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Systematic and Temporal Geochemical Changes in the Upper
Deccan Lavas: Implications for the Magma Plumbing System
of Flood Basalt Provinces

P. A. Hoyer! ), K. M. Haase! (©/, M. Regelous! (*, and F. Fluteau?

'Friedrich-Alexander-Universitit Erlangen-Niirnberg, GeoZentrum Nordbayern, Erlangen, Germany, Université Paris Cité,
Institut de Physique du Globe de Paris, CNRS, Paris, France

Abstract Large Igneous Provinces (LIPs) are unusual volcanic events in which massive amounts of melt
(~10° km?) erupt in relatively short time periods (<10° years). Most LIP magmas have undergone extensive
fractional crystallization and crustal contamination, but the crustal magmatic plumbing systems and the
processes triggering eruptions are poorly understood. We present new major and trace element and radiogenic
isotope data for 43 individual lava flows from a continuous 1,200 m thick stratigraphic profile through the
upper, most voluminous part of the Deccan LIP (Bushe to Mahabaleshwar Formations). Eruption rates for
this section are constrained by published paleomagnetic directions and absolute U-Pb ages for zircons from
weathered flow tops exposed in the profile. We find four magmatic sequences each lasting ~10%~~107 years
during which major and trace element compositions change systematically, followed by an abrupt change

in geochemistry at the start of a new sequence. Within each sequence, the MgO content and proportion of
crustal contamination decrease progressively, indicating a continuous replenishment of the associated magma
reservoirs with less contaminated but more evolved melts. These geochemical signatures are best explained
by repeated episodes of melt recharge, mixing, and eruption of variably evolved magmas originating from
relatively small magma reservoir located in different crustal levels.

Plain Language Summary Volcanism occurs predominantly at plate boundaries, either at
mid-ocean ridges or subduction zones, where most mantle melts are produced. However, the Earth's history

is punctuated by volcanic events which are not related to plate boundary processes and during which large
amounts of melt erupt (~10° km?) in relatively short periods of time (<10° years). These Large Igneous
Provinces (LIPs) are associated with the activity of mantle plumes and eruption rates during their main stages
are significantly higher than those of today's largest magmatic systems. However, since no LIP is currently
active, the architecture of the associated plumbing systems is relatively unknown. In order to understand the
magmatic processes during the emplacement of a LIP, we generated geochemical data from a continuous
stratigraphic profile covering the most voluminous stage of the ~66 Ma Deccan LIP. By combining these
new data with published paleomagnetic directions and absolute U-Pb ages for zircons, we found four eruption
sequences each lasting ~10*-~103 years. During these sequences, geochemical compositions change
systematically, which is best explained by repeated episodes of melt recharge, mixing, and eruption of variably
evolved magmas originating from relatively small magma reservoirs located at different crustal levels.

1. Introduction

Large Igneous Provinces (LIPs) represent the most extensive volcanic events on Earth during which massive
amounts of melts (>10° km?) erupt in relatively short periods of time (<1 Ma) (e.g., Bryan & Ernst, 2008). Many
of these volcanic provinces were emplaced at the former positions of currently active hot spots and are thought to
have formed due to extensive decompression melting of anomalously hot mantle triggered by an initiating mantle
plume (Richards et al., 1989), usually accompanied by rifting (White & McKenzie, 1989) or delamination of
the overlying continental lithosphere (Elkins-Tanton & Foulger, 2005). Single eruptive events probably consist
of 10°-10* km? of melt (e.g., Self et al., 2022), orders of magnitude greater than the volume of ~20 km? for the
largest eruption on Iceland in the past 1,000 years (Self et al., 2014). Since no LIP is currently active, the structure
of the associated magmatic plumbing systems and the processes triggering these voluminous eruptions are still
debated (Ernst et al., 2005). It is generally accepted for active volcanic systems that primitive melt stagnate during
their ascent at the crust-mantle boundary (Moho) as well as in middle or upper crustal levels, where they form

HOYER ET AL.

1 of 20

3SUSO1T SUOWILIOD) BAIRR.ID 3|cedl|dde ay) Ag pausenob afe sajone YO ‘@SN JO S3|nJ 104 Ariq1TaUIUQ AB]IAA UO (SUOIIPUOD-pUR-SWIBYWOD" A3 | IM A ReIq 1 [BU1UO//:SANY) SUO I} IPUOD pue SWid | 8y} 89S *[£202/£0/60] U0 ARiqiauluQ A8 ‘9oueld aueiyooD Aq 0520T0092202/620T OT/I0p/wod A3 1m Akeiq puljuosgndnfe//sdny wolj pepeojumoq ‘2 ‘€202 ‘/202S2ST


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-4247-1834
https://orcid.org/0000-0003-4768-5978
https://orcid.org/0000-0002-1676-2259
https://orcid.org/0000-0002-9952-7325
https://doi.org/10.1029/2022GC010750
https://doi.org/10.1029/2022GC010750
https://doi.org/10.1029/2022GC010750
https://doi.org/10.1029/2022GC010750
https://doi.org/10.1029/2022GC010750
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GC010750&domain=pdf&date_stamp=2023-02-13

Geochemistry, Geophysics, Geosystems

10.1029/2022GC010750

Y Y ed N |
NI
ADVANCING EARTH
AND SPACE SCIENCE
Cambay
Rift
\"“\ Malwa
Kachchh\\ -- Narmada Rift
ViggHllEs _HE
Saurashtra :"'"'. """ [
Main
Deccan India
Volcanic
X' Province
Rajahmundry
Traps
Arabian Sea

Figure 1. The schematic map of India showing the area of the Deccan

Traps (dark gray) which consists of the Kachchh, Saurashtra, Malwa Plateau,
Rajahmundry Traps, and Main Deccan Volcanic Province. The sub-provinces
are separated from each other by the east-west trending Narmada Rift and
north-south striking Cambay Rift. Profile X-X' marks a cross-section of the
Main Deccan Volcanic Province, and the numbers represent the following
Deccan formations: 1: Jawhar, 2: Igatpuri, 3: Thakurvadi, 4: Bhimashankar,
5: Khandala, 6: Bushe, 7: Poladpur, 8: Ambenali, and 9: Mahabaleshwar.
The Jawhar to Bhimashankar Formations are the Kalsubai sub-group, the
Khandala to Bushe Formations are the Lonavala sub-group, and the Poladpur
to Mahabaleshwar Formations are the Wai sub-group. Figure modified from
Schoene et al. (2019).

magma reservoirs (Cashman et al., 2017). Within these reservoirs, Fractional
Crystallization (FC) leads to the precipitation of mafic mineral phases and
volatile exsolution, changing the density, viscosity, and composition of the
melts and enabling their ascent and eruption. However, the number of reser-
voirs in the magmatic plumbing system as well as their sizes and eruption
frequencies are still unknown. Due to the enormous volumes of individual
LIP flows, some models proposed that the associated magmatic plumb-
ing systems consist of few large reservoirs with volumes between 103 and
10° km?, whereby some are believed to be located at/or near Moho depth and
the other within the upper continental crust (UCC) (Black & Manga, 2017;
Karlstrom & Richards, 2011). Eruptions are assumed to be triggered by
the interaction of these reservoirs, with primitive melts ascending from the
lower ones into the upper ones, which results in pulsatory eruptions sepa-
rated by volcanic hiatuses of ~103 years (Black & Manga, 2017; Karlstrom
& Richards, 2011). In contrast, other studies propose that LIPs are fed by
interconnected small- to medium-sized (10?>-~103 km?®) magma reservoirs and
individual eruptions are mainly caused by recharge-associated overpressure
leading to more continuous volcanism with frequent eruptions (Mittal &
Richards, 2021; Mittal et al., 2021).

The aim of our study is to test these two endmember models for LIP magma
plumbing systems using major and trace element concentration as well as
Sr-Nd-Pb isotope compositions of 43 lava flows sampled from a continuous
~1,200 m thick stratigraphic profile covering the most voluminous eruptions
of the Deccan LIP, which were apparently erupted within about 10° years, and
thus within the expected lifetime of the largest magma reservoirs. The use of
geochemical data provides information about magmatic processes such as
FC and magma mixing as well as assimilation of both lithospheric mantle
and continental crust. Together with the thickness of the lava formations as
well as absolute and relative time estimates between individual eruptions, it
allows conclusions to be drawn about the sizes and eruptive mechanisms of
the associated magma reservoirs.

