (Figure 5b), Shindewadi 2 (Figure 5c) to
within 4 cm~", which is at or below the wavenumber ac-
curacy of a routinely calibrated dispersive system; the
published range for the vibrational mode of natural cal-
cite spans this interval, and the difference is not inter-
preted. Band positions and reference values are compared
in Table 3.
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Figure 5. Raman Shifts cm~" of calcite, (a) Ane ghat. (b) Shindewadi 1. (¢) Shindewadi 2.

Table 3. Micro-Raman band (cm~"') positions of calcite.

Band (Assignment) Ane Ghat Shindewadi 1 Shindewadi 2 Reference
Lattice T (Eg) 156 154 154 ~156
Lattice L (Eg) 281 279 279 ~282

va (Ep) 711 711 711 ~712

vy (A1g) 1081, 1087 1083 1083 ~1086

v3 (weak) 1434 1436 1436 ~1435
Combination band 1748 1750 1748 ~1749

503



Mookherjee et al.

Reference values after [46, 48]. Inter-site differences
do not exceed the wavenumber accuracy of a routinely cal-
ibrated dispersive system and are not interpreted. The v/4
mode is singly degenerate (Aig) and is not split in calcite.
However, the Ane ghat Raman peak showing splitting at
1081 and 1087 cm~" (Figure 5a) which could reflect the
possible cause of lattice strain, structural disorder.

The textural evidence for open-space growth is solid
and internally consistent: sharp non-reactive wall contacts,
absence of replacement fronts, coarse optically continu-
ous crystals filling voids, and euhedral faces preserved in
secondary-electron images. Growth from a supersaturated
aqueous fluid moving through connected vesicles and frac-
tures is the only reasonable reading. The association with
zeolite and silica phases in the same cavities, with calcite
occupying the residual central volume, places this calcite
late in the local filling sequence, in agreement with the par-
agenesis long established for the province [7, 9, 49, 50].

The limit of that inference deserves to be explicit. Late
in the filling of a given cavity is a relative statement about
one void. It does not establish that the calcite is late in the
history of the province, and it does not identify which of
the calcite generations recognized province-wide is repre-
sented. Calcite associated with a burial-related stage and
a considerably younger carbonate generation with miner-
alization ages in the Eocene—Oligocene range have both
been documented [9], and texturally similar, chemically in-
distinguishable calcite may belong to either. Any genetic
model resting on textures alone therefore carries an ir-
reducible ambiguity, which is left visible here rather than
closed by assumption.

The strain features are the substantive new obser-
vation. Their timing is fixed by geometry: e-twins, mi-
crofractures and healed fracture planes cut across cleav-
age and growth surfaces that are continuous elsewhere
in the same crystal, so the strain post-dates completion
of crystal growth, which in turn post-dates sealing of the
vesicle. The calcite therefore brackets a deformation event
younger than hydrothermal cavity filling.

Mechanical twinning is the dominant crystal-plastic
mechanism in calcite below roughly 400 °C and operates
at critical resolved shear stresses of only a few megapas-
cals, so its presence alone does not require a large stress.
Morphology is what carries diagnostic weight. Thin straight
Type | twins form below about 170-200 °C; thick, lensoid
and bent twins appear above that threshold, and patchy
twinning above roughly 250 °C [11-13, 51]. Experimen-
tal investigation further demonstrates the utility of calcite
deformation twins as indicators of stress and strain un-
der low temperature condition [52]. The observed domi-
nance of Type | therefore confines deformation to the low-
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temperature field, and the complete absence of recrystal-
lization is consistent.

Post-emplacement deformation of the lava pile is the
most economical explanation, but three alternatives must
be excluded before that interpretation is secure, and they
are flagged rather than passed over. Twinning can be in-
duced during rock sawing and section preparation. It can
be produced by differential compaction and load trans-
fer within the pile with no tectonic driver. And in a cav-
ity mineral it can arise from local stress concentration at
the amygdale wall, generated by the elastic contrast be-
tween calcite and basalt, which would not scale to a re-
gional strain field. The first is testable by examining twins
in grains fully enclosed by basalt and remote from cut sur-
faces. The second and third require orientation data: twin-
set orientations measured relative to a geographic frame
from oriented samples and inverted for a stress tensor by
an established method [13, 14]. Compression axes consis-
tent between grains, cavities and localities would support
a regional driver; randomly distributed axes would not.

Against the regional literature the result occupies a
useful point of tension. Geomorphometric indices across
thirty basins of the western Deccan returned no signal of
active tectonics [16], whereas structural and geophysical
work has argued for reactivation of sub-trappean base-
ment structures. The two need not agree. Evidence from
Koyna-Warna region documents fault zone deformation
and calcite bearing veins within the Deccan basalt suc-
cession, demonstrating the brittle deformation and fluid
assisted mineralization continued after emplacement [53].
Landscape indices integrate only the most recent defor-
mation, whereas a twinning strain integrates everything
that has occurred since the cavity was sealed, and the mi-
crostructural record may register events that the topogra-
phy no longer preserves. The twin data are offered as ev-
idence bearing on that debate rather than as confirmation
of either side.

Three interpretations that recur in the earlier literature
on Deccan cavity calcite do not survive scrutiny and are
set aside.

The first treats EDS-detected Si and Al as elements
incorporated into the calcite lattice from the mineraliz-
ing fluid. Neither ion has a plausible site in the calcite
structure. Ca®t occupies a six-fold coordinated site and
is substituted by divalent cations of comparable radius
Mg?*, Fe?T, Mn?*, Sr?* whereas Si** is four-coordinated
in silicates and AP+ cannot be accommodated without a
charge-balancing mechanism for which no evidence ex-
ists [54]. Sub-1 wt% Si and Al in a spot analysis of calcite
are far more simply explained by micrometre-scale silicate
or zeolite inclusions within the interaction volume, or by
beam overlap onto an adjacent phase. Their absence at
Shindewadi 2 indicates that the particular spot analysed
was cleaner. It does not demonstrate a more chemically
evolved fluid.
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The second uses absolute Raman peak intensity as a
crystallinity index. For the reasons set out in Section 3.3,
intensity in a micro-Raman measurement is governed by
instrumental and geometric factors and, in an anisotropic
crystal, by orientation relative to the incident polarization.
Band width and position are the correct metrics, and the
vy full width at half maximum is the appropriate one here
[42, 45]. No ranking of the three localities by lattice order
is defensible on the present data.

The third reads the 2 cm~" difference in the vibrational
lattice mode as a compositional or crystallization signal.
This lies at or below the wavenumber accuracy of a rou-
tinely calibrated dispersive Raman system, and the pub-
lished range for natural calcite spans the interval. Inter-
preting it would be over-reading the data.

What the Raman data do establish is worth retaining,
stated modestly. All three samples are calcite; they are
structurally ordered; no other carbonate polymorph and
no magnesium-rich carbonate is present; and the carbon-
ate framework was not measurably disturbed by the twin-
ning strain, an observation itself consistent with the low de-
formation temperature inferred from twin morphology, and
one with direct bearing on the durability argument devel-
oped below.

Geological disposal of carbon dioxide in sedimentary
reservoirs relies principally on structural and residual trap-
ping, in which a buoyant supercritical phase is retained
beneath a low-permeability seal. Retention in that con-
figuration is contingent on the seal remaining intact, so
the storage site requires monitoring on a timescale set
by the residence of the buoyant phase [55]. Mineral trap-
ping in reactive silicate rock operates on an entirely dif-
ferent principle. Dissolution of CO» in formation water pro-
duces carbonic acid, which attacks primary silicates and
liberates Ca?*, Mg®+ and Fe?*; when carbonate satura-
tion is reached, those cations are fixed as calcite, dolomite,
ankerite, siderite or magnesite [19, 20]. The carbon is then
held in a thermodynamically stable solid of essentially the
same density as the host rock. Buoyancy is eliminated,
leakage pathways become irrelevant, and the storage be-
comes permanent in a sense that structural trapping can-
not match.

