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Abstract

Tholeiitic basalts and picrites from the Deccan Traps were used to constrain the pressure and temperature conditions of
mantle melting for their origin. Clinopyroxene thermobarometry indicates that all Deccan tholeiites crystallized at low
pressures in the upper crust (<6 kbar/1047-1221 °C). In comparison, the Deccan alkalic rocks crystallized at pressures
up to~12.7 kbar. Rare samples of the tholeiites plot on their low-pressure olivine-plagioclase-clinopyroxene (Ol-P1-Cpx)
cotectic boundaries or olivine control lines in phase diagrams. These samples represent unmodified magmatic liquids. Primary
magmas of the basalts that plot on their cotectic boundaries were modeled through reverse fractionation by incrementally
adding equilibrium Ol+P1+ Cpx, Ol+PI and Ol +spinel, until the liquid was multiply saturated with lherzolite at a high
pressure. The high-Mg basalts are contaminated with continental crust. Hence, a crustal partial melt was simultaneously
subtracted according to energy constraints at each reverse fractionation step for these samples. The results show that the
high-Mg basalts are 41-53% fractionated and 1-6% contaminated, and the low-Mg basalts are 63—67% fractionated. Their
primary magmas were last equilibrated with spinel lherzolite at 10—13 kbar/1289-1333 °C. A picrite and two very high-Mg
basalts plot on their olivine control lines. So, their primary magmas were calculated by adding only equilibrium olivine.
These samples are 9-25% fractionated, and their primary magmas were last equilibrated with garnet lherzolite at 25-36
kbar/1452—-1531 °C. The estimated mantle potential temperatures are 1400-1500 °C for the Deccan tholeiites, consistent
with their origin from a mantle plume.
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Introduction mantle if it were to adiabatically decompress and reach the

Earth’s surface without melting. For deep mantle plumes, the

The composition of basalts provide important clues to the
melting conditions of the upper mantle for their origin
(Klein and Langmuir 1987; Langmuir et al. 1992; Kinzler
and Grove 1992a,b; Green et al. 2001; Presnall et al. 2002;
Herzberg et al. 2007; Putirka et al. 2007; Behn and Grove
2015; Krein et al. 2021; Matthews et al. 2021). Primitive
high-Mg basalts and picrites are especially useful in con-
straining the composition of primary melts (magma) of the
mantle, pressure—temperature (P-T) conditions of their ori-
gin, and potential temperature defined as the temperature of
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potential temperature is significantly higher than the temper-
ature of the ambient mantle (review in Putirka et al. 2007).
Primary magmas that originate by melting of lherzolite are
multiply saturated (in equilibrium) with the minerals in lher-
zolite (e.g., olivine with ~90% forsterite content, ~ Fo,), and
they typically have an Mg# (Mg/[Mg + Fe'] atomic ratio,
where Fe is total Fe) of ~0.73 (Kinzler and Grove 1992a,b;
Till et al. 2012; Grove et al. 2013; Krein et al. 2021).
Although high-Mg basalts and picrites are present among
the Cretaceous-Paleogene Deccan Traps continental flood
basalts of India (Fig. 1; Krishnamurthy and Cox 1977;
Mahoney et al. 1985; Beane et al. 1986; Beane and Hooper
1988; Peng et al. 1994, 1998; Melluso et al. 1995; Bondre
et al. 2006; Krishnamurthy et al. 2014; Cucciniello et al.
2015; Basu et al. 2020a; Sheth et al. 2022; Khanna et al.
2023), only a few studies have attempted to utilize them to
estimate primary magma compositions and mantle potential
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Fig. 1 Map of the Deccan Traps showing the location of samples analyzed in this study (BB04 and BB08) and samples from the literature (see

text) chosen for primary magma modeling

temperatures associated with Deccan volcanism (Sen 1988,
1995; Melluso et al. 1995; Sen and Chandrasekharam 2011;
Chatterjee and Sheth 2015). Sen (1988) suggested that the
Deccan tholeiites with 9-10 wt% MgO are primary magmas
that originated at 35—45 km depths by comparing them with
available experimental data on peridotite partial melts. Sen
(1995) calculated melt compositions in equilibrium with
Foy olivine by adding equilibrium olivine to the highest-Mg
(~7.5 wt% MgO) basalts from Western Ghats and interpreted
them as primary magmas with 14—15 wt% MgO. Using the
MgO and SiO, contents of these proposed primary magmas,
Sen (1995) estimated a potential temperature of ~ 1400 °C.
Sen and Chandrasekharam (2011) used the same approach
for a picrite from Pavagadh (Gujarat) and estimated a
potential temperature of ~ 1550 °C. Sen (1995) also esti-
mated ~ 15-18% maximum melting at 100-60 km depths,
similar to the estimates of White and McKenzie (1995)
who used rare earth element inversion and thermodynamic
constraints to conclude up to ~ 15% melting at 90-70 km
depths and potential temperatures of ~ 1450—-1470 °C for the
Western Ghats basalts. Melluso et al. (1995) normalized the
compositions of the mildly alkalic picrites of Saurashtra to
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15 wt% MgO by adding equilibrium olivine and considered
them as primary magmas. Using the SiO, and MgO values
of the normalized compositions in conjunction with avail-
able thermobarometers, they calculated P-T conditions of
11-29 kbar and 1430-1468 °C for their origin. However,
the P-T estimates in the above studies are highly uncertain
because the primary magmas proposed by the researchers
do not qualify as unmodified magmatic liquids according to
phase diagram constraints (cf. Chatterjee and Sheth 2015).
The phase relations are clearly evident in pseudoternary pro-
jections of the basalt tetrahedron such as the olivine-pla-
gioclase-clinopyroxene (OI-P1-Cpx) projection from quartz
(Qz) and the OI-Cpx-Qz projection from Pl (Tormey et al.
1987; Grove 1993).

Most researchers agree that the picrites from Western
Ghats (Mg# 0.65-0.70) do not represent liquids because
their high MgO contents can be attributed to accumulations
of disequilibrium olivine (Fo_g,) and clinopyroxene (Cox
1980; Beane et al. 1986; Beane and Hooper 1988; Sen
1988, 1995; Cohen and Sen 1994; Krishnamurthy et al.
2000). On the other hand, some picrites from Saurashtra
(Mg# 0.66-0.80) containing crystals of Fogg 4, olivine have
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been interpreted as near-primary liquids (Krishnamurthy
and Cox 1977; Melluso et al. 1995; Krishnamurthy et al.
2000; Sheth and Melluso 2008). However, Chatterjee and
Sheth (2015) showed that although some Saurashtra picrites
and some proposed primary magmas of the Saurashtra
picrites and Western Ghats tholeiites (Sen 1995; Melluso
et al. 1995) seem to plot near the 25 kbar-garnet lherzolite
multiple saturation point (MSP) in the OI-PI-Cpx diagram,
they do not plot near any MSP in the Ol-Cpx-Qz diagram.
Hence, they are not melts of lherzolite. Some of Melluso
et al.’s (1995) proposed primary magmas plot near the ~ 14
kbar Ol + Opx saturation boundary, indicating that these
melts of garnet lherzolite may have reacted with shallower
mantle to equilibrate with harzburgite (cf. Grove et al.
2013). Some other proposed primary magmas (Melluso
et al. 1995; Sen and Chandrasekharam 2011) show mild
silica undersaturation and higher normative Cpx contents
than spinel/garnet lherzolite saturated liquids, somewhat
similar to melts of pyroxenite (cf. Grove et al. 2013). The
possibilities of non-lherzolitic sources are explored in the
Discussion section.

Reverse fractionation modeling of primary magmas of
carefully selected samples that represent liquids can reveal
the P-T conditions of their last equilibration with mantle
(Till et al. 2012, 2013; Grove et al. 2013; Chatterjee and
Sheth 2015; Till 2017; Chatterjee 2021; Krein et al. 2021).
These primary magmas rise to the crust and evolve by
fractional crystallization. The goal of reverse fractionation
modeling is to reconstruct the primary magma by adding
back the crystallized minerals to the basalt. Mineral
assemblages that crystallize from the magma depend on the
pressure of crystallization. So, the first step is to determine
the P-T conditions of crystallization. Clinopyroxene
(augite) is ubiquitous in the Deccan basalts and alkalic rocks
(Melluso et al. 1995, 2002, 2010; Simonetti et al. 1998;
Dessai and Viegas 2010; Melluso and Sethna 2011; Hari
et al. 2014; Krishnamurthy et al. 2014; Chatterjee and Sheth
2015; Cucciniello et al. 2015; Pande et al. 2017; Sheth et al.
2017; Dongre et al. 2018; Chatterjee 2021; Khanna et al.
2023), and thermobarometry based on clinopyroxene-liquid
(Cpx-liq) equilibria and clinopyroxene composition (Putirka
2008; Neave and Putirka 2017; Higgins et al. 2022) can be
conveniently used to determine their P-T of crystallization.
Previous studies in selected areas suggest crystallization in
the upper crust for the Deccan tholeiites (Bhattacharji et al.
1996) and in the lower crust or upper mantle (near Moho)
for the Deccan alkalic rocks (Chatterjee 2021).

Reverse fractionation modeling relies on the multiple
saturation points of plagioclase lherzolite (PL-MSP), spinel
lherzolite (SL-MSP) and garnet-lherzolite (GL-MSP) at
different pressures that are predicted by parameterized
expressions of experimental data on liquids (Kinzler
and Grove 1992a; Till et al. 2012; Grove et al. 2013).

This study presents the results of thermobarometric
calculations on picrites, basalts and alkalic rocks from a
large area of the Deccan Traps, and reverse fractionation
modeling on selected Deccan tholeiites including a picrite,
high-Mg basalts and some low-Mg basalts, and a low-Mg
mildly alkaline basalt. For samples contaminated with
the continental crust, the energy-constrained coupled
assimilation-fractional crystallization formulation (EC-AFC)
of Spera and Bohrson (2001) and Bohrson and Spera (2001)
is incorporated into the modeling. The results are used to
elaborate on the mantle melting conditions and potential
temperatures for Deccan volcanism.

