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Abstract Deccan Traps flood basalt volcanism affected ecosystems spanning the end-Cretaceous mass
extinction, with the most significant environmental effects hypothesized to be a consequence of the

largest eruptions. The Rajahmundry Traps are the farthest exposures (~1,000 km) of Deccan basalt from the
putative eruptive centers in the Western Ghats and hence represent some of the largest volume Deccan
eruptions. Although the three subaerial Rajahmundry lava flows have been geochemically correlated to the
Wai Subgroup of the Deccan Traps, poor precision associated with previous radioisotopic age constraints has
prevented detailed comparison with potential climate effects. In this study, we use new “°Ar/*°Ar dates,
paleomagnetic and volcanological analyses, and biostratigraphic constraints for the Rajahmundry lava flows
to ascertain the timing and style of their emplacement. We find that the lower and middle flows (65.92 + 0.25
and 65.67 + 0.08 Ma, +10 systematic uncertainty) were erupted within magnetochron C29r and were a
part of the Ambenali Formation of the Deccan Traps. By contrast, the uppermost flow (65.27 + 0.08 Ma) was
erupted in C29n as part of the Mahabaleshwar Formation. Given these age constraints, the Rajahmundry
flows were not involved in the end-Cretaceous extinction as previously hypothesized. To determine whether
the emplacement of the Rajahmundry flows could have affected global climate, we estimated their
eruptive CO, release and corresponding climate change using scalings from the LOSCAR carbon cycle
model. We find that the eruptive gas emissions of these flows were insufficient to directly cause multi-degree
warming; hence, a causal relationship with significant climate warming requires additional Earth system
feedbacks.

Plain Language Summary Flood basalt eruptions are among the largest volcanic eruptions in
Earth's history and are frequently associated with mass extinctions. The Deccan Traps flood basalt erupted
close in time to the end-Cretaceous mass extinction, which marked the demise of the dinosaurs. We
determine the timing of the largest known Deccan eruptions, the Rajahmundry Traps, which are potentially
the longest lava flows in the world. These eruptions were thought to have played a role in the mass extinction.
We estimate when these eruptions happened using techniques including *’Ar/*’Ar radioisotopic dating,
paleomagnetism, micropaleontology, and geochemistry. We find that the Rajahmundry Traps erupted after
the mass extinction. Additionally, we find that the eruptions happened around the same time interval as
climate warming which may have impacted the ecological recovery after the mass extinction. We model the
climate effects of the Rajahmundry eruptions and find that their eruptive CO, emissions were likely not
enough to directly cause multi-degree warming. However, volcanic systems may non-eruptively emit CO, or
may cause other environmental effects which could indirectly increase the amount of climate warming.
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1. Introduction

The Deccan Traps continental flood basalt eruptions spanned the Cretaceous-Paleogene boundary mass
extinction event, with >90% of the volume emplaced in approximately 1 million years (e.g., Courtillot
et al., 1986; Schoene et al., 2019; Sprain et al., 2019). It is estimated that at least 1 million km? of basalt was
erupted, forming the Main Deccan Volcanic Province (MDVP, Figure 1a), best exposed in the Western
Ghats, along with several other smaller provinces including the Mandla Lobe and Malwa Plateau (e.g.,
Mahoney, 1988; Raja Rao et al., 1978). The periods of largest eruptive flux are hypothesized to correspond
to the most significant climate effects, via eruptive CO, and SO, release (e.g., Self et al., 2006).
Understanding of eruptive timing and flux is required to estimate eruptive CO, emissions and hence directly
compare eruptive history, hypothesized climate effects, and climate records. Consequently, constraining the
timing and volume of the largest eruptions is one crucial part of understanding and testing the mechanisms
through which Deccan eruptions impacted the environment. In particular, these constraints can help us
assess the importance of eruptive versus non-eruptive degassing of magmatic volatiles for
Deccan-associated climate change (e.g., Hull et al., 2020; Sprain et al., 2019).

The exposed Rajahmundry Traps (RT) in eastern India potentially represent some of the largest volume
Deccan Traps eruptions as they are ~1,000 km from the hypothesized Deccan eruptive centers and
~400 km from any other exposures of Deccan basalt (Figure 1) (e.g., Baksi, 2001; Baksi et al., 1994; Self
et al., 2008; Vanderkluysen et al., 2011). Each Rajahmundry flow therefore corresponds with an erupted
volume of ~1,000-6,000 km? (length of 1,000 km, width of 50-200 km, and thickness of 20-30 m). This is
comparable to the largest flow fields of the Siberian Traps flood basalts and the Columbia River Basalts
(Krivolutskaya & Kedrovskaya, 2020; Vye-Brown et al., 2013).

Despite the great distance between them, the RT outcrops have long been associated with the Deccan Traps
due to their geochemical and temporal similarity (Baksi et al., 1994; Blandford, 1867; Jay & Widdowson, 2008;
Keller et al., 2008; Knight et al., 2003). Some previous work suggested that the RT basalts span the
Cretaceous-Paleogene boundary and the C29r/C29n magnetic reversal. Previous “°Ar/*’Ar dates indicated
the RT are late Cretaceous to early Paleocene in age (~63-67 Ma) (Knight et al., 2003), and paleomagnetic
analyses found that flows with normal magnetic polarity overlie reversely magnetized flows (Baksi, 2001;
Vandamme & Courtillot, 1992). Additionally, Danian fossils found in a carbonate sequence between the
lower two flows (e.g., Baksi et al., 1994; Keller et al., 2008; Sen & Sabale, 2011), and Maastrichtian fossils
in the sediments below the lowest flow (e.g., Keller et al., 2008; Mukherjee et al., 2013) suggested that the low-
est flow was emplaced in the latest Cretaceous. These chronologic constraints led to the hypothesis that the
lowest flow is part of an extremely voluminous Deccan eruptive episode just prior to the mass extinction and
Cretaceous-Paleogene boundary (e.g., Keller et al., 2008, 2012; Lakshminarayana et al., 2010).

