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Abstract

Large Igneous Provinces (LIPs) have been widely studied over the past decades due to their
likely link to mass extinction events. Previous work involving U-Pb zircon dating of the Deccan
lava flows indicates that the main phase-2 began 250 Ka before the Cretaceous-Paleogene (K-

Pg) mass extinction boundary and continued into the early Danian, suggesting a cause-and-
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effect relationship. Closer to the eruption centre, intra-volcanic red weathered horizons known
as red boles mark quiescent periods between basalt flows. Red boles have increasingly attracted
the attention of researchers to understand the prevailing climatic conditions during the Deccan
volcanic activity for their ability to yield crucial evidence of environmental changes triggered
by volcanic activity using different geochemical proxies such as major elemental composition,
bulk rock and clay mineralogy, weathering indices, paleo-precipitation estimates and stable
isotope analysis. Our results indicate that red boles are characterized by concentrations of
immobile elements such as Al and Fe*" ions that are typical of paleo-laterites, which develop
over short periods of weathering. Identified clay minerals consist mostly of smectite indicative
of semi-arid monsoonal conditions. Weathering indices suggest intense weathering most likely
linked to increasing acid rains while stable H- and O-isotope compositions suggest increasing
paleoclimate instability in parallel to increased eruption rates just before the K-Pg boundary.
The multi proxy approach is compatible with a cause-and-effect relationship between the

Deccan Trap eruptions and the K-Pg mass extinction.
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1. Introduction

The cause of the Cretaceous-Paleogene (K-Pg) mass extinction is often attributed to an extra-
terrestrial impact supported by evidence such as a global iridium enrichment layer (Alvarez et
al., 1980), impact spherule ejecta in Mexico and Central America (e.g., Smit et al., 1996;
Schulte et al., 2010; Pope et al., 1991) and the discovery of the Chicxulub impact crater on the
Yucatan peninsula, in Mexico (Hildebrand et al., 1991). However, subsequent research has
focussed more on Large Igneous Provinces (LIPs) and the possibility of a cause-and-effect

relationship between LIPs and mass extinctions events. The relationship between the two



strengthened considerably after the discovery of a close link between the two phenomena (e.g.,
Wignall, 2001; Rampino and Stothers, 1988; Olsen, 1999; Sepkoski, 1982, 1996). Deccan
volcanism, therefore, rapidly became an alternative cause of the K-Pg mass extinction (e.g.,
McLean, 1985; Courtillot et al., 1986, 1988; Duncan and Pyle, 1988; Wignall, 2001; Officer
and Drake, 1983).

The Deccan Volcanic Province (DVP) is situated in Western India and covers an area of about
500,000 km? (Widdowson et al., 1997). It is one of the most important Large Igneous Provinces
(LIPs) and consists of the world’s longest lava flow ever recorded (>1500 km into the Krishna
Godavari Basin in the Gulf of Bengal in Eastern India) (Keller et al., 2011; Self et al., 2008).
Recent studies have revealed that the eruptions took place in three major phases: phase-1 in
C30n, the main phase-2 in C29r and the final phase-3 in C29n. Phase-2 was the most important
as it accounts for 80 % of the total 3500 m thick lava pile and erupted in pulses over a short
period of time in C29r just before the mass extinction (Chenet et al., 2008). U-Pb zircon
geochronology (Schoene et al., 2015) also suggests that the main phase-2 erupted over 750 Ka
in magnetic polarity C29r and began 250 Ka before the K-Pg extinction event and continued
for 500 Ka into the early Danian, suggesting a cause-and-effect relationship. Latest U-Pb
geochronology (Schoene et al., 2019; Eddy et al., 2020) suggests that the K-Pg boundary is
located at the top of Poladpur Formation (Fm) (66.016 £ 0.050 Ma), about 70 Ka after an
acceleration in the eruption rate.