2. Geological Background

The Deccan LIP covers ~0.5 x 10° km? of west central India (Jay &
Widdowson, 2008; Mahoney, 1988), and the original extent is esti-

mated at ~1.3 X 10° km? assuming large portions of the lavas have subsided beneath the Arabian Sea (Jay &
Widdowson, 2008; Kumar & Chaubey, 2022) (Figure 1). The part of the Deccan LIP exposed on the Indian conti-
nent can be divided into four sub-provinces separated from each other by the east-west trending Narmada-Tapti
Rift and the north-south striking Cambay Rift (Figure 1). The Kachchh and Saurashtra regions lie to the west of
the latter, while the Malwa Plateau crops out to the east (Figure 1). The Main Deccan Volcanic Province is located
south of the Narmada Rift (Figure 1). Since lavas from each of these regions have similar age and are connected

via the age-progressive Chagos-Laccadive Ridge and the Mascarane Plateau to the active intraplate volcanoes of

the island of Réunion, it is assumed that they were formed above the Réunion plume head during the break-up of
India and the Seychelles microcontinent (e.g., Richards et al., 1989) The influence of a hot, deep mantle plume
is moreover supported by time-reversed convection models (Glisovi¢ & Forte, 2017), elevated *He/*He ratios

measured in alkaline and picritic volcanic rocks sampled in the northern part of the Deccan LIP (e.g., Basu

et al., 1993), and similarities in radiogenic isotope compositions of some Deccan lavas to basalts on Réunion
(e.g., P. Lightfoot & Hawkesworth, 1988; Mahoney, 1988).

The Main Deccan Volcanic Province is the largest sub-province of the Deccan Traps and exposes a well-preserved

stratigraphy with a combined thickness of ~3,500 m along the Western Ghats (Figure 1). Based on field obser-

vations as well as chemical and isotopic compositions, the lavas of the Main Deccan Volcanic Province were

divided into three sub-groups and 12 formations, which are each several hundred meters thick (Beane et al., 1986;
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Figure 2. (a) Simplified map of the Indian peninsular showing the location of the Deccan Traps (dark gray). The black rectangle marks the sampling area given in
panel (b). (b) Enlarged map of the Western Ghats region showing the exposed area of the Main Deccan volcanic Province. The black rectangle marks the sampling
area shown in panel (c). (c) Detailed locations of samples taken along road outcrops between Poladpur and Mahabaleshwar. The colors of the sample points are coded
according to their stratigraphic position. Figures are modified after Chenet et al. (2008).

K. G. Cox & Hawkesworth, 1985; P. C. Lightfoot et al., 1990) (Figure 1). Detailed field work revealed a regional
north-south trending overstep sequence, indicating decreasing ages toward the southern Main Deccan Volcanic
Province formations possibly due to the northward movement of the Indian Plate over the Réunion mantle plume
(e.g., Devey & Lightfoot, 1986). The majority of the lavas of the Main Deccan Volcanic Province erupted during
magnetochron C29r (Courtillot et al., 1986), and the most recent U-Pb and “°Ar/*Ar age dating indicates abso-
lute ages between 66.4 and 65.4 Ma (Schoene et al., 2019; Sprain et al., 2019) overlapping in age with the biotic
crisis at the Cretaceous-Paleogene boundary (KPB) (66.016 + 0.050 Ma) (Schoene et al., 2019), in which ~75%
of species became extinct (Sepkoski, 1996). However, because the age of the KPB coincides with the Chicxulub
impact on Mexico, the relative roles of Deccan volcanism and impact in the end-Cretaceous mass extinction
is debated (e.g., Alvarez et al., 1980; Punekar et al., 2014). Approximately 70% by volume of the total Deccan
(Wai subgroup: Poladpur, Ambenali, and Mahabaleshwar formations) may have been erupted within the last
5 x 103 years of activity, beginning close to or several 10* years before the KPB (Schoene et al., 2019; Sprain
et al., 2019). Studies using “°Ar/**Ar age dating place the KPB near to the base of the Poladpur Formation and
suggest that the onset of the Wai eruptions began at the KPB potentially as a consequence of the Chicxulub
impact (e.g., Sprain et al., 2019). In contrast, U-Pb zircon ages indicate that the Wai lavas were erupted in pulses,
with the oldest Poladpur lavas erupted several 10* years before the KPB and the Ambenali lava in a second pulse
~10 years after the KPB (Schoene et al., 2019). Similar paleomagnetic directions for groups of adjacent Wai
lava flows suggest that these may have been emplaced over timescales of less than a few hundred years (Chenet
et al., 2008).

3. Material and Methods
3.1. Sampling of the Paleomagnetic Section

The samples analyzed in this work were previously collected and described by Chenet et al. (2008) for paleo-
magnetic studies. The authors drilled a total of 43 cores from fresh parts of well-exposed pahoehoe lobes from
a ~1,200 m thick continuous section (hereafter referred as “MP section”) covering the Bushe to Mahabaleshwar
formations (K. Cox & Hawkesworth, 1984; K. G. Cox & Hawkesworth, 1985; Devey & Lightfoot, 1986; Jay, 2005)
(Figure 2). The Bushe lavas exhibit nearly aphyric textures with abnormally coarse grain sizes compared to the
overlying formations (Chenet et al., 2008). In contrast, the flows of the overlying Poladpur formation usually have
a finer groundmass and display porphyritic textures with up to 15% phenocrysts of plagioclase + clinopyrox-
ene + olivine (Chenet et al., 2008). The Ambenali formation consists of moderately to highly porphyritic rocks
containing up to 25% phenocrysts of plagioclase + clinopyroxene + olivine (Chenet et al., 2008). In contrast,
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the upper part of the formation is relatively phenocryst poor (Chenet et al., 2008). The Mahabaleshwar forma-
tion is built by well-defined lava flows showing increasing porphyritic textures with increasing height in the
exposed sections (K. G. Cox & Hawkesworth, 1985; Jay, 2005). In the MP section, individual lava flows can be
clearly distinguished from each other by the occurrence of chilled margins and reddish weathering horizons. The
latter are believed to represent weathered flow tops indicating periods of volcanic quietness (Chenet et al., 2008;
Duraiswami et al., 2020). Further details of the sampling strategy are given in Chenet et al. (2008).

3.2. Electron Microprobe Analyses

Following macroscopic observations, fresh and less altered samples were cut into small blocks and converted
to polished thin sections. Based on microscopic characteristics, two samples (PAO8 and PA10) were selected
for mineral analysis and major and trace element compositions of plagioclase were carried out on a JEOL
JXA-8200 Superprobe electron microprobe at the GeoZentrum Nordbayern, Friedrich-Alexander-Universitit
Erlangen-Niirnberg. The microprobe operated with an acceleration voltage of 15 kV, a beam current of 15 nA
and a focused beam. Counting times were set to 20 and 10 s for peaks and backgrounds. The major element data
are shown in Table S1 in Supporting Information S1.

3.3. Whole Rock Major and Trace Element Analyses

A total of 43 drill cores were cut into blocks with a rock saw for geochemical analyses. Thereafter, the pieces
were cleaned in an ultrasonic bath with deionized water and dried at 60°C for 12 hr. Subsequently, the blocks
were coarsely crushed using a hydraulic press and pulverized in an agate mill. Prior further geochemical analy-
ses, the powders were dried at 105°C for 12 hr. For major and selected trace element measurements, whole-rock
powders were mixed with lithium tetraborate, fused to glass beads and analyzed using a Spectro XEPOS He X-ray
fluorescence spectrometer at the GeoZentrum Nordbayern, Friedrich-Alexander-Universitét Erlangen-Niirnberg.
Repeated measurements (n = 9) of the international rock standard BE-N yielded a precision better than 1.3%,
and an accuracy better than 3.1%, except for P,O, (13.1%). Trace element analyses were carried out by solution
ICP-MS at Erlangen. Multiple analyses of the BHVO-2 Hawaiian rock standard give accuracy and precision better
than 5% and 3%, respectively. Details about the analytical procedure are presented in Hoyer, Haase, et al. (2022).
The major and trace element data are shown in Table S2. Note that the trace element concentrations for Zr, Nb,
Ba, La, Sm, Dy, Yb, and Th were previously published by Hoyer, Regelous, et al. (2022).