Basalt is the preferred host because it is unusually rich
in the necessary divalent cations. The controlling doubt
was never whether the reaction occurs but whether it oc-
curs fast enough to be useful, and field injection has settled
that question decisively: at the Hellisheidi site in southwest
Iceland the great majority of injected CO, was mineralized
within approximately two years, an outcome substantially
faster than pre-injection modelling anticipated [21]. How-
ever, experimental and field observations from the Carb-
Fix project at Hellisheidi demonstrate that basalt—fluid re-
actions and carbonate mineralization can proceed rapidly
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when reactive basalt interacts with CO,-bearing water un-
der favourable geothermal and hydrological conditions.
However, this system should not be considered a direct ki-
netic analogue for the Deccan Volcanic Province. The Dec-
can basalts represent an ancient continental flood-basalt
sequence that underwent prolonged cooling, burial, alter-
ation and multiple episodes of secondary mineralization.
Thus, the CarbFix results are used here only to demon-
strate the potential for relatively rapid basalt—fluid interac-
tion, rather than to assign a specific mineralization rate
to the Deccan system. The timing and duration of Dec-
can secondary mineralization must instead be constrained
from its mineral assemblages, paragenetic relationships,
fluid characteristics and available geochronological con-
straints.

Comparable reactivity has been demonstrated in con-
tinental flood basalt [23] and in deep-sea basaltic crust
[56], and the approach is now treated as a mature com-
ponent of the storage portfolio [22].

The Deccan Volcanic Province has been identified as
a strategic CO, storage domain for India for nearly two
decades [24], and the case has since been developed
on several independent lines. Laboratory carbonation of
Deccan lithologies confirms reactivity directly: picrites from
the Igatpuri Formation reacted with water and supercriti-
cal CO, at 100 °C and 60 bar for five months developed
secondary carbonate on grain surfaces and in intergranu-
lar space, identified by combined SEM-EDS, infrared and
Raman spectroscopy [31]. Reactive-transport modelling of
the Mandla lobe indicates that more than half of injected
carbon mineralizes within roughly 140 days, with ankerite,
siderite and calcite as the dominant product phases [32].
Longer-duration capture experiments on Deccan basalt
have tracked crystallographic evolution of the calcite prod-
uct itself [32]. Structural and residual trapping behaviour
has been modelled for the Saurashtra sector [27], and
Deccan dyke swarms have been evaluated separately as
potential sinks [26].

The most quantitatively constrained assessment to
date integrates 12,072 line-km of two-dimensional seis-
mic data with borehole and petrophysical control from the
Koyna—Warna and Killari regions, and reports a gross rock
volume of 88,937 km? at depths exceeding 750 m, the min-
imum burial required to maintain supercritical CO, condi-
tions [25]. That study identifies the reservoir architecture
explicitly: vesicular and amygdaloidal flow tops constitute
the principal storage intervals, while massive flow interi-
ors act as laterally continuous natural seals, giving the
province an intrinsic layered trapping geometry.

It is this last point that connects the engineering liter-
ature to the present observations. The amygdaloidal flow
tops nominated as reservoir intervals are the very horizons
sampled at Ane Ghat, Shindewadi 1 and Shindewadi 2,
and the vesicles nominated as pore volume are the voids
whose calcite fill is described in Section 4.
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The calcite filled amygdales investigated in this study
provide a natural geological example of carbonate mineral
formation and long-term carbon immobilization; however,
they should not be regarded as a direct or exact analogue
of modern engineered carbon capture and storage (CCS)
operations. The geological system developed over sub-
stantially longer timescales and under fluid flow conditions
that differ fundamentally from those associated with indus-
trial CO, injection. In the studied basaltic system, the ob-
served paragenetic sequence indicates that calcite precip-
itation occurred during a late stage of hydrothermal burial
evolution after the formation of zeolite minerals and pro-
gressive reduction in the available pore space and perme-
ability. Consequently, Calcite formation probably occurred
from relatively evolved and residual fluids within a pro-
gressively sealed vesicular network, rather than from a
rapidly injected CO; rich fluid through an actively perme-
able reservoir. This distinction is important when consid-
ering the relevance of the studied system to CCS. Mod-
ern geological CO, storage involves deliberate injection
of CO,, commonly under elevated pressure followed by
multiphase fluid migration, dissolution and potential min-
eral reactions within an engineered reservoir. The natural
system examined here does not reproduce these injection
rates, pressure conditions, fluid flow regimes, or reservoir
management strategies. Therefore, the present study does
not claim that the observed amygdales constitute a direct
experimental simulation of engineered CCS. Instead, their
significance lies in demonstrating a natural end member of
long-term mineral trapping. The sequential development
of zeolite and carbonate minerals illustrates how basaltic
mineral assemblages can evolve through fluid rock inter-
action toward progressive sealing and carbonate precipita-
tion. The occurrence of calcite at the late stage of the par-
agenetic sequence provides geological evidence that car-
bonate minerals can persist as stable as mineral products
within basaltic cavities over geological timescales. Thus,
the studied amygdales are better considered a natural
geological analogue for the long-term mineralogical con-
sequences of carbon bearing fluid rock interaction rather
than a direct analogue for the kinetics or hydrodynamics
of industrial CCS. Accordingly, the observations provide a
geological perspective on the potential for basalt hosted
systems to retain carbon through carbonate mineraliza-
tion, while recognizing that the efficiency and rate of re-
tained mineral trapping in engineered CCS depend on fac-
tors such as CO. injection conditions, fluid pressure, per-
meability, reactive surface area, temperature, fluid compo-
sition, and reservoir scale hydrology. The natural example
therefore informs the long-term mineralogical end point of
carbon sequestration, but does not by itself establish the
performance or efficiency of an engineered CCS system.

Sections 4.1 and 5.1 establish a sequence of events
that reproduces, step for step, the reaction pathway that
engineered carbonation is designed to induce. Aqueous
fluid circulated through a connected void network in tholei-
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itic basalt. Fluid—rock interaction altered calcic plagioclase,
clinopyroxene and glass, releasing Ca and other cations
into solution. Silica and alumina were progressively re-
moved from that fluid by precipitation of zeolite and silica
phases. When the residual fluid attained saturation with
respect to CaCOs, calcite grew into the remaining open
volume and sealed it.

Two features of the resulting cement carry direct ev-
idential weight for storage permanence, and both are es-
tablished above.

The first is the absence of dissolution. No etch pits,
rounded corners or dissolution embayment were observed
in secondary-electron imaging, and no replacement fronts
or corroded relics occur at the wall contact. Whatever flu-
ids traversed the pile after cavity sealing did not apprecia-
bly redissolve the carbonate. Given the interval concerned
of order 6.6 x 107 years, this is a stronger empirical state-
ment about long-term mineral-trap stability than any labo-
ratory or pilot programme can furnish, because no experi-
ment can be run for the timescale that actually matters.

The second is structural integrity at the lattice scale.
Micro-Raman spectra are those of well-ordered calcite,
with no aragonite, no magnesian carbonate, and no amor-
phous calcium carbonate signature. The carbonate frame-
work has neither inverted to a metastable polymorph nor
accumulated detectable disorder, and critically it was not
measurably disturbed by the twinning strain documented in
Section 4.2. Since crystallographic modification of calcite
is one of the properties tracked in long-duration Deccan
CO,-capture experiments [32], the demonstration that a
66-million-year-old natural carbonate in the same province
retains a well-ordered structure through a subsequent de-
formation episode is a directly relevant benchmark.