However, there has been no high-resolution and consistent chronostratigraphic framework for the region.
One of the primary reasons for this is that exposures in the Rajahmundry area are only in active quarries
—meaning that sampling locations, which lava flows are exposed, and even quarry names, are constantly
changing over time. Consequently, it is challenging to assemble literature data, collected over decades, into
a consistent chronostratigraphic framework. For instance, earlier studies describe the RT as having either
two or three exposed flows depending on the sampling locality (e.g., Baksi et al., 1994; Keller et al., 2008;
Sen & Sabale, 2011). Thus, for example, the precise stratigraphic location of the reverse to normal polarity
transition is unclear due to these sampling uncertainties (Baksi, 2001; Knight et al., 2003; Subbarao &
Pathak, 1993).

To ascertain potential climate or ecological impacts of the RT and Deccan eruptions more broadly, there is a
need to determine a more precise timing of these large eruptions. In one commonly used stratigraphic
scheme, the Deccan Traps basalts are divided into formations based on their chemistry, and these formations
are assumed to be isochronous throughout the MDVP (Beane et al., 1986). Determining the timing of the RT
eruptions is necessary in order to evaluate whether the RT are compatible with the contemporaneous MDVP
geochemical formations. The RT have previously been shown to be most geochemically similar to the
Ambenali and Mahabaleshwar Formations (Baksi, 2001).

However, the previous dates on the RT failed to demonstrate more than broad agreement with this assign-
ment, since with an age uncertainty of ~0.5-1 Ma, the RT flows coincide with a large fraction of the main
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Figure 1. (a) Map of India showing the location of the Rajahmundry Traps (RT) as well as the Main Deccan Volcanic Province (MDVP), adapted from Kale
et al. (2020). MDVP eruptive centers are hypothesized to be between Mumbai, Nasik (N), and Pune (P), based on occurrence of feeder dikes (e.g.,
Vanderkluysen et al., 2011). (b) Map of study localities, including which lava flows and sedimentary units are exposed at each site. (C) Schematic stratigraphic
section with samples indicated. Quarry for each sample is indicated by color. For several of the Knight et al. (2003) samples, the quarry is now flooded and

abandoned.

Deccan Traps eruptive period (Knight et al., 2003). With a refined chronostratigraphic framework for the RT,
we can test whether the RT flows are still consistent with new high-resolution age constraints for these
formations from the Western Ghats (Schoene et al., 2019; Sprain et al., 2019).

In this study, new geochronology for the RT refines their relationship with up to date geochemical stratigra-
phy and geochronology from the Western Ghats. This new chronostratigraphic framework refines the tim-
ing and eruptive rate of the RT eruptions, particularly with respect to the Cretaceous-Paleogene boundary.
The updated framework allows us to assess the potential of the RT flows to have perturbed climate during
the mass extinction and recovery.

2. Methods and Data
2.1. Geologic Setting: Volcanology and Site Descriptions

The RT consist of a set of lava flows that have sediment beds between them (termed intertrappean sedi-
ments) and just below them (infratrappean sediments). This package is bounded by unconformities: The
uppermost lava flow is directly overlain by the Eocene Rajahmundry sandstone, and the approximately
conformable infratrappean sediments are underlain by the early to mid-Cretaceous Tirupati Formation
(e.g., Bhalla, 1966; Geological Survey of India, 2000a, 2000b). Three lava flows and the overlying
Rajahmundry sandstone are exposed in two quarries on the western side of the Godavari River, leaving
no uncertainty with respect to their relative stratigraphy (Figures 1b and 2a). Only one flow is exposed
on the eastern side of the Godavari, which we and others parsimoniously interpret to be the uppermost
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Figure 2. (a) Image showing all three flows exposed in the Gowripatnam
Quarry. The finely spaced, irregular, columnar joints exhibited in Flow 1 are
typical of water-cooled lavas. Note that the water at the base of Flow 1—the

Rajahmundry sandstone

flow from the western side, as it is overlain directly by an erosive
contact with the Rajahmundry sandstone (Baksi, 2001; Figure 2b).

base of upper flow (Flow 3)

d bol . . .
e This assignment is corroborated by our geochronology and magne-

tostratigraphy (sections 2.2 and 2.3). The lowermost exposed flow
is underlain by a highly fossiliferous marine marl to sandstone infra-
trappean unit which is potentially Maastrichtian in age (Figure Sla
in the supporting information) (e.g., Sen & Sabale, 2011). While only
three flows are exposed at the surface, several more, of unknown
age, are documented in subsurface drill cores (Keller et al., 2011),
and there is no exposed contact between the infratrappean sedi-
ments (or lowest exposed lava flow) and the underlying Tirupati
Formation (Bhalla, 1966).

middle flow (Flow 2)

We logged five quarry exposures, four on the western side of the
Godavari River and one on the eastern side, all of which display fresh
material and near vertical sections. After accounting for the relative
location of the quarries, and factoring in the slight regional tilt to
the south/south east toward the coast (e.g., Sahu et al., 2013), we con-
clude that the exposed RT comprise three lava flows, formed by three
separate eruptions, consistent with some previous work (e.g.,
Lakshminarayana et al., 2010; Sen & Sabale, 2011). Reports of differ-
ent numbers of lava flows in previous studies were most likely due to
limited exposure caused by regional tilt and the presence of water
tables at the base of flows. We here designate the lower, middle,
and upper of the three flows as Flows 1, 2, and 3, respectively.

