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ARTICLE INFO ABSTRACT

Editor: Dr C. M. Petrone The origin of basalts from the Western Ghats lava sequences of the Deccan large igneous province (LIP) was

investigated through combined major and trace element and isotopic analysis. Sr-Nd-Pb isotopic compositions

Keywords: are strongly variable and show a time-related shift from enriched, crustal-like values for the late Cretaceous
gasalt Kalsubai and Lonavala Subgroup basalts to more depleted mantle-like values for the early Paleogene Wai Sub-
eccan

group basalts. By contrast, Os isotopic data are relatively uniform from base to top of the Western Ghats (initial
18705/1880s; at 66 Ma: 0.12-0.21) and generally similar to those of the present-day Réunion mantle plume. The
basalts from the Wai Subgroup Ambenali Formation (*¥70s/1%80s; 0.120) may show a moderate contribution
from the sub-continental lithospheric mantle. In general, the combined isotopic and trace element compositions,
and '870s/'880s; in particular, show that assimilation of the Proterozoic to Archean Indian crust was generally
low (<3 wt.% of starting magma) and did not exceed 8 wt.% in any of the studied lavas. Similar results have been
previously reported for other Phanerozoic LIPs. Therefore, we suggest that the emplacement of LIPs as short-lived
eruptive pulses interrupted by relatively longer hiatus periods possibly hindered effective and prolonged heating
of the basement rocks above their solidus temperature. Most likely, this obstacle to crustal contamination was
particularly effective for the Wai basalts, which are interlayered with numerous sedimentary or paleosol layers
probably formed during periods of volcanic quiescence when the crustal basement may have returned to low sub-
solidus temperatures.

Large igneous province
Crustal assimilation
Mantle source

1. Introduction

Compared to basaltic magmas generated in the shallow convecting
mantle (e.g., Mid-Ocean Ridge Basalts, MORB) those from large igneous
provinces (LIPs) generally have higher incompatible trace element
contents and radiogenic isotope compositions (Mahoney et al., 1982)
indicating long-term incompatible element enrichment (hereafter
"enriched compositions"). This enrichment may be due to the presence of
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recycled crustal components in the mantle source (e.g., Melluso et al.,
2006), or to interaction of the magmas with the continental lithospheric
mantle (SCLM) and crust (e.g., Peng et al., 1994; Reisberg and Aulbach,
2025).

The Archean to Proterozoic age and thus strongly enriched isotopic
compositions of the Indian basement rocks makes the 66 Ma Deccan
Province an ideal site to assess the amounts of crustal contamination in
continental LIPs. The Re-Os isotopic system, especially when used
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alongside traditional isotopic tracers (Sr, Nd, Pb), offers a powerful tool
for detecting the potential contribution of assimilated continental lith-
ospheric components. This is due to the markedly distinct Os isotope
signatures of continental crust, sub-continental lithospheric mantle
(SCLM), and convecting mantle. These strong differences arise from the
fact that, unlike the other commonly used radiogenic tracers, Os behaves
compatibly during partial melting of the mantle while its parent, Re, is
mildly incompatible. As a result, the crust has low Os concentrations and
very high Re/Os ratios (Saal et al., 1998; Peucker-Ehrenbrink and Jahn,
2001), which evolve with time into very high 870s/180s ratios. By
contrast, the SCLM has low '870s/180s ratios, coupled with high Os
concentrations (e.g., Carlson, 2005; Aulbach et al., 2016), making these
Os isotopic ratios largely resistant to disturbance by the metasomatic
agents that often perturb the Sr, Nd and Pb isotope systematics of this
domain. The #70s/180s ratios of magmas from the convecting mantle
or mantle plumes are much lower than those of crustal rocks, but typi-
cally higher than those of the SCLM, particularly the cratonic SCLM (e.
g., Gannoun et al., 2016).

We combine new '870s/180s data with major and trace element
compositions and Sr, Nd and Pb isotope data on selected basaltic sam-
ples that are stratigraphically well-positioned to constrain the extent and
time-related evolution of lithospheric mantle and crustal contribution
for the Western Ghats (WG) volcanic pile of the Deccan LIP. Detailed
geochronologic and volcanostratigraphic data (e.g., Beane et al., 1986;
Schoene et al., 2019; Sprain et al., 2019) allow the studied samples to be
assigned to the different volcanic formations of the WG. We show that
the calculated degrees of crustal assimilation are generally moderate to
very low even for the WG basalts with the most enriched Sr, Nd and Pb
isotopic compositions. As similar conclusions apply to basaltic magmas
from other continental LIPs, we propose an interpretation of the crustal
contamination process in LIPs grounded in recent concepts regarding the
evolution of their transcrustal plumbing systems (Mittal et al., 2021).
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2. The Deccan