3.4. Whole Rock Radiogenic Isotope Analyses

For radiogenic isotope analyzes, approximately 150 mg of sample powder was dissolved in 15 drops double
distilled 15M HNO, and 25 drops double distilled 12M HF in sealed Teflon Beakers at 80°C overnight. Subse-
quently, the samples were evaporated at 120°C to near dryness and redissolved in 20 drops double distilled 15M
HNO,. After the samples have been completely steamed off, they were redissolved in 30 drops double distilled
6M HCI and evaporated again. Then, the samples were finally dissolved in 30 drops double distilled 1M HCI. To
separate the solution from the undissolved residual solid material, the samples were transferred in 2 ml micro-
tubes and centrifuged for 5 min at 5,000 rpm. Subsequently, the severed sample solution was loaded onto 100 pl
Eichrom Sr-Spec resin. Afterward, 4 X 15 drops double distilled 1M HCI was added to wash out the Sr and REE
fractions before collecting Pb in 4 X 20 drops double distilled 6M HCI. Then, the Pb solution was evaporated,
redissolved in 10 drops double distilled 1M HCI and loaded again on the Sr-Spec. Once the sample solution
passed the columns, 4 X 15 drops double distilled 1M HCI was added before finally Pb was collected in 4 X 20
drops double distilled 6M HCI. After drying the Pb solution it was redissolved in 2% HNO,. The retained Sr and
REE fractions were mixed with the undissolved solid material from the Pb collection and evaporated to dryness
at 120°C. Then, the mixtures were redissolved in 2 ml 1M HCI + 0.1 M HF in sealed Teflon Beakers at 70°C
overnight. Subsequently, the solutions were transferred in plastic tubes and centrifuged for 5 min at 5,000 rpm.
Thereafter, the separated liquid parts have been loaded on columns filled with 100 pl Eichrom Sr-Spec resin
and 150 pl Eichrom TRU-Spec resin. When the sample solutions have passed through the resins, the latter were
rinsed with 6 ml 1M HCl + 0.1 M HF and 26 ml 2.5 M HCI. Subsequently, Sr was collected in 12 ml 2.5 M
HCI. Then, 10 ml 2.5 M HCL and 4 ml 6M HCI were added before collecting Nd and Sm in 10 ml 6M HCI. The
gathered Sr fractions were evaporated to dryness and redissolved in 3.5 M HNO,. Then, the solutions were loaded
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on the same Sr-Spec resins which were used for Pb separation. After Ca was washed out by adding 2 X 3.5 M
HNO,, Sr was re-collected in MQ H,O. Subsequently, the Sr-solution was fumed off, redissolved in 1M H,PO,
and loaded onto Ta single filaments. For Nd separation, the Nd-Sm fractions were evaporated, redissolved in
0.5 ml 0.25 M HCl and loaded on columns filled with 1.5 ml Eichrom LN-Spec resin. After rinsed with 6.5 ml
0.25 M HCI, Nd was collected in 12 ml 0.25 M HCI. The latter were evaporated, redissolved in 0.1 H;PO, and
loaded on Ta filaments facing Re filaments. Lead isotope measurements were carried out on a Thermo Scientific
Neptune Plus High Resolution Multicollector ICP-MS (MC-ICP-MS) at the GeoZentrum Nordbayern in Erlan-
gen, Germany. To correct instrumental mass fractionation, a 2’Pb/?™Pb (ratio = 0.85) double spike calibrated
against the NBS981 lead isotope standard has been used. The samples dissolved in 2% HNO, were diluted to a
concentration of ~20 ppb, whereby an aliquot of this solution was spiked to obtain a 2Pb/?*Pb ratio of about
1. Both sample solutions were fed into the plasma via a Cetac Aridus desolvating nebulizer. Repeated meas-
urements of the NBS981 lead isotope standard gave average 2Pb/?%Pb, 207Pb/2Pb, and 2%8Pb/?%Pb ratios of
16.9420 + 0.0016, 15.4994 + 0.0016, and 36.7239 + 0.0043 (n = 21) and are normalized to values of 16.9410,
15.4993, 36.7233 for NBS981. Sr and Nd isotope measurements were determined in a static mode on a Thermo
Scientific Triton Series Multicollector Thermal Ionization Mass Spectrometer at the GeoZentrum Nordbayern
in Erlangen, Germany. Corrections for instrumental mass fractionation were made by using a 33Sr/%0Sr ratio of
0.1194. Neodymium isotopic data were corrected for mass fractionation by assuming “*Nd/1*Nd = 0.7219.
Repeated measurements of the NBS987 Sr isotope standard gave average 87St/%0Sr ratios of 0.710265 + 0.000012
(n = 12) and are normalized to a value of 0.710250 for NBS987, while the “Erlangen Nd” standard solution
yielded average '*Nd/'*Nd ratios of 0.511541 + 0.000008 (n = 8), which is equivalent to a value of 0.511850
for the La Jolla Nd isotope standard. All isotope ratios were age-corrected for an assumed age of 66 Ma. The
Sr-Nd-Pb isotope data are shown in Table S2.

4. Results
4.1. Petrography and Mineral Compositions

The majority of lavas of the MP section show a glomeroporphyritic texture consisting of aggregated phenocrysts
of plagioclase, clinopyroxene and olivine embedded in a fine-grained matrix of plagioclase and clinopyrox-
ene. Plagioclase phenocrysts are 3—-5 mm long and exhibit a hypidiomorphic, tabular form. Most crystals show
lamellar twinning, while some are zoned and/or exhibit sieve textures. The plagioclase phenocrysts are randomly
orientated, but often form clusters with clinopyroxene. Electron microprobe backscatter electron images show
that plagioclase exhibits compositional zoning (Figure 3). The phenocrysts commonly have overgrowth rims
which are more sodic (anorthite content: 0.54-0.66) than the cores (anorthite content: 0.70-0.80) (Figure 3). The
boundaries between core and rim overgrowth are sharp and characterized by a compositional gap rather than a
gradual decrease in anorthite content (Figure 3). The clinopyroxene phenocrysts are 2—3 mm across, have a hypi-
deomorphic form, and some exhibit sieve textures. Olivine is subordinate and only a few small (1-2 mm sized)
crystals are clearly identifiable.

4.2. Stratigraphic Variations in Lava Geochemistry

Between the base of the profile and ~200, ~200 and ~680, ~680 and ~970 m as well as ~970 and ~1,200 m
height, the lavas of the MP section show four repeating sequences (hereafter referred as S1 to S4) of upwards
increasing or decreasing major element characteristics (Figure 4). Each of these sequences is initiated by a sudden
increase in MgO and AL, as well as a decrease in TiO, and FeOT (Figure 4). Subsequently, MgO and AL,O,
gradually decrease, while TiO, and FeOT continuously increase until a rapid shift of these major element oxides
to higher or lower values marks the beginning of a new sequence (Figure 4).