The main goal of this paper is to study the paleoenvironmental changes linked to Deccan
volcanism using detailed mineralogical and geochemical analysis of 26 red bole sections (Fig.
1). Red boles, also known as ’Bole Beds’, are weathered horizons formed from the weathering
of basalts during periods of volcanic inactivity (e.g., Widdowson et al., 1997, Gosh et al 2006).
Red boles show a characteristic lithological succession and are laterally continuous, but with

laterally variable thickness. This study examines the major elemental composition using X-ray



fluorescence (XRF), bulk-rock, and clay mineralogy using X-ray diffraction (XRD), estimates
of weathering indices such as the chemical index of alteration (CIA), the index of lateritisation
(IOL), the chemical index of weathering (CIW) along with estimates of Mean Annual
Precipitation (MAP) for the red boles. Stable isotope (hydrogen and oxygen) compositions of
an isolated clay fraction are also studied. These results provide an overview of the conditions
of weathering and the paleoclimatic conditions during the Deccan volcanic activity and the

results are discussed in the context of the K-Pg mass extinction.

2. Geological Background

The Deccan Volcanic Province (DVP), located in the western peninsular of India (Fig. 1)
(Babechuk et al., 2014), is one of the largest flood basalt provinces on Earth and currently
covers an area of approximately 500,000 km?, with an original extent that was probably more
than 1,500,000 km? (Fig. 1) (Widdowson et al., 1997). Hundreds of lava flows reached a total
thickness of approximately 3000 m near the eruptive center (Beane et al., 1986; Cox and
Hawkesworth 1985; Khadri et al.,1988) and flowed eastward with a total volume greater than
1.3 million km? (Jay and Widdowson 2008).

Individual lava flows can be easily identified and based on a detailed geochemical analysis, the
Deccan basalt group has been stratigraphically divided into three subgroups and ten formations
(Beane et al., 1986). The entire stratigraphic sequence is approximately 3600 m thick and is
exposed from north to south along the full length of the Western Ghats. The Kalsubai Subgroup
is the lowermost subgroup and consists of the lower five formations (Fm), i.e., Jawar, Igatpuri,
Neral, Thakurvadi and Bhimashankar, from bottom to top (Fig.2D). The Kalsubai subgroup is
overlain by the Lonavala subgroup, which includes two Fm, the Khandala and Bushe Fm
(Fig.2D). The Wai Subgroup lies above the Khandala Subgroup and consists of the Poladpur,

Ambenali, Mahabaleshwar and Panhala Fm (Fig. 2D).



A particular feature of the Deccan Traps is the presence of so-called ’red boles’ or ’bole
horizons’, which are weathered horizons occurring at the top of lava flows and are indicative
of periods of volcanic quiescence. They are easily identifiable in the field by their distinctive
red colour, although they can also be found in a range of colours from red through to brown
along with green boles (Widdowson et al., 1997). Red boles (Fig.2B, 2C) show a characteristic
lithological succession, which starts with fresh underlying basalt and grades through different
weathering phases such as weathered amygdaloidal basalt, friable red clay, and occasionally
red clay paleosol, which is overlain by the next basalt flow (Fig.2B, 2C; Fig. 3). Deccan phase-
2 includes at least fifty exposed red bole layers with many still potentially undiscovered. Bole
beds are commonly considered to be the result of in-situ alteration of flow tops resulting in a
fossilized profile reflecting weathering effects which occurred at the time of eruptions
(Widdowson et al., 1997) and are usually formed over a period <100 Kyr. Red boles are thus
crucial to interpret the paleoclimatic conditions that prevailed during the Deccan eruptions and

its impact on the K-Pg boundary mass extinction.

3. Methods

3.1 Sample preparation

Samples (N = 167) were prepared for analysis at the University of Lausanne, Switzerland.
Samples were first dried at 45 °C for 2—3 days to remove humidity. Dried samples were then
crushed and powdered using an agate mill.