Quantitative assessment of the cavity-filling sec-
ondary mineral assemblage indicates that calcite consti-
tutes approximately 0.8—16 molar volume% of the local
secondary precipitate volume in the studied samples. The
Ca concentration was also converted to CaCOj3 equivalent
using the stoichiometric factor CaCO3/Ca = 100.09/40.08
~ 2.497; accordingly, 29.33 wt% Ca corresponds to ap-
proximately 73.25 wt% CaCOj3; equivalent, assuming that
the measured Ca is entirely hosted by calcite. These val-
ues demonstrate the measurable contribution of carbonate
mineral precipitation within the cavity-filling assemblage
and provide quantitative support for the occurrence of min-
eral carbon trapping.

Taken together, the mineralogical evidence supports
permanence. The microstructural evidence complicates i,
and that complication is the substantive contribution of this
study to the storage question.

A natural analogue is quantitatively useful only to the
extent that the source of its carbon is known, and the
present dataset does not constrain that source. Stable car-
bon and oxygen isotope analysis would resolve it directly.
Carbon derived from magmatic or mantle CO, occupies a
§13C range near —5 to —8%. relative to VPDB; carbon from
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soil-zone or organic sources is markedly lighter; carbon
from dissolution of marine carbonate is heavier. Oxygen
isotopes, combined with an independent temperature esti-
mate, yield the §'80 of the parent fluid and therefore dis-
criminate meteoric-dominated from evolved or burial fluids.

A regional endpoint for that comparison already ex-
ists, and it is informative. Carbonates separated from crys-
talline basement recovered from the KLR-1 borehole in
the Killari region, beneath the Deccan cover, from sam-
ples KIL-13 at 440.5 m and KIL-20 at 499.6 m, return §'3C
values of —6.23 and —6.22%. versus PDB and 680 val-
ues of 7.94 and 8.11%. versus SMOW. These plot within
the primary igneous carbonatite field and were interpreted
as carbonate of mantle origin, produced by metasomatism
drawing on the deep mantle carbon reservoir; the same
basement rocks carry 2.00-2.28 wt% CO, [57, 58].

Three points follow. First, and most importantly for
the present purpose, the values are a comparison frame-
work and not a measurement on the material described in
this paper. They derive from 2.5 Ga amphibolite—granulite
facies basement at 440-500 m depth in a different dis-
trict, not from amygdale calcite in the lava pile, and they
are used here strictly as an independently published end-
point. Second, they document a substantial deep carbon
reservoir directly beneath the province, together with a
demonstrated mechanism for transferring that carbon up-
ward and fixing it as stable mineral carbonate, a natural
precedent for the process that engineered injection seeks
to reproduce. Third, they convert a vague expectation into
a sharp and falsifiable prediction. If Deccan amygdale car-
bon is dominantly deep-sourced, 6'3C in the calcite de-
scribed here should cluster near —6%.; values substan-
tially lighter would indicate a soil-zone or organic contribu-
tion, and values substantially heavier would indicate disso-
lution of pre-existing carbonate. The distinction matters for
the analogue, because a natural system that mineralized
mantle CO, at depth is a closer structural parallel to en-
gineered injection than one that mineralized shallow soil-
derived carbon.

The relatively low §'80 of the Killari basement car-
bonates, near 8%. SMOW, is itself diagnostic of a high-
temperature, deep-sourced fluid rather than shallow mete-
oric water, and provides a second axis of comparison once
amygdale values are available.

The microstructural results bear on storage security in
a way that the mineralogical results do not, and the argu-
ment is worth stating carefully because it cuts against the
prevailing emphasis.

Basalt carbonation is generally presented as perma-
nent, and at the level of the mineral phase that presen-
tation is correct: the observations in Section 6.3 support
it. But permanence of the carbonate phase is not the
same thing as permanence of the reservoir. The amygdale
calcite described here was mechanically strained after it
sealed its host cavity. Twins formed, cleavage-controlled
microfractures propagated through the carbonate cement,
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and cleavage traces were offset by tens of micrometres.
Mechanical twinning in amygdaloidal calcite records post-
crystallization, intracrystalline strain accommodation and
provides evidence for the stress deformation history of
the reservoir. However, Calcite Twinning alone does not
demonstrate a loss of reservoir containment. Any infer-
ence regarding compromised integrity or enhanced fluid
leakage requires independent evidence of interconnected
brittle fractures, faulting, cataclasis, or other macroscale
permeability pathways [59].

The plateau interior is conventionally treated as tec-
tonically quiescent, and geomorphometric analysis across
thirty western Deccan basins found no signal of active tec-
tonics [16]. Even so, the cement records brittle failure.

Three consequences follow for storage assessment in
this province.

A quiescent surface expression does not warrant an
assumption of mechanical stability at reservoir depth. The
strain documented here is invisible in landscape morphol-
ogy yet plainly recorded in the cement, precisely because
a twinning and micro fracturing strain integrates the entire
interval since cavity sealing whereas geomorphic indices
integrate only the most recent increment. Site screening
that relies on geomorphic quiescence alone will systemat-
ically underestimate the cumulative deformation a candi-
date reservoir has experienced. Comprehensive monitor-
ing approaches, including spatial information-based tech-
niques, are therefore important for evaluating storage be-
haviour and identifying potential anomalies during geolog-
ical CO, sequestration [59, 60].

Second, carbonate cement is the mechanically weak
link, not the seal. The massive flow interiors that consti-
tute the natural seals in the Deccan architecture [25, 61]
are unfractured basalt, whereas the carbonate filling the
vesicular flow tops fails brittlely at low differential stress.
Fracturing of the cement does not by itself breach con-
tainment, since the seal is a separate lithology, but it does
create secondary permeability within the storage interval,
with implications for fluid redistribution, for the effective
porosity available to subsequent injection, and for the me-
chanical response of an already carbonated horizon to re-
newed pore-pressure increase. Experimental work has es-
tablished that carbonation measurably alters the strength
of Deccan basalt [58]; the present observations show that
the natural product of the same reaction, once emplaced,
is itself susceptible to brittle failure.

Third, the temperature bracket sets the conditions of
failure. Type | twin dominance places the deformation be-
low approximately 170—-200 °C in the range of shallow
crustal, near-ambient conditions rather than any thermal
excursion. Carbonate cement in a flood-basalt reservoir
can therefore be strained under precisely the conditions
in which an engineered store would operate. This is not an
exotic failure mode confined to orogenic settings.

The picture is not one-sided, and the same mi-
crostructural record supplies the counterweight. A subset
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of the microfractures described in Section 4.2 is healed,
marked by planar trails of small inclusions with the geome-
try characteristic of secondary fluid-inclusion planes. Frac-
tures that opened in the carbonate cement were subse-
quently sealed by carbonate-bearing fluid moving through
them.

This is self-sealing, and for storage assessment itis a
favourable observation. A reactive reservoir in which frac-
tures are progressively re-cemented by the same reaction
that filled the pore space originally is fundamentally more
robust than an inert one, in which a fracture once opened
remains a permanent conduit. The secondary inclusion
planes are direct textural evidence that the Deccan system
possesses this capacity, and they indicate that carbonate
precipitation continued after the deformation episode.