Nb/Th and Ce/Pb show similar geochemical patterns as described above, whereby the earliest lavas in each
sequence have low ratios, which progressively increase with height (Figures 5a and 5b). Compared to the major
element oxides, the transitions between the different sequences are more gradually rather than sharp (Figures 5a
and 5b). Between the lowermost lava flow and ~370 m height, La/Sm shows similar geochemical trends as Nb/Th
and Ce/Pb (Figures 5a—5c¢). Above ~370 m height, La/Sm variations are minor, with the ratio gradually decreas-
ing above ~930 until ~1,030 m, where it reverses and then increases again (Figure 5c). Compared to the other
trace element ratios, those of Nb/Zr increase continuously between the lowermost lava flow and ~930 m height
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Figure 4. Major element variation in lavas with stratigraphic height. (a) MgO, (b) TiO,, (c) Al,O,, (d) FeO™. The boundaries between Bushe and Poladpur, Poladpur
and Ambenali, and Ambenali and Mahabaleshwar lie between 25, 370, and 934 m, respectively. Between 0 and 980 m stratigraphic height, the lava samples exhibit
normal polarity, while between 980 and 1,020 m and between 1,020 and 1,200 m they show transitional and reversed polarity, respectively (Chenet et al., 2008). Light
gray lines are chilled margins and light red lines are red boles representing weathered flow tops; both indicate boundaries between individual lava flows. Zircons
separated from five red boles from this section yielded absolute U-Pb ages which are given in million years (Schoene et al., 2019). The lavas of the MP profile were
emplaced in four sequences (S1 to S4). S1 lies between the base of the profile and ~200 m height, S2 lies between ~200 and ~680 m height, S3 lies between ~700 and
~970 m height, and S4 lies between ~980 and ~1,100 m height. Note that the samples were previously analyzed for paleomagnetic directions (Chenet et al., 2008). It is
assumed that lava flows that statistically have the same paleomagnetic directions (range of 5°~10°) have been formed within very short periods of time (~4 X 102 years)
and form so-called Directional Groups (DGs), which indicate almost simultaneous emplacement (Chenet et al., 2008). Note that the DGs are located either at the bottom
or top of a sequence with DG 1 is located at the top of S1, DG2 is located at the base of the S2, DG3 and DG 4 are located at the base respectively top of S3 and DG 5
and DG 6 are located at the bottom respectively top of S4. Abbreviations are as follows: S1 to S4: sequences 1 to 4; D1 to D6: Directional Groups 1 to 6; T: Transitional
polarity; and B: Bushe.

without significant geochemical variations (Figure 5d). At ~930 m height, Nb/Zr shows a sharp break toward
significantly higher ratios and then progressively decreases again with increasing height (Figure 5d).

Initial ®7St/36Sr ratios generally decrease with height, but three samples have higher values (at ~22, ~255,
and ~845 m height, Figure 6a). eNd,, values slightly increase upsection toward ~930 m with two negative
outliers at ~22 and ~255 m height (these samples also have higher #7St/%Sr). From ~930 m, ratios of eéNdg,;,

Figure 3. Electron microprobe backscatter electron images of plagioclase phenocrysts. The plagioclases exhibited compositional zoning, whereby the Ca-rich cores
were overgrown by more sodic rims. The boundaries between core and rim overgrowth are sharp and characterized by a compositional gap rather than a gradual
decrease in anorthite content (An = Ca/[Ca + Na]). (a) Plagioclase phenocryst with sodic overgrowth rim. (b) Schematic drawing of plagioclase phenocryst given in
panel (a). The core displays contents between ~0.78 and ~0.80, while the rim exhibits contents between ~0.59 and ~0.66. (c) Plagioclase phenocryst with multiple
sodic overgrowth rims. The core is resorbed and exhibits sieve textures. (d) Schematic drawing of plagioclase phenocryst given in panel (c). The core displays contents
between ~0.70 and ~0.73, the first rim exhibits an contents of ~0.63 and the second rim have an contents of ~0.54, respectively. (e) Plagioclase phenocryst with
resorbed Ca-rich core and more sodic overgrowth rim. (f) Schematic drawing of plagioclase phenocryst given in panel (e). The core displays contents between ~0.73
and ~0.74, while the rim exhibits contents between ~0.63 and ~0.64.
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Figure 5. Variations in trace element ratios with stratigraphic height. (a) Nb/Th, (b) Ce/Pb, (c) La/Sm, and (d) Nb/Zr. Variations in Nb/Th and Ce/Pb reflect different
degrees of crustal contamination, with high ratios indicating low degrees and low ratios indicating high degrees, respectively. Within each sequence, the amount of
crustal contamination progressively decreases with height. With the transition to the Mahabaleshwar Formation, the ratios of La/Sm and Nb/Zr rapidly shift toward
higher values, possibly indicating a change in the composition and depth of the contamination end-member. Abbreviations are as follows: S1 to S4: sequences 1 to 4;
D1 to D6: Directional Groups 1 to 6; T: Transitional polarity; and B: Bushe.

progressively decrease until ~1,000 m, where it reverses and increases again (Figure 6b). In comparison, between
the lowermost lava flow and a red bole located at ~970 m height, the ratios of 2°Pb/?*Pb,, and 2%°Pb/?*Pby, .
gradually decreased (Figures 6¢ and 6d). The lava directly above show a rapid shift toward lower ratios, but then
gradually increase and again follow the general decreasing trend of the profile (Figures 6¢ and 6d).

4.3. Correlated Variations Between Major and Trace Element and Isotope Compositions

The lavas of the MP section display a rough negative correlation between MgO and TiO, and a positive
correlation between MgO and Al O, (Figures 7a and 7b). However, the samples do not show a continuous
geochemical evolution with time, which would be indicated by a systematic increase or decrease in the MgO
content with stratigraphic height (Figures 7a and 7b). Instead, the MgO contents of the Bushe to Poladpur
lavas (7.3-5.4 wt.%) overlap with those of the Ambenali (6.8-5.2 wt.%) and Mahabaleshwar formations
(7.1-4.5 wt.%) (Figures 7a and 7b). The lava comprising the lower third of the MP section (up to ~400 m
height) show a negative correlation between MgO and Nb/Th and Ce/Pb (Figures 7c and 7d). Along this
general trend, the MgO content varies between 5.4 and 7.3 wt.%, with the lava with the highest MgO contents
having the lowest Nb/Th and Ce/Pb contents, respectively (Figures 7c and 7d). In comparison, the overly-
ing lava (~400-~1,200 m height) display variable Nb/Th and Ce/Pb at given MgO without showing clear
geochemical trend (Figures 7c and 7d).
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Formation, ratios of eéNdggy,, 2°°Pb/?*Pby,,.. and 2%Pb/?"Pby,, rapidly shift toward lower values possibly indicating a change in the composition and depth of the
contamination end-member. Abbreviations are as follows: S1 to S4: sequences 1 to 4; D1 to D6: Directional Groups 1 to 6; T: Transitional polarity; and B: Bushe.

The Ambenali lavas show high eNdg,,, (~3.5-~5.6), moderate *Pb/**Pb (17.7-18.2) and 2**Pb/**Pb
(38.0-38.5) as well as low ¥Sr/36Sr (~0.704, one sample with 0.709) and Nb/Zr (~0.06—~0.07) and plot on
an array between Réunion Island basalts and Indian Mid-Ocean Ridge Basalt (MORB) (Figure 8). In compar-
ison, the Poladpur and Bushe lavas exhibit higher 87Sr/%Sr (0.705-0.719), 206Pb/2%Pb (17.5-18.9), 2°8Pb/?*Pb
(38.8-39.3) as well as lower eNdgg,, (=17.2 to 2.9) and Nb/Zr (~0.05-~0.06) and lie between those of the
Ambenali formation and felsic rocks of the UCC as well as mafic granulites and amphibolites (Figure 8). The
Mahabaleshwar lavas display low 87Sr/%0Sr (0.704-0.706), 2°°Pb/?%Pb (16.9-17.7), 2%5Pb/?*Pb (37.3-38.1), and
eNdgyr, (—3.5 t0 3.0) as well as high Nb/Zr (~0.07-~0.12), and plot on an array between the Ambenali forma-
tion and an endmember with low 87St/%Sr, 206Pb/2%Pb, 208Pb/204Pb, and eNdg,,, but high Nb/Zr (Figure 8). In
general, published data from the Wai Formations (Basu et al., 2020) follow these geochemical trends, with some
lavas of the Mahabaleshwar Formation showing significantly higher Nb/Zr (~0.15-~0.17) and partly overlap-
ping with the basalts of the Reunion Islands (Figure 8).