3.2 Major elemental composition (XRF)

Major elements were analysed on fused beads using the PANalytical Axios-mAX spectrometre
with a Rh anode radiation and power of 4 kW at the Earth Science Institute of the University
of Lausanne, Switzerland. First, 2-2.5 g of rock powder was calcinated over 3h at 1050°C to

remove any volatiles present. Loss on Ignition (LOI) was calculated using Equation 1.
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where W; and W are the weights before and after calcination respectively. Next, 6.0000 +
0.0002 g of LithiumTetraborate (Li2B4O7) were added to 1.2000 + 0.0002 g of calcinated
powder and mixed for 3 minutes to obtain a homogeneous mixture. Fused beads were then
prepared by using the PANalytical Per]’X 3 by heating the mixture at 1250°C.

3.3 Bulk rock and clay mineralogy (XRD)

Bulk rock and clay mineralogy was analyzed at the Institute of Earth Sciences of the University
of Lausanne, Switzerland (Thermo Scientific ARL X-TRA Diffractometer) using the
procedure described by Klug and Alexander (1974), Kiibler (1983) and Adatte et al. (1996).
Bulk rock mineralogy was analyzed on powdered samples pressed into powder holders. Clay
minerals were analyzed for the <2 um fraction. Carbonates were removed with HCI (10 %),
and the insoluble residue was washed and centrifuged until a neutral suspension was obtained.
Following the Stokes law, the granulometric fraction <2 um was pipetted and deposited on a
glass plate and air-dried. Analyses by X-ray diffraction of oriented clay samples were
performed after air-drying and ethylene-glycol solvation. The intensities of the identified clay
mineral were measured in counts (cps) and an estimation of the proportion of clay minerals is
given in relative per cent (%).

3.4 Weathering indices

To quantify the extent of weathering and obtain a weathering trend across the stratigraphic
profile of the Deccan traps, weathering indices such as the chemical index of alteration (CIA),
index of lateritisation (IOL), and chemical index of weathering (CIW) were used. CIA was
calculated using Equation 2 as proposed by (Nesbitt and Young, 1982) using molecular
proportions. Conversions into mole were done using the conversion factors given in Babechuk
et al. (2014). CIA values represent changes in the feldspar and clay content such that higher

CIA values reflect more intense weathering (Nesbitt and Young, 1982).



CIA Al,0s 100 2
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where CaO” is the CaO incorporated in the silicate fraction.

The index of lateritisation (IOL) is an additional weathering index proposed by Babechuk et
al., (2014) to overcome the inability of the CIA to quantify the advanced stages of chemical
weathering. It uses the weight per cent (wt.%) of SiO2, Fe2Os3(1) and Al,O3 as shown in Equation

3 such that higher IOL values correspond to more intense weathering.

A1203 + Fe203(T)

IOL =
A1203 + F6203(T) + SIOZ

x 100 (3)

The chemical index of weathering (CIW) (Eq. 4), proposed by (Harnois, 1988), has an
approach similar to the CIA. CIW excludes the inconsistent behaviour of Potassium (K) during
pedogenesis (Sheldon and Tabor, 2009) and is an improved index to measure weathering
relative to the source rock. (Harnois, 1988). An increase in CIW values indicates an increase

in weathering.

CIW Al,Os 100 4
= X
Al,O; + CaO* + Na,O 4

3.5 Mean Annual Precipitation
Mean annual precipitation (MAP) was reconstructed using the CIW (Eq. 5; standard error = +
182 mm yr!) (Sheldon et al., 2002; Stein et al., 2021) as:

MAP(mm / yr) = 221.1%0197(CIW) (5)
3.6 Stable isotope analysis (hydrogen and oxygen)
Stable isotope compositions were analysed for a group of selected samples that contain smectite
and only small amounts of hematite, quartz, and goethite.