Geological background

The Deccan Traps constitute one of the largest
(>500,000 km?) continental flood basalt provinces on Earth
(Wadia 1975; Fig. 1). It formed by the impingement of a deep
mantle plume under western India, and a hotspot track was
produced by subsequent northward movement of the Indian
plate (Devey and Lightfoot 1986; Mitchell and Widdowson
1991; GlisSovi¢ and Forte 2017). The main Deccan sequence
is exposed as thick, near-horizontal tholeiitic lava flows
at the Western Ghats escarpment, roughly parallel to the
Indian west coast, where the stratigraphy is well-established
(Cox and Hawkesworth 1985; Beane et al. 1986; Subbarao
et al. 1988; Lightfoot et al. 1990). The northwestern part
of the Deccan including the Saurashtra peninsula and the
Kachchh region of Gujarat consists of tholeiitic, picritic and
mildly alkaline basaltic flows and dikes, and minor felsic,
alkalic and carbonatitic rocks in isolated magmatic centers
(Bose 1973; Krishnamurthy and Cox 1977; Melluso et al.
1995; Krishnamurthy et al. 1999; Karmalkar et al. 2000;
Chatterjee and Bhattacharji 2001; Sheth and Melluso 2008;
Sheth et al. 2011, 2012, 2013; Cucciniello et al. 2015, 2019,
2020; Basu et al. 2020b). There are several alkalic igneous
complexes associated with the NNW-SSE oriented Barmer-
Cambay Rift in the northwestern part, the ENE-WSW
oriented mid-continental Narmada-Tapti Rift, and the N-S
oriented western continental margin rift (Basu et al. 1993,
2020b; Dessai et al. 1990). Mildly alkaline basaltic flows are
interlayered with tholeiitic flows near the western end of the
Narmada-Tapti Rift (Rajpipla-Navgam area, Mahoney et al.
1985), whereas only tholeiitic flows are present farther east
(Peng et al. 1998).

The Narmada-Tapti Rift and the region near the Indian
west coast host two prominent dike swarms that are oriented
ENE-WSW and N-S, respectively (Bhattacharji et al. 1996;
Vanderkluysen et al. 2011; inset of Fig. 1). There is also a
cluster of randomly oriented dikes northeast of Mumbai that
cut across the lower Deccan formations of Western Ghats.
In Saurashtra, E-W to ENE-WSW, NNW-SSE, NW-SE and
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WNW-ESE oriented dikes are present, and the dominant
E-W to ENE-WSW dikes constitute a westward extension of
the Narmada-Tapti swarm (Melluso et al. 1995; Chatterjee
and Bhattacharji 2001; Sheth et al. 2013; Cucciniello et al.
2015, 2020; Fig. 1). Samples from two NW-trending en
echelon dikes exposed on the southern slope of Chotila Hill
in north-central Saurashtra (Sheth et al. 2022) were studied
for mineral textures and chemical composition. Chotila Hill
is an erosional remnant of multiple sheet lobes of lava that
overlie the Mesozoic sedimentary formations of Saurashtra
Basin (Sheth et al. 2022), which in turn, rest unconformably
on the Precambrian gneissic basement of Aravalli Craton
(Biswas 1987; Casshyap and Aslam 1992).

Recent high-quality zircon U-Pb isotope and mineral
“OAr/* Ar age determinations indicate that the tholeiitic lavas
of the Western Ghats and the region north of the Narmada-
Tapti Rift erupted between~66.4 Ma and ~65.4 Ma
(Schoene et al. 2019; Sprain et al. 2019; Eddy et al. 2020).
Furthermore, zircon U-Pb isotope dating indicates that the
Gujarat basalts and magmatic centers formed synchronously
with the Western Ghats tholeiites (Basu et al. 2020b).
Older, ~ 68.6—66.8 Ma old Deccan rocks are present in some
of the northern alkaline complexes (40Ar/39Ar dates, Basu
et al. 1993; Courtillot et al. 2000).

Geochemistry

Picrites (MgO 12-18 wt%, Le Bas 2000), high-Mg basalts
(MgO 8-12 wt%) and high-Mg basaltic andesites (MgO > 8
wt%) are common in the lower Deccan formations such as
Igatpuri, Neral and Thakurvadi of the Kalsubai Subgroup
at Western Ghats (Beane et al. 1986; Beane and Hooper
1988; Peng et al. 1994; Krishnamurthy et al. 2014; Basu
et al. 2020a). They are also present in the overlying forma-
tions of the Lonavala and Wai Subgroups (Beane et al. 1986;
Basu et al. 2020a), and in boreholes in the southern part of
Western Ghats (Khanna et al. 2023). These samples are rich
in crystals of Fe-rich olivine (Fo_g,) and clinopyroxene (Cox
1980; Beane et al. 1986; Beane and Hooper 1988; Krishna-
murthy et al. 2000). High-Mg basalts and picrites also occur
in some Central Deccan dikes (Bondre et al. 2006; Dongre
et al. 2018), and sparsely, in some flows of the Narmada-
Tapti Rift and its vicinity (Mahoney et al. 1985; Peng et al.
1998). In Saurashtra, Kachchh, and Mount Pavagadh, high-
Mg basalts and picrites occur in dikes and flows (Krishna-
murthy and Cox 1977; Melluso et al. 1995; Sheth and Mel-
luso 2008; Krishnamurthy et al. 2014; Cucciniello et al.
2015; Sheth et al. 2022; Fig. 1). Some of the samples such as
those from Pavagadh, a Southern Saurashtra dike (D56), and
flows encountered within boreholes at the western margin
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of Cambay Rift contain Fogg ¢, olivine (Krishnamurthy and
Cox 1977; Melluso et al. 1995; Krishnamurthy et al. 2000).

Most of the Deccan high-Mg basalts and picrites are
subalkaline tholeiites (Fig. 2a, b). A few samples such as
those from an Amba Dongar dike (MgO 18.6 wt%, Bhat-
tacharji et al. 1996) and a flow from the Wadhwan borehole
of Saurashtra (sample W-1, MgO 22.4 wt%, Krishnamur-
thy and Cox 1977) contain very high Mg and plot in the
meimechite field (Le Bas 2000; Fig. 2c). A high-Mg flow
from the Dhandhuka borehole (sample D-10, Krishnamurthy
and Cox 1977) and two high-Mg flows (also some low-Mg
flows) from the Rajpipla-Navgam section within Narmada
Rift (Mahoney et al. 1985) are mildly alkaline (Fig. 2a).
Based on the presence of Ti-rich augite-diopside, Melluso
et al. (1995, 2006, 2010) also classified some of the Sau-
rashtra rocks (e.g., dike samples D56 and D57) as mildly
alkaline basalt. Most of the picrites and high-Mg basalts are
low-Ti rocks (TiO, < 1.8 wt%, Melluso et al. 1995; Fig. 2c).
High-Ti rocks are confined to northeastern Saurashtra
(including the boreholes), Kachchh, Mount Pavagadh and
Rajpipla-Navgam (Krishnamurthy and Cox 1977; Mahoney
et al. 1985; Melluso et al. 1995; Krishnamurthy et al. 2014;
Cucciniello et al. 2015). Some of the Thakurvadi samples
from Western Ghats also have high Ti contents (Beane and
Hooper 1988). The Chotila Hill samples BBO4 and BBOS are
typical examples of high-Mg, low-Ti subalkaline tholeiitic
basalts (MgO~ 11 wt%, TiO, ~ 1.1 wt%, Sheth et al. 2022).

The Sr—Nd isotopic compositions of picrites and high-Mg
basalts from the lower Western Ghats section suggest
variable degrees of crustal contamination (Peng et al. 1994;
Basu et al. 2020a; Fig. 2d). Peng et al. (1994) modeled the
isotopic ratios of the Kalsubai basalts through an initial stage
of lower crustal contamination that generated the “common
signature” basalts, and a second stage of contamination with
various upper crustal components. Basu et al. (2020a) noted
that all of the Kalsubai basalts with the exception of the
Neral Formation basalts have broadly similar 87S1/80S1(t) and
eng(t) ratios. They disagreed with Peng et al.’s (1994) model
and proposed that the Kalsubai basalts originated by high-
degree melting of eclogitic source rocks.

The Sr—Nd isotopic compositions of the picrites and
high-Mg basalts from Gujarat including Rajpipla-Navgam
indicate that most of them are less contaminated than the
Western Ghats picrites and high-Mg basalts (Mahoney et al.
1985; Peng and Mahoney 1995; Peng et al. 1998; Melluso
et al. 2006; Cucciniello et al. 2015; Fig. 2d). Cucciniello
et al. (2015) used an upper crustal contaminant (granite from
western Dharwar craton) to model a maximum of ~ 12%
contamination for the basalts (~5-8% for the high-Mg
basalts and picrites) from Central Saurashtra.

The chondrite-normalized Dyy/Yby ratios, sensitive
to residual garnet in the mantle source, for the Western
Ghats picrites and high-Mg basalts (also common low-Mg
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basalts, Peng et al. 1994; Sheth et al. 2014; Basu et al.
2020a; Khanna et al. 2023) are similar to < 18% batch melts
of spinel lherzolite, consistent with the melting estimates
in previous studies (Sen 1995; White and McKenzie 1995;
Chatterjee and Sheth 2015; Fig. 2e). In comparison, the
higher Dy\/Yby ratios of average OIB (Sun and McDonough
1989), Reunion basalts (Fisk et al. 1988), Kachchh alkaline
rocks (Bhuj plugs, Karmalkar et al. 2005), Mount Pavagadh
picrites (Melluso et al. 1995), and samples from the
Saurashtra boreholes (e.g., D-6, Peng and Mahoney 1995)
and some dikes (D44, Melluso et al. 2006) indicate that they
possibly originated through melting of a garnet-bearing
mantle. In general, most of the picrites and high-Mg basalts
from Saurashtra (Melluso et al. 1995, 2006; Cucciniello
et al. 2015) have lower Dyy/Yby ratios (< 1.3) compared to
Western Ghats. The Lay/Smy ratios of the Saurashtra rocks
indicate mixing of the spinel lherzolite melts with granite
(Erinpura, De Wall et al. 2021; Western Dharwar, Jayananda
et al. 2006), consistent with the isotopic data.