The lowest and thickest of the three lava flows (Flow 1) is approxi-
i mately 30 m thick. Its base shows evidence for water-rock interaction
such as rootless cones and entablature exhibiting fine columnar and
radial jointing (Figures S2a and S2b). It is a compound flow, with at
least three or four thick inflated sheet lobes which display entabla-

water table causes quarries to be flooded and consequently abandoned after they ~ ture, and the top of the flow forms a colonnade (Figures S3a and S3b).

are excavated to the base of a lava flow. This leads to quarries exposing only one
or two of the three flows. (b) Image showing the Rajahmundry sandstone and

Flow 1 is separated from Flow 2 by a sedimentary intertrappean bed

Flow 3 contact from the Duddukuru Quarry Road section on the western side of which was deposited in a near coastal marine setting (e.g., Mallick

the Godavari River.

et al., 2014, Figures S1b and S1c). The middle of this unit is generally

highly fossiliferous limestone to marl, with more clay and silt toward
the top. In one exposure (Government Quarry), there is a charcoal layer at the top, suggesting that Flow 2
erupted onto a layer of terrestrial vegetation (Figure S1d). The thickness of the entire unit is between 3
and 5 m depending on location, and the lower part generally shows evidence of recrystallization and hydro-
thermal alteration (Keller et al., 2008).

Flows 2 and 3 are both ~20 m thick and have columnar jointing throughout. They generally possess no
fluid-lava interaction features, indicating they were emplaced onto land or into extremely shallow water
(Figures S4a and S4b). However, in Gowripatnam Quarry, Flow 2 has a second thin (1-2 m) lobe at the base
with a finely jointed and highly vesicular texture, indicating rapid cooling (Figures S5a and S5b). Flows 2 and
3 are separated by a 1-2 m thick sediment layer which is formed of red clay and is extremely similar in
appearance to a very thick “red bole” of the main Deccan province (e.g., Ghosh et al., 2006; Sen &
Sabale, 2011; Widdowson et al., 1997) (Figure S6). There are no fossils of any kind, suggesting negligible mar-
ine influence.

Our observations are in agreement with the previous conclusion that the first lava flow was emplaced into
shallow water, corroborated by the shallow marine infratrappean and carbonate intertrappean units,
whereas the upper two flows and the red bole were emplaced subaerially (e.g., Keller et al., 2008; Self
etal., 2008; Sen & Sabale, 2011). We interpret the Knight et al. (2003), Self et al. (2008), and Keller et al. (2008)
“upper flow” to be equivalent to our Flow 2 on the western side of the river, as there is limited exposure of
the Flow 3 in those quarries, and Flow 1 is easily distinguished from Flow 2 because of the highly visible
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carbonate intertrappean unit at the top of Flow 1. On the eastern side of the river, we have assigned the
“upper flow” to Flow 3, as it is the only flow exposed in that area and it is overlain by the Rajahmundry
sandstone.

2.2. Paleomagnetic Analysis

Samples for paleomagnetic analysis were selected from seven horizons, two from Flow 1, three from Flow 2,
and two from Flow 3, collected from the Gowripatnam, Government, Church, and Rajahmundry Quarries
(Figures 1b and S7a). At least three oriented blocks were collected from each horizon. One to three oriented
10-cm® specimen cubes were cut out of each block sample using a wet tile saw. After cutting, samples were
sanded and blown with pressurized air to remove extraneous material from saw blades. All three lava flows
had dips of only a few degrees, due to the regional tilt of <5° to the south-southeast (Baksi, 2001). Tilt correc-
tions were not performed, as they would alter the absolute direction by only a few degrees and all flows were
similarly oriented.

Flow 1: Two horizons (RJ17-1 and RJ17-2, Figure S7a) from Flow 1 were sampled from the Gowripatnam
Quarry. RJ17-1 was collected from the bottom of Flow 1, within 3-5 m of the base of the flow and
~25 m from the intertrappean. Here, the lava flow displays closely spaced columnar
jointing/entablature. RJ17-2 was collected from the top of Flow 1, roughly 5 m below the intertrap-
pean. Samples were collected within the upper colonnade/top of the entablature.

Flow 2: Three horizons were sampled from Flow 2. One horizon from the base of the flow (RJ17-3), ~2 m
above the intertrappean, was collected from the Gowripatnam Quarry. The other two were col-
lected from the Government Quarry (RJ17-6 and RJ17-7). RJ17-7 was collected from the lower
columnar jointed portion of Flow 2, ~4-5 m above the top of the intertrappean. RJ17-6 was col-
lected from the middle part of Flow 2, ~7-10 m below the red bole topping Flow 2. Samples were
collected at the top of coarsely spaced columnar joints (~1 m spacing), close to the top of the core of
the flow.

Flow 3: One horizon (RJ17-5) from Flow 3 was collected at the Church Quarry from the basal portion of the
flow, ~2 m above the red bole horizon. The samples were collected from the basal columnar jointed
region of the flow. There is abundant spheroidal weathering on exposed surfaces, but samples look
unaltered when broken open. Across the Godavari River, one horizon (RJ17-4) was collected from
Flow 3 within the Rajahmundry Quarry. RJ17-4 was collected ~1 m from the base of the Quarry
within the lower part of the core of the flow, ~20 m below the contact with the Rajahmundry
Formation sandstone.