3.6.1 Oxygen isotope analysis



Samples were analysed for §'0 values using the laser fluorination line of the stable isotope
laboratory of the University of Lausanne, Switzerland. Oxygen gas is extracted based on a
method by Sharp (1990) and outlined in Vennemann et al., (2001). Samples were mixed and
homogenized with barium fluoride powder as described in Kirschner and Sharp (1997) to
reduce the sputtering of the samples. About 2 mg of samples are weighed into a platinum holder
and placed in a reaction chamber which is evacuated to 10® mbar and pre-fluorinated for 48 h
to remove any adsorbed water molecules. After repeated pre-fluorination before the analysis
run, samples were heated using a CO; laser with an IR wavelength of 10.6 pm in an atmosphere
of 50 mbar of F» gas. After the reaction, the sample gas is transferred where F» is removed by
reaction with heated KCIl salt, and the pure oxygen gas is expanded into a Thermo Finnigan
MAT 253 isotope ratio mass spectrometer. An in-house quartz standard (LS-1) was analysed
during every run and the results were normalized to its accepted value of +18.1%o.

3.6.2 Hydrogen isotope analysis (6D)

Hydrogen isotope compositions were measured at the University of Lausanne, Switzerland.
Samples were prepared as described in (Bauer and Vennemann, 2014; Bauer et al., 2016).
About 2 mg of sample is weighed in silver capsules of size 3.3 X 5 mm. Adsorbed water was
removed by heating the samples to 250 °C for 3 hours while pumping to vacuum. Samples
were then stored in evacuated glass tubes until analysis. Few samples were loaded at a time
into a He-flushed zero-blank auto sampler to reduce rehydration. They were then heated to
1450°C and H> was separated from CO:, Nz in a gas chromatograph and analysed for its D/H
ratio with a Thermo Finnigan Delta Plus XL mass spectrometer. Values were normalized using
a kaolinite standard, K-17 (-125 %o, 14.5 wt.% H>0) and a biotite standard, G1 (-66 %o, 3.3
wt.% H>O) were used.

Results for both §!%0 and 8D values are reported relative to VSMOW (Vienna Standard Mean

Ocean Water) in delta-notation with a value of 0 %o for VSMOW and -55.5 %o (oxygen)/ -



428%o (hydrogen) for SLAP (Standard Light Antarctic Precipitation) (Coplen, 1996; Bauer et

al., 2016).

4. Results and Interpretation

4.1 Lithological description of a typical red bole

A typical red bole, such as Red Bole DJ (section RBDJ) (Fig. 3), sampled in the upper
Mahabaleshwar Fm at an elevation of 608 m. RBDJ begins with weathered basalt at the base
of the section followed by a thick red bole (1.20 m) with red clays on top (0.3 m), overlain by
weathered basalt. Results are first provided for section RBDJ to document geochemical
changes within a typical red bole, followed by the average result from each studied red bole
relative to the Deccan basalt group.

4.2 Bulk rock and clay mineralogy of section RBDJ

Phyllosilicates constitute a major part of RBDJ with up to 86 % in the red clays. Bulk rock
mineralogy of section RBDJ is given in Fig. 4. Quartz is absent throughout the section except
in sample RBDJ — 5 (red clays) where 4 % of quartz is present and must be likely of aeolian
origin. Ca-rich plagioclase (Labradorite) is present throughout the section with a maximum
value of 21 % in sample RBDJ — 7 (upper weathered basalt) while the average amount is lower
in the rest of the section (2.5 %). Hematite contents reach a peak of 16 % in the red bole sample
RBDJ — 3 followed by a decrease towards the top of the section. Goethite values are constant
within the section with an average value of 4 %. Clay mineralogy of red boles consists almost
entirely of smectite along with trace amounts of zeolite and mica (supplementary material,
Figure S1).