The security of mineral trapping in a naturally car-
bonated flood basalt is therefore best framed as a com-
petition rather than an absolute. Fracture generation de-
grades the cement; continued carbonate precipitation re-
pairs it. Which term dominates over a given interval deter-
mines whether secondary permeability accumulates or is
annealed, and that balance is legible in the cement of any
amygdale in the province. Reading it does not require a
drilling programme. It requires thin sections.

Four measurements would convert the framework
above into a quantitative result, and all are routine.

Quantitative twin analysis on oriented samples is the
most valuable extension available without new laboratory
access. Mean twin width and twin density measured over
a statistically adequate population would sharpen the tem-
perature bracket and yield a differential stress estimate
[12, 15]. Twin-set orientations measured in a geographic
frame, by universal stage or electron backscatter diffrac-
tion, and inverted for a stress tensor [13, 14, 62, 63]
would establish whether the strain reflects a regional field
or purely local stress concentration at the amygdale wall.
Consistency of compression axes across cavities and lo-
calities is the discriminant. A control observation should
accompany this work: twins must be confirmed in grains
fully enclosed by basalt and remote from saw cuts, to ex-
clude preparation-induced twinning.

Carbon and oxygen isotope analysis across a suite
of samples spanning the three localities and, if possible,
more than one stratigraphic level would identify the car-
bon source and test the prediction set out in Section 6.4
against the Killari basement endpoint [58]. Isotopic spread
within a single cavity would additionally reveal whether
more than one calcite generation is present, which cannot
be detected optically.

Fluid-inclusion micro thermometry on primary inclu-
sions would supply the trapping temperature that oxy-
gen isotope thermometry requires, together with salinity
from final ice-melting temperatures. Secondary inclusions
along the healed planes are an equally valuable and sep-
arate target, because they trap fluid present during or after
the deformation; comparison of the two populations would
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bracket the deformation event between two measured fluid
states.

Wavelength-dispersive electron probe microanalysis
using carbonate standards, with CO, calculated by stoi-
chiometry, or laser-ablation ICP-MS trace-element analy-
sis, would replace the semi-quantitative EDS data of Ta-
ble 2 and permit a defensible discussion of minor-element
chemistry. Together with v¢ full-width-at-half-maximum
measurement, this would allow the crystallinity and substi-
tution arguments deferred in Section 5.3 to be made prop-
erly.

The secondary mineralisation investigated in the Vol-
canic Province (DVP) is interpretated as a multiple process
that developed following emplacement and cooling of the
tholeiitic basaltic lava flows at approximately 66 Ma. Cool-
ing and thermal contraction of individual lava flows pro-
moted the development of vesicles, amygdaloidal zones,
fractures, and joints, which subsequently provided path-
ways and open spaces for fluid circulation and mineral pre-
cipitation. During the early stages of cooling and incipient
alteration, interaction between the basalt and circulating
fluids promoted alteration of volcanic glass and primary
mafic minerals and the development of clay and Fe—Mg-
bearing alteration phases [64, 65]. Such early alteration is
consistent with previously proposed models for secondary
mineralisation in the DVP.

With progressive burial and increasing temperature,
continued fluid—rock interaction promoted alteration of
basaltic minerals, particularly glass and plagioclase [66,
67] and resulted in the precipitation of secondary zeolites
and silica phases. Heulandite, Stilbite, and Scolecite are
common secondary minerals in the DVP and have been
interpreted to form under low-temperature to low-grade
hydrothermal/ burial conditions. Previous studies indicate
that the mineral assemblages and their sequence vary be-
tween localities, reflecting differences in temperature, fluid
composition, permeability, and the extent of fluid—rock in-
teraction [9, 10, 68, 69].

Silica minerals such as Chalcedony and Quartz oc-
cur as important components of the secondary mineral
assemblage and locally formed in association with zeo-
lites. In some parts of the DVP, later mineralisation was
associated with more evolved hydrothermal fluids capable
of precipitating minerals such as apophyllite. The occur-
rence of apophyllite and other late-stage minerals has pre-
viously been interpreted as evidence for a later hydrother-
mal stage in the multistage mineralisation history of the
DVP.

Calcite represents an additional stage of carbonate
mineralisation in the investigated samples. The occurrence
of coarse euhedral to subhedral calcite crystals, well-
developed rhombohedral forms, planar crystal faces, and
sharp contacts with the basaltic cavity walls is consistent
with precipitation from a fluid into pre-existing open cav-
ities and fractures rather than direct replacements of the
basalt. The association of calcite with Stilbite at Ane Ghat
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and with Stilbite and Scolecite at Shindewadi indicates
that carbonate precipitation occurred within the broader
sequence of secondary mineralization. However, because
the present study does not include fluid-inclusion or stable-
isotope measurements, the precise temperature and rela-
tive timing of Calcite precipitation cannot be independently
constrained.

The chemical and spectroscopic characteristics fur-
ther support the identification of the investigated material
as well-crystalized Calcite. SEM-EDS analysis show Ca,
C, and O as the dominant constituents, with minor Si, Al,
Fe, and Mg. The Raman spectra are characterised by the
diagnostic carbonate bands of Calcite, including the strong
band near 1085 cm~—'. These observations indicate a well-
developed Calcite structure and support its interpretation
as a secondary mineral precipitated within the basaltic
cavities and fractures.

Following Calcite crystallization, some crystals ex-
hibit mechanical twins, intracrystalline microfractures, off-
set along cleavage planes, and locally healed fractures.
These features cross-cut or affect previously formed crys-
tal growth features and are therefore interpretated as evi-
dence of deformation after Calcite crystallization. The de-
formation may reflect post-mineralisation structural reac-
tivation within the basaltic succession. However, because
Calcite-filled vesicles can also concentrate local stresses
owing to the mechanical contrast between Calcite and
Basalt, the observed deformation should not be consid-
ered by itself as definitive evidence for a province-wide
tectonic stress field.

Thus, the investigated Calcite record at least two ma-
jor geological episodes: (1) precipitation during secondary
mineralisation of cavities and fractures within the Deccan
basalts and (2) subsequent deformation after Calcite crys-
tallization. The integrated petrographic, SEM-EDS, and
Raman observations therefore indicate that the calcite-
bearing cavities preserve a record of both post-volcanic
fluid-mediated mineralisation and subsequent structural
modification.

The genetic model proposed for the investigated sec-
ondary mineralization involves progressive interaction be-
tween basaltic rocks and circulating aqueous fluids un-
der changing temperature, fluid-composition, and pressure
conditions.

Following emplacement and cooling of the Deccan
basalt, thermal contraction generated vesicles, fractures,
and joints that acted as sites of fluid circulation and sec-
ondary mineral growth. Early interaction between basalt
and circulating fluids promoted alteration of volcanic glass
and primary minerals and released elements such as Ca,
Si, Al, Fe, Mg, and Na into the fluid. These components
subsequently precipitated in the formation of clay miner-
als, zeolites, silica phases, and carbonates.

During burial and continued fluid circulation, increas-
ing temperature promoted progressive alteration and ze-
olite formation. Previous investigated of the DVP have
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demonstrated that zeolite and associated secondary-
mineral assemblages developed over a range of rela-
tively low-temperature conditions. At Savda, Ottens. doc-
umented a multistage sequence involving early alteration,
Calcite and Silica mineralisation, followed by zeolite and
later hydrothermal mineralisation, with fluid-inclusion tem-
peratures locally extending to approximately 250 °C for
Calcite Ill. In Salsette [10] similarly documented several
mineralisation stages, with early high-temperature min-
eralisation followed by decreasing temperatures and for-
mation of low-temperature zeolites including Scolecite,
Heulandite, and Stilbite.