We performed demagnetization experiments at the Berkeley Geochronology Center (BGC). At least six spe-
cimens per horizon were demagnetized. We used a combination of stepwise alternating field (AF) and ther-
mal demagnetization techniques. For stepwise demagnetization, samples underwent AF demagnetization
using an in-line two-axis static degausser associated with the 2G-755R cryogenic magnetometer, starting
at fields ~3 mT and going up to fields of 100 mT, in 3-10 mT steps. Following AF demagnetization, samples
underwent two thermal demagnetization steps at temperatures of 80°C and 130°C, to confirm that samples
were not biased by a remanence held by goethite. Samples were heated in a non-inductively wound ASC 48
specimen resistance furnace, housed within a magnetically shielded room at the BGC. In addition to step-
wise AF demagnetization, we subjected at least one sample per horizon to a stepwise thermal demagnetiza-
tion protocol. Before heating, samples were treated with low AF fields in steps of ~3 mT from 0-16 mT to
remove viscous overprints. Samples were subsequently heated in 13 thermal steps starting at 100°C and end-
ing at 580°C, with step sizes ranging from 100°C to 10°C near the magnetite Curie temperature.
Susceptibility was measured after every thermal step to check for alteration. All samples were measured
using the 2G-755R cryogenic magnetometer.

We determined the characteristic remanent magnetization (ChRM) directions of samples using linear trends
toward the origin on Zijderveld plots using principal component analysis (Kirschvink, 1980) (Figure S7b).
We selected best-fit lines from a minimum of three consecutive demagnetization steps, where the maximum
angle of deviation (MAD) was <20° (most MAD values were <10). Best-fit lines were not anchored to the
origin so as to not bias directions by unremoved overprints. For one horizon, RJ17-6, we additionally deter-
mined ChRM directions using great circle analysis as the demagnetization data lay in a plane between the
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Figure 3. (a) Age spectra for each of the three RT flows. Uncertainties are at the 1o level and only analytical uncertainty
is shown. (b) Paleomagnetic polarity diagrams for each of the three flows, also indicating the present normal field as well
as Cretaceous reverse and Cretaceous normal directions. Open (closed) symbols indicate data plotting in the upper
(lower) hemisphere. Note that at the time of eruption, India was in the southern hemisphere.
characteristic remanence and a secondary overprint (Figure S7c). We performed data analysis using Demag
GUI within the PmagPy software package (Tauxe et al., 2016).
We calculated flow means using Fisher statistics (Fisher, 1953). Only samples with directions determined via
principal component analysis were used for flow mean calculations. To determine flow means, mean direc-
tions were determined at the sample level for each block (taking the Fisher mean of specimen-level results),
and these block sample means were combined to determine flow mean directions. All flows passed Watson's
test for randomness at the 95% confidence level (Watson, 1956).
In total, we determined ChRM directions for 55 specimens from three flows (see Figure S7b for characteristic
demagnetization diagrams and Table S2 for specimen-level results). Secondary overprints were commonly
removed in low AF demagnetization steps (between 3 and 16 mT) and in thermal steps below 200°C.
Secondary directions fall into three groups. A majority of secondary overprints are similar in direction to
the present local field and most likely represent a recent viscous overprint. Within site RJ17-6, we
FENDLEY ET AL. 6 of 20
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Table 1

Summary of Paleomagnetic Results

Site name Lat. (°N)

Flow 1 17.0310
Flow 2 17.0270
Flow 3 17.0354

Long. (°E) Geo Dec (°) Geo Inc (°) a95 n k R VGP Lat (°) VGP Lon (°) Chron
158.7 78.6 5.2 7 137.6 6.91 —-3.5 89.5 C29r
162.5 39.2 2.9 8 358.1 7.98 —47.2 105.8 C29r
301.1 —43.5 11.5 6 34.7 5.86 18.7 316.5 C29n

Note. Latitude and longitude are the average Lat/Lon from samples locations of each flow based on the World Geodetic System 1984 (WGS84) datum. Geo Dec/
Inc indicate declination/inclination of characteristic remanent directions in geographic coordinates determined using Fisher statistics (Fisher, 1953). R is resul-
tant vector, k is the precision parameter, a95 is the 95% confidence interval of the Fisher mean, VGP Lat/Lon are the latitudes and longitudes of the virtual geo-

magnetic poles.

observed an additional secondary overprint consistent in direction with the overlying flow direction
(Figure S7c). This component is held by a phase that has low unblocking temperature (<400°C) but
higher coercivity than the ChRM and may be held by a titanomaghemite phase. It is most clearly
removed during thermal demagnetization. Lastly, some samples have spurious random secondary
overprints that were likely obtained due to blasting in the quarry or stray fields during shipping.
Characteristic directions were often constrained by 20 mT, or by 200°C. A majority of samples altered
during heating and resulted in spurious directions in high-T steps, but this did not impede the
determination of ChRM directions. This alteration is associated with an increase in susceptibility starting
~300°C and is most likely associated with low-T oxidation and the presence of titanomaghemite. All
specimens were completely demagnetized by 100 mT and 580°C and do not show evidence of a high-
coercivity, high-unblocking phase.