4.3 Major elemental composition of section RBDJ

Major elemental compositions given at weight % oxides of a typical red bole section
predominantly consists of SiO2, Al,O3, Fe>O3, CaO, and MgO. The plots of major elements

for section RBDJ are displayed in Fig. 5. Average values for SiO2, Al,0O3 and Fe,O3 are 43.17



%, 13.02 % and 18.20 % respectively. SiO2 contents are quite constant throughout the section
and shows a maximum value 47.81 % in sample RBDJ-7 (weathered basalt) and a minimum
value of 39.13 % in red bole sample RBDJ-2 (lower red bole). Al2O;3 values vary from a
minimum value (11.16) in sample RBDJ-5 (red clays) to a maximum value of 15.06 % in
sample RBDJ-2. Fe,O3; amounts also show a slight variation from a minimum value of 15.53
% in sample RBDJ-7 (weathered basalt) to a maximum value (20.01 %) in sample RBDJ-4
(top red bole). TiOz is characterized by an average value of 3.57 %. Mobile elements, for
example Ca (linked to Ca from plagioclase) expressed as CaO, MgO, Na>O and K>O have
average concentrations of 3.03 %, 3.17 %, 0.43 % and 0.22 %, respectively. Loss on Ignition
(LOIJ) range from 2.9 % (sample RBDJ-7, weathered basalt) to 17.7 % (sample RBDJ-5, red
clays). Such LOI values are comparable to those found by Font et al., (2020) in other red bole
sections.

4.4 Weathering indices and MAP from section RBDJ

CIA values for section RBDJ are given in Fig. 6A and increase from the basal weathered
basalt unit (RBDJ-1) from 65.2 % to a maximum value of 82.1 % in red bole sample RBDJ-
4. Red clays (samples RBDJ-5 and 6) display an average value of 77 %. The minimum CIA
value occurs in sample RBDJ-7 (weathered basalt) with value of 37.5 %.

The average IOL value observed in the section is 25.2 % . IOL values for section RBDJ are
given in Fig. 6B. A maximum IOL value of 29.4 % is detected in sample RBDJ-2, weathered
basalt). while sample RBDJ-7 (upper weathered basalt) show a minimum value of 22.1 %.
Red clay samples RBDJ-5 and 6 have values of 22.9 % and 23.0 %. These values are
however lower than the ones estimated by Font et al., (2020) which fluctuate between 37 %
and 47 %.

CIW and MAP values increase from RBDIJ-1 (weathered basalt) to RBDJ-4 (top red bole)

followed by a subsequent decrease towards the top of the section (sample RBDJ-7) (Fig. 7A,

10



7B). Sample RBDJ-4 shows a maximum value of 82.4 % and 1121 mm/yr respectively while
RBDJ-7 has the minimum value of 38.4 % and 471 mm/yr respectively.

4.5 Red bole mineralogy and major elements relative to the Deccan basalt pile

Bulk rock mineralogy of red boles consists of phyllosilicates, iron oxides including hematite
and goethite, together with minor amounts of plagioclase and traces of quartz (<1 %). Clay
fraction mineralogy of red boles is dominated by smectite and only small amounts of zeolite,
kaolinite, and illite. The dominance of smectite indicates a semi-arid, subtropical, and
seasonally variable climate during Deccan volcanism.

Major element analysis suggests that red boles are enriched in Al, Fe, and Ti, while more
mobile elements such as K, Na, Ca, Mg and Si are increasingly leached towards the top of
Deccan phase-2 volcanism (Fig. 11).

4.6 Weathering trends across the Deccan basalt group

CIA values indicate an overall increasing trend (increase in chemical weathering) towards the
top of Deccan volcanism phase-2 from minimum average value of 40.8 % to a maximum value
of 86.2 % in the Mahabaleshwar formation. CIA values for most sections are within the range
of 50 — 70 % with an average value of 59.7 % (Fig. 11). Note also that the highest fluctuations
in CIA values are recorded in the uppermost Ambenali and Mahabaleshwhar Fm.