The volumetrically dominant exposed portion of the Deccan Traps
(Fig. 1) was emplaced between ca. 66.8 and 65.4 Ma (e.g., Schoene et al.,
2019; Sprain et al., 2019; Tholt et al, 2023), straddling the
Cretaceous-Paleogene boundary (ca. 66.0 Ma; Sprain et al., 2018) and
arguably contributing to the end-Cretaceous extinction event (e.g.,
Callegaro et al., 2023). Since the work of Morgan (1972), the formation
of this LIP is commonly attributed to the Réunion mantle plume, which
impinged on the rapidly northward migrating Indian continental plate
(but see alternative interpretations, e.g., in Sheth, 2007). The Western
Ghats (WG) section in the Main Deccan (Fig. 1) yielded “°Ar/3°Ar dates
from lavas and U-Pb dates from zircons in paleosol or sedimentary in-
terbeds ranging from ca. 66.3 to 65.5 Ma (Schoene et al., 2019; Sprain
et al., 2019). On the WG escarpment east of Mumbai, central-western
India, more than 3000 m of composite volcanic stratigraphy are
exposed (Beane et al., 1986). Based on field evidence and geochemical
compositions (in particular, Sr, Nd, Pb isotopic ratios), the WG lavas
have been subdivided into 3 subgroups (from base to top: Kalsubai,
Lonavala, Wai) and 11 lava flow formations (Fig. 1b; e.g., Beane et al.,
1986; Kale et al., 2019). Dykes with geochemical affinity to the Kalsubai
and Lonavala flows are dominant in the Narmada-Tapi graben, while
Wai lava flows are geochemically similar to Central Deccan dykes and to
dykes intruded along the coast of the Arabian Sea (Vanderkluysen et al.,
2011; Fig. 1). Scarce ¥70s/1880s data from previous studies on the WG
(Allegre et al., 1999; Peters et al., 2017; Peters and Day, 2017) were in
part obtained on mafic samples of poorly constrained volcanostrati-
graphic position and are generally not combined with Sr, Nd, Pb isotopic
data.

3. Methods

Details on all the analytical methods are reported in the

Sub-  Volcanic WG
groups Formations samples

Fig. 1. a: Schematic geological map of the Deccan LIP and of the surrounding Indian cratons (Archean rocks and inter-cratonic Paleoproterozoic suture zones;
modified after Self et al., 2022). Location of the Kalsubai plus Lonavala (bright green field) and Wai basalts (yellowish-greenish field) as well as main dyke swarms
(black lines; cf. Vanderkluysen et al., 2011) are schematically shown after Self et al. (2022). Sampling locations for rocks analyzed here for Re-Os are marked with
stars. 1b: volcanic stratigraphy of Western Ghats lava flow subgroups and formations (after Sprain et al., 2019) with interlayered red boles (i.e., soil and/or sedi-
mentary horizons, shown by red lines) and approximate stratigraphic positions of the analyzed basaltic rock samples (the low-volume Panhala Formation above
Mahabaleshwar Fm. is not shown). Numbers in brackets indicate the approximate age in Ma for the main formations based on data from Sprain et al. (2019).
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Fig. 2. a, b: Rare Earth Element (REE) concentrations of the studied Deccan basalts normalized to chondritic values (McDonough and Sun, 1995); ¢, d: Trace el-
ements normalized to Primitive Mantle values (McDonough and Sun, 1995). Réunion data from Halfar et al. (2023).

those of WG basalts from the literature (Fig. 3). The most "depleted" Sr-
Nd isotopic compositions, indicating long-term incompatible element
depletion of the source, are those of the Ambenali basalts (®7Sr/%08r; ca.
0.7040 and 143Nd/144Ndi ca. 0.51280, where the suffix i refers to the
initial values at 66 Ma; Fig. 3a). They are slightly less depleted than most
MORBs and overlap the compositions of present-day Réunion Ocean
Island Basalts (OIBs; Schiano et al., 2012; Peters et al., 2016; Halfar
et al.,, 2023; Fig. 3a). Among the other lava flows from the Wai Sub-
group, Mahabaleshwar basalts have slightly higher 87Sr/%6Sr; coupled
with markedly lower *3Nd/***Nd; while Poladpur basalts have higher
87Sr/86Sri and lower "*3Nd/ 144Ndi than Ambenali samples. Kalsubai and
Lonavala samples display a very large range of Sr-Nd isotopic compo-
sitions (Fig. 3a), from values similar to the most enriched Wai samples to
very high 87Sr/gC’Sri (0.71477) and low 143Nd/144Ndi (0.51172). The
most radiogenic Sr and least radiogenic Nd isotopic compositions are
represented by the Bushe (Lonavala Subgroup) and by some Thakurvadi
basalts (Kalsubai), while other Thakurvadi, most Neral (Kalsubai) and
Khandala (Lonavala; e.g., Peng et al, 1994) basalts tend to low
143Nd/1**Nd; at moderately high 8 sr/%6sr,.

Pb isotopic compositions exhibit a very large range (this and previ-
ous studies; Fig. 3). The least radiogenic Pb isotopic values (e.g.,
206p}, 204pp, ca. 16.8) are found in Mahabaleshwar, some Neral (e.g.,
Peng et al., 1994) and some Thakurvadi basalts, while other Thakurvadi,
Igatpuri and Bushe basalts reach the most radiogenic Pb isotopic com-
positions (206Pb/204Pbi >22). Ambenali basalts have 206Pb/zo“Pbi (ca.
18.3) slightly lower than those of Réunion basalts (ca. 18.9; e.g., Halfar
et al., 2023).

The isotopic compositions (this and previous studies) show very little
or no correlation with major elements (e.g., MgO or SiO,, Supplemen-
tary Information Fig. S4). However, Sr-Nd isotopic compositions are
roughly correlated with some incompatible element ratios (e.g., La/Nb,
Fig. 4a), while Pb isotopic compositions are weakly correlated with trace
element ratios like La/Yb or Th/Nb (Fig. 4b).