Petrography and mineral chemistry

A large number of mineral analyses on Deccan picrites,
basalts and alkaline rocks are available in the literature
(Melluso et al. 1995, 2002, 2010; Simonetti et al. 1998;
Dessai and Viegas 2010; Melluso and Sethna 2011; Hari
et al. 2014; Krishnamurthy et al. 2014; Chatterjee and Sheth
2015; Cucciniello et al. 2015; Pande et al. 2017; Sheth et al.
2017; Dongre et al. 2018; Chatterjee 2021; Khanna et al.
2023). The Chotila Hill high-Mg basalts BB04 and BBOS
were analyzed on a JEOL JXA-8200 Superprobe electron
probe microanalyzer (EPMA) at Massachusetts Institute of
Technology, Cambridge, MA, USA, using an accelerating
voltage of 15 kV, a 10 nA beam current, and 1-10 pm beam
diameter (see Methods in Supplementary file for more
information). For mineral analysis, the counting times were
20-40 s per element, and the 1o standard deviations of
accumulated counts were 0.3—1.0% for major elements and
1-5% for minor elements. Matrix corrections were carried
out using the CITZAF package (Armstrong 1995).

The Chotila Hill samples consist of elongated laths and
skeletal crystals of plagioclase, phenocrysts of olivine and
clinopyroxene, and a fine-grained interstitial groundmass
comprising dendritic Fe-rich clinopyroxene, olivine, albite,
and spinel (Fig. 3). Vesicles are rare. They are small, spheri-
cal and filled with smectitic clay (saponite), a common low-
temperature alteration product in Deccan basalts (Chatterjee
and Sheth 2015; Fig. 3c). Rare orthopyroxene is present in
sample BB04 (Fig. 3d). The olivine phenocrysts are rounded
by alteration, although some euhedral grains are present in
sample BBOS (Fig. 3e). The alteration also consists of saponite
that occurs as rinds and veins cutting through the crystals.
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Inclusions of plagioclase and melt with small clinopyroxene
crystals are present in the olivine phenocrysts.

The clinopyroxene phenocrysts in the Chotila Hill sam-
ples are augite, and their compositions (Engg_44Fs;,.14W01g.43,
Mg# 0.64-0.80 Table 1, Table S1) are within the diopside-
ferroaugite range for clinopyroxenes in the Saurashtra and
Mount Pavagadh high-Mg basalts and picrites (Krishna-
murthy and Cox 1977; Melluso et al. 1995; Melluso and
Sethna 2011; Krishnamurthy et al. 2014; Cucciniello et al.
2015; Fig. 4a). They are also similar to the augite in Rajpi-
pla basalts (Krishnamurthy et al. 2014). In comparison, the
augite in Western Ghats picrites and high-Mg basalts are
relatively Mg-rich (Krishnamurthy et al. 2014; Chatterjee
and Sheth 2015; Fig. 4a). Melluso et al. (2010) reported
spinel-hosted inclusions of diopside with high jadeite con-
tent (Jd_¢) and Mg-rich augite in Southern Saurashtra dikes
D56 and D57 (Fig. 4a, b). Diopside with high aegirine and
jadeite contents (cf. Morimoto et al. 1988) also occur in the
Deccan alkalic rocks, but this variety of diopside has very
high wollastonite contents (Simonetti et al. 1998; Melluso
et al. 2002; Dessai and Viegas 2010; Hari et al. 2014; Pande
et al. 2017; Sheth et al. 2017; Chatterjee 2021; Fig. 4a, b).

The composition of olivine phenocrysts in the Chotila
Hill samples is Fog, g; (Table 1). In comparison, the
forsterite content of olivine in the Central Saurashtra
picritic dikes is somewhat lower (Fo;, g4, Melluso et al.
1995; Cucciniello et al. 2015), and as noted above, those
in the Pavagadh and Southern Saurashtra dikes and flows
are higher (Fogg_¢,, Krishnamurthy and Cox 1977; Melluso
et al. 1995; Krishnamurthy et al. 2000). The orthopyroxene
in sample BB04 has a composition of Eng,Fs;;Wo,
(Mg# 0.87) that is more Mg-rich than the orthopyroxene
(or pigeonite) in other Central Saurashtra samples and
samples from Pavagadh, Rajpipla and Western Ghats
(Melluso et al. 2010; Krishnamurthy et al. 2014; Chatterjee
and Sheth 2015; Cucciniello et al. 2015; Fig. 4a). The
plagioclase in the Chotila Hill samples has compositions
of An;,_¢3Ab,g 13501, ,. Plagioclase with higher anorthite
contents are present in the Central Saurashtra picrites
(Any, g5, Cucciniello et al. 2015). Chromite contains
substantial amounts of Mg (0.42-0.57 apfu) and Fe**
(0.07-0.18 apfu), and has Cr/(Cr + Al) ratios of 0.58-0.59.
Chromite and magnetite-ilmenite are also present in the
Central Saurashtra picrites (Cucciniello et al. 2015).

P-T of crystallization

The P-T of crystallization of the Deccan picrites, basalts
and alkalic rocks were determined using clinopyroxene
compositions including those analyzed in this study, and
bulk compositions where the clinopyroxene is in equilibrium
(Mahoney et al. 1985; Melluso et al. 1995, 2010; Simonetti
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Fig.3 a, b Al and Mg x-ray ele-
mental maps of sample BB04.
Note acicular plagioclase in (a).
The olivine phenocrysts appear
bright and the Cpx phenocrysts
are of intermediate shade in
(b). c—e BSE images of samples
BB04 (d) and BBOS (c and e).
Abbreviations: Ol Olivine, Pl
Plagioclase, Cpx Clinopyrox-
ene, Opx Orthopyroxene, Sp
Spinel, Sap Saponite

et al. 1998; Melluso and Sethna 2011; Krishnamurthy
et al. 2014; Chatterjee and Sheth 2015; Cucciniello et al.
2015; Vijayan et al. 2016; Pande et al. 2017; Sheth et al.
2017; Dongre et al. 2018; Chatterjee 2021; Khanna et al.
2023). Before the thermobarometric calculations were
performed, the entire clinopyroxene dataset was filtered
according to the recommendations of Neave and Putirka
(2017). Clinopyroxene analyses with cation sums outside
the 4.00+0.02 range and Jd <0.01 calculated on a six-
oxygen (60) basis (Fig. 4c) according to Putirka (2008)
were discarded. In an atomic Ca/(Ca+ Mg+ Fe) versus
Al diagram (60 basis, Fig. 4d), each group of Deccan
clinopyroxenes occurring in the tholeiites (especially the
Central Saurashtra group) shows two compositional trends
similar to Icelandic clinopyroxenes (Neave and Putirka
2017) that are characterized by variable Al at high Ca/
(Ca+Mg+ Fe) and variable Ca/(Ca+ Mg+ Fe) at low Al.
These trends can be attributed to sector zoning formed at low
degrees of undercooling, and the low-Al sectors are believed
to form by Ca and Al dilution as a result of disequilibrium
incorporation of Mg and Fe (Neave and Putirka 2017, and

references therein). Therefore, all clinopyroxene analyses
from the tholeiites with Al (60 basis) <0.11 (Fig. 4d)
were also excluded. The clinopyroxenes in the Deccan
alkalic rocks show concentric zoning (Chatterjee 2021;
Pande et al. 2017) and little variation in Ca/(Ca+ Mg+ Fe)
(Fig. 4d). Ubide et al. (2019) and Macdonald et al. (2023)
concluded that all clinopyroxenes from alkali basalts
irrespective of zoning patterns may record equilibrium.
Hence, all clinopyroxenes from the Deccan alkalic rocks
were considered in the P-T calculations.

Clinopyroxene-liquid thermobarometry

The clinopyroxene-liquid (Cpx-liq) barometer of Neave
and Putirka (2017) along with the P-dependent thermo-
metric expression (Eq. 33) of Putirka (2008) is suitable
for determining the P-T of crystallization of the Deccan
rocks. This thermobarometer has a standard error of estimate
of + 1.4 kbar and +27 °C, and it is valid between pressures
of 1 bar and 20 kbar, temperatures > 1100 °C, and oxygen
fugacity < 1.5 log unit above the quartz-fayalite-magnetite
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Tabl(-.f 1 Avt?rage compf)sitio.n Sample BBO4 BBOS

of minerals in the Chotila Hill

high-Mg basalts 0Ol Cpx Opx Pl Sap Ol Cpx Pl Sp Sap

Weight percent
SiO, 39.61 50.55 5350 5158  53.63  40.12 4954 5249  0.12 50.19
TiO, 0.01 0.87 0.16 0.02 0.00 1.13 0.73 0.07
ALO;  0.04 3.63 2.61 29.62 234 0.05 4.69 28.60  20.13  4.60
Cr,0; 0.11 0.34 0.92 0.05 0.08 0.24 4220 0.03
Fe,04 0.92 0.82 0.36 5.97
FeO 14.18 797 7.61 0.71 9.86 14.11 11.01 0.89 19.13  9.55
MnO 0.20 0.21 0.19 0.06 0.13 0.24 0.23 0.02
MgO 45.48 15.78 30.01 0.37 2394 4557 14.57  0.50 10.52  23.66
CaO 0.26 18.68  2.04 13.62  0.58 0.23 17.29 13.32  0.14 1.08
Na,O 0.21 0.04 3.42 0.21 0.17 3.66 0.29
K,O 0.00 0.01 0.21 0.17 0.02 0.24 0.20
NiO 0.18 0.21 0.06
Zn0O 0.06
Total 100.1 99.2 97.9 99.5 90.8 100.5 993 99.7 99.3 89.7
Ratios and endmembers

Mg# 0.851 0.762  0.865 0.812  0.852  0.696 0.815
Jd 1.0 0.2 1.2
Ae 0.6 0.1 0.2
En 46.9 83.9 43.9
Fs 133 11.9 18.6
Wo 39.9 4.1 37.5
An 67.9 65.9
Ab 30.8 32.7
Or 1.2 1.4

All analyses are averages of 10 points

Ol Olivine, Cpx Clinopyroxene, Opx Orthopyroxene, Pl Plagioclase, Sap Saponite, Sp Spinel, Jd Jadeite,
Ae Aegirine, En Enstatite, F's Ferrosilite, Wo Wollastonite, An Anorthite, Ab: Albite, Or Orthoclase

buffer (AQFM < 1.5) (Neave et al. 2019). Coexisting mag-
netite-ilmenite pairs in Central Saurashtra samples CSD8
and CSD9 (Cucciniello et al. 2015) yield log(fO,) values
of —15.1 at 829 °C (AQFM =-1.2) and -15.9 at 719 °C
(AQFM =0.54) with the QUILF program (Andersen and
Lindsley 1988), and similar log(fO,) values have been esti-
mated for many Saurashtra and Pavagadh rocks (Melluso
et al. 1995; Melluso and Sethna 2011; Sheth and Melluso
2008; Cucciniello et al. 2015). Hence, the log(fO,) values
are appropriate for application of the Cpx-liq thermobarom-
eter of Neave and Putirka (2017).