The Stilbite-Scolecite Calcite associated with assem-
blages in the present study is therefore consistent with
relatively low-temperature secondary mineralization. Lit-
erature values indicate that these zeolites can form over
approximately 80-160 °C [10, 70, 71] although their ac-
tual formation temperatures depend on fluid composition,
pressure, host-rock alteration, and mineral stability. Con-
sequently, the occurrence of these zeolites provides a rea-
sonable basis for interpreting the associated Calcite as a
relatively low-temperature secondary mineral, but it does
not provide a direct temperature measurement for Calcite.

For the investigated samples, Calcite occurs in asso-
ciation with Stilbite at Ane Ghat and Shindewadi 1, with
Scolecite at Shindewadi 2. On the basis of these mineral
association and published temperature ranges for of these
mineral associations and published temperature ranges
for capable DVP secondary-mineral assemblages, Calcite
precipitation is tentatively interpreted to have occurred un-
der approximately 100-130 °C conditions. This tempera-
ture should be regarded as an inferred range rather than
a directly measured crystallization temperature, because
fluid-inclusion and stable-isotope thermometry were not
performed on the present Calcite samples.

The Ca required for Calcite precipitation could plau-
sibly have been supplied largely through alteration of
Ca-bearing minerals, particularly Plagioclase, during pro-
longed fluid—rock interaction. This interpretation is consis-
tent with the ability of circulating fluids to extract Ca and
other major elements from basalt during secondary min-
eralisation. The carbon component, however, cannot be
uniquely established from the present mineralogical and
chemical data. Published isotope work on Savda [9] Cal-
cites indicates that their carbon was derived from dissolved
inorganic carbon (DIC), involving mixed organic/inorganic
carbon sources. Accordingly, a DIC-bearing circulating
fluid is considered a plausible carbon source for the
present Calcites, although confirmation would require sta-
ble carbon- and oxygen-isotope analyses of the investi-
gated samples. The fluid may have contained both mete-
oric and hydrothermal components. This interpretation is
consistent with previous Deccan Volcanic Province stud-
ies in which secondary mineralisation has been attributed
to evolving fluid systems involving burial-related and hy-
drothermal processes. At Savada, for example, isotope
and fluid-inclusion data indicate that the mineralizing flu-
ids changed through time and that different Calcite gener-
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ations formed under different physicochemical conditions.
Similarly, the Salsette study demonstrates that the DVP
secondary-mineral system experienced changing temper-
atures and fluid composition through multiple stages.

The final stage of the proposed genetic model in-
volves post-mineralisation deformation. After Calcite crys-
tallization, subsequent structural reactivation and stress
within the basaltic succession may have produced me-
chanical twinning, micro fracturing, cleavage offsets, and
partial healing of fractures within the Calcite. These fea-
tures indicate that deformation post-dated crystal growth.
However, the deformation is interpreted conservatively as
post-crystallization structural modification, rather than be-
ing used alone to infer a regional tectonic stress field, be-
cause local stress concentration around vesicle walls may
also contribute to deformation.

Overall, the genetic model suggests that the investi-
gated Calcites formed through fluid-mediated secondary
mineralisation of the Deccan basalts, involving basalt-fluid
interaction, mobilization of Ca, and precipitation from DIC-
bearing aqueous fluids under relatively low-temperature
conditions, followed by later post-crystallization deforma-
tion. The model is therefore consistent with the broader
multistage mineralisation history recognised in the DVP
while remaining appropriately constrained by the evidence
available from the present study.

Calcite filling amygdales in Deccan basalts of the Jun-
nar and Parner sectors grew into open voids after ze-
olite and silica phases, and was subsequently strained.
The strain is expressed as thin straight e-twins, cleavage-
controlled microfractures and healed fracture planes, all
of which cut growth features and therefore post-date cav-
ity sealing; twin morphology places the deformation below
approximately 170-200 °C. This microstructural record,
rather than the mineralogy, is the substantive result. It
demonstrates that cavity calcite functions as a distributed,
low-temperature strain marker in a flood-basalt province
where the extent of post-eruptive deformation remains de-
bated.

The compositional and spectroscopic data support
phase identification and structural ordering. Given the well-
known limitations of energy-dispersive analysis for light el-
ements and the orientation dependence of Raman intensi-
ties, they do not resolve differences between the three lo-
calities, and no such claim is made. Assigning this calcite
to a specific generation within the province-wide parage-
nesis requires carbon and oxygen isotope data and fluid-
inclusion micro thermometry on a larger sample suite.

For mineral carbon sequestration, the material ex-
amined here is a completed natural experiment in basalt
carbonation, preserved in the amygdaloidal flow tops
that constitute the nominated reservoir intervals of the
province. The absence of dissolution textures and the re-
tention of a well-ordered carbonate structure over approx-
imately 66 million years constitute empirical support for
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the permanence of mineral trapping on a timescale no ex-
perimental programme can reach. That support is quali-
fied in a specific and useful way. The mineralized cement
was mechanically strained after emplacement, at near-
ambient temperature, in a region conventionally regarded
as tectonically quiescent and where geomorphic indices
detect no active tectonics. Brittle failure of carbonate ce-
ment within a storage interval is therefore a realistic pro-
cess in this province, and screening based on geomorphic
quiescence alone will underestimate it. The healed frac-
tures supply the counterweight, showing that the system
re-cements its own damage. Long-term security of min-
eral trapping in the Deccan is accordingly a balance be-
tween fracture generation and carbonate self-sealing, and
that balance is directly readable in thin section from any
filled amygdale. Petrographic examination of natural car-
bonate cement deserves a place alongside seismic volu-
metrics and laboratory carbonation experiments in the as-
sessment of flood-basalt storage sites.

AM.: Geological Field work, Conceptualization, Vi-
sualization, Formal analysis, Writing—original draft. S.H.:
PhD scholar, Geological Field work, Sample Characteriza-
tion, Data curation. G.P.: Spectral analysis. CO, Writing—
review and editing.

This research received no external funding.

Not applicable.

Not applicable.

All data used in the work are presented in the paper.

The authors thank the Central Instrumentation Facility,
Savitribai Phule Pune University, and the Department of
Earth Sciences, Indian Institute of Technology Bombay, for
access to scanning electron microscopy and micro-Raman
facilities (Fluid Inclusion Lab) respectively, and the operat-
ing staff of both facilities for assistance with data acqui-
sition. The authors are particularly grateful to Sakthi S.
Chinnasamy for his valuable assistance and guidance dur-
ing the Raman analysis. G.P. is grateful to Department of
Atomic Energy, Government of India for supporting under
DAE Raja Ramanna Chair Scheme. The authors are grate-
ful to M. Santosh for his very useful and constructive sug-
gestions and the reviewers for their constructive comments
and useful suggestions that improved the manuscript.

510



Mookherjee et al. Earth Systems, Resources, and Sustainability, 2026, 1(4), 494-512

The authors declare that they have no known compet-
ing financial interests or personal relationships that could
have appeared to influenced the work reported in this pa-
per.

No Al assisted tools were used during the preparation
of this paper.