4.3. Re-Os isotopic compositions

Re-Os data were obtained on 10 WG samples plus two replicates
(Figs. 5, 6; Table 1; all uncertainties are 20, cf. Supplementary

Information). Literature data shown in Figs. 5, 6 include Re-Os isotopic
compositions of 10 Deccan basalts, including one from the WG (prob-
ably belonging to the Kalsubai Subgroup) from Allegre et al. (1999), and
38 Deccan samples, including 14 from the WG (7 from Kalsubai, for-
mations not specified, and 7 from Wai: 2 Poladpur, 3 Ambenali, and 2
Mahabaleshwar basalts) from Peters et al. (2017) and Peters and Day
(2017). The latter also provided major and trace element data and Sr-Nd
isotopic compositions for about half of their samples.

Re and Os contents in our samples vary from ~200 to 700 ppt and
from 6 to 235 ppt, respectively (Table 1). Allegre et al. (1999) and Peters
etal. (2017) reported similar values for basalts, but picritic samples from
Peters et al. (2017) have Os as high as ~900 ppt. Osmium contents are
roughly correlated, while Re contents are anti-correlated, with differ-
entiation indices such as Ni content (Fig. 5a and b) reflecting the
compatible and incompatible behavior of Os and Re expected during
magmatic differentiation. The atypical sample BOR14-2 plots off of
these trends.

Measured '870s/1880s values vary from 0.145 to 0.604 (0.119-1.00
for Peters et al., 2017; 0.142-2.06 for Allegre et al., 1999). Measured
18705/1880s and 187Re/!®80s are positively correlated (Fig. 5¢), but as
with the data of Peters et al. (2017) a statistically robust isochron could
not be defined. This is unsurprising, as the samples were collected from
distinct and probably non-cogenetic formations (Fig. 1) with age dif-
ferences of up to ca. 0.8 Ma. Excellent agreement is observed between
the initial ratios (18705/ 188Osi at 66 Ma) of the repeat analyses of each of
the two replicated samples, KAM14-1 from the Bushe and AMB14-2
from the Poladpur Formation, despite the fact that in both cases, the
measured 1870s/!%80s and '8’Re/*®80s ratios of the replicates differ
substantially (Fig. 5c¢, d, Table 1). This discrepancy in the measured
ratios may be due to the presence of micrometric Platinum Group
Element phases that are heterogeneously distributed within the rock. As
a result, analyses of different aliquots of the same sample powder may
yield different Os concentrations and Re/Os ratios. This is known as the
nugget effect. The agreement in the initial ratios not only validates the
methodology and but also argues against post-emplacement perturba-
tion of the Re-Os system. Excellent agreement is also found between the
1870s/1880s; (Fig. 5d) of the two analyzed from the Ambenali samples
(AMB14-6 and AMB14-8), despite their significantly different and
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elevated Re concentrations, implying that these distinct Re concentra-
tions date from the time of the emplacement. The higher Re content of
AMB14-8 is coupled with a lower Ni content than that of AMB14-6
(Fig. 5b), suggesting slightly different extents of magmatic
differentiation.

Initial 1870s/1®80s; values of our samples range from 0.120 to 0.211,
and vary well beyond limits of uncertainty (Table 1, Fig. 5d). The
excellent agreement of the repeat analyses, as well as between the two
Ambenali samples, argues that this variation is real, despite the large
corrections for radiogenic ingrowth. The lowest 1870s/'880s; values in
this study are from the Ambenali basalts (0.120 and 0.121), while the
highest are those of two Thakurvadi basalts (0.170 and 0.210, Fig. 5d).
The other analyzed basalts (Igatpuri, Thakurvadi, Bushe, Poladpur,
Mahabaleshwar formations) range from 0.128 to 0.146. The highest
18705/1880s; (0.210) is found in the chemically and texturally unusual
and possibly slightly altered (LOI 2.84 wt.%) sample BOR14-2.
Excluding our samples from the Ambenali and Poladpur flows of the
Wai Subgroup, 18705,/1880s; roughly correlates with 1/1880s (Fig. 5d).
Our Poladpur and Ambenali samples plot below this trend, with the
latter having less radiogenic compositions than both the estimated
primitive upper mantle (PUM; present-day '870s/1%0s = 0.1296
+0.0008; Meisel et al., 2001, Fig. 6) and Réunion OIBs (*¥70s/'%80s =

0.131-0.137; Schiano et al., 2012, Fig. 6).

Initial Os vs. Sr-Nd-Pb isotopic composition plots show weak corre-
lations (Fig. 6), but, in general, high 1870s/ 18805i (> 0.15) are found in
samples having radiogenic Sr and unradiogenic Nd (e.g., the Thakurvadi
samples: BOR14-1 and BOR14-2). On the contrary, some samples with
very enriched Sr-Nd-Pb isotopic compositions have only moderately
high '¥70s/'%80s; (e.g., the Igatpuri and Bushe samples: 0.141 and
0.134).