The Cpx-lig thermobarometer can only be applied if
Cpx is in equilibrium with the bulk (considered as liquid).
Neave et al. (2019) recommend that for Cpx and bulk to
be in equilibrium, the Fe'-Mg exchange coefficient, Cpx-
lig Kp(Fe™-Mg), must be within +0.03 of the value pre-
dicted by Eq. 35 of Putirka (2008), and the observed values
of the DiHd, EnFs and CaTs components of Cpx must be
within +0.06, +0.05 and +0.03 of predicted values (ref-
erences in Putirka 2008). An inspection of the data set

@ Springer

indicates that the above conditions of equilibrium are rarely
satisfied for the Deccan rocks (Fig. 5a, b). For example, the
K, values for the Chotila Hill samples are between 0.47 and
1.01, much higher than the equilibrium value of 0.27 +0.03
predicted by Eq. 35 of Putirka (2008). The alkalic rocks
of Sarnu-Barmer and Mundwara are exceptions with many
clinopyroxenes showing equilibrium K, values (0.24-0.30,
Chatterjee 2021; Vijayan et al. 2016; Simonetti et al. 1998;
Pande et al. 2017; Fig. 5a). The only tholeiites that show
equilibrium K, values are the Pavagadh picrite D97 (0.30,
Melluso et al. 1995), Central Saurashtra high-Mg basalt D44
(0.26, Melluso et al. 1995) and Rajpipla low-Mg basalt RT-1
(0.26, Mahoney et al. 1985; Krishnamurthy et al. 2014). The
observed and predicted values of the DiHd and EnFs com-
ponents of Cpx for these alkalic and tholeiitic rocks are also
well correlated (Fig. Sc, the CaTs components are very low
and not shown). The similar calculated P-T of crystalliza-
tion for D97 (3.4 kbar/1161 °C) and RT-1 (3.0 kbar/1159 °C)
indicate upper crustal conditions, and the slightly negative
pressure for D44 (-0.6 kbar/1139 °C) probably indicates
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Fig.4 Compositions of pyroxene in the Deccan picrites, high-Mg basalts, low-Mg (LMg) basalts, and alkalic rocks plotted after a, b Morimoto
et al. (1988), and ¢, d after Neave and Putirka (2017). The data sources are discussed in the text, except for Chotila Hill (this study)

very shallow, subsurface conditions (Fig. 6a, Table S1).
Thus, the P-T of crystallization for the high-Mg and the
low-Mg basalts are similar. The P-T for the Sarnu-Barmer
(8.7-11.7 kbar/1226-1264 °C) and the Mundwara (1.7-8.6
kbar/1117-1151 °C) alkalic rocks are variable with the max-
imum pressures far exceeding those of the tholeiites (Fig. 6a,
Table S1). Higher pressures for the same Sarnu-Barmer sam-
ples (12.2—15.5 kbar/1250-1284 °C) and similar P-T for the
same Mundwara samples (3.7-8.8 kbar/1134-1148 °C) were
calculated by Chatterjee (2021) using the same thermomet-
ric expression (Eq. 33) and older barometric expressions
(Egs. 30 and 31) of Putirka (2008).

Clinopyroxene thermobarometry

In the absence of Cpx-liq equilibrium in most samples,
thermobarometers based only on clinopyroxene composition
(Egs. 32a,d of Putirka 2008; Higgins et al. 2022) were
applied to determine the P-T of crystallization of the
Deccan rocks. Putirka’s (2008) formulations are based on

multiple regression of clinopyroxene compositions in basalt
obtained from experiments in the P-T range of 1 bar-75 kbar
and 800-2200 °C. The quoted uncertainties are + 3.1 kbar
and + 58 °C. Higgins et al.’s (2022) formulations are based
on random forest machine learning-based algorithms that
provide independent estimates of the uncertainties in P
and T. This thermobarometer also uses clinopyroxene
compositions in basalt obtained from experiments in the
P-T range of 2 bar-30 kbar and 750-1250 °C.

For the Chotila Hill samples, Putirka’s (2008) formula-
tions register P-T conditions of 4.0-6.1 kbar/1165-1200 °C
for BB04, and 4.5-7.5 kbar/1148-1179 °C for BB08
(Fig. 6b, Table S1). The P-T for most Deccan tholei-
ites including high-Mg and low-Mg basalts are
0.1-6.1 kbar/1047-1221 °C (excluding negative pressure
results) with only two clinopyroxenes yielding 7.5-7.9 kbar
pressures (Fig. 6b). The P-T for the spinel-hosted Cpx
inclusions in samples D56 and D57 (Melluso et al. 2010)
are notably high (7.0-12.7 kbar/1150-1289 °C, one
outlier at 1067 °C, Fig. 6b, Table S1). These pressures
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Fig.5 a,b Bulk Mg# versus a clinopyroxene-bulk Fe™-Mg distribu-
tion coefficient, and b Cpx Mg#; the equilibrium clinopyroxenes
plot between the two dashed lines. ¢ Correlation of the observed Cpx
components (DiHd and EnFs, calculated from Cpx analyses) versus

are even higher than the pressures for the Sarnu-Bar-
mer (1.3-8.2 kbar/1035-1205 °C) and Mundwara
(0.4-7.7 kbar/978-1129 °C) alkalic rocks. The thermoba-
rometer of Higgins et al. (2022) registers similar pressures
but lower temperatures, the reason for which is unclear
(Fig. 6¢c, Table S1).

Compared to the P-T determined using Cpx-liq
equilibria (Neave and Putirka 2017), the P-T determined
using only Cpx composition (Putirka 2008) are lower by
3.5-7.4 kbar and 70-190 °C for the Sarnu-Barmer alkalic
rocks, and the temperatures are lower by 20-150 °C for
the Mundwara alkalic rocks (Fig. 6a, b), as also found
by Chatterjee (2021). However, the P-T for the Rajpipla
tholeiite RT-1 using the same formulations are similar
(Cpx-liq equilibria: 3 kbar/1159 °C; Cpx composition:
4.0-6.1 kbar/1147-1169 °C). The pressures for the
tholeiite samples RT-1 (low-Mg basalt), and D44 and D97
(high-Mg basalts) using the formulations of Neave and
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predicted Cpx components of the equilibrium clinopyroxenes in (a,
b) according to the methods of Putirka (2008) and Neave and Putirka
(2017)

Putirka (2017) (3 kbar, —0.6 kbar and 3.4 kbar) and Higgins
et al. (2022) (3.4-4.1 kbar, 2.1 kbar and 2.2 kbar) are also
similar (Table S1). Thus, the P-T calculated for the Deccan
tholeiites using only Cpx compositions (Putirka 2008) are
reliable, and there is no significant difference in the P-T of
crystallization for the high-Mg and the low-Mg basalts.

Primary magma modeling
Calculation methods

At low pressures in the upper crust, where plagioclase
lherzolite (PL, Ol +PI+ Cpx + Opx) is stable, primitive
basaltic liquids fractionate with decreasing temperature
and evolve by crystallizing olivine, followed by Ol + P,
and then by Ol+ P14+ Cpx under nominally anhydrous
conditions (Kinzler and Grove 1992a; Grove et al. 1992;
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Yang et al. 1996). These authors have provided detailed
descriptions of the low-pressure phase relationships using
Ol-Cpx-Qz and OI-P1-Cpx pseudoternary diagrams. At
higher pressures near the Moho, plagioclase crystallization
is suppressed and the evolving liquid crystallizes Ol + Cpx
after an initial stage of Ol crystallization (Villiger et al.
2004). Silica-undersaturated, nepheline-normative liquids
plot at negative values of Qz in the Ol-Cpx-Qz projection,
and the evolving liquid moves away from the Qz apex as it
crystallizes Ol + Cpx.

The composition of the primary magma of a basalt and
its P-T of last equilibration with mantle are calculated
by backtracking along the fractionation path in reverse
(Reverse FC method, Chatterjee and Sheth 2015; Krein
et al. 2021; Chatterjee and Ghose 2023; Chatterjee
2023). The calculations involve determining the parental
liquid composition at each step of reverse fractionation

Higgins et al. (2022); KG92: Kinzler and Grove (1992b); G92: Grove
et al. (1992). The error bars at the top left corner of each panel rep-
resent the average uncertainties in the calculated pressures and tem-
peratures

until the final liquid is at its high-pressure SL-MSP or
GL-MSP predicted by the expressions of Till et al. (2012)
and Grove et al. (2013). Mineral-liquid equilibrium is
ensured by maintaining equilibrium Fe—-Mg distribution
for Ol-liq (Kp(Fe™Mg)=0.3, Roeder and Emslie 1970)
and Cpx-liquid (KD(FeT—Mg) =0.25, Grove et al. 1992),
and equilibrium Ca-Na distribution for plagioclase-liquid
(Grove et al. 1992) (the effect of uncertainties in the K
values are discussed below). This method was followed
to model the primary magmas of the Deccan basalts
assuming a lherzolitic source. The possibility of an origin
from a hybrid lherzolite source containing non-lherzolitic
components such as pyroxenite, hornblendite and eclogite
is explored in the Discussion section.