1. Schoene, B.; Eddy, M.P.; Samperton, K.M.; et al. U-Pb constraints
on pulsed eruption of the Deccan Traps across the end-cretaceous
mass extinction.  Science 2019, 363, 862-866. https://doi.org/
10.1126/science.aau2422

2. Sprain, C.J.; Renne, P.R.; Vanderkluysen, L.; et al. The eruptive
tempo of Deccan volcanism in relation to the cretaceous-paleogene
boundary. Science 2019, 363, 866—870. https://doi.org/10.1126/sci-
ence.aav1446

3. Courtillot, V.; Féraud, G.; Maluski, H.; et al. Deccan flood basalts
and the cretaceous/tertiary boundary. Nature 1988, 333, 843-846.
https://doi.org/10.1038/333843a0

4. Krishnamurthy, P. The Deccan Volcanic Province (DVP), India: A
review. J. Geol. Soc. India 2020, 96, 9-35. https://doi.org/10.1007/
$12594-020-1501-5

5. Rao, N.V.C.; Parthasarathy, G. Recent studies on volcanic mate-
rials and chemistry of the Earth’s interio—An Indian perspective.
J. Geol. Soc. India 2024, 100, 159-167. https://doi.org/10.17491/
jgsi/2024/173816

6. Walker, G.P.L. Some observations and interpretations on the Deccan
traps. In Deccan Volcanic Province; Subbarao, K.V., Ed.; Memoir 43;
Geological Society of India: Bangalore, India, 1999; pp. 367-395.

7. Sukheswala, R.N.; Avasia, R.K.; Gangopadhyay, M. Zeolites and
associated secondary minerals in the Deccan traps of Western In-
dia. Mineral. Mag. 1974, 39, 658-671. https://doi.org/10.1180/min-
mag.1974.039.306.04

8. Jeffery, K.L.; Henderson, P.; Subbarao, K.V.; et al. The zeolites
of Deccan basalts—A study of their distribution. In Deccan Flood
Basalts; Subbarao, K.V., Ed.; Geological Society of India: Bangalore,
India, 1988; pp. 151-162.

9. Ottens, B.; Gétze, J.; Schuster, R.; et al. Exceptional multi stage
mineralization of secondary minerals in cavities of flood basalts
from the Deccan volcanic province, India. Minerals 2019, 9, 351.
https://doi.org/10.3390/min9060351

10. Ottens, B.; Schuster, R.; Benko, Z. The secondary minerals from the
pillow basalt of Salsette-Mumbai, Deccan Volcanic Province, India.
Minerals 2022, 12, 444. https://doi.org/10.3390/min12040444

11. Burkhard, M. Calcite twins, their geometry, appearance and signifi-
cance as stress-strain markers and indicators of tectonic regime: A
review. J. Struct. Geol. 1993, 15, 351-368. https://doi.org/10.1016/
0191-8141(93)90132-T

12. Ferrill, D.A.; Morris, A.P.; Evans, M.A.; et al. Calcite twin morphology:
A low-temperature deformation geothermometer. J. Struct. Geol.
2004, 26, 1521-1529. https://doi.org/10.1016/j.js9.2003.11.028

13. Lacombe, O.; Parlangeau, C.; Beaudoin, N.E.; et al. Calcite twin
formation, measurement and use as stress—strain indicators: A re-
view of progress over the last decade. Geosciences 2021, 11, 445.
https://doi.org/10.3390/geosciences11110445

14. Rutter, E.; Wallis, D.; Kosiorek, K. Application of electron backscatter
diffraction to calcite-twinning paleopiezometry. Geosciences 2022,
12, 222. https://doi.org/10.3390/geosciences12060222

15. Rowe, K.J.; Rutter, E.H. Palaeostress estimation using calcite twin-
ning: Experimental calibration and application to nature. J. Struct.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Geol. 1990, 12, 1-17.

Kale, V.S.; Shejwalkar, N. Uplift along the western margin of the
Deccan Basalt Province: Is there any geomorphometric evidence?
J. Earth Syst. Sci. 2008, 117, 959-971. https://doi.org/10.1007/
s12040-008-0081-3

Santosh, M. Habitable planet earth: Secular evolution and sus-
tainable future. Habitable Planet 2025, 1, 286—297. https://doi.org/
10.63335/j.hp.2025.0021

Kartal, M.T.; Santosh, M.; Mukhtarov, S.; et al. The role of crit-
ical minerals’ price changes on the nexus between power sector
CO, emissions and disaggregated level renewable energy genera-
tion in China. J. Environ. Manag. 2026, 406, 129790. https://doi.org/
10.1016/j.jenvman.2026.129790

Oelkers, E.H.; Gislason, S.R.; Matter, J. Mineral carbonation of CO».
Elements 2008, 4, 333-337.

Gislason, S.R.; Oelkers, E.H. Carbon storage in basalt. Science
2014, 344, 373-374. https://doi.org/10.1126/science.1250828

Matter, J.M.; Stute, M.; Snasbjdrnsdottir, S.0.; et al. Rapid car-
bon mineralization for permanent disposal of anthropogenic carbon
dioxide emissions. Science 2016, 352, 1312—-1314. https://doi.org/
10.1126/science.aad8132

Snaebjornsdéttir, S.0.; Sigfusson, B.; Marieni, C.; et al. Carbon diox-
ide storage through mineral carbonation. Nat. Rev. Earth Environ.
2020, 7, 90-102.

McGrail, B.P; Schaef, H.T.; Ho, A.M.; et al. Potential for carbon
dioxide sequestration in flood basalts. J. Geophys. Res. 2006, 111,
2005JB004169. https://doi.org/10.1029/2005JB004169

Jayaraman, K.S. India’s carbon dioxide trap. Nature 2007, 445, 350.
https://doi.org/10.1038/445350a

Gorain, S.; Kumar, A.; Saha, D.; et al. Assessment of carbon diox-
ide storage potential in Deccan basalts using geophysical methods.
Discov. Geosci. 2025, 3, 166.

Niyogi, A.; Mallik, J.; Tiwari, B.; et al. Evaluation of the Deccan dykes
as potential COs sink. J. Earth Syst. Sci. 2025, 134, 98.

Punnam, P.R.; Krishnamurthy, B.; Surasani, V.K. Investigations of
structural and residual trapping phenomena during CO, sequestra-
tion in Deccan volcanic province of the Saurashtra Region, Gujarat.
Int. J. Chem. Eng. 2021, 2021, 7762127. https://doi.org/10.1155/
2021/7762127

Liu, D.; Agarwal, R.; Liu, F.; et al. Modeling and assessment of CO,
geological storage in the Eastern Deccan Basalt of India. Environ.
Sci. Pollut. Res. 2022, 29, 85465-85481. https://doi.org/10.1007/
s11356-022-21757-y

Pan, Y.; Liu, Y.; Hou, Z.; et al. Laboratory experiments of carbon
mineralization potential of the main terrestrial basalt reservoirs in
China. Geosci. Front. 2025, 16, 101961. https://doi.org/10.1016/
j-gsf.2024.101961

Wang, M.; Dai, X.; Sang, S.; et al. CO, Mineralization projects, tech-
niques, mechanisms, potential and future outlook in basalt: A review.
Renew. Sustain. Energy Rev. 2025, 221, 115920. https://doi.org/
10.1016/j.rser.2025.115920

Prasad, P.S.R.; Sarma, D.S.; Charan, S.N. Mineral trapping and se-
questration of carbon-dioxide in Deccan Basalts: SEM, FTIR and Ra-
man spectroscopic studies on secondary carbonates. J. Geol. Soc.
India 2012, 80, 546-552. https://doi.org/10.1007/s12594-012-0175-
z

Kumar, A.; Shrivastava, J.P. Long-Term CO, capture-induced calcite
crystallographic changes in Deccan Basalt, India. Environ. Earth Sci.
2019, 78, 376. https://doi.org/10.1007/s12665-019-8378-x.