5. Discussion

In line with numerous previous works on the Deccan (e.g., Mahoney
etal., 1982, 2000; Cox and Hawkesworth, 1985; Peng et al., 1994; Peters
et al., 2017; Basu et al., 2020; Pakulla et al., 2023; Hoyer et al., 2023),
this study highlights significant differences in geochemical compositions
among the Kalsubai, Lonavala, and Wai Sub-group basalts, as well as
among individual formations of each subgroup. In the following para-
graphs we use the geochemical data, especially the new Re-Os isotopic
compositions, to constrain the possible contributions of crustal, SCLM,
and sub-lithospheric mantle components to the petrogenesis of the WG
magmas.
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Fig. 4. Trace element ratios (La/Nb and Th/Nb, respectively) vs initial Sr and
Pb isotopic compositions of the studied basalts. Curves show the calculated
evolution paths of a parental Ambenali magma, which assimilates one of two
distinct felsic upper crustal rocks with either radiogenic (red) or unradiogenic
(black) Pb isotopic composition (compositions and parameters used in the
assimilation modelling are listed in Supplementary Information Table S3,
further details on the calculations are reported in the main text). Tick marks
show wt.% of assimilated crust. Literature data for the WG are from Basu et al.
(2020) and Pakulla et al. (2023, and references therein).

5.1. Crustal contamination

The crust under the WG is mainly formed by rocks from the Dharwar
craton (see Supplementary Information). The available isotopic data for
Archean to Proterozoic felsic and mafic rocks from this craton show a
very large range of compositions (¥7Sr/%°Sr; from 0.7023 to > 1.0,
143Nd/M*4Nd; 0.5120-0.5103; 2%°Pb/2%Pb; 14.5-23.3, values recalcu-
lated to 66 Ma; references in the Supplementary Information, ranges
shown in Fig. S5). Re-Os isotopic data are not available for the Indian
basement, but possible compositions can be hypothesized, considering
felsic and mafic rocks of Archean to Paleoproterozoic age. Typically, the
Os content of the felsic upper crust is ca. 5-50 ppt, with average
187Re/1880s = 34.5 (Peucker-Ehrenbrink and Jahn, 2001; Rudnick and
Gao, 2014) and therefore 18705/18805 > 1.0 is expected for Mid Prote-
rozoic to Archean rocks. The Os content and '8”0s/!880s for the mafic
lower continental crust were estimated to be 30 ppt and 0.8, respectively
(cf. Saal et al., 1998).

The modelling of major element variations during open-system
magma differentiation was carried out using the Magma Chamber
Simulator code (MCS; Bohrson et al., 2020) and the results are presented
in the Supplementary Information Fig. S3. Considering that high-Mg
rocks with compositions representative of melts are rare in the WG
and absent in the Wai Subgroup, the starting compositions considered
(Supplementary Information Table S2) are a high-Ti Thakurvadi basalt,
Kalsubai Subgroup (JEB15; Basu et al., 2020), and a high- and a low-Ti
picrite from the Northern Deccan (Melluso et al., 2006). The crustal
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assimilants are a granulite and a granitoid with 54 and 69 wt.% SiO5 to
represent the lower and upper crust, respectively. Calculated liquid lines
of descent overlap only a limited number of WG basalt compositions
(present study and literature data) confirming that several distinct
parental magmas would be required to reproduce the range of WG basalt
compositions. In particular, the lack of near-primitive Wai magmatic
rocks hinders the modelling of basalts from this Subgroup. In the MCS
modelling, crustal assimilation occurs only after crystallization of the
parental magma has provided sufficient energy to heat the crust above
its solidus temeperature. Therefore, if the assimilated crust initially was
ca. 200°C below its solidus crustal assimilation would only occur in
fairly evolved magmas (MgO <5 wt.%) with a maximum of ca. 3 wt%
assimilation in basaltic andesites. On the contrary, an initially hotter
(near-solidus) crust could have been assimilated by slightly less evolved
magmas (MgO ca. 7 wt.%) reaching a maximum of ca. 9 wt.% assimi-
lation in basaltic-andesite magmas.

Isotopic ratios and trace element variations were modelled using the
EC-AFC, energy-constrained assimilation and fractional crystallization
code of Spera and Bohrson (2001), which models the fractional crys-
tallization process and concurrent assimilation of crustal melts, with the
parameters listed in Supplementary Information Table S3. The choice of
using EC-AFC to model trace element and isotopic variations is discussed
in the Supplementary Information. The models shown in Figs. 4 and 7
start from an Ambenali basalt and from a low-Ti picrite (Melluso et al.,
2006; Supplementary Information Tables S3). In the Supplementary
Information Figs. S7, S8 we show EC-AFC modelling results starting
from parental magmas having the composition of a Réunion basalt and
of a high-Ti picrite from the Northern Deccan (data from Peters et al.,
2017). The Ambenali basalt and the Northern Deccan high-Ti picrite
have unusually unradiogenic '¥0s/'880s ratios for mantle-derived
melts (0.120 and 0.119 respectively), which will maximize the calcu-
lated amount of crustal assimilation when these parental compositions
are assumed. In the EC-AFC model, crustal melting and consequent
assimilation starts once the crustal rocks reach their solidus, e.g., after
ca. 40% crystallization of the parental magma if the assimilated crust
initially was ca. 200°C below its solidus. We considered several possible
assimilants (Figs. 5, 7; Supplementary Information Table S3, Fig. S6),
consistent with published Sr-Nd-Pb data and estimated Os compositions
for crustal rocks from central-southern India (cf. Supplementary
Information).