For simultaneous fractional crystallization and
assimilation (Reverse EC-AFC method, Chatterjee
2023), the energy-constrained AFC formulation of Spera
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and Bohrson (2001) and Bohrson and Spera (2001) was
incorporated in the modeling. The solidus and liquidus
of the upper crustal assimilant (900 °C and 1000 °C)
and the energy parameters used in the calculations were
as in Table 1 of Bohrson and Spera (2001), and the
equilibration temperature (T.,) was set at 1000 °C. The
gneiss-melt partition coefficient for K was estimated from
the average contents of K in upper crustal gneiss and its
melt (Ahmad et al. 2016; De Wall et al. 2022; Jayananda
et al. 2006, 2018). The basalt-melt partition coefficient
for K was estimated from the phase proportions in the
reverse fractionation model and mineral-melt partition
coefficients, which are close to zero except for plagioclase
(DP™™e1'=0.13, Bindeman et al. 1998).

Because thermobarometric calculations indicate crys-
tallization of the Deccan tholeiites in the upper crust, an
upper crustal assimilant was used in the Reverse EC-AFC
modeling. Cucciniello et al. (2015) also used an upper
crustal contaminant for the Central Saurashtra basalts.
Some authors suggest that the upper crustal material may
have been previously subducted to deeper levels, and the
contamination process may have occurred within a modi-
fied upper mantle or lower crust (Melluso et al. 2006).
Other authors prefer a lower crustal contamination with
amphibolite for the lower formation Western Ghats basalts
(Peng et al. 1994). For the purpose of comparison, the
primary magma of a Western Ghats sample was also mod-
eled with amphibolite as an assimilant at an assumed lower
crustal pressure of 8 kbar. The amphibolite-melt partition
coefficient for K was from Rushmer (1991), the amphibo-
lite solidus and liquidus were set at 950 °C and 1100 °C,
and the lower crustal energy parameters were from Table 2
of Bohrson and Spera (2001).

Sample selection

A critical first step in primary magma modeling is to
determine whether the bulk composition of the sample
represents a liquid. The sample should not be altered by
weathering, and it should not contain accumulations of
disequilibrium crystals. An unaltered liquid would plot on its
fractionation path in the pseudoternary diagrams. A sample
that plots on its Ol-P1-Cpx cotectic boundary, which is a
point that approximately coincides with the PL-MSP at a
specific pressure in the OI-PI-Cpx projection, is considered
a liquid. However, if the sample plots on its olivine control
line, it is not possible to ascertain a priori if it represents a
liquid. If it is indeed a liquid, its primary magma modeled
through reverse fractionation of olivine must plot on its
high-pressure MSP for lherzolite or lherzolite modified by
other lithologies.

The Deccan basalts and picrites with published com-
positions (Krishnamurthy and Cox 1977; Mahoney et al.
1985; Beane et al. 1986; Beane and Hooper 1988; Peng
et al. 1994, 1998; Melluso et al. 1995; Bondre et al. 2006;
Krishnamurthy et al. 2014; Cucciniello et al. 2015; Basu
et al. 2020a; Sheth et al. 2022; Khanna et al. 2023) were
plotted in the pseudoternary diagrams (Fig. 7). To evaluate
whether these basalts and picrites represent liquids, each
sample was separately plotted along with its cotectic bound-
aries and MSPs in the pseudoternary diagrams (not shown).
Among the high-Mg basalts and picrites, only three from
Central Saurashtra (CSD2, CSD4 and CSD19, Cucciniello
et al. 2015), one from near Tapti Rift (CH83-32, Peng et al.
1998), and one from Western Ghats (IG82-40, Peng et al.
1994) qualify as liquids that crystallized at low pressures.
These five high-Mg basalts, three additional very high-Mg
basalts and picrite that plot on the olivine control line, and
four low-Mg basalts discussed below plot close to the aver-
age unaltered basalt in an A-CN-K ternary diagram (Nesbitt

Table2 Average P-T

< L Crystallization Primary magma

conditions of crystallization

of the selected Deccan picrite P (kbar) T (°C) P (kbar) + T (°C) +

and basalts and P-T of last

equilibration of their primary D101 30.0 2.0 1513 17

magmas with mantle SK/21/83 24.5 35 1452 34
D44 355 4.5 1531 38
CSD2 0.001 1174 11.5 29 1313 39
CSD4 0.001 1179 12.0 3.0 1318 40
CSD19 0.001 1177 11.3 2.8 1310 39
CHS83-32 1.5 1179 12.0 3.0 1320 40
1G82-40 2 1190 12.3 3.1 1322 40
RT-1 35 1166 9.5 2.4 1289 39
KAD-R 25 1164 10.8 2.7 1303 39
RP81-22 4 1156 13.3 33 1333 40
RP81-25 5 1144 12.8 32 1322 40
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Fig. 7 Bulk composition of the Deccan high-Mg basalts, picrites, and
some low-Mg basalts plotted in Ol-PI-Cpx and Ol-Cpx-Qz pseudoter-
nary projections from Qz and PI, respectively, according to the meth-
ods of Tormey et al. (1987) and Grove (1993). The data sources are
discussed in the text. Low-Mg basalts are shown by small symbols,
and the samples selected for primary magma modeling are shown by
filled symbols. Also shown are the average PL-MSPs at 1 bar-10 kbar
pressures in 2 kbar intervals (Kinzler and Grove 1992a), SL-MSPs
at 9-21 kbar pressures in 3 kbar intervals (Till et al. 2012), and GL-

and Young 1982; Babechuk et al. 2014; Fig. 2f), indicating
that they are not significantly altered by weathering. Sam-
ples CSD2 and CSD4 are from an ENE-trending dike, and
CSD19 is from a NW-trending dike (Cucciniello et al. 2015).
These are low-Ti tholeiites with 0.8-1.2 wt% TiO, (Fig. 2c,
Table S2). Sample CH83-32 is a high-Ti tholeiite (1.9 wt%
TiO,, Fig. 2c, Table S2) from the middle of the Chikaldara
section, south of the eastern part of Tapti Rift (Peng et al.
1998). Sample 1G82-40 is also a high-Ti tholeiite (1.8 wt%
TiO,, Fig. 2¢, Table S2) from the Thakurvadi Formation of
the Kalsubai Subgroup in the lower part of Western Ghats
(Peng et al. 1994). Among the low-Mg tholeiitic flows asso-
ciated with high-Mg tholeiitic flows and interlayered with
alkalic flows at Rajpipla-Navgam (Mahoney et al. 1985),
three tholeiitic basalts (KAD/R, RT-1 and RP81-22) and
a mildly alkaline basalt (RP81-25) are slightly displaced
from their OI-P1-Cpx cotectic boundaries into the plagio-
clase stability field (Fig. 7a, small filled black symbols).
These samples represent liquids that are slightly modified
by excess plagioclase accumulation. Their bulk composi-
tions were corrected by subtracting 1.5-7.5% plagioclase
so that they plotted on their respective Ol-P1-Cpx cotectic
boundaries. These are high-Ti basalts (2.0-3.3 wt% TiO,,
Mahoney et al. 1985; Fig. 2c) and RP81-25 is potassic
(1.29 wt% K,0, Table S2). They have lower CaO contents
(9.9-11.3 wt%) and higher P,O5 contents (0.22-0.41 wt%)
than the high-Mg basalts. The five high-Mg basalts and
four low-Mg basalts discussed above plot on their OI-Pl-
Cpx cotectic boundaries at pressures of 1 bar-2 kbar and

MSP at 25 kbar and 40 kbar pressures (Grove et al. 2013). Only the
average MSPs are shown for clarity. Experimentally generated melts
of garnet pyroxenite (HO3, 20-25 kbar, 14-67% melting, Hirschmann
et al. 2003), hornblendite-depleted MORB mantle mixture (P08,
15 kbar, 27-43% melting, Pilet et al. 2008), eclogite (PH03, 20-30
kbar, 60-87% melting, Pertermann and Hirschmann 2003) and fertile
peridotite+ MORB (G17, 29 kbar, 1500-1540 °C, Gao et al. 2017)
are shown for comparison

2.5-5.0 kbar, respectively (Fig. 6d, 8a, c, Table S2). The
temperature of crystallization for the high-Mg and low-Mg
basalts are 1174-1190 °C and 1144-1166 °C, respectively,
with uncertainties of +27 °C (Eq. 16, Putirka 2008). These
P-T conditions are similar to the P-T obtained from Cpx-liq
and Cpx composition thermobarometry (Neave and Putirka
2017; Putirka 2008; Fig. 6). The remarkable agreement in
the P-T calculated for sample RT-1 with the three meth-
ods (Cpx-liq equilibria: 3 kbar/1159 °C; Cpx composi-
tion: 4.0-6.1 kbar/1147-1169 °C, and liquid composition:
3.5 kbar/1169 °C, Table S1) indicates that the P-T results
are robust and reliable. Hence, the primary magmas of the
nine selected high-Mg and low-Mg samples were calculated
using low-pressure reverse fractionation methods.