Based on the polarity and geochronologic results (section 2.3), we assign Flows 1 and 2 to C29r and Flow 3 to
C29n (Figure 3b and Table 1). Looking at each flow's mean directions, Flow 1 has reverse polarity with a
Dec = 158.7° and Inc = 78.6°. Flow 2 also has reverse polarity with Dec = 162.5° and Inc = 39.1°.
Although Flows 1 and 2 both have reverse polarity, their directions do not overlap within 95% confidence
intervals, suggesting that some time passed between the eruption of these flows, consistent with the observed
deposition of the intertrappean. Flow 2 is more closely associated with the expected direction at that time
with Dec = 163.5° and Inc = 49.7° (calculated using the apwp.py function of PmagPy, which is based on
the plate reconstruction model from Besse & Courtillot, 2002). Flow 1 is much further from the expected
direction and could be interpreted as a transitional field. However, based on its age and the fact that lava
flows record a snapshot of the field and not a time-average, it is more likely that Flow 1 is recording a period
of spurious secular variation during a stable chron. Flow 3 has normal polarity with Dec = 301.1° and
Inc = —43.5°. This direction is similar but does not quite overlap with the expected direction at the time
of emplacement of Dec = 343.5° and Inc = —49.8°. Again, this discrepancy is likely due to secular variation.
Both samples from Flow 3 (from the Church and Rajahmundry Quarries) overlap in direction within 95%
confidence windows, demonstrating that the flow exposed on the eastern side of the Godavari is most likely
the same flow as the uppermost flow on the western side of the river (Figure S9). Directions from Flows 2 and
3 do not pass Watson's V reversal test or the McFadden and McElhinny (1990) reversal test. This failure sug-
gests that significant time has passed between the eruption of the two flows and this is consistent with geo-
chronologic analysis (section 2.3).

2.3. “Ar/**Ar Dating

Samples of the three exposed flows were subjected to “°Ar/*°Ar analysis of plagioclase separates at the BGC
using facilities and methods described by Sprain et al. (2019). We sampled the lowest flow (sample RJ17-1) in
2017 and separated 297-595 um plagioclase crystals; the middle (RA99.23) and upper (RA99.14) flows were
splits (63-125 um plagioclase crystals) of the same samples analyzed by Knight et al. (2003). In hand sample,
plagioclase crystals from all flows were up to ~300-500 pm, so the grain sizes analyzed for the upper two
flows are very likely groundmass plagioclase. A few tens of milligrams of plagioclase from the middle and
upper flows were irradiated in the same batch and analyzed in four replicate incremental heating experi-
ments, whereas a similar amount from the lower flow was irradiated separately and analyzed in only two
incremental heating experiments (see Table S1 for complete data including J values and Text S1 for detailed
methods).
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Table 2

Summary of “Ar/° Ar Dates

Apparent age spectra (Figure 3a) for all samples yielded
well-developed and concordant plateaux over >85% of the *°Ar

Flow Sample Age (Ma)  +o(analytical)  +o (systematic)  released. The lower flow (RJ17-1) yielded significantly higher and less
Upper RA99.14 65.265 0.061 0.076 consistent Ca/K values, >150 for all steps, whereas the middle and
Middle RA99.23 65.667 0.065 0.079 upper flows (RA99.23 and RA99.14, respectively) have Ca/K values
Lower RJ17-1 65.916 0.239 0.245 that vary more consistently throughout the age spectra and are less

than 50 in all steps (Figure 3a).

Weighted (by inverse variance) mean plateau ages for the three flows based on our analyses are shown in
Table 2. These new results are more precise than those reported by Knight et al. (2003), largely due to more
precisely and accurately determined J values obtained by densely bracketing unknowns with standards dur-
ing irradiation. The previous results contribute negligibly to weighted mean ages (pooling our new data with
those of Knight et al., 2003); hence, we refrain from combining results. Our ages preserve stratigraphic order,
although the ages of the lower and middle flows are indistinguishable at the 1o level. All ages were deter-
mined using the optimization model of Renne et al. (2010) and the calibration of Renne et al. (2011), and
age uncertainties are reported at the 1o level stated as +x/y, where x indicates analytical uncertainty and y
indicates systematic uncertainty. Corrections were applied for mass discrimination, decay constants, inter-
fering isotopes, and atmospheric argon (Text S1; Lee et al., 2006; Renne 2001; Renne et al., 2009, 2013;
Stoenner et al., 1965).

Based on these dates, the lower flow (65.916 + 0.239/0.245 Ma) postdates the Cretaceous-Paleogene bound-
ary as dated by “°Ar/**Ar at 66.052 + 0.008/0.043 Ma (Sprain et al., 2018), although the dates are not distin-
guishable at the 1o level (Figure S10). The poor age precision on this flow is due to its high Ca/K ratio, and
we further constrain its chronology relative to the Cretaceous-Paleogene boundary using its geochemical for-
mation assignment (sections 2.5 and 3). The lower flow date is also not distinguishable with high confidence
from the “°Ar/*’Ar age for the end of geomagnetic polarity chron C29r (65.724 + 0.013/0.044 Ma; Sprain
et al., 2018). At the 95% confidence level, the lower flow could have erupted as much as ~50 ka after the
end of chron C29r, but the most probable inference is that it was emplaced in chron C29r, due to its reverse

polarity.

The date for the middle flow (65.667 + 0.065/0.079 Ma) is definitively younger than the Cretaceous-
Paleogene boundary (separated by more than 20) (Figure S10). Its reverse polarity constrains it to within
chron C29r, and its date is not distinguishable from the chron C29r/C29n boundary at the 1o level, despite
the most likely age falling within C29n. Our age for the upper flow (65.265 + 0.061/0.076 Ma) is well within
the age span of chron C29n, consistent with its normal polarity (as reported in the Geological Survey of
India, 2000a, 2000b; Ogg, 2012). It is noteworthy that the age of the upper flow is younger than any of the
dated lava flows in the Western Ghat sequence (Sprain et al., 2019).