The crustal assimilation EC-AFC modelling (Figs. 4, 5, 7) does not
aim to reproduce the compositions of every Deccan lava flow or for-
mation and several uncertainties need to be considered: a) the crustal
and parental magma compositions as well as thermal and compositional
parameters used in the modelling are necessarily only an approximation
of the true values (see the Supplementary Information for a discussion
on the selection of input parameters and on modelling done with other
thermal and chemical parameters for the parental basalt and crust). In
particular, it is well known that the WG lavas from the 11 formations
cannot be considered as cogenetic, but require several distinct parental
magma compositions (see the above discussed major element model-
ling); b) we mainly focus on the relatively few samples analyzed for
18705/1880s;, which may differ slightly in composition from other ba-
salts from the same formation; c) the assimilation process might have
included processes not modelled here, i.e., xenolith digestion (Tegner
et al., 2005), or selective contamination by low degree partial melts of
low-solidus crustal minerals (e.g., Haase et al., 2019). Nonetheless, the
assimilation trends calculated with the EC-AFC modelling reasonably
well constrains the general range of open-system evolution of Deccan
magmas.

Assimilation of Archean to Proterozoic mafic (amphibolitic or
granulitic) crustal rocks would significantly affect the Os isotopic com-
positions even at low degrees of assimilation, since these lithologies are
relatively Os-rich (cf. the blue curves in Figs. 5d and 7a, c, e). For
example, ca. 1.7 wt.% assimilation of amphibolite or mafic granulite
(1870s/1880s; = 0.8; [0s] = 30 ppt; &Sr/%sr = 0.710; 1*3Nd/1**Nd =
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0.5119; 20pb/204pb = 18; see the Supplementary Information Fig. S6f
for modelling done with different '®”0s/'880s of mafic crustal compo-
sitions) would increase 187Os/lSSOsi from 0.120 to ca. 0.22, i.e., cover
the entire range of the WG basalts from this study and from Peters et al.
(2017; considering only samples with LOI < 3.0 wt.%). For the same
degree of assimilation, the change of Sr and Nd isotopic composition of
the contaminated magma would be almost negligible (87Sr/%%sr from
0.7040 to 0.7043 and '**Nd/***Nd from 0.5128 to 0.5127) and would
not reproduce the enriched compositions of the Kalsubai and Lonavala
samples (Fig. 7). Therefore, the entire range of isotopic compositions of
WG basalts cannot be readily explained by the assimilation of mafic
rocks alone.

We tested two potential felsic contaminants within the spectrum
displayed by the compositions of the Dharwar crustal rocks with,
respectively, unradiogenic and radiogenic 2°°Pb/2%*Pb; (15 and 25) and
moderately to highly radiogenic 7Sr/%Sr; (0.730 and 0.770;
143Nd/1**Nd = 0.510 and 0.511, repsectively; Supplementary Infor-
mation). The four calculated assimilation curves (Fig. 7) starting from
the two parental magmas bracket most of the observed isotopic com-
positions of Deccan basalts from this and previous studies. Starting from
the Ambenali composition, assimilation of felsic rocks with unradio-
genic Pb and moderately radiogenic Sr isotopic compositions (AFC-1
curve in Fig. 7) would produce basalts with isotopic compositions
similar to those of the Mahabaleshwar Formation for ca. 1 to 3 wt.%
assimilation. Starting from the low-Ti picrite, assimilation of felsic
contaminants with very radiogenic Pb and Sr isotopic compositions
(low-Ti AFC-2 curve in Fig. 7) would reasonably well reproduce the
isotopic compositions of the Bushe basalt and of the most enriched
Kalsubai basalts for less than 5 wt.% and up to ca. 7-9 wt.% assimilation,
respectively. Similar results in terms of amounts of assimilation were

obtained when considering the Réunion or Northern Deccan high-Ti
picrite as parental magmas (Supplementary Information Fig. S8). The
EC-AFC modelling assumes bulk assimilation of the contaminant, and it
could be argued that selective assimilation favoring more fusible phases
is more realistic. Sulfides, the main hosts of Os in silicate rocks, have low
melting temperatures and typically occur as intergranular trace phases,
and thus are likely to be easily mobilized during crustal melting. Thus
crustal Os may be disproportionately represented in the assimilated
melt, implying the amounts of crustal assimilation may have been even
lower than those we calculated.

The large scatter of Sr-Nd-Pb isotopes and major and trace element
ratios for the WG basalts (Figs. 3, 5-7) suggests that the crustal
contamination process involved distinct parental magmas (likely more
than those considered here) possibly issued from distinct mantle sources
(Melluso et al., 2006). Moreover, several distinct felsic crustal rocks of
different age and composition (e.g., the assimilants considered in the
AFC1 and AFC2 curves in Figs. 4, 7) may have been assimilated in
distinct portions of the Dharwar craton. Vanderkluysen et al. (2011)
have shown that the feeder dykes of the WG lavas probably migrated
over time, as most Igatpuri, Thakurvadi and Bushe flows are chemically
similar to dykes from the Narmada-Tapi rift, whereas most Wai sub-
group flows are correlated with dykes from the Central Deccan dyke
swarm and from the coast south of Mumbai (Fig. 1a).