The loss on ignition (LOI) accounts for the number of volatile substances present in a sample
and is proportional to the amount of hydrated minerals present in addition to carbonate, organic
carbon, or sulphur (Babechuk et al., 2014). During weathering, anhydrous minerals are
replaced by hydrous minerals such as smectite, kaolinite, resulting in an increase in the LOI.
LOI can therefore be a useful parameter in assessing the degree of weathering by providing
insights into the pedogenic mineral transformations. Figure 8A shows a strong correlation

between the LOI and CIA. The highly weathered samples do not plot on the correlation and
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are also less hydrated. The correlation indicates a transformation of anhydrous magmatic
minerals (e.g., pyroxene and plagioclase) into hydrous phyllosilicates such as smectite.

By comparison to the LOI, as the IOL increases there is a decrease in the LOI as the
phyllosilicates are altered to sesquioxide of Al and Fe along with a loss of Si (Fig. 8B). The
index of lateritisation (IOL) of red bole typically has a range between 30 % and 40 % with a
maximum value of 65 % and minimum of 31 % suggesting an intermediate intensity of
weathering (Fig. 11).

The CIW and MAP are well correlated. CIW values vary from a minimum of 35.3 % to a
maximum of 86.3 %, while precipitation is calculated estimated to be between 443 to 1209
(mm yr!) (Fig. 11). Higher MAP values coincide with the increase in eruption rate at the top
of the Bushe formation during the Deccan paroxysmal phases, which correspond to the
Poladpur, Ambenali and Mahabaleshwhar Fm.

4.7 Implications of weathering indices as paleoclimatic proxies relative to the tempo,
timing, and rate of volcanic emissions from the Deccan traps

The Chemical Index of Alteration (CIA) is a measure of the intensity of weathering with higher
CIA values indicating increased chemical weathering. CIA values are better understood
through the A-CN-K ternary diagram in which the ‘A’ apex is AlO3, the ‘CN’ apex is
CaO+Na;0 and the ‘K’ apex represents K>O (Fig. 9A). It can be observed that CIA values of
most red bole sections are within the range of 40 to 60 % and follow a weathering trend away
from the ‘CN’ apex, indicating a net Caand Na removal. A complete removal would imply that
the red bole has reached the kaolinitisation stage (apex A), which is however not the case. This
can also be observed through the SAF ternary diagram accompanying the Index of
Lateritisation (IOL) in which the ‘S’ apex is SiO», ‘A’ apex is Al,O3, and ‘F’ apex represents
Fe>O3 (Fig. 9B). The IOL and the SAF plot together distinguish between the various stages of

lateritisation, i.e., kaolinitised, weakly lateritised, moderately lateritised and strongly lateritised
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(Fig. 9B). It can be observed that red bole sections have IOL values below 50 % indicating that
they are at the very nascent stages of kaolinitisation, which is confirmed by the low abundance
of kaolinite in the samples.

An increasing trend in CIA and LOI values, which reflect pedogenic mineralogical
transformations (magmatic minerals into hydrous phyllosilicates and smectites), suggests an
intensification of chemical weathering during the Deccan paroxysmal phases (Fig. 11). This
increasing trend is consistent with accelerated weathering due to increased acid rains, which
may explain the absence of root traces and organic matter in bole-beds along with the partial
leaching of more resistant minerals such as silica and other mobile elements. The rate of
basaltic eruptions was also not constant as it can be noted from Fig. 11. The Poladpur,
Ambenali and Mahabaleshwar Fm accumulated in the upper part of Deccan pile correspond to
80 % of the volume emitted (Schoene et al., 2019). This acceleration in the rate of emissions
is consistent with intensified weathering and existence of complex and extreme climatic
conditions about 70 Ka before the K-Pg boundary.