Delerce, S.; Bénézeth, P.; Schott, J.; et al. The dissolution rates of
naturally altered basalts at pH 3 and 120 °C: Implications for the in-
situ mineralization of CO, injected into the subsurface. Chem. Geol.
2023, 621, 121358. https://doi.org/10.1016/j.chemge0.2023.121353

Geological Survey of India (GSI). Geology and Mineral Resources of
Maharashtra; Geological Survey of India Special Publication No. 64;

511


https://doi.org/10.1126/science.aau2422
https://doi.org/10.1126/science.aau2422
https://doi.org/10.1126/science.aav1446
https://doi.org/10.1126/science.aav1446
https://doi.org/10.1038/333843a0
https://doi.org/10.1007/s12594-020-1501-5
https://doi.org/10.1007/s12594-020-1501-5
https://doi.org/10.17491/jgsi/2024/173816
https://doi.org/10.17491/jgsi/2024/173816
https://doi.org/10.1180/minmag.1974.039.306.04
https://doi.org/10.1180/minmag.1974.039.306.04
https://doi.org/10.3390/min9060351
https://doi.org/10.3390/min12040444
https://doi.org/10.1016/0191-8141(93)90132-T
https://doi.org/10.1016/0191-8141(93)90132-T
https://doi.org/10.1016/j.jsg.2003.11.028
https://doi.org/10.3390/geosciences11110445
https://doi.org/10.3390/geosciences12060222
https://doi.org/10.1007/s12040-008-0081-3
https://doi.org/10.1007/s12040-008-0081-3
https://doi.org/10.63335/j.hp.2025.0021
https://doi.org/10.63335/j.hp.2025.0021
https://doi.org/10.1016/j.jenvman.2026.129790
https://doi.org/10.1016/j.jenvman.2026.129790
https://doi.org/10.1126/science.1250828
https://doi.org/10.1126/science.aad8132
https://doi.org/10.1126/science.aad8132
https://doi.org/10.1029/2005JB004169
https://doi.org/10.1038/445350a
https://doi.org/10.1155/2021/7762127
https://doi.org/10.1155/2021/7762127
https://doi.org/10.1007/s11356-022-21757-y
https://doi.org/10.1007/s11356-022-21757-y
https://doi.org/10.1016/j.gsf.2024.101961
https://doi.org/10.1016/j.gsf.2024.101961
https://doi.org/10.1016/j.rser.2025.115920
https://doi.org/10.1016/j.rser.2025.115920
https://doi.org/10.1007/s12594-012-0175-z
https://doi.org/10.1007/s12594-012-0175-z
https://doi.org/10.1007/s12665-019-8378-x
https://doi.org/10.1016/j.chemgeo.2023.121353

Mookherjee et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Geological Survey of India: Kolkata, India, 2001; 113p.

Vaddadi, S. Comment on “Emplacement History and Evolution of
the Deccan Volcanic Province, India” by Kale et al. (2020). Episodes
2021, 44, 203—-205. https://doi.org/10.18814/epiiugs/2020/020068

Godbole, S.M.; Rana, R.S.; Natu, S.R. Report lava stratigraphy of
basalt flows of Western Maharashtra. Gondwana Geol. Mag. 1996,
2,125-135.

Subbarao, K.V.; Hooper, P.R. Reconnaissance NMORB signatures
from the Western Deccan Traps. In Deccan Flood Basalts; Sub-
barao, K.V., Ed.; Memoir No. 10; Geological Society of India: Banga-
lore, India, 1988; pp. 182—188.

Kale, V.S.; Bodas, M.; Chatterjee, P.; et al. Emplacement history and
evolution of the Deccan volcanic Province, India. Episodes 2020, 43,
278-299. https://doi.org/10.18814/epiiugs/2020/020016

Srivastava, P.; Siva Siddaiah, N.; Sangode, S.J.; et al. Mineralogy
and geochemistry of various colored boles from the Deccan Volcanic
Province: Implications for paleoweathering and paleoenvironmen-
tal conditions. CATENA 2018, 167, 44-59. https://doi.org/10.1016/
j.catena.2018.04.024

Parthasarathy, G. Zeolite zonation and amygdaloidal minerals from
the Killari borehole of Deccan traps, Maharashtra, India. J. Appl.
Geochem. 2006, 8, 546-557.

Newbury, D.E.; Ritchie, N.W.M. Is scanning electron mi-
croscopy/energy dispersive X-ray spectrometry (SEM/EDS) quan-
titative?  Scanning 2013, 35, 141-168. https://doi.org/10.1002/
sca.21041

Urmos, J.; Sharma, S.K.; Mackenzie, F.T. Characterization of some
biogenic carbonates with Raman spectroscopy. Am. Mineral. 1991,
76, 641-646.

Mackenzie, F.; Bischoff, D.B.; Sharma, S. Carbonate ion disorder in
synthetic and biogenic magnesium calcites: A Raman spectral study.
Am. Mineral. 1985, 70, 581-589.

Perrin, J.; Vielzeuf, D.; Laporte, D.; et al. Raman characterization of
synthetic magnesian calcites. Am. Mineral. 2016, 101, 2525-2538.
https://doi.org/10.2138/am-2016-5714

Borromeo, L.; Zimmermann, U.; Andd, S.; et al. Raman spectroscopy
as a tool for magnesium estimation in Mg-calcite. J. Raman Spec-
trosc. 2017, 48, 983-992. https://doi.org/10.1002/jrs.5156

Dufresne, W.J.B.; Rufledt, C.J.; Marshall, C.P. Raman spectroscopy
of the eight natural carbonate minerals of calcite structure. J. Raman
Spectrosc. 2018, 49, 1999—-2007. https://doi.org/10.1002/jrs.5481

Saikia, B.J.; Parthasarathy, G.; Saikia, B.K.; et al. Nanocrystalline
cookeite from lithium mineral deposits of Jammu, India: A multian-
alytical characterization. Earth Syst. Resour. Sustain. 2026, 1, 97—
109. https://doi.org/10.53941/esrs.2026.100006

White, W.B. The carbonate minerals. In The Infrared Spectra of Min-
erals; Farmer, V.C., Ed.; Mineralogical Society of Great Britain and
Ireland: London, UK, 1974; pp. 227-284. https://doi.org/10.1180/
mono-4.12

Gottardi, G.; Galli, E. Natural Zeolites; Minerals and Rocks, Volume
18; Springer: Berlin, Heidelberg, 1985; 409p. https://doi.org/10.1007/
978-3-642-46518-5

Neuhoff, P.S. Porosity evolution and mineral paragenesis during low-
grade metamorphism of basaltic lavas at teigarhorn, Eastern Ice-
land. Am. J. Sci. 1999, 299, 467-501.