In agreement with previous studies (e.g., Mahoney et al., 1982; Peng
et al., 1994; Capriolo et al., 2024; Chatterjee, 2024), our results suggest
that several WG basaltic magmas, particularly those of the Kalsubai and
Lonavala subgroups are contaminated by mostly felsic continental crust.
However, unlike what would be expected, given the very radiogenic Sr
and unradiogenic Nd isotopic compositions of, e.g., the Igatpuri, Tha-
kurvadi or Bushe basalts, the available '0s/*®0s; data suggest that
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Fig. 6. Initial Sr-Nd-Pb vs. Os isotopic compositions of Deccan basalts (this
study, Peters et al., 2017, and Peters and Day, 2017) compared with Réunion
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noun et al., 2016). As the latter may be modified by incorporation of altered
oceanic crust, the Os isotopic composition of the shallow asthenospheric mantle
may be better represented by whole-rock abyssal peridotites or Os-rich sulfides
in MORBs (*®70s/'%80s = 0.127 +0.015 and 0.129 + 0.005, respectively;
Gannoun et al., 2016) or, alternatively, by the estimated Primitive Upper
Mantle value (PUM, present-day value = 0.1296 + 0.0008; Meisel et al., 2001;
thick dashed gray line). The gray field shows the typical Os isotopic composi-
tion of the Archean Sub-continental lithospheric mantle (SCLM: 870s/!80s ca.
0.105 to 0.115; Carlson, 2005).

crustal contamination rarely exceeded 8 wt.% and was generally low
(<3 wt.%) for most WG basalts investigated here. Such degrees of crustal
contamination are significantly lower than those calculated in previous
geochemical studies (10-25 wt.% assimilation) of Deccan basalt (e.g.,
Peng et al., 1994; Mahoney et al., 2000; Melluso et al., 2006). A sig-
nificant proportion of WG basalts, including those from the Wai Sub-
group, in particular the Ambenali Formation, but also Deccan basalts
and picrites from the northern sub-provinces (Allégre et al., 1999; Peters
et al., 2017) have 187Os/1880$i < 0.130 and are thus virtually uncon-
taminated by the continental crust. This is consistent with major element
modelling (Supplementary Information), which indicates that assimi-
lation of > 8 wt.% of Dharwar crustal rocks would produce
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contaminated magmas with significantly higher SiO, and lower MgO
than most WG basalts. However, due to the extremely enriched Sr-Nd-Pb
isotopic compositions of the Dharwar rocks, even very low degrees of
crustal contamination could significantly modify the isotopic composi-
tion of the WG basalts. Therefore, the involvement of enriched mantle
components, related to low-degree melts from the SCLM or to recycled
crustal components in the sub-lithospheric mantle proposed by some
authors (e.g., Peters et al., 2017; Basu et al., 2020) is difficult to detect,
at least for the evolved WG basalts studied here. For this reason, in the
following sections, we model the mantle source of only those magmas
that appear to be uncontaminated, as suggested by their low
18705/1880s; (< 0.130).

5.2. Sub-lithospheric and lithospheric mantle components in Wai basalts

In this section, we model the potential contribution of the SCLM for
Deccan basalts (Ambenali and some Northern Deccan samples from
Peters et al., 2017) that have significantly lower 18705/1880s values than
those of Indian Ocean MORBs and Réunion OIBs (Fig. 6). The Sr-Nd-Pb
isotope composition of the SCLM is provided by low degree melts from
the lithospheric roots of the Dharwar craton (e.g., Simonetti et al., 1998;
Melluso et al., 2002). Given its Archean age and generally refractory
character, the SCLM underlying the Dharwar craton is expected to have
very low '¥70s/'%80s in the range of 0.105-0.115, consistent with
typical compositions of the Archean SCLM world-wide (Carlson, 2005)
and with analyses of Archean chromitites from a layered intrusion in the
western Dharwar craton (1%70s/!%80s 0.105-0.107; Santosh et al.,
2020). The SCLM underlying Proterozoic suture zones between Archean
blocks would be expected to have only moderately higher 1870s/1880s,
mostly 0.110-0.124 (e.g., Janney et al., 2010). These unradiogenic Os
compositions are coupled with very high Os contents, typically ~ 2-4
ppb for cratonic peridotites (Aulbach et al., 2016). Paradoxically, the
low '870s/1880s of the cratonic SCLM, indicative of ancient depletion,
are nearly always associated with strongly enriched Sr-Nd-Pb isotope
ratios, reflecting long-term metasomatic enrichment in highly incom-
patible elements. More than 90% of global xenoliths from Archean SCLM
have 1*3Nd/'“Nd ratios <0.5128 (Reisberg and Aulbach, 2025) similar
to those of alkaline-carbonatitic rocks from India interpreted as
low-degree melts from the SCLM (e.g., Simonetti et al., 1998; Melluso
et al., 2002).

Potential sublithospheric mantle components involved in the genesis
of the Deccan basalts include the Réunion mantle plume and the shallow
convecting asthenospheric mantle. For Sr, Nd and Pb, present-day N-
MORBs are considered as representative of the shallow asthenospheric
component. The Os isotopic compositions of most MORBs have been
altered by interaction with seawater, so the average '%70s/1880s of
abyssal peridotites or of Os-rich sulfides exsolved from MORB (0.127 +
0.015 and 0.129 =+ 0.005, respectively; Gannoun et al., 2016) are likely
to be more representative of the mean asthenospheric value, and are
close to the estimated PUM value (0.1296 + 0.008; Meisel et al., 2001).
The composition of the mantle-plume component may be similar to that
of present-day Réunion-Mascarene Archipelago OIBs (e.g., 1870s/1880s
0.131-0.134; Schiano et al., 2012; Peters et al., 2016).