2.4. Micropaleontology and Biostratigraphy

2.4.1. Sampling Procedures and Identification of Foraminifera

For micropaleontological analysis, 17 samples across the carbonate intertrappean unit were collected and
studied in the Government Quarry section (Figure 1; see Figure 6 for detailed stratigraphic placement of
samples). Because all the samples were very lithified, to extract foraminiferal specimens, we disaggregated
around 200 g per sample, using a solution with 80% acetic acid and 20% H,O for 4 hr. Samples were dried
at <50°C and then sieved into 38-63 um and <63 um size fractions. All specimens were identified, sorted,
and fixed on standard 60-square micropaleontological slides. We picked planktic foraminiferal specimens
and photographed them under the scanning electron microscopes Zeiss MERLIN FE-SEM at the Electron
Microscopy Service of the Universidad de Zaragoza (Spain). They are illustrated in Figure 4. For the biostra-
tigraphic determinations, we have used the biozonations of Berggren and Pearson (2005).

Micropaleontological assemblages of the carbonate intertrappean unit are composed of marine to freshwater
taxa, such as charophyte fructifications (gyrogonites), ostracods, gastropods, bivalves, fish teeth, and forami-
nifers. Planktic/benthic foraminiferal ratio is very low in all the samples, around 1%. Benthic foraminifera
include Nonion, Cibicides, Dentalina, Protelphidium, and miliolids. These and other genera have been pre-
viously reported in this outcrop by Malarkodi et al. (2010), who estimated environments ranging from shal-
low marine to brackish estuarine based on benthic foraminiferal and ostracode assemblages. The planktic
foraminifera are almost absent in our samples, and the preservation of tests is generally very poor. Despite
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Figure 4. SEM images of the planktic foraminiferal specimens identified in the carbonate intertrappean unit of the
Government Quarry section (scale bar = 100 um). 1. Heterohelix globulosa, sample GQN3; 2. Heterohelix globulosa,
sample GQN7; 3. Heterohelix globulosa, sample GQN10; 4. Heterohelix aff. globulosa (transitional to Heterohelix
punctulata), sample GQN?3; 5. Heterohelix aff. globulosa (transitional to Heterohelix punctulata), sample GQN9; 6.
Globigerinelloides rosebudensis, sample GQN3; 7. Pseudoguembelina costulata, sample GQN4; 8. Guembelitria cretacea,
sample GQN12; 9. Eoglobigerina trivialis (with inflated chambers) or Subbotina triloculinoides (with the last broken
underdeveloped chamber), sample GQN10; 10. Parasubbotina varianta, sample GQN13; 11. Praemurica inconstans,
sample GQN3; 12. Globoconusa aff. daubjergensis, sample GQN3; 13. Globoconusa daubjergensis, sample GQN10; 14.
Parasubbotina pseudobulloides (internal mold), sample GQN11.

an intensive search, we could only find 14 specimens in the 17 samples studied (specifically in samples
GQN3, 4,7, 10, 11, and 12).

The identified Cretaceous species include Heterohelix globulosa (Figure 4, 1-3), Heterohelix aff. globulosa
(transitional to Heterohelix punctulata; Figure 4, 4-5), Globigerinelloides rosebudensis (Figure 4, 6),
Pseudoguembelina costulata (Figure 4, 7), and probably Guembelitria cretacea (Figure 4, 8). Among the
Danian species, the following stand out: Eoglobigerina trivialis or Subbotina triloculinoides (Figure 4, 9),
Parasubbotina varianta (Figure 4, 10), Praemurica inconstans (Figure 4, 11), and Globoconusa aff. daubjer-
gensis (Figure 4, 12-13). A probable specimen (internal mold) of Parasubbotina pseudobulloides was also
found (Figure 4, 14). These specimens belong to mixed assemblages of upper Cretaceous and Danian plank-
tic foraminifera and hence suggest an early Danian age for the carbonate intertrappean unit. Given the
mixed assemblage, and that nearshore environments such as these are not inhabited by planktic foramini-
fera, we conclude the Cretaceous specimens must be considered reworked and that Danian specimens, if
in situ, had to be transported from open ocean by postmortem displacement of tests due to surface water
currents.

2.4.2. Biostratigraphic Placement

Indubitable specimens of Danian index species have not been identified. Nevertheless, although its gross
morphology does not fit strictly, the Eoglobigerina or Subbotina specimen (Figure 4, 9) found in GQN10
could belong to S. triloculinoides, which is the index species of Subzone P1b of Berggren and
Pearson (2005). Its lowest occurrence is close to the C29r/C29n boundary (Berggren & Pearson, 2005) and,
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Figure 5. Mantle-normalized trace element profiles for each of the three RT ~ subsequently replaced by species of the genus Chiloguembelitria
flows (geochemical data from Knight et al., 2003) compared with current (Arenillas et al., 2017). If the carbonate intertrappean unit belongs

reference average compositions for the three Deccan formations closest in age to
the RT flows: the Ambenali, Mahabaleshwar, and Poladpur Formations
(Vanderkluysen et al., 2011). Mantle values are from McDonough and

to Subzone P1b, then the G. cretacea specimen found in GQN12 is
reworked and probably Cretaceous in age.