In addition to the nine samples discussed above, samples
that are displaced from the OI-P1-Cpx cotectic boundary
toward the olivine apex in the pseudoternary projections
(Fig. 7) and whose modeled primary magmas plot on
their high-pressure lherzolite MSP (see modeling section)
represent liquids on the olivine control line. Only two very
high-Mg basalts (MgO 10.7-11.6 wt%, samples D44 and
SK/21/83, Melluso et al. 1995; Krishnamurthy et al. 2014)
and a picrite MgO 14 wt%, sample D101, Melluso et al.
2006) qualify as liquids on the olivine control line. Sample
D44 is from a Central Saurashtra high-Ti dike that contains
augite, plagioclase and spinel, and Cpx is in equilibrium
with the bulk (Melluso et al. 1995; Fig. 2c, 6, Table S2).
Sample D101 containing olivine, augite and spinel (Melluso
and Sethna 2011) and sample SK/21/83 (Mount Girnar) are
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Fig.8 OI-PI-Cpx and OI-Cpx-Qz pseudoternary projections from
Qz and PI, respectively, with the composition of the selected Dec-
can a, b high-Mg basalts and picrite, and ¢, d low-Mg basalts and
their calculated parental and primary magmas (modeled without
spinel) plotted according to Tormey et al. (1987) and Grove (1993).
The reverse fractionation path for each sample is shown by a line
with arrowhead. Except for the very high-Mg basalts and picrite,
each line is connected by four symbols starting with the sample fol-
lowed by its parental liquids at the first appearance of clinopyroxene,

from low-Ti dikes in Southern Saurashtra (Fig. 2c, Table S2).
These samples have high alkali contents, but they plot in the
basalt field and below the alkalic-subalkalic boundary of
Macdonald and Katsura (1964) (Fig. 2a). According to the
scheme of Tormey et al. (1987) and Grove (1993), they are
nepheline-normative and plot in the silica undersaturated
part of the OI-Cpx-Qz pseudoternary diagram (Fig. 8).
The Nd-Sr isotopic compositions of the Saurashtra
high-Mg basalts such as sample CSD19 indicate moderate
degrees of contamination by the upper crust (with two
exceptions, Cucciniello et al. 2015; Fig. 2d). The Thakurvadi
high-Mg basalt IG82-40 has a similar Nd-Sr isotopic
composition to sample CSD19 and “common signature”
basalts (Fig. 2d), for which a lower crustal contaminant
has been suggested (Peng et al. 1994). However, 1G82-40
plots on its 2-kbar OI-P1-Cpx cotectic boundary (Fig. 8a),
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plagioclase and olivine. The symbol at the arrowhead represents the
primary magma. The PL-MSPs at 1 bar-10 kbar in 2 kbar intervals
(Kinzler and Grove 1992a) for a, b samples CSD2 and D44, and ¢, d
samples RP81-22 and RP81-25 are shown by plusses. The SL-MSPs
at 9-21 kbar in 3 kbar intervals (Till et al. 2012) and GL-MSPs at
25 kbar and 40 kbar (Grove et al. 2013) for the corresponding pri-
mary magmas (PM) are shown by crosses. The sources for the experi-
mentally derived melts are as in Fig. 7

indicating that it evolved in the upper crust. In some
Deccan formations, the primitive high-Mg basalts are more
contaminated than the evolved basalts, and this observation
has been used to argue against an AFC process and to
propose that the contaminated isotopic signatures were
acquired before the onset of basaltic differentiation (Cox
and Hawkesworth 1984, 1985; Basu et al. 2020a). However,
the modeling in this study deals with the formation of the
primitive high-Mg basalts from their primary magmas,
which is assumed to have occurred through AFC involving
assimilation of wall rocks from the magma conduits.
Therefore, the primary magmas of the five high-Mg basalts
plotting on the OI-PI-Cpx cotectic boundary were modeled
using the low-pressure Reverse EC-AFC method (Chatterjee
2023). An average Aravalli Banded Gneiss (Ahmad et al.
2016) for the Central Saurashtra samples, and an average
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Western Dharwar TTG gneiss (Jayananda et al. 2018) for
the Chikaldara and Thakurvadi samples were used as upper
crustal assimilants in the calculations. For comparison, the
primary magma of the Thakurvadi sample was also modeled
using an average Western Dharwar amphibolite (Naqvi et al.
1983) as a lower crustal assimilant.

The Rajpipla-Navgam alkalic and tholeiitic rocks overlap
and form a well-correlated array in an 87Sr/%0S1(t) versus
ena(t) plot, indicating mixing of high-gey4(t) basalts with an
LILE-enriched low-gy,(t) mantle endmember (Mahoney
et al. 1985). There is no indication of significant crustal
contamination, especially in samples RP81-22 and KAD/R
(Fig. 2d). Therefore, the primary magmas of the four
selected low-Mg basalts were modeled with the Reverse FC
method. Sample D44 also has high y,(t) and low 8’St/*°Sr(t)
ratios (Melluso et al. 2006; Fig. 2d), indicating that it is
uncontaminated by the crust. Hence, the primary magmas of
the very high-Mg basalts D44 and SK/21/83, and the picrite
D101 were also modeled using the Reverse-FC method.

Results

Low-pressure reverse fractionation modeling shows that the
OI-PI-Cpx saturated high-Mg basalts were last equilibrated
with spinel lherzolite at P-T conditions of 12—13 kbar and
1321-1333 °C (Fig. 8a,b, Table S2). They crystallized in
the upper crust that was at a temperature of 792-830 °C
when the basaltic melts intruded. The melts began to crys-
tallize at temperatures of 1238—-1252 °C, and upper crus-
tal assimilation started when the basaltic liquids were at
1177-1202 °C. The maximum M,*/M_ ratios were between
0.06 and 0.29 that resulted in 1-6% contamination of the
basalts (Table S2). The high-Mg basalts are 41-53% frac-
tionated. During olivine crystallization, the liquids frac-
tionated by ~3-5%, Mg# decreased from 0.73 to 0.70-0.71,
and Si0O,, Al,05, CaO and Na,O increased (Fig. 9). During
Ol + PI crystallization, the liquids fractionated by ~20-27%,
Mg# decreased to 0.63-0.66, SiO,, CaO and Na,O contin-
ued to increase, whereas Al,O; decreased (Fig. 9). Dur-
ing Ol +PI+ Cpx crystallization, the liquids fractionated
by ~ 11-27%, Mg# decreased to 0.54-0.60, SiO, and Na,O
increased further, whereas CaO decreased along with Al,O;
(Fig. 9).

The OI-P1-Cpx saturated low-Mg basalts of Rajpipla-
Navgam were last equilibrated with spinel lherzolite at P-T
of 10-14 kbar and 1296-1337 °C (Fig. 8c,d, Table S2).
They are 63-67% fractionated, and the fractionation was
dominated by Ol +P1+ Cpx crystallization. During olivine
crystallization, the liquids fractionated by ~ 1-5%, and
Mg# decreased from 0.73 to 0.70-0.72. During Ol + P1
crystallization, the liquids fractionated by ~9-18%, and Mg#
decreased to 0.67-0.69. During Ol+ P14+ Cpx crystallization,
the liquids fractionated by ~42-51%, and Mg# decreased to

0.42-0.47. The oxide variation trends are the same as for the
OI-PI-Cpx saturated high-Mg basalts (Fig. 9).

The very high-Mg basalts and picrite plotting on the
olivine control line were last equilibrated with garnet
lherzolite at P-T of 28-40 kbar and 1486-1569 °C
(Fig. 8a, b, Table S2). They originated by 9-25% fractional
crystallization of olivine. During fractionation, the Mg#
decreased from 0.72-0.76 to 0.63-0.68 as SiO,, Al,05, CaO
and Na,O increased (Fig. 9). For sample SK/23/83, forward
extrapolation of the olivine control line intersects the Ol-P1
cotectic boundary at a pressure of ~4 kbar, indicating that
it crystallized in the upper crust (Fig. 8a). On the other
hand, the extrapolations of the olivine control lines for D44
intersect the OI-Cpx cotectic boundary (near the Ol-Cpx-P1
cotectic boundary), indicating relatively higher pressures of
crystallization (Fig. 8a). The calculated Ni contents of all
modeled Deccan primary magmas are consistent with the Ni
contents predicted by the fertile lherzolite melting model of
Herzberg et al. (2016) (Fig. 9i).

For a hypothetical lower crustal EC-AFC of the
Thakurvadi high-Mg basalt IG82-40 at an assumed pressure
of 8 kbar, a primary magma equilibrated with garnet
lherzolite at~40 kbar/1593 °C would evolve by crystallizing
23% olivine, 11% Ol+ Cpx and 12% Ol + Cpx + Pl to
generate the sample. The primary melt would begin to
crystallize at 1382 °C, assimilation of lower crust preheated
to 898 °C would start at 1274 °C, and the sample would
become 12.6% contaminated. These results are very different
from the results for upper crustal EC-AFC that indicate
a primary magma equilibrated with spinel lherzolite at
12 kbar/1318 °C beginning to crystallize at 1252 °C and
assimilating upper crust (preheated to 828 °C) at 1202 °C,
resulting in 5.1% contamination (Fig. 8a, b, Table S2).
The P-T of equilibration with garnet lherzolite in the
lower crustal EC-AFC model is similar to the P-T for the
Saurashtra very high-Mg basalt D44. However, unless there
is demonstrable evidence of lower crustal fractionation for
the Thakurvadi sample, the upper crustal EC-AFC model
is preferable.

Uncertainties

The above modeling results do not consider spinel as a
crystallizing phase. Melluso et al. (2010) concluded that
spinel is a common phase that co-crystallized with olivine in
the Deccan basalts. Spinel crystallizes over a short interval
and the total mass of Cr-spinel is very small (<1 wt%, Till
et al. 2012; Krein et al. 2021). Furthermore, bulk Cr contents
are not available for most samples. Hence Cr-spinel was not
considered in the modeling. The effect of adding aluminous
spinel on the P-T of equilibration with mantle was
considered. Adding equilibrium olivine and spinel (spinel-
liquid KD(FeT-Mg) =0.95, Elkins-Tanton and Grove 2003)
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in 9:1 ratio in Stage 3 of the modeling does not significantly
affect the estimated P-T for the primary magma of basalts
that equilibrated with the mantle at shallow depths (pressures
changed by —0.5 kbar to 1.5 kbar). However, spinel addition
significantly decreases the P-T of equilibration for the very
high-Mg basalts and picrite, whose P-T are lowered by 1-6
kbar and 8-50 °C.