5. Discussion
5.1. Refining the Stratigraphy of the MP Section

Based on volcanic rocks obtained from the MP section, previous petrological and geochemical studies defined the
boundaries between the Bushe, Poladpur, Ambenali, and Mahabaleshwar formations (K. Cox & Hawkesworth, 1984;
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Figure 7. Bivariation plots between (a) MgO and TiO,, (b) MgO and Al,O,, (c) MgO and Nb/Th, and (d) MgO and Ce/Pb. (a, b) No continuous geochemical evolution
with stratigraphic height. The MgO contents of the Bushe to Poladpur lavas (7.3-5.4 wt.%) overlap with those of the Ambenali (6.8-5.2 wt.%), and Mahabaleshwar
Formations (7.1-4.5 wt.%) indicating multiple fractional crystallization (FC) trends which are unlikely to be associated with a single large magma reservoir. (¢, d) No
evidence for continuous assimilation-fractional-crystallization (AFC) processes. If AFC processes had been important during the genesis of the Wai basalts, they should
exhibit a positive correlation between MgO (parameter of fractionation) and Nb/Th as well as Ce/Pb (portion of crustal material), indicating increasing contamination
with increasing FC. In contrast, the least fractionated lavas generally have the lowest Ce/Pb and Nb/Th. The colors of the data points are coded according to their
stratigraphic position. Abbreviations are as follows: AFC: Assimilation-Fractional-Crystallization; FC: Fractional Crystallization; S: Source Heterogeneity; R: Melt
Recharge; B: Bushe; P: Polapdur; A: Ambenali; and M: Mahabaleshwar.

K. G. Cox & Hawkesworth, 1985; Devey & Lightfoot, 1986; Najafi et al., 1981). The geochemical stratigra-
phy is based on the one hand on variations in TiO,, Y, Zr, Nb, and Mg# used as monitors of FC and on the

other hand on Ba, Rb, K,0, SiO,, and ¥St/%Sr as sensitive proxies of crustal contamination (e.g., K. G. Cox

& Hawkesworth, 1985). It is debated whether the lowermost part of the lava stack belongs to the Bushe (Devey
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showing multiple assimilation trends for the Bushe to Mahabaleshwar lavas. The Ambenali lavas are assumed to be relatively uncontaminated, reflecting the mixing of
enriched Reunion-type and depleted Indian Mid-Ocean Ridge Basalt (MORB)-type mantle. The Bushe and Poladpur lavas possibly reflect mixing between Ambenali-
type lavas and both lower (mafic granulites and amphibolites) and an upper crustal component (Archean sandstone), which could indicate multiple periods of storage
and assimilation during melt ascent. The Mahabaleshwar lavas exhibit different Sr-Nd-Pb isotope compositions, in particular lower 2%°Pb/?%Pb ratios similar to lower
crustal components (mafic granulites and amphibolites). Published data from the Wai Formation (open circles, Basu et al., 2020) follows these geochemical trends,
with some lavas of the Mabahaleshwar Formation showing significantly higher Nb/Zr. Abbreviations are as follows: MORB: Mid-Ocean Ridge Basalt; B: Bushe; P:
Polapdur; A: Ambenali; M: Mahabaleshwar. Indian MORB data sources: Chauvel and Blichert-Toft (2001) and references therein. Réunion data sources: Albarede

et al. (1997), Bosch et al. (2008), and Luais (2004). Lower crustal component (amphibolite and granulite) data sources: Wang et al. (2013).

& Lightfoot, 1986; Jay, 2005) or Poladpur formation (e.g., Chenet et al., 2008; K. Cox & Hawkesworth, 1984).
The Bushe formation is characterized by relatively high #7St/%6Sr (0.713-0.720) and SiO, (>50 wt.%) as well as
low eNd (—13 to —18) and TiO, (<2 wt.%) and possibly represents lava which were highly contaminated with an
Archean granitic crustal endmember (e.g., Beane et al., 1986; K. G. Cox & Hawkesworth, 1985; P. Lightfoot &
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Hawkesworth, 1988). Our lowermost lava sample located at ~22 m stratigraphic height (PA 12) exhibits these
geochemical characteristics and can accordingly be assigned to the Bushe formation (Figures 4 and 6). In contrast,
the next sample above at ~65 m (PA 13) displays much lower 8’Sr/36Sr (0.706) and eNd,,, (0.9) and therefore
belongs to the Poladpur formation (Figure 6). Thus, the Bushe—Poladpur boundary must be located in the section
between. Unfortunately, most of the lavas of the lowermost part of the MP section are highly weathered and/or
poorly exposed (Chenet et al., 2008; Jay, 2005). Consistent with this, recent field observations found evidence for
a disconformity at the Bushe-Poladpur contact, possibly indicating a period of volcanic quietness and extensive
weathering (Richards et al., 2015). For this reason, we set the boundary between these formations within the MP
section at 25 m stratigraphic height which can be considered as a lower limit.

The boundary between the Poladpur and Ambenali formations was previously associated with a red bole located
at ~370 m stratigraphic height (Chenet et al., 2008) (Figures 4-6). Recent U-Pb geochronology on separated
zircons from this weathered horizon yielded an absolute age of 66.027 + 0.062 Ma (Schoene et al., 2019). The
Poladpur formation is believed to be contaminated to intermediate degrees with the same endmember as the
Bushe formation, whereas the overlying Ambenali lavas are assumed to be the least contaminated of the entire
Main Deccan Volcanic Province (P. Lightfoot & Hawkesworth, 1988; Mahoney, 1988). The lavas between ~25
and ~370 m stratigraphic height exhibit highly variable ratios of 2°°Pb/?*Pby, .. 2%%Pb/>*Pbg, .. 8St/36Sr¢e 1,
and eNdg,,, as well as of Nb/Th and Ce/Pb indicating considerable assimilation of a Bushe-type endmember
(Figures 5, 6, and 8). In contrast, the lava above ~370 m height are comparatively homogenous, showing no clear
evidence of extensive contamination (Figures 5, 6, and 8). For this reason, we can confirm the previously defined
location of the Poladpur—Ambenali boundary at 370 m.

The boundary between the Ambenali and Mahabaleshwar formations was previously set at ~934 m stratigraphic
height and is mainly based on a rapid increase in the ratios of 3”Sr/%Sr and Ba/Y (K. G. Cox & Hawkesworth, 1985).
Our trace element data confirm a sudden geochemical shift at this height, but a similar break in major elements
and some radiogenic isotope ratios does not occur until another ~31 m higher (at ~965 m) in stratigraphy
(Figures 4-6). These characteristics possibly indicate a gradual geochemical transition between the Ambenali
and Mahabaleshwar formations rather than a sharp break due to a long volcanic hiatus of the order of 10° years.

5.2. Geochemical and Petrographic Indications for Four Eruption Sequences

The volcanic rocks sampled from the MP section display systematic geochemical variations with time, which
cross the previously defined formation boundaries (Figures 4-6). Between the base of the profile and 200 m
height, the eight flows show increasing TiO,, FeOT, Nb/Th, Ce/Pb, and La/Sm but decreasing MgO (Figures 4
and 5) (S1). A similar but more extensive trend (14 flows) is observed in the upper Poladpur lava into the Ambe-
nali formation to a height of ~680 m with TiO, increasing from ~2 to ~3 wt.%, FeOT increases from ~12 to
~17 wt.%, Nb/Th increasing from ~4 to ~10 and Ce/Pb increasing from ~10 to ~20 (Figures 4 and 5) (S2). A
third sequence with eight flows begins at about 700 m height in the Ambenali formation and continues to 970 m
height (Figures 4 and 5) (S3). A fourth sequence of 10 flows begins at 980 m height and is not clear in major
element compositions but shows increasing Ce/Pb and Nb/Th as well as decreasing Nb/Zr to a height of 1,100 m
(Figures 4 and 5) (S4).