Sun (1995), with a Lu = 5 normalization. Note that the upper Mahabaleshwar 2.5. Geochemistry of RT Basalts and Intertrappean Sediments
Fm. is more like Ambenali than like average Mahabaleshwar. The upper
Mahabaleshwar is not plotted, as a full suite of trace element data is not Comparison of trace element data from previous studies of RT basalts

available.

including identified flows (Knight et al., 2003) with compiled chemi-

cal data for the main Deccan province (Vanderkluysen et al., 2011)
indicates all of the RT flows are consistent with the Ambenali geochemical formation (Figure 5), as previous
studies have suggested (e.g., Baksi, 2001). However, the upper Mahabaleshwar Formation has previously
been noted to have similar chemical characteristics to the Ambenali Formation (Cox &
Hawkesworth, 1985; Devey & Lightfoot, 1986). For instance, lower to middle Mahabaleshwar flows have
Zr/Nb ratios of 9-10, whereas Ambenali and upper Mahabaleshwar flows have Zr/Nb > 11 (Jay, 2005).
All three Rajahmundry flows have Zr/Nb > 11 (Baksi, 2001; Knight et al., 2003). Therefore, given the upper-
most flow's chemistry, normal polarity, and younger age, it is better assigned to the Mahabaleshwar Fm.
rather than the Ambenali. The Panhala Formation also has somewhat similar geochemistry and normal
polarity, but its known spatial extent is restricted to a relatively small area within the Western Ghats
(Lightfoot et al., 1990). Consequently, it is more likely that RT Flow 3 represents a distal exposure of the
Mahabaleshwar Formation. Barium concentration in all three flows is high compared to Western Ghats
Ambenali compositions, but this is presumably due to post-eruption interaction with seawater or marine
sediments. This is corroborated by a covariation observed between strontium and oxygen isotope composi-
tion in Rajahmundry basalt samples, which indicates the strontium composition has been altered by sea-
water (Baksi, 2001). Baksi (2001) accounted for this relationship, calculating a primary ®’Sr/*°Sr value of
0.7040. This is consistent only with the values expected for the Ambenali and Mahabaleshwar Formations
(0.7038-0.7044 and 0.7040-0.7055, respectively, Vanderkluysen et al., 2011). In summary, Flows 1 and 2
are most consistent with the Ambenali Formation and Flow 3 with the upper Mahabaleshwar Formation.

We have analyzed the carbon isotope composition (§'*Cyppg) of the carbonate intertrappean sediments
between Flows 1 and 2 (Figure 6) in the Government Quarry section. We collected samples from fresh quarry
exposures and stored them in plastic bags. In the lab, we drilled each sample to collect powder from carbo-
nate matrix, taking care to avoid large fossils. We determined §"*C and §'%0 values using a MultiCarb system
in line with a GV IsoPrime mass spectrometer in Dual Inlet at the Center for Stable Isotope Biogeochemistry
at UC Berkeley. NIST standard 8544 (NBS19) was analyzed (N = 3, within 1% of accepted value, standard
deviation of 0.025%o), as well as internal standards (N = 4, standard deviation of 0.055%o).

The 8'3Cyppg values of the intertrappean carbonate unit are between 1%, and —7%.. Marine carbonates in
the Cretaceous and Paleocene have a composition of approximately 0 to 2.5%o, thus the two points (samples
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Figure 6. (a) Composite stratigraphic section, showing the date, magnetic polarity, biostratigraphy, and geochemical formation for each RT flow. The age shown
is the *°Ar/*°Ar date, accounting for age constraints from magetostratigraphy and geochemistry (Text S2). (b) Stratigraphic section of the carbonate intertrappean
from the Government Quarry site, with expanded 513ccarb and biostratigraphy, including GQN sample numbers.

GQNS5 and 8) in the interior of the carbonate unit which have §'3C values within that range are broadly
consistent with deposition in a shallow marine environment or nearshore carbonate platform (e.g.,
Lerman & Clauer, 2014 and references therein). However, the majority of the unit, especially near the
base and top, has more negative §"*C values of —4 to —7%o, indicating the carbon source may have been
the cooling and degassing basalt, which presumably had a composition similar to the mantle (—5%o to —7%o)
(e.g., Lerman & Clauer, 2014 and references therein). The top of the intertrappean, which is independently
hypothesized to be altered and recrystallized due to the overlying basalt flow (e.g., Keller et al., 2008), also
has a of 8"3C value of ~—7%.. Overall, it is likely that the carbon isotope composition of the carbonate
unit dominantly reflects that of the basalt composition, whether due to post-depositional alteration or
composition at time of formation.

3. Chronostratigraphy of RT

We conclude that all three exposed flows of the RT were emplaced in the Danian (Figure 6). The reverse
polarity of Flows 1 and 2 require emplacement during chron C29r, and the radioisotopic dates of
65.916 + 0.239 and 65.667 + 0.065 Ma (10, analytical) constrain them to post-Cretaceous-Paleogene bound-
ary (66.052 + 0.008 Ma, Sprain et al., 2018) in age. The date for Flow 1 is within uncertainty of the
Cretaceous-Paleogene boundary; however, its geochemical assignment to the Ambenali Formation also
requires post-boundary emplacement (e.g., Schoene et al., 2019; Sprain et al., 2019). This is corroborated
by the foraminifera in the carbonate intertrappean, which most closely align to Danian planktic foraminif-
eral Subzone P1b, consistent with deposition near the C29r/C29n boundary. Flow 3, the uppermost flow, has
a normal polarity, and a date of 65.265 + 0.061 Ma, both of which are consistent with emplacement within
chron C29n.
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We can more precisely determine the timing of the lower two flows by combining the new RT “°Ar/*’Ar
dates and paleomagnetic constraints with the date of the C29r/C29n transition from Sprain et al. (2018).
The convolution of the magnetic reversal age distribution (65.724 + 0.044 Ma, Sprain et al., 2018) results
in ages for Flow 1 of 65.916 + 0.210 Ma and for Flow 2 of 65.706 + 0.043 Ma (Text S2 and Figure S8).
These ages require that the carbonate intertrappean unit be deposited over a period of ~250 ka at most
and the red bole over a period of ~400 ka. While ~2 m is a relatively small amount of alteration and/or sedi-
ment accumulation for ~400 ka, the red bole here is thicker than most boles within the Western Ghats
(Widdowson et al., 1997). These ages are consistent with modern 40Ar/*°Ar dates for the Ambenali and
Mahabaleshwar Formations from the main Deccan province (Sprain et al., 2019). The RT have previously
been geochemically correlated to these formations (Baksi, 2001; Jay & Widdowson, 2008; Knight et al., 2003;
Manikyamba et al., 2015). Comparison of RT trace element data with a recent Deccan geochemistry compi-
lation from Vanderkluysen et al. (2011) yields the same result (Figure 5). As the Ambenali-Mahabaleshwar
transition is within chron C29r in the MDVP (Vandamme & Courtillot, 1992), our chronostratigraphy—with
the lower two flows belonging to the Ambenali Formation and the upper flow to the upper Mahabaleshwar
Formation—demonstrates that the RT basalts are compatible with contemporaneous MDVP chemostrati-
graphy and magnetostratigraphy.