The parameterized expressions that predict the lherzolite
MSPs (Kinzler and Grove 1992a; Till et al. 2012; Grove
et al. 2013) and the plotting algorithm for the pseudoternary
projections (Tormey et al. 1987; Grove 1993) are all based
on the bulk total-Fe content, implicitly assuming Fe’>* =FeT.
This is because the experiments on which the expressions
are based do not report Fe** contents. Hence, the modeling
in the above section was carried out assuming Fe’* =Fe™.
The presence of Fe** lowers the olivine-liquid equilibrium
Kp(Fe™-Mg) (Blundy et al. 2020). For Fe’* =0.85FeT, the
olivine-liquid equilibrium Kp(Fe'-Mg) is 0.27 (Blundy
et al. 2020), which is at the lower limit of the 0.30+0.03
value recommended by Roeder and Emslie (1970). During
fractional crystallization, Fe** is incorporated into spinel
and clinopyroxene. The effect on the P-T of equilibration
with mantle considering Fe>* =0.85Fe", appropriate for
the log(fO,) values of Deccan basalts, was explored using
Canil and O’Neill’s (1996) data for the incorporation of Fe>*
in spinel and clinopyroxene (Table S3, Fig. S1, S2). This
further lowered the P-T by 3—4 kbar/25-42 °C for the very
high-Mg basalts and picrite, and by 0.5-2 kbar/8-27 °C for
the other samples.

Uncertainties in the estimated compositions and P-T of
primary magmas arise from the uncertainties in the equilib-
rium values of the mineral-liquid K(Fe™-Mg) coefficients.
A +10% change in the Ol-liquid and Cpx-liquid equilib-
rium K(Fe™-Mg) values results in a change of about + 3%
in MgO and + 6% in FeO for samples that require the highest
degrees of reverse fractionation. Another source of uncer-
tainty is the composition of the mantle minerals with which
the primary magmas are assumed to equilibrate. These
uncertainties are greater than those based on uncertainties in
the equilibrium mineral-liquid K(Fe™-Mg) coefficients. The
primary magmas in equilibrium with olivine in the Fogg-o,
composition range have uncertainties of + 6% in Mg#, + 12%
in MgO, +9% in FeO, +25% in pressure, and +3% in tem-
perature. The uncertainties in P-T are similar to the + 3 kbar
and + 30 °C uncertainties of the reverse fractionation method
(Krein et al. 2021). However, the uncertainties in P-T for
the very high-Mg basalts and picrite are up to+35 kbar
and +40 °C. Considering all factors, the best estimates of
P-T of last equilibration with mantle are 25-36 + 5 kbar/1
452-1531 440 °C for the very high-Mg basalts and picrite,
and 10-13 +3 kbar/1289-1333 +40 °C for the other samples
(Table 2).

Discussion
P-T of crystallization

Clinopyroxene composition thermobarometry (Putirka
2008) indicates that most Deccan tholeiites including
the high-Mg and the low-Mg basalts crystallized at P-T
conditions of 0.1-6.1 kbar and 1047-1221 °C with only
two clinopyroxenes showing higher pressures (7.5-7.9 kbar,
Fig. 6b). These two clinopyroxenes are small Ti—Al-rich
(TiO, > 1.3 wt%, Al,05>5.2 wt%) groundmass grains
from low-Ti, high-Mg tholeiite BBO8 (Chotila Hill) and
high-Ti, low-Mg tholeiite KAD/R (Rajpipla). Krishnamurthy
et al. (2014) noted the compositional similarity of the
clinopyroxene in KAD/R with the clinopyroxenes in
mildly alkaline basalts from Navgam, and concluded that
KAD/R represents a mixed liquid of tholeiitic and alkalic
components. According to Krishnamurthy et al. (2014),
such mixing occurred between high-Ti tholeiitic and
alkalic liquids at Rajpipla-Navgam, Central Kachchh and
Pavagadh. The occurrence of high-Ti—Al clinopyroxenes in
the low-Ti, high-Mg tholeiites of Chotila Hill and Southern
Saurashtra (inclusions in spinel in samples D56 and D57,
Melluso et al. 2010) indicates that mixing between low-Ti
tholeiitic liquids and alkalic liquids may have also occurred.
The spinel-hosted clinopyroxenes in D56 and D57 yield
very high P-T conditions of crystallization (7.0-12.7
kbar/1150-1289 °C, one outlier at 1067 °C) that are even
higher than the P-T for the high-Ti—Al clinopyroxenes in
Sarnu-Barmer (1.3-8.2 kbar/1035-1205 °C) and Mundwara
(0.4-7.7 kbar/978-1129 °C) alkalic rocks. Evidently, the
clinopyroxenes of alkalic affinity crystallized over a large
range of pressure (0.4-12.7 kbar). Furthermore, because
the pressures determined for the Sarnu-Barmer alkalic
rocks using clinopyroxene compositions are lower by
3.5-7.4 kbar than the more reliable pressures determined
using Cpx-liq equilibria (this study; Chatterjee 2021), the
actual crystallization pressures for the alkalic clinopyroxenes
may be even higher than 12.7 kbar.

Although there is some uncertainty in the pressures calcu-
lated using only clinopyroxene compositions for the alkalic
rocks, they are reliable for the tholeiites that contain clinopy-
roxenes (augite) with relatively lower amounts non-quadri-
lateral components. For example, the Rajpipla tholeiite RT-1
with clinopyroxene containing 0.9 wt% TiO, and 3.5 wt%
Al,O5 (Krishnamurthy et al. 2014) yields remarkably similar
P-T conditions using Cpx-liq equilibrium (3 kbar/1159 °C),
Cpx composition (4 kbar/1169 °C) and liquid composition
(2 kbar/1157 °C, Table S1). Thus, it can be concluded that
the crystallization pressures for all Deccan tholeiites (42
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high-Mg and low-Mg samples from different parts of the
Deccan Traps, Table S1) are less than ~ 6 kbar.

Krishnamurthy et al. (2014) considered the Pavagadh
picrites (PB/36, PB/39 and PB/52) as primitive liquids with
suspended phenocrysts, and suggested that the picrites would
crystallize Ol + PI to reach the Ol-P1-Cpx cotectic boundary
at a low pressure. They arrived at this conclusion by plotting
the bulk compositions of the picrites in an Ol-Cpx-Qz
pseudoternary diagram using an incorrect projection
scheme (Grove et al. 1982). Nevertheless, low-pressure
crystallization of the Pavagadh picrites is supported by the
P-T estimates in this study for the above-mentioned samples
(0.3-1.6 kbar/1130-1149 °C) based on clinopyroxene
compositions, and for sample D97 (3.4 kbar/1161 °C) based
on Cpx-liq equilibria (Table S1). Thus, the Deccan picrites,
like the high-Mg and low-Mg tholeiites, also crystallized
at low pressures. However, the OI-P1-Cpx pseudoternary
diagram plotted according to the corrected scheme of
Grove (1993) shows that crystallization of Ol+PI as
suggested by Krishnamurthy et al. (2014) will move the bulk
compositions away from the OI-PI-Cpx cotectic boundary
at all pressures, whereas removal of Ol + Cpx will move
the compositions toward the Ol-PI-Cpx cotectic boundary
(Fig. 7a). Although this may indicate a relatively high
pressure of crystallization, there is no such evidence from
clinopyroxene compositions, and the picrite-hosted olivine
and clinopyroxene crystals are in disequilibrium with the
bulk (mineral-bulk K(Fe™-Mg)=0.51-0.91 for Cpx, and
0.22 and 0.34-0.85 for olivine, Krishnamurthy et al. 2000,
2014). In addition, the high Mg#s of the picrites (0.69-0.74)
imply that they may be primary melts of the mantle, and
yet, they do not show multiple saturation with lherzolite at
any pressure (Fig. 7). Therefore, the Pavagadh samples do
not represent liquids, and their picritic bulk compositions
are a result of large accumulations of disequilibrium olivine
and clinopyroxene crystals. This does not preclude a deep
mantle source for their origin, and Krishnamurthy et al.’s
(2014) estimated > 20 kbar pressure for their origin may be
correct. Indeed, the Pavagadh picrite sample D81 (Melluso
et al. 2006) as well as the Saurashtra borehole samples such
as D-6 (Peng and Mahoney 1995) have high, OIB-like Dy,/
Yby ratios (Fig. 2e) that indicate their possible origin from
deep garnet-bearing sources.

Krishnamurthy et al.’s (2014) alkaline picrite samples
from Kachchh, KB/11/83 and KB/13/83, plot in the basanite
field of the total alkali-silica diagram (Le Bas et al. 1986)
(not shown). These samples and the very high-Mg tholeiite
sample SK/21/83 from Mount Girnar (Krishnamurthy
et al. 2014) plot at negative quartz values in the Ol-Cpx-Qz
pseudoternary diagram of this study (Fig. 8b), indicating
that they are silica-undersaturated rocks. The trend of
the down-temperature olivine crystallization path of
sample SK/21/83 indicates that is crystallized at upper
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crustal pressures (Fig. 8a). On the other hand, the Bhuj
(Kachchh) alkalic rocks that originated by melting of
carbonated garnet lherzolite, crystallized near the Moho
(~12 kbar/1120-1160 °C, Chatterjee 2021). Thus, the
maximum pressures of crystallization for the alkalic rocks
(> 12.7 kbar, 12 samples including samples with spinel-
hosted Cpx inclusions, Table S1) are much greater than
the maximum pressures of crystallization for the tholeiites
(~ 6 kbar).