As shown in previous studies, Sr-Nd-Pb isotopic compositions and
trace element ratios similar to those of Ambenali basalts can be obtained
by mixing of melts from the shallow convecting-mantle (ca. 40-60%)
and from the Réunion mantle plume (e.g., Melluso et al., 2006). How-
ever, the low '870s/1880s; of Ambenali basalts cannot be achieved by a
simple MORB-Réunion mixing and requires an additional low-'87-
0s/'880s component. Such a component exists in the SCLM. However,
assimilation of SCLM peridotite bulk rocks is quite unlikely considering
the refractory nature of these mantle rocks. A more physically plausible
scenario may be assimilation of low degree (strongly alkaline) melts
from the SCLM, which are expected to have low 18705/18805 coupled
with enriched Sr-Nd isotopic ratios and high Sr-Nd trace element con-
tents (e.g., Simonetti et al., 1998; Melluso et al., 2002). However, such
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melts are also expected to have the low Os contents typical of intraplate
alkaline magmas (Gannoun et al., 2016). Therefore, such SCLM melts
would rapidly enrich the Sr-Nd isotopic composition of the sublitho-
spheric magmas, but would not significantly change their 1870s/!%80s;.
Alternatively, the low '#70s/!%80s SCLM signature may not be
derived from bulk peridotites or low degree melts, but primarily from
sulfides. Sulfides in the SCLM are low solidus phases potentially very
rich in Os (Harvey et al., 2011) and somewhat enriched in Pb (Hart and
Gaetani, 2006; Harvey et al., 2016). Therefore, selective contamination
of the Réunion-DMM mixture magmas by sulfides in the lithosphere
would have a negligible effect on the Sr-Nd isotopic composition of
contaminated asthenospheric magmas, but could drive the 870s/!880s
towards significantly less radiogenic values. This process might also
explain the moderate but systematic difference between the Pb isotopic
composition of Ambenali and Réunion magmas, although further
investigation would be required to support this suggestion.

6. Why do the Deccan Traps and other LIP basalts typically show
low degrees of crustal contamination?

The evolved composition of most LIP basalts (MgO < 10 wt.%),
including those from the WG, requires about 30-60 wt.% crystal

fractionation from parental primary mantle-derived magmas (Cox and
Hawkesworth, 1985; Marzoli et al., 2022; Chatterjee, 2024; MCS
modelling in the Supplementary Information). This implies that the
crustal roots of LIPs include large amounts of gabbroic rocks, in
particular in the lower crust near the Moho (e.g., Mittal et al., 2021).
Fluxing of CO, from mantle-derived basalts, combined with the latent
heat of crystallization released by the fractionating magma, and the high
temperatures of plume-related LIP basalts likely promote crustal melting
and assimilation (Cashman et al., 2017; Capriolo et al., 2024). Our new
data, combined with those from several previous studies on the Deccan,
show that some crustal contamination affected most WG basalts. How-
ever, the Re-Os data indicate that the degrees of crustal assimilation
usually remained low. Picritic and basaltic magmas from several other
Mesozoic and Cenozoic LIPs also show evidence for generally unradio-
genic Os isotopic compositions and thus low contributions of assimilated
crustal rocks (Cuciniello et al., 2010; Rocha Junior et al., 2012; Heino-
nen et al., 2014; Callegaro et al., 2017; Day et al., 2024; Fig. 8). This
seems to be independent regardless of the age, composition, and thus
fertility of the crust on which these continental LIPs were emplaced.
Here, we propose a new conceptual model to explain such low levels of
contamination in LIP basalts associated with high magma production
rates.
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et al. (2012); Karoo, Dronning Maud Land (ca. 180 Ma): Heinonen et al. (2014;
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EC-AFC modelling for major elements and for trace element and
isotope ratios suggests that the degree of assimilation in WG basaltic
magmas remains low (< 3 wt.% of starting magma mass) except when
the initial temperature of the crustal assimilant is close to its solidus
temperature (in which case assimilation may reach a maximum of 8-9
wt.% in evolved magmas, i.e., basaltic andesites). Heating of the crust
by intruding magma is generally a relatively slow process because
conductive heat transfer is sluggish in silicate rocks. Numerical models
(Annen et al., 2006; Karakas and Dufek, 2015) highlight the importance
of magma intrusion rates on crustal melting and indicate that a rela-
tively long incubation time is expected before the solidus temperature of
the crust is reached. These models predict an incubation time of ca. 0.2
and 0.6 Ma in the lower and upper crust, respectively, in arc settings
with typical arc intrusion rates (5 mm/year, i.e., 5 km thick basaltic sill
intruded in 1 Ma; Annen et al., 2006) and > 0.8 Ma in continental rift
settings (Kararkas and Dufek, 2015).

As indicated by paleomagnetic studies and by Hg analyses of coeval
sediments, LIP lavas, including those from the Deccan, were emplaced as
a series of very productive short-lived eruptions, each possibly lasting
less than a century (e.g., Hoyer et al., 2023; Fendley et al., 2019; Kent
et al., 2024) and involving some 50-250 km? basaltic magma per year
(Self et al., 2022). During such short time intervals, only a very small
volume of crustal wall-rocks can be heated up to their solidus by
conductive heating, even if the amount of intruded LIP magma was very
high. Following Annen et al. (2006), felsic shallow crustal rocks would
start melting after ca. 100-500 years only if the intrusion rate of
LIP-related mantle-derived magma is ca. 80-100 mm/year. Therefore,
during LIP emplacement crustal contamination may be effective only
when the magma production rate is very high, continuous and pro-
longed over several centuries, whereas voluminous but brief magma
pulses (ca. 100 years; e.g., Fendley et al., 2019; Kent et al., 2024) would
not favor significant crustal contamination. Moreover, according to
Mittal et al. (2021) the magmatic plumbing system of the Deccan Traps
and probably of most LIPs was not formed by large magma chambers,
but by a series of rather small and separated transcrustal magma mush
reservoirs (Marzoli et al., 2022), which fed distinct fissure vents erupting
at about the same time. In such a scenario, the rate of magma intruded
per unit area would probably not be much larger than that observed in
arc- or rift-related volcanoes.
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Finally, LIP magmatism is frequently interpreted as resulting from
the impingment of a mantle-plume under a continental plate thus pro-
ducing a time-related migration of the magmatic plumbing systems and
vents. In the case of the Deccan, such migration is supported by
decreasing ages from the Northern (Tholt et al., 2023) to the Main
Deccan (e.g., Schoene et al., 2019; Sprain et al., 2019). As shown by
Vanderkluysen et al. (2011), the feeder dyke systems migrated from the
end-Cretaceous emplacement of the Kalsubai and Lonavala to the early
Paleogene eruption of Wai basalts. We therefore speculate that, in the
case of the Deccan, the thermal anomaly associated with the impinging
mantle plume did not persist over the same basement area, but rapidly
shifted southward, preventing significant localized heating of the
Dharwar continental crust and thus limiting crustal assimilation.