Similar variations in major and trace element compositions have been observed in other LIPs (e.g., Moore
et al., 2018, 2020; Yu et al., 2015) and geochemical modeling suggests that a combination of FC, recharge and
eruption within RTF/REAFC-type magma reservoirs is required to explain such oscillatory signatures (K. G.
Cox, 1988; Mittal et al., 2021; Yu et al., 2015). Detailed investigations on the influence of the melt influx, the
eruption rate and the crystallization rate indicate first that all of these processes are essential and second that a
continuous melt recharge of a few percentage of the reservoir mass is necessary (Mittal et al., 2021). Consistent
with this, our new geochemical data suggest continuous melt recharge during the emplacement of each erup-
tion sequence. For example, MgO correlates negatively with Nb/Th and Ce/Pb which indicate that the most
primitive and hottest melts (highest MgO) were efficiently contaminated (lowest Nb/Th, Ce/Pb) (Figures 4, 5,
and 7). However, the temporal increase in Nb/Th and Ce/Pb cannot be solely explained by less contamination
but indicates continuous replenishment of the reservoir with less contaminated but more fractionated melt. In
addition, the majority of lavas from the MP section exhibit glomeroporphyritic textures (Figure 3), which are
believed to result from the mixing of successive recharge batches during the accumulation of magma reservoirs
(e.g., Cashman et al., 2017; Krans et al., 2018; Moore et al., 2018). Accordingly, the recharge magmas derived
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from melt accumulations deeper in the system transport mafic cumulates as crystal mush, which is flushed into
magma reservoirs located in middle to upper crustal levels (e.g., Cashman et al., 2017; Krans et al., 2018). These
multiple stages of melt ponding, transport, mixing, and eruption are recorded in the compositional zoning of
plagioclase (Figure 3) (e.g., Borges et al., 2014). Most of the phenocrysts exhibit calcic interiors with high anor-
thite content (Figure 3), indicating the initial formation within a deep mafic magma reservoir. Rapid magmatic
decompression due to fast melt ascent-caused resorption and the formation of sieve textures (Figure 3) (Nelson
& Montana, 1992) until the melt was pooled into a magma reservoir at middle or upper crustal levels and under-
went some FC. During the second stage of storage, the resorbed calcic interiors were overgrown by more sodic
plagioclase, which could be related to the rapid drop in crystallization temperature (Barker et al., 1983; Cocker
et al., 2021). Some phenocrysts exhibit multiple overgrowth rims, indicating several stages of melt ascent and
storage during the emplacement of the MP lavas (Figure 3). The plagioclase phenocryst compositions and
textures suggest relatively short residence times in smaller magma reservoirs located at different crustal levels.
Within a long-lived large magma reservoir that receives continuous melt recharge, the residence times would be
considerably longer, because the melts would be less likely to be erupted and the plagioclase phenocrysts would
have developed oscillatory chemical zoning. Furthermore, a continuous recharge of a few percentage of the
reservoir mass which is required to generate the oscillatory geochemical signatures is contrary to large magma
reservoir models (Black & Manga, 2017; Mittal et al., 2021). For example, the influence of recharge-associated
overpressure as main eruption trigger is inversely proportional to the total reservoir size implying that this process
is unsuitable to cause eruptions of magma bodies with volumes between 10° and 10 km? comparable with the
scale of the Wai Formations (e.g., Caricchi et al., 2014; Mittal et al., 2021).

We conclude that the geochemical variations in the MP lavas with time are best explained by a combination
of magma mixing and recharge-associated overpressure leading to repeating melt recharge and FC sequences.
The associated lavas were fed by multiple smaller magma reservoirs that were located in different crustal levels
and interacted with each other as indicated by plagioclase phenocryst compositions and textures. The chemical
trends thus reflect mixing between magmas stored at different depths in the crust undergoing variable crustal
assimilation and FC. Quantitiave modeling of these processes is difficult, as many of the required variables (e.g.,
melt influx, eruption rates, reservoir sizes, contamination endmember compostions) are unknown. However, our
new geochemcial data, together with published paleomagnetic data and absolute ages, provide a robust approach
to draw conclusions about the magmatic processes that were associated with the emplacement of the MP lavas.

5.3. Indications for Continuous Volcanism During the Emplacement of the Wai Formations

The lavas of the Deccan CFB are separated by several red boles, indicating periods without volcanic activity.
Based on U-Pb ages of zircons separated from these weathering horizons, it was previously argued that the lower
seven Deccan Formations, the Poladpur Formation, the Ambenali Formation and the Mahabaleshwar Forma-
tion were erupted each in discrete pulses separated by volcanic hiatuses in the order of 104~103 years (Schoene
et al., 2019). However, the S1 and S2, each of which indicates almost continuous FC and melt replenishment,
span the Bushe-Poladpur and Poladpur-Ambenali boundary, respectively. The U-Pb age of the youngest red bole
within the Bushe Formation (RBBI: 66.058 + 0.039) is within the error of the U-Pb age of the oldest red bole
within the Poladpur formation (RBBM: 66.06 + 0.15 Ma) (Schoene et al., 2019), which is why the boundary
between both formations could also be located lower in the stratigraphy (below the bottom of S1). However, based
on geochemical characteristics, the lowermost sample from the MP profile can be clearly assigned to the Bushe
Formation, while the overlying lava flow belongs to the Poladpur Formation, which could indicate continuous
volcanic activity across the Bushe-Poladpur boundary. In comparison, the U-Pb age of the youngest red bole
within the Poladpur Formation (RBX: 66.027 + 0.062) is not within the error of the U-Pb ages of the oldest red
bole within the Ambenali formation (RBBH: 65.885 + 0.043) (Schoene et al., 2019), which could indicate a long
break in volcanism between both formations (Schoene et al., 2019). In contrast, the MP lava belonging to S2
may reflect continuous FC and melt replenishment from the upper third of the Poladpur Formation to the middle
of the Ambenali Formation which would argue against a volcanic hiatus in the order of 10° years and support
the assumption that the Wai Formations (at least the Poladpur and Ambenali Formations) erupted continuously
(Sprain et al., 2019) rather than in three discrete pulses (Schoene et al., 2019). Consistent with this, recent box
models show that oscillatory geochemical signatures such as those observed for the lavas of the MP profile
require almost constant melt recharge, implying continuous volcanism (Mittal et al., 2021). However, the lower-
most part of the Ambenali Formation within the MP section is poorly sampled due to low-quality exposure. For
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this reason, conclusions about volcanic activity across this boundary are limited and further sampling as well as
geochemical analyzes are necessary.

5.4. Constraints on the Timescales of Magma Evolution and Eruption

The rocks used in this study were previously analyzed for paleomagnetic directions by Chenet et al. (2008), who
proposed that adjacent lava flows that statistically have the same paleomagnetic directions (range of 5°-10°,
so-called Directional Groups [DGs]) were formed within very short periods of time (~4 x 10? years) (Chenet
et al., 2008). Rapid melt ascent during the eruption of the MP lava is supported by textural evidence observed in
phenocrysts of plagioclase, which indicates fast magmatic decompression (Nelson & Montana, 1992). However,
the quasi-cyclic nature of paleo-secular variation exhibits timescales in the order of 10* years that could cause
spurious correlations wherein lava flows separated by multiple secular variation cycles still have a small differ-
ence in paleomagnetic directions (Mittal et al., 2021). Furthermore, many of the lavas of the MP section are
separated from each other by red boles (Figures 4-6), indicating periods of volcanic quietness on the order of 10!
to 5 x 10* years (Chenet et al., 2008; Duraiswami et al., 2020). Some of these red boles extend between samples
of the same DG (Figures 4-6), which is inconsistent with a rapid eruption of the associated lava flows. However,
due to the large uncertainty of time which is necessary for the formation of red boles, we assume that the DGs are
reliable and can be used to estimate the timescales of magma evolution and eruption.

For the MP section, six DGs were defined with the total of all lava flows within DG is believed to erupted within
~10? years (Chenet et al., 2008). The DGs are located either at the bottom or top of a sequence (Figures 4-6). DG 1 is
located at the top of S1, DG2 is located at the base of S2, DG3 and DG 4 are located at the base and top respectively of
S3, and DGS5 and DG 6 are located at the bottom and top respectively of S4 (Figures 4—6). These observations indicate
that at the beginning and the end of each sequence, the associated melts erupt very fast. Rapid eruption at the begin-
ning of a sequence could be due to the mixing of two magmas with different temperatures and compositions (early,
relatively hot lavas with high MgO), which would cause recharge-associated overpressure. In contrast, the relatively
fast eruptions at the end of a sequence are more likely due to buoyancy overpressure, which is caused by successive
FC as indicated by decreasing MgO, Al,O, and increasing TiO, and FeOT (Figure 4) leading to volatile exsolution.