Mantle sources

High-pressure pyroxenite melting experiments (Kogiso
et al. 2004; Hirschmann et al. 2003) indicate the presence
of a thermal divide that separates SiO,-poor melts
from SiO,-rich melts. The SiO,-poor melts are olivine-
normative and they plot on the SiO,-undersaturated side
of the thermal divide in pseudoternary diagrams. Both
the SiO,-undersaturated and the SiO,-rich melts plot far
away from their spinel or garnet MSPs predicted by the
expressions of Till et al. (2012) and Grove et al. (2013)
and the evolved SiO,-undersaturated melts plot on their
Ol + Cpx + garnet/spinel saturation boundaries (Grove et al.
2013). Experimentally derived melts of carbonated garnet
lherzolite are also strongly SiO,-undersaturated (Grove et al.
2013; Chatterjee 2021). Although a few Deccan picrites
and very high-Mg basalts show mild SiO,-undersaturation
(Fig. 7), the samples whose primary magmas were modeled
have higher CaO/Al,O; ratios and SiO, contents than all
of the experimentally derived pyroxenite melts (Fig. 9).
Furthermore, olivine addition moves the Deccan picrite
and very high-Mg basalts toward the olivine apex and away
from the experimentally derived melts of pyroxenite in the
pseudoternary diagrams (Fig. 8a,b). Hence, it is unlikely
that the Deccan picrites and very high-Mg basalts originated
by melting of pyroxenite or carbonated lherzolite. Melts of
hornblendite and depleted MORB mantle mixtures (Pilet
et al. 2008) are mostly SiO,-undersaturated and relatively
high in the plagioclase component (Fig. 8), They do not
overlap with the model fractionation paths of the Deccan
samples. Thus, an origin of the Deccan rocks by melting
of a hornblendite-enriched mantle source can be precluded.
Gao et al. (2017) conducted high-pressure experiments on
layered peridotite + MORB mixtures and found picritic
and komatiitic melts (12.2 wt% and 19.9 wt% MgO) in
two of their runs at 29 kbar and above the dry peridotite
solidus. The picritic melt plots somewhat close to the model
primary magmas of the Deccan high-Mg basalts (Fig. 8a, b).
However, its lower CaO and Al,O; contents and CaO/Al,O;
ratios, and higher Na,O contents (Fig. 9) indicate that an
eclogite-enriched mantle source is unlikely for the Deccan
basalts. The SiO,-undersaturated primary magmas of the
Deccan picrite and very high-Mg basalts are also distinctly
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different from the SiO,-saturated peridotite + MORB melts.
Therefore, it can be concluded that all of the Deccan picrites
and basalts under consideration originated from pristine
lherzolite sources.

The NiO contents of the Foy, olivine in equilibrium
with the Deccan primary magmas, determined using the
partition coefficient expression of Matzen et al. (2017) and
the calculated mantle equilibration temperatures and MgO
contents of the primary magmas and equilibrium olivines,
are 0.32-0.55 wt% (one outlier at 0.13 wt%). These values
are identical to the observed NiO contents of primitive
olivines (Mg# 89, 0.30-0.52 wt% NiO) in basalts worldwide
that erupted through a thick (> 70 km) lithosphere (Matzen
et al. 2017). Matzen et al. (2017) also showed that the
observed olivine compositions are consistent with melting of
fertile peridotite. Thus, the calculated mantle equilibration
temperatures and compositions of the Deccan primary
magmas are reliable, and the primary magmas likely
originated from a lherzolitic source.

Mantle melting conditions

Modeling shows that the primary magmas of the very high-
Mg basalts and picrite from Saurashtra (MgO 11-14 wt%)
were last equilibrated with the mantle at P-T conditions of
25-36 kbar/1452-1531 °C. These liquids originated from
depths of ~83—117 km through melting of garnet lherzolite
(Fig. 10). The primary magma of sample D44 shows equi-
libration just above the anhydrous peridotite solidus, indi-
cating that it probably represents a very low-degree, near-
fractional melt of the mantle. The equilibration P-T of this
sample (36 kbar/1531 °C) constrains the mantle potential
temperature to 1477-1495 °C, assuming adiabatic gradients
of 1.0-1.5 °C/kbar.

The primary magmas of the high-Mg basalts (MgO
8.1-8.8 wt%) and low-Mg basalts were last equilibrated
with spinel lherzolite at P-T conditions of 11.3-12.3
kbar/1310-1322 °C and 9.5-13.3 kbar/1289-1333 °C,
respectively (Table 2). There is no significant difference
in the P-T for the low-Mg mildly alkaline basalt
(12.8 kbar/1322 °C) and tholeiitic basalts of Rajpipla-
Navgam, indicating that mixed tholeiitic-alkalic magmas
(Krishnamurthy et al. 2014) would also yield P-T of last
equilibration with mantle in the same range. Similar P-T
were also estimated for the primary magmas of tholeiites
from Mumbai, and the Ambenali and Mahabaleshwar
formations (8—13 kbar, 1268-1332 °C, Chatterjee and
Sheth 2015). Thus, the primary magmas of most Deccan
high-Mg and low-Mg tholeiites as well as the interlayered
mildly alkaline basalts were last equilibrated with spinel
lherzolite at similar P-T conditions. Considering that the
average depth of Moho at the time of Deccan magmatism
was ~40 km (~ 11 kbar, similar to present day, Rao et al.
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Fig. 10 Schematic diagram showing the P-T conditions of crystal-
lization and last equilibration with mantle (primary magmas, PM)
for selected Deccan low-Mg basalts, high-Mg basalts and picrite,
the nominally anhydrous mantle solidus (Hirschmann 2000; Sarafian
et al. 2017), approximate plagioclase-spinel (Till et al. 2012) and spi-
nel-garnet (Grove et al. 2013) transition boundaries, possible crust-
mantle (Moho) and lithosphere-asthenosphere (LAB1 and LAB2)
boundaries, 1500 °C and 1400 °C adiabats and cooling paths (sche-
matic) of the mantle melts that depend on the latent heat of melting,
pooling characteristics, and pressure-dependent melt productivity
(Behn and Grove 2015)

2015; Mohan and Ravi Kumar 2004), the pressure estimates
indicate that the primary magmas of most Deccan tholeiites
were last equilibrated with the mantle at or close to the
Moho. Assuming adiabatic gradients of 1.0-1.5 °C/kbar,
the apparent potential temperatures (Tp*, Krein et al. 2021)
for the Deccan tholeiites with P-T of last equilibration with
mantle of ~ 10-13 kbar/1290-1335 °C are ~ 1275-1325 °C.
The apparent potential temperature reflects cooling of the
mantle as it melts, and the true potential temperature can be
calculated using the equation Tp=Tp* +F.L/Cp, where F
is the degree of melting, Ly is the latent heat of melting and
Cp is the heat capacity (Krein et al. 2021).

The estimated equilibration temperatures of the
primary magmas of the high-Mg and low-Mg basalts are
consistently ~ 50 °C above the anhydrous peridotite solidus,
indicating that they represent higher degree melts compared
to sample D44 (Fig. 10). These primary magmas probably
represent the average of spinel lherzolite melts that initially
pooled at the base of a thinned lithosphere (LAB2). The
average composition and P-T of pooled melts depend on
the degree of melting and pooling characteristics (Behn
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and Grove 2015; Krein et al. 2021). White and McKenzie
(1995) estimated a maximum of ~15% melting for the
Western Ghats basalts using rare earth element inversion
and thermodynamic constraints. Sen (1995) also estimated
a maximum of 15-18% melting for the Western Ghats
basalts using major elements and batch and accumulated
fractional melting models. On the other hand, Melluso et al.
(2006) estimated only 5-11% maximum melting for the
Gujarat high-Mg basalts based on major and incompatible
trace elements and non-modal fractional melting models.
However, the Lay/Smy and Dy,/Yby ratios and a spinel
lherzolite batch melting model suggest no difference in
the degree of melting between the Western Ghats and the
Gujarat tholeiites (Fig. 2e). For pooled melts, the mean
degree of melting is approximately half of the maximum
degree of melting (Langmuir et al. 1992). According to
Krein et al.’s (2021) calculations, Tp* may be lower than
Tp by~ 120 °C for~10% mean degree of melting and fully
pooled melts. Hence, assuming ~ 15-18% maximum melting
for the Deccan tholeiites, the true potential temperatures for
the high-Mg and low-Mg basalts may be ~ 1400-1450 °C.
Therefore, considering all samples, the estimated potential
temperatures are in the range of ~ 1400-1500 °C. These
temperatures are up to~ 150 °C higher than the ambient
mantle temperature of 1350 °C (present day value, Herzberg
et al. 2010), and consistent with an origin of the Deccan
tholeiites from a mantle plume.

Conclusions

Clinopyroxene-liquid and clinopyroxene composition
thermobarometry indicates that all Deccan tholeiites
including picrite, high-Mg basalt (MgO 8-12 wt%) and
low-Mg basalt (42 samples from different areas) crystallized
in the upper crust at maximum pressures of ~6 kbar and
a temperature range of 1047-1221 °C. By contrast, the
Deccan alkalic rocks (12 samples) crystallized at maximum
pressures near the Moho (~ 12.7 kbar) and a broad range of
temperatures (978-1289 °C).

Samples of high-Mg Deccan tholeiite that represent
unmodified magmatic liquids are extremely rare. Reverse
fractionation modeling indicates that the primary magmas
of selected high-Mg basalts (5 samples) and a few low-Mg
basalts (4 samples) that represent liquids were last
equilibrated with the mantle at P-T conditions of 10-13
kbar and 1289-1333 °C. The primary magmas of very
high-Mg basalts (MgO 11-12 wt%, 2 samples) and a picrite
(1 sample) representing liquids that are even rarer, were last
equilibrated with the mantle at P-T conditions of 25-36 kbar
and 1452-1531 °C. Thus, the primary magmas of very
high-Mg basalts and picrite were last equilibrated with
garnet lherzolite, whereas the primary magmas of low-Mg

@ Springer

and high-Mg basalts were last equilibrated with spinel
lherzolite. The primary magma of a mildly alkaline basalt
interlayered with low-Mg and high-Mg basalts was also last
equilibrated with spinel lherzolite at similar conditions.
The selected high-Mg basalts are 1-6% contaminated with
the continental crust. Mantle potential temperatures based
on the equilibration temperatures of the Deccan samples
are 1400-1450 °C for the high-Mg and low-Mg basalts,
and ~ 1500 °C for the picrite and the very high-Mg basalts.
These results support derivation of the Deccan tholeiites
from a mantle plume.
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