Parlangeau, C.; Dimanov, A.; Hallais, S. In situ evolution of calcite
twinning during uniaxial compression of carrara marble at room tem-
perature. Geosciences 2022, 12, 233. https://doi.org/10.3390/geo-
sciences12060233

Sakaguchi, A.; Ando, K. Calcite twin stress and strain indicators for
various polymineralic rocks and mortars. J. Struct. Geol. 2025, 194,
105369. https://doi.org/10.1016/j.jsg.2025.105369

Gomila, R.; Chiesurin, A.; Spagnuolo, E.; et al. Fault zone rocks as-
sociated with the reservoir-triggered seismicity of the Koyna-Warna
Region (India). Geophys. Res. Lett. 2025, 52, e2025GL115072.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Earth Systems, Resources, and Sustainability, 2026, 1(4), 494-512

https://doi.org/10.1029/2025GL 115072

Reeder, R.J. Chapter 1. Crystal chemistry of the rhombohedral car-
bonates. In Carbonates; Reeder, R.J., Ed.; De Gruyter: Berlin, Ger-
many, 1983; pp. 1-48. https://doi.org/10.1515/9781501508134-005

Elkholy, E.; Anandhi, A. Biological and geological carbon seques-
tration monitoring techniques: A review. Carbon Manage. 2026, 17,
2590609. https://doi.org/10.1080/17583004.2025.2590609

Goldberg, D.S.; Takahashi, T.; Slagle, A.L. Carbon dioxide seques-
tration in deep-sea basalt. Proc. Natl. Acad. Sci. USA 2008, 105,
9920-9925. https://doi.org/10.1073/pnas.0804397105

Tripathi, P.; Parthasarathy, G.; Ahmad, S.M.; et al. Mantle-derived flu-
ids in the basement of the Deccan Trap: Evidence from stable carbon
and oxygen isotopes of carbonates from the Killari Borehole Base-
ment, Maharashtra, India. Int. J. Earth Sci. 2012, 101, 1385-1395.
https://doi.org/10.1007/s00531-011-0723-6

Guha Roy, D.; Vishal, V.; Singh, T.N. Effect of carbon dioxide se-
questration on the mechanical properties of Deccan Basalt. Environ.
Earth Sci. 2016, 75, 771. https://doi.org/10.1007/s12665-016-5587-
4

Hernandez-Mejia, J.L.; Imhof, M.; Pyrcz, M.J. Anomaly detec-
tion for geological carbon sequestration monitoring. Int. J. Green-
house Gas Control 2024, 136, 104188. https://doi.org/10.1016/
j-ijggc.2024.104188

Lyu, W.; Li, Y.; Wang, M.; et al. Application and prospects of
spatial information technology in CO, sequestration monitoring.
Pet. Explor. Dev. 2024, 51, 727-740. https://doi.org/10.1016/S1876-
3804(24)60501-X

Cai, J.; Wu, D.; Xu, X.; et al. Review of carbon dioxide sequestration
by basalt mineral carbonation. Environ. Prog. Sustain. Energy 2026,
45, €70266. doi:10.1002/ep.70266

Kang, S.-S.; Jang, B.-A. Paleostress inferred from calcite twins in
the pungchon limestone, joseon supergroup. J. Eng. Geol. 2022, 32,
13-26. https://doi.org/10.9720/KSEG.2022.1.013

Dorzadeh, H.; Shafieibafti, S.; Keshavarz, S.; et al. Calcite E-Twins
as a tectonic indicator, paleo stress pattern and structural evolu-
tion of the zagros Hinterland, SE Iran. Front. Earth Sci. 2024, 12,
1445918. https://doi.org/10.3389/feart.2024.1445918

Bazargani-Guilani, K.; Rabbani, M.S. Amygdaloidal and other Cavity
filling zeolites of Kuh-e-Aradeh, Central Iran. J. Sci. Islamic Repub.
Iran 2004, 15, 149-157.

Giret, A.; Verdier, O.; Nativel, P. The zeolitization model of Kergue-
len Islands, southern Indian Ocean. In Recent Progress in Antarctic
Earth Science; Yoshida, K.K., Shiraishi, K., Eds.; Terrapub: Tokyo,
Japan, 1992; pp. 457-463.

Apte, A.S. Thermal Analysis of Zeolites and Associated Cavity Min-
erals from the Deccan Volcanic Province. Ph.D. Thesis, University of
Pune, Pune, India, 1994. (Unpublished)

James, S.; Walsh, J.N. Zeolites from the Deccan Basalts: Chemistry
and formation. Mem. Geol. Soc. India 1999, 43, 803-817.

Randive, K.; Chaudhary, S.; Dandekar, S.; et al. Characterisation
and genesis of the chalcedony occurring within the Deccan lava
flows of the LIT Hill, Nagpur, India. J. Earth Syst. Sci. 2019, 128,
192. https://doi.org/10.1007/s12040-019-1208-4

Parthasarathy, G.; Kunwar, A.C.; Srinivasan, R. Occurrence of
moganite-rich chalcedony in Deccan flood basalts, killari, Maha-
rashtra, India. Eur. J. Mineral. 2001, 13, 127-134. https://doi.org/
10.1127/0935-1221/01/0013-0127

Jargensen, O. The regional distribution of zeolites in the basalts
of the Faroe Islands and the significance of zeolites as palaeotem-
perature indicators. GEUS Bull. 2006, 9, 123-156. https://doi.org/
10.34194/geusb.v9.4865

Kristmannsdottir, H. Alteration of basaltic rocks by hydrothermal-
activity at 100-300 °C. In Developments in Sedimentology; Else-
vier: Amsterdam, The Netherlands, 1979; Volume 27, pp. 359-367.
https://doi.org/10.1016/S0070-4571(08)70732-5

512


https://doi.org/10.18814/epiiugs/2020/020068
https://doi.org/10.18814/epiiugs/2020/020016
https://doi.org/10.1016/j.catena.2018.04.024
https://doi.org/10.1016/j.catena.2018.04.024
https://doi.org/10.1002/sca.21041
https://doi.org/10.1002/sca.21041
https://doi.org/10.2138/am-2016-5714
https://doi.org/10.1002/jrs.5156
https://doi.org/10.1002/jrs.5481
https://doi.org/10.53941/esrs.2026.100006
https://doi.org/10.1180/mono-4.12
https://doi.org/10.1180/mono-4.12
https://doi.org/10.1007/978-3-642-46518-5
https://doi.org/10.1007/978-3-642-46518-5
https://doi.org/10.3390/geosciences12060233
https://doi.org/10.3390/geosciences12060233
https://doi.org/10.1016/j.jsg.2025.105369
https://doi.org/10.1029/2025GL115072
https://doi.org/10.1515/9781501508134-005
https://doi.org/10.1080/17583004.2025.2590609
https://doi.org/10.1073/pnas.0804397105
https://doi.org/10.1007/s00531-011-0723-6
https://doi.org/10.1007/s12665-016-5587-4
https://doi.org/10.1007/s12665-016-5587-4
https://doi.org/10.1016/j.ijggc.2024.104188
https://doi.org/10.1016/j.ijggc.2024.104188
https://doi.org/10.1016/S1876-3804(24)60501-X
https://doi.org/10.1016/S1876-3804(24)60501-X
https://doi.org/10.1002/ep.70266
https://doi.org/10.9720/KSEG.2022.1.013
https://doi.org/10.3389/feart.2024.1445918
https://doi.org/10.1007/s12040-019-1208-4
https://doi.org/10.1127/0935-1221/01/0013-0127
https://doi.org/10.1127/0935-1221/01/0013-0127
https://doi.org/10.34194/geusb.v9.4865
https://doi.org/10.34194/geusb.v9.4865
https://doi.org/10.1016/S0070-4571(08)70732-5

	Introduction
	Geological Setting and Sampling
	Study Area
	Field Sampling
	Cavities in the DVP

	Analytical Methods
	Optical Petrographic
	Scanning Electron Microscope & EDS
	Micro-Raman Spectroscopy

	Result
	Growth Textures
	Deformation Features
	SEM–EDS
	Raman Spectroscopy

	Discussion
	What the Growth Textures Establish
	The Deformation Record
	Constraints on the Compositional and Spectroscopic Data

	Implications for Mineral Carbon Sequestration in the Deccan Traps
	Why Basalt, and Why Carbonate
	The Deccan Traps as a Candidate Reservoir
	Amygdale Calcite as a Completed Natural Experiment
	The Carbon Source Problem
	Post-Mineralization Deformation and Reservoir Integrity
	Fracture Healing and Self-Sealing
	Measurements Required to Close the Argument

	Paragenetic Model
	Genetic Model
	Conclusions