The lavas of the MP Profile are separated by several red boles indicating periods without volcanic activity
(Figures 4-6). Zircons obtained from five of these weathering horizons were age dated (Schoene et al., 2019)
yielding timestamps between individual eruptions (Figures 4-6). Between ~370 and ~700 m stratigraphic height,
the upper half of the S2 is framed by two age-dated red boles providing temporal information about the associated
processes and the lifespans of individual magma reservoirs (Figures 4—-6). The time interval between both weath-
ering horizons are ~1.2 X 10 years, and the maximum and minimum values considering the measuring errors are
2.3 x 10° and 6 x 103 years, respectively. Between ~700 and ~1,000 m stratigraphic heights, the complete S3 and
the lower part of S4 are framed by two age dated red boles (Figures 4-6). The time interval between both weath-
ering horizons is ~3.7 X 103 years, whereby the maximum and minimum values considering the measuring errors
are 5.4 x 10° and 2.2 x 10’ years, respectively. Although the age-dated horizons do not exactly bound individual
sequences, it is evident that the latter erupted in time periods between ~10* and ~10° years.

Consistent with this, detailed studies comparing radiometric ages with intracrystalline diffusion durations of
several lava flows show that individual magma reservoirs can be active for ~10° years (e.g., Cooper, 2019; Cooper
& Kent, 2014). However, these long lifespans are only valid for upper-crustal and felsic magmatic systems (e.g.,
Cooper, 2019; Mutch et al., 2019) in contrast to the tholeiitic basaltic composition of the Poladpur to Mahabalesh-
war lavas. In addition, there is no geophysical evidence for large continuous upper crustal intrusive bodies below
India, which could represent former magma reservoirs with corresponding dimensions (Mittal et al., 2021; Prasad
et al., 2018). The detected intrusions are prismatic in shape and have a diameter between 5 and 15 km as well as
a thickness of few km (e.g., Prasad et al., 2018), which is contrary to a single large upper crustal magma reservoir
with volumes between 10° and 10° km? (Mittal & Richards, 2021; Mittal et al., 2021). Thus, it is more likely
that the lava within a sequence are associated with multiple smaller magma reservoirs, possibly with lifespans
between 10° and 10* years (e.g., Mutch et al., 2019).

5.5. Rapid Shift in Composition and Depth of Contamination Endmembers

The lavas of the MP Profile show no continuous geochemical evolution with stratigraphic height (Figure 7).
Instead, the MgO contents of the Bushe to Poladpur lavas (7.3-5.4 wt.%) overlap with those of the Ambenali
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(6.8-5.2 wt.%) and Mahabaleshwar Formations (7.1-4.5 wt.%) indicating different mixing-fractional
crystallization-eruption trends consistent with multiple magma reservoirs interacting with each other (Figures 7a
and 7b). Between ~22 and ~934 m stratigraphic height, the ratios of source-sensitive trace elements and radio-
genic isotopes gradually increased (Nb/Zr, eNdgg,,,) or decreased (¥St/%Sr,, ., 2°Pb/2%Pby ., 2%Pb/2%Pby,
) (Figures 5 and 6). These geochemical signatures could indicate that the magma reservoirs feeding the upper
Bushe, Poladpur and Ambenali Formations exhibit a mantle source, that became progressively enriched and/or
that the associated melts were successively less contaminated by continental crustal material. It was previously
shown that the Ambenali lavas are the least contaminated Deccan lava and possibly represent a mixture of depleted
Indian MORB and enriched Réunion hot spot mantle, whereby the portion of the latter successively increases
over time (P. Lightfoot & Hawkesworth, 1988; Mahoney, 1988) (Figure 8). In comparison, the Poladpur and
Bushe lavas are believed to represent a contamination of Ambenali-like magma with an Archean granitic crustal
endmember that exhibits low values of eNd,,, (Figure 8) but high values of 2°Pb/?*Pb,,, and ¥Sr/%Sr, . (K.
G. Cox & Hawkesworth, 1985; P. Lightfoot & Hawkesworth, 1988). Our new geochemical data show that the
lavas of the Bushe and Poladpur Formations overlap with both lower and upper crustal components (Figure 8),
which indicate several periods of storage and assimilation at different crustal levels, as also observed by multiple
overgrowth rims in plagioclase phenocrysts (Figure 3).

There is no geochemical evidence for systematically increasing assimilation combined with FC (AFC) processes
(e.g., Mahoney et al., 2000) (Figures 7c and 7d). If AFC processes had been important during the genesis of the
Bushe, Poladpur and Ambenali lavas, the lava should exhibit positive correlations between MgO, Nb/Th, and
Ce/Pb, indicating increasing contamination with increasing FC (Figures 7c and 7d). In contrast, the most prim-
itive melts (with highest MgO contents) are the most contaminated (lowest Nb/Th and Ce/Pb), whereas more
evolved melts display less contamination (e.g., K. Cox & Hawkesworth, 1984; K. G. Cox & Hawkesworth, 1985)
(Figures 3, 6, 7c, and 7d). If each sequence were associated with processes within a single large magma reservoir,
then the most primitive and hottest melt efficiently would have interacted with the wall rocks leading to high
degrees of crustal contamination. In comparison, subsequent melts would be less contaminated since the most
fusible parts were previously exhausted and cooling as well as FC during storage led to decreasing temperature
and increasing number of mafic cumulates, which both had reduced the efficiency of crustal assimilation (Mittal
& Richards, 2021; Yu et al., 2015). Although these processes would account for the overall decrease in contam-
ination, they cannot explain the increase in Nb/Th and Ce/Pb in the melts with time. The increase in Nb/Th and
Ce/Pb indicates continuous replenishment of the reservoir with less contaminated but more fractionated melt.
Additionally, within a single large reservoir continuous recharge and tapping events would cause increasing MgO
and oscillatory geochemical zoning in plagioclase contrary to the geochemical signatures and compositional
normal zoning observed. Alternatively, the gradual increase in Nb/Th and Ce/Pb could reflect storage in multiple
and small crustal magma reservoirs where they underwent variable extents of FC and assimilation. Within these
reservoirs, crustal contamination is nearly absent, because previous melts exhausted the most fusible parts and
their mafic cumulates formed a compositionally boundary layer that prevented the interaction with the wall rocks
(Mittal & Richards, 2021). From these reservoirs, melts periodically erupt to the surface. The most primitive and
hottest melts were contaminated in the lower crust where the country rocks are hotter (Annen et al., 2006), and
possibly during turbulent ascent through the continental crust (e.g., Huppert et al., 1985). More evolved melts in
the cooler upper crust assimilate less country rocks (Annen et al., 2006) and possibly follow the same ascent path-
ways as previous magmas, causing less contamination. The replenishment of the shallow magma reservoirs by
hotter and more mafic magmas from the lower part of the magma plumbing system caused mixing and eruption.
The trends of the four sequences imply that within each sequence, the magmas of the shallow, less contaminated
reservoirs became more dominant, possibly reflecting less magma replenishment.

With the transition to the Mahabaleshwar Formation at ~934 m stratigraphic height, the ratios of La/Sm and Nb/
Zr show a prominent shift toward higher values, which then gradually decrease again with time (Figure 5). In
comparison, the ratios of Nb/Th and Ce/Pb as well as most major elements and radiogenic isotopes do not show
similar geochemical changes until ~965 m stratigraphic height (Figures 4-6). The compositional change could
indicate a change in the mantle source, but this would also cause variations in Nb/Zr and radiogenic Sr-Nd-Pb
isotopes, which are not observed. If a change in the mantle source would be realistic, then the ratios of Nb/Zr as
well as those of the radiogenic isotopes would remain high instead of decreasing with increasing stratigraphic
height (Figures 5 and 6). Thus, it is unlikely that the shift to high La/Sm and Nb/Zr is due to a change of the
mantle source of the magmas (Figures 5 and 6). Alternatively, these geochemical variations can be explained by
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both variable degrees of melting and changing contamination endmembers. The Mahabaleshwar lavas exhibit
low eNdgq.» 22°Pb/2%Pbyg, ., and 2%Pb/2MPb, as well as moderate 87Sr/*Sr . different compared to upper
crustal components (Figure 8). It was previously argued that the Mahabaleshwar Formation could be contami-
nated by the lithospheric mantle (P. Lightfoot & Hawkesworth, 1988; P. C. Lightfoot et al., 1990; Mahoney, 1988)
or by amphibolites and mafic granulites that compose the lower continental crust (LCC) (e.g., Devey &
Lightfoot, 1986). The contamination with lower crustal components is supported by radiogenic isotopes, but the
Mahabaleshwar lava point toward much higher Nb/Zr. The Mahabaleshwar lavas display a negative correlation
between La/Nb and La/Ba (Figure S1 in Supporting Information S1), which could indicate a strong lithospheric
contribution (e.g., Jourdan et al., 2009). However, the negative trend between La/Nb and La/Ba does not correlate
with Nb/Zr (Figure S1 in Supporting Information S1), which is why the lithospheric mantle cannot be considered
as the sole contamination endmember. Based on geochemical characteristics, it cannot be clearly distinguished
whether the Mahabaleshwar lavas were contaminated with the LCC and/or the lithospheric mantle. However, the
circumstance that the contamination endmember shifted rapidly and not gradually from the upper crust to the
lower crust or to the Moho or to the lithospheric mantle suggests that the MP lavas were fed by multiple magma
reservoirs located in different crustal levels rather than by individual large ones.