4.8 Implications of stable isotope compositions to the timing and rate of volcanic emissions
from the Deccan

dD values have a range for the red bole sections from -115 to -59 %o with an average value of
-88.3 %o. Modern soil samples (soil 20/1/16-3 and soil 30/1/17-4) have values of -77 and -84
%o, respectively. 8'%0 values for the clay fraction separated from the red boles have a range
from 11.7 to 22 %o with an average of 18.3 %o (samples routinely reproduce to within 0.2 to
0.5 %0). Modern soil samples have values of 17.5 %o (soil 20/1/16-3) and 20.4 %o (soil 30/1/17-
4). Water content in red bole samples average at 5.08 wt.% but are 6.65 wt.% for the modern
soil samples, indicating an efficient removal of adsorbed water prior to the isotope analyses

(Bauer et al., 2016; Bauer and Vennemann, 2014).
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5'80 and 8D values of smectite-dominated clays separated from the red boles to approximate
the meteoric water composition that prevailed during the Deccan eruptions. '30 and 8D values
of the bole bed clay separates have average values very similar to those previously analzed for
similar samples in different localities (Ghosh et al., 2006), although the samples analysed here
have a larger range in values, notably during the closing stages of volcanism (towards the top
of our profiles). By analogy to Ghosh et al. (2006), it can be concluded that the clay mineral
fraction clearly represents weathering products and they are not hydrothermal in origin as
previously proposed by Chenet et al., (2008) (Fig. 10). The latter would lead to lower §'0
values for the clay mineral fraction. Furthermore, the H- and O-isotope composition of two
modern soil samples is comparable to that of red boles suggesting a resemblance of the present-
day climate in India (arid to semi-arid) comopared to the paleoclimatic conditions existing at
the time of red bole formation.

The large variations in both H- and O-isotope values starting from the top of the Bushe Fm
until the top of Mahabaleshwhar Fm is surprising though. Compared to the rather homogeneous
samples analyzed by Ghosh et al (2006), this may either be related to a higher sampling density
and largely different and changing climatic conditions during clay mineral formation or
perhaps to different proportions of newly formed clay mineral and a residual, detrital fraction
of phyllosilicates in the samples. In the case of rather rapidly changing climatic conditions
during the closing stages of Deccan volcanism, lower values of §'*0 and 8D would indicate
more humid conditions, while higher values could indicate semi-arid conditions. The large
variation in isotopic values is certainly not due to analytical errors and may most likely be
explained by the concept of ‘mock-aridity’ (Harris and Van Couvering, 1995) or monsoon like
conditions as factors such as temperature variations alone cannot explain the large spread in
values at this final stage. Mock aridity describes the effects of volcanism mimic those of semi-

aridity (Harris and Vancouvering, 1995) because the formation of large, young basaltic rocks
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inhibits the formation of well-developed soils and the growth of vegetation (Harris and
Vancouvering, 1995, Font et al, 2020). These climatic variations could also be the result of an

acceleration in eruption rate starting at the top of the Bushe Fm (Fig. 11).

5. Conclusion

Based on our multiproxy approach and the detailed geochemical analysis of red boles, we
conclude that red boles are formed by weathering of lava flows during periods of volcanic
quiescence and consist mainly of clay-rich smectite. The presence of smectite indicates that a
semi-arid seasonal climate was prevailing during the formation of bole beds. Changes in
weathering indices and also estimates of mean annual precipitation are compatible with a trend
of increased chemical weathering in response to increased acid rains towards the top of the
Deccan stratigraphy, which also corresponds to an increase in eruption rates towards the top of
the Bushe formation. H- and O-isotope compositions are also compatible with average climatic
conditions similar to today but with increased intensities of precipitation towards the closing
stages of Deccan volcanism. Large changes in clay mineral H- and O-isotope compositions
towards the top of the sections could support paleoclimatic instability linked to the paroxysmal
mega-pulses of Poladpur, Ambenali and Mahabaleshwhar Fm, with a significant impact on the
precipitation pattern due to the accumulation of the 3500 m thick lava pile. Importantly, our
results indicate a significant impact of Deccan volcanism on the K-Pg boundary mass

extinction thereby suggesting a cause-and-effect relationship.
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Figure Captions

Figure 1: The Deccan Volcanic Province. Map of the Deccan Volcanic Province along with

the location of the sampled red bole sections. Figure modified after Srivastava et al., (2016).