The complexity of the assimilation process is furthermore high-
lighted by significant major and trace element and Sr-Nd-Pb-Os isotopic
differences among basalts from individual formations, e.g., Jawhar-
Igatpuri, Neral, Thakurvadi, Bushe or Mahabaleshwar formations (our
data; Peters et al., 2017; Hoyer et al., 2023; Figs. 3, 4, 7). This suggests
involvement for single formations of distinct crustal contaminants, but
also distinct degrees of contamination and possibly distinct parental
magmas. This would be consistent with synchronous eruptions from
distinct vents that tap distinct magma plumbing systems traversing
different crustal sections.

Interestingly, a progressive increase of the degree of crustal
contamination was observed for the earliest erupted Columbia River LIP
basalts, the Miocene Steens basalts (Moore et al., 2020). During
emplacement of the Lower Steens basalts, frequent magma injections of
overall short duration suppressed crustal contamination by refilling the
chamber with uncontaminated melt. On the contrary, the Upper Steens
basalts erupted at lower rates and assimilated larger amounts of the
shallow crust, which had been previously heated by the Lower Steens
magmas (Moore et al.,, 2020). Detailed studies on the WG will be
required to test if a similar scenario could explain the isotopic variability
within individual WG formations, some of which are comparable in
terms of duration, areal extent, and magma volume to the entire
sequence of the Steens basalts (Kasbohm and Schoene, 2018; Moore
et al., 2020).

Our proposed interpretation of the apparently low degrees of crustal
assimilation for LIP basaltic magmas does not explain why Kalsubai and
Lonavala magmas tend to be more contaminated than Wai magmas. At
first glance, this might be explained by the fact that the Kalsubai and
Lonavala magmas were erupted first, and thus depleted the crust in the
most fusible and enriched components, prior to the passage of the Wai
magmas. However, unlike in the WG, in the northern Deccan (e.g., the
Malwa Plateau) the least contaminated magmas erupted before the most
contaminated ones (Haase et al., 2019; Tholt et al., 2023). This suggests
that the degree of crustal assimilation in the Deccan is not simply due to
time-related changes of crustal fertility and progressive removal of the
fusible components of crustal contaminants. We suggest that the
different degrees of contamination of Kalsubai and Lonavala vs. Wai
formations may be viably explained by the distinct emplacement tempos
of the different Subgroups and by the distinct durations of quiescent
phases between successive eruptions. Wai eruption pulses were quite
voluminous, consistent with the large total volume of these formations
and with the geometry and size of their sheet lobes (Self et al., 2022).
However, these eruptions were interrupted by relatively prolonged and
frequent volcanic hiatuses as indicated by the numerous non-volcanic
layers (the so-called red boles, many of them most likely being palae-
osols or sedimentary interlayers; e.g., Widdowson et al., 1997) inter-
stratified among Wai lava flows (Fig. 1b). By contrast, for the earlier
formations, eruptions were not interrupted by as many hiatus events,
favoring a more continuous heating of the crust, thus increasing the
efficacy of the crustal assimilation process.
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7 Conclusions

Combined major and trace element and Sr-Nd-Pb-Os isotopic data
provide important constraints on the genesis of Deccan flood basalts
from the Western Ghats. Sr-Nd isotopic compositions similar to present-
day Réunion mantle plume basalts are evident only in Ambenali basalts,
which however have Pb and Os isotopic compositions slightly less
radiogenic than Réunion basalts. The low #70s/'880s; of Ambenali
basalts is tentatively interpreted as reflecting limited interaction with
peridotites of the sub-continental lithospheric mantle, or more specif-
ically by SCLM sulfides. Some crustal contamination is apparent in the
Sr-Nd-Pb isotope compositions of most other WG formations, especially
for basaltic rocks from the Kalsubai and Lonavala Subgroups. However,
most of these lavas have relatively low '870s/180s; indicating a domi-
nant mantle signature and suggesting that Deccan basalts have experi-
enced little to very little crustal contamination. Similar Os isotopic
compositions suggest that basalts from other LIP have also suffered
minor to negligible degrees of crustal contamination. Thus despite the
very high magma production rates and volumes of erupted magmas
observed in LIPs, the very short duration of single volcanic pulses
interspersed with relatively long volcanic hiatus periods may have
hindered significant melting of basement rocks and thus contamination
of these basaltic magmas.
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