5.6. Implications for the Architecture of the Magmatic Plumbing System

Modeling carried out in previous studies shows that oscillating geochemical signatures as observed for the lavas
of the MP profile can be best explained by a combination of melt replenishment, fractional crystallization and
eruption (K. G. Cox, 1988; Mittal et al., 2021; Yu et al., 2015). Thereby, it is necessary that the melted recharge
is continuous and accounts for a few percentage of the total volume of the reservoir (Mittal et al., 2021). Further-
more, eruptions are predominantly triggered by recharge-associated overpressure which is inversely propor-
tional to the reservoir volume (e.g., Caricchi et al., 2014; Mittal et al., 2021). These parameters indicate that the
magmatic plumbing system that fed the MP lava was more likely to have consisted of several smaller magma
reservoirs rather than a few large ones (Figure 9a). This is supported by the fact that geophysical studies do not
find evidence for large, connected, upper crustal intrusive complexes, which could indicate magma reservoirs
with corresponding dimensions beneath India (Patro & Sarma, 2016; Prasad et al., 2018). The detected intru-
sions are prismatic in shape and have diameters between ~5 and ~15 km as well as thicknesses of few km (Patro
& Sarma, 2016; Prasad et al., 2018), which is contrary to a single large upper crustal magma reservoir with
volumes between ~103 and ~10® km?® (Mittal & Richards, 2021; Mittal et al., 2021). Although wide-angle seis-
mic refraction surveys revealed that the Deccan Traps are underlain by high-velocity zones located at Moho depth
possibly indicating thick ultramafic and mafic cumulate layers of lateral extensive magma reservoirs (Ridley
& Richards, 2010), field observations from an exhumed lower crustal intrusive complex in Norway, which is
believed to represent remnants of a deep LIP magmatic plumbing system, suggest that such structures do not
necessarily represent individual magma bodies of equivalent size (Larsen et al., 2018; Mittal et al., 2021). This
so-called Seiland Igneous Province consists of multiple ultramafic and mafic plutons separated from each other
by chilled margins, indicating sequential emplacement of multiple small to medium-sized magma reservoirs
(Larsen et al., 2018).

The lavas of the MP profile exhibit geochemical signatures indicating the assimilation of lower and upper crustal
components (Figure 8). Consequently, the associated magma reservoirs were located at different crustal levels and
interacted with each other, which is also supported by the mineral textures of plagioclase phenocrysts (Figures 3
and 9). Accordingly, primitive melts were contaminated with material of the LCC (amphibolite and granulite)
and already underwent initial FC during which Ca-rich plagioclase crystals were formed (Figure 9b). Progres-
sive FC in lower crustal reservoirs possibly led to volatile exsolution, which could have triggered buoyancy
overpressure and rapid melt ascent during which plagioclase crystals were resorbed and sieve textures formed
(Figure 9c). Mixing of the hot, mafic magmas with more evolved but less contaminated melts stored in the mid to
upper crustal reservoirs triggered recharge-associated overpressure, which caused rapid eruption of less evolved
(high MgO) but highly contaminated (low Nb/Th and Ce/Pb) lava flows at the beginning of each sequence (S1
to S4), as indicated by paleomagnetic directions and geochemical signatures. Before mixing, the shallow more
evolved melts were less contaminated, because they were cooler, reacted with cooler wall rocks, and because the
wall rocks may have been depleted in the most fusible portions due to reaction with earlier ascending magmas
(Figure 9d). Further, due to storage and FC of previous melts, an increasing number of mafic cumulates could
have formed a compositionally boundary layer which reduced or prevented crustal assimilation for subsequent
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Figure 9. (a) Schematic sketch showing that the lavas of the MP profile were fed by multiple interconnected small- to medium-sized magma reservoirs located at
different crustal levels. Figure modified after Mittal and Richards (2021) (b) Early fractional crystallization (FC) within deep magma reservoirs caused the formation
of Ca-rich plagioclase crystals (gray rectangle) and volatile exsolution (white bubbles). (c) Rapid melt ascent (indicated by white arrow) caused resorption the of
previously formed plagioclase and formation of sieve textures. (d) During storage in the mid to upper crustal magma reservoirs, the interaction with the wall rocks

was prevented because the most fusible parts were previously exhausted (relative loss shown by dashed line) and mafic cumulates formed a compositional boundary
plating layer which reduced the efficiency of crustal assimilation (indicated by small curved white arrows). (e) FC caused overgrown of resorbed ca-rich plagioclase
crystals (light gray) by more sodic plagioclase (dark gray). White bubbles indicate volatile exsolution during progressive FC. (f) The melts erupted periodically and
assimilated crustal material during turbulent ascent (indicated by waved arrows), with the most primitive and hottest melts (light gray waved arrow) were contaminated
most efficiently (white curved arrow). Subsequent cooler and more differentiated melt (dark gray waved arrow), which preferentially followed the same pathways, were
successively less contaminated due to continuous exhausting of the wall rocks (indicated by decreased size of curved white arrows). Abbreviations are as follows: UCC:
upper continental crust; LCC: lower continental crust; LM: lithosphere mantle; AST: asthenosphere; and LAB: lithosphere-asthenosphere-boundary.

melts within the reservoirs (Figure 9d). After mixing and eruption, the mid to upper crustal reservoirs were
continuously replenished by more evolved but less contaminated melts, resulting in periodic eruptions character-
ized by temporally decreasing MgO and increasing Nb/Th and Ce/Pb. During this stage, the resorbed phenocrysts
were overgrown by more sodic plagioclase possibly due to a rapid drop in crystallization temperature (Figure 9e).
Alternative or additional, the melts assimilated crustal material during turbulent ascent through the uppermost
crust, with the most primitive and hottest melts were contaminated most efficiently (highest MgO, lowest Nb/
Th and Ce/Pb). Subsequent cooler and more differentiated melt (lower MgO), which preferentially followed the
same pathways, were successively less contaminated due to continuous exhaustion of the wall rocks (higher Nb/
Th and Ce/Pb) (Figure 9f).
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6. Conclusions

We conclude that major and trace element compositions, Sr-Nd-Pb isotope data, phenocryst textures and
published paleomagnetic directions of 43 lava flows covering the most voluminous stage of the Deccan LIP
(Bushe to Mahabaleshwar Formations) are best explained by four magmatic sequences (S1 to S4), which are char-
acterized by continuous recharge, mixing, and the eruption of variably evolved melts from different crustal levels.
Published zircon U-Pb age data obtained from weathered flow tops located between individual eruptions indicate
that each of these magmatic sequences lasted ~10*~~10° years during which major and trace element compo-
sitions change systematically, followed by an abrupt change in geochemistry at the start of a new sequence. The
lava at the beginning of each sequence generally have the highest MgO contents, but are the most contaminated
(lowest Ce/Pb and Nb/Th). Subsequently, the MgO contents progressively decrease while the ratios of Nb/Th and
Ce/Pb increase, implying continuous replenishment of the reservoir with more evolved but less contaminated
melts. These geochemical signatures are supported by compositional zoning and sieve textures observed in
plagioclase phenocrysts, indicating a complex interaction between multiple smaller magma reservoirs located at
different crustal levels. Our new findings contribute to a better understanding of the establishement and temporal
evolution of the magmatic plumbing system during the most voluminous stage of the Deccan LIP. The combina-
tion of geochemical and paleomagnetic data may also contribute to the general understanding of the architecture
as well as the melt eruption rates during the main stages of other LIPs.
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