Figure 2: Field images and Deccan stratigraphic formation (A) View of the Deccan traps
from Mahabaleshwar. Individual lava flows can be easily identified as thick basalt layers

(B, C) a typical red bole section begins with relatively unaltered underlying basalt followed
by weathered basalt, friable red clay, a red clay horizon before overlain by the next weathered
and relatively unaltered basalt (C) Stratigraphy of Deccan basalt group consists of three
subgroups namely Kalsubai, Lonavala, and Wai including 10 volcanic formations in total. U-
Pb zircon geochronology dates are also indicated to the right (Schoene et al., 2015; Clyde et

al., 2016; Schoene et al., 2019; Eddy et al., 2020).
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Figure 3: A typical red bole section. Section RBDJ sampled in the upper Mahabaleshwar Fm
and its different layers which have undergone different degrees of weathering from weathered

basalt to red clays.

Figure 4: Section RBDJ bulk rock mineralogy. Phyllosilicates constitute up to 90 % of red
boles while other major components include sodic plagioclase, quartz, hematite, and goethite.
A progressive increase in phyllosilicates in the red boles indicates the gradual increase in

weathering from the weathered basalt up to the red clay layer.

Figure 5: Section RBDJ major elements. Major elements expressed as Si, Al, Fe, Ti, Ca, Mg,
K and Na oxides. Also displayed is the loss on ignition (LOI), which is a measure of the amount
(wt. %) of volatiles present. The average relatively unaltered basalt values from this study are

shown in green while Deccan basalt mean values from Gertsch et al. (2011) are shown in blue.

Figure 6: Weathering trends in section RBDJ. (A) Chemical index of alteration (CIA)
increases from the underlying weathered basalt to the red clay layers and progressively
decreases in the overlying weathered basalt layer suggesting an increase in weathering towards
the middle of the section. (B) The index of lateritisation (IOL) values are similar to the CIA

values and indicate an increase in weathering in the red bole and red clay layer.

Figure 7: (A) Similar to the CIA, the chemical index of weathering (CIW) suggests intense

weathering in the red clays (B). The red clays also correspond to increased precipitation as

inferred from the Mean Annual Precipitation (MAP) estimates.
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Figure 8: Index of lateritisation (IOL) compared with loss on ignition (LOI) and the
chemical index of alteration (CIA). (A) Comparison between IOL and the LOI reflects a
change in the LOI when red boles undergo weathering for a longer duration as indicated by the
difference in values of red bole RBAT and the RBDI. The upward arrow indicates the increase
in LOI with the addition of hydrous clays. (B) Comparison between the CIA and LOI with a

correlation between the two. Plots modified after Babechuk et al., (2014).

Figure 9: Weathering trends characterized by the following ternary plots. (a) A-CN-K
ternary plot along the chemical index of alteration (CIA) marks the enrichment trends in
aluminum and potassium. (b) SAF ternary plot along index of lateritisation (IOL) estimates.

The degree of weathering can be classified from weakly kaolinitised to strongly lateritised.

Figure 10: Stable isotope cross plot. 3D and 5'*0 values of the clay fraction in smectite-rich
red bole sections. The results are coherent with values expected for clay formation in soils

rather than a hydrothermal, deuteric origin. Figure modified after Ghosh et al. (2006).

Figure 11: Compilation of red bole data. The deccan volcanism phase-2 and 3 stratigraphy
and U-Pb ages of available red boles are reported with their respective stable isotope values,
weathering index CIA, mean annual precipitation (MAP), and oxides of different elements.
Our data suggests increased paleoclimatic instability towards the KPg boundary and in the
paroxysmal Deccan phases corresponding to the Poladpur, Ambenali and Mahabaleshwhar
Fms. Increased weathering and precipitation rates are observed in the same interval, which
includes the KPg boundary and coincide with an increase in leaching of immobile oxides of

Al, Fe and Si.
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