Given this compatibility, we can further constrain the timing of Flow 1 using its assignment to the Ambenali
Formation. As Flow 1 cannot be older than the Poladpur to Ambenali composition transition, we convolve
the age for Flow 1 with the youngest date for the Poladpur Formation from the Sprain et al. (2019) MDVP
chronostratigraphy (65.940 + 0.092 Ma). This calculation results in a most likely age for Flow 1 of
65.916 + 0.096, —0.202 Ma (Figure S8b). We emphasize that this is dependent on the assumption that the
RT basalts are an extension of MDVP flows and that the geochemical formations are isochronous within
the MDVP.

While the exposed flows are most likely all post-Cretaceous-Paleogene boundary in age, analysis of subsur-
face cores from near the mouth of the Godavari river (approximately 50 km to the south of the RT) suggests
the presence of up to eight similarly sized lava flows from the late Maastrichtian onward (Keller et al., 2011).
The exact number of flows varies between cores, presumably because of complex lava flow dynamics result-
ing in kipukas (areas uncovered by lava) and slightly different paths for each lava flow (e.g., Reynolds
et al., 2017). This type of lava flow morphology is frequently due to even slight topographic features in the
underlying sediment and results in variation of flow thickness due to ensuing inflation (Self et al., 1998).

The age of the subsurface flows has been estimated based on biostratigraphic correlation of intertrappean
sediments to planktic foraminiferal zones. The lower 3 or 4 flows have sediments between them within
Zone CF1 (Keller et al., 2011, 2012), suggesting deposition within the last 110 ka of the Cretaceous
(Coccioni & Premoli Silva, 2015). According to Keller et al. (2011), the upper 3 or 4 flows have intertrappean
sediments which correlate to Subzones Pla and P1b of Keller et al. (1996), which are roughly equivalent
respectively to Zone Pa and Subzone Pla of Berggren and Pearson (2005). The exposed RT flows may corre-
late with some of these Paleocene flows within the cores, and the regional tilt to the southeast accounts for
the 2.5 to 3 km of overlying sediment in the cores. These large lava flows are broadly consistent with the geo-
chronology of the Western Ghats, although there is no geochemical data available for the subsurface flows to
correlate them to specific geochemical formations.

4. Discussion
4.1. Correlation With Deccan Chemostratigraphy and Implications for RT Eruptive Vents

The geochemistry of the RT has long been correlated broadly to a mantle plume source and specifically to the
Ambenali and Mahabaleshwar Formations of the Western Ghats (e.g., Baksi, 2001; Manikyamba et al., 2015).
All three flows have trace element compositions broadly consistent with the Ambenali Formation (Figure 5).
While Flow 3 is significantly younger than the Ambenali Formation in the Western Ghats (e.g., Sprain
etal., 2019), the upper Mahabaleshwar Formation has previously been found to have an Ambenali-like trace
element composition (e.g., Lightfoot et al., 1990). The youngest date from the upper Mahabaleshwar
Formation from the Western Ghats, which is also the youngest high-precision date from the MDVP, is
~65.42 Ma (Sprain et al., 2019). However, as this date is not from the top of the Mahabaleshwar
Formation, it is entirely possible that the emplacement of the Mahabaleshwar Formation continued for
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another ~150 ka until the emplacement of Flow 3 at 65.27 Ma. The Panhala Formation, which overlies the
Mahabaleshwar Formation, is also geochemically similar to the upper Mahabaleshwar and Ambenali
Formations (Lightfoot et al., 1990). Further work to date the boundary of the Mahabaleshwar and
Panhala Formation boundary will enable a definitive formation assignment; however, Mahabaleshwar is
the more parsimonious choice, as the Panhala Formation is known from only a few places within the
MDVP. The new chronostratigraphy for the RT thus suggests that the chemistry of the RT flows is consistent
with the contemporaneous Western Ghats geochemical formations.

The robust correlation with main province Deccan geochemistry has long led to the conclusion that the RT
basalts erupted from the same vents as the Ambenali and Mahabaleshwar Formations (e.g., Baksi, 2001; Self
et al., 2008). However, it has also been hypothesized that the RT basalts are the result of local volcanism asso-
ciated with rifting, although still affiliated with Deccan magma sources (Lakshminarayana et al., 2010;
Manikyamba et al., 2015). This hypothesis is driven by potential lack of a clear down-slope pathway between
the main Deccan province and Rajahmundry due to tectonic uplift of the Eastern Ghats (Lakshminarayana
et al., 2010). We do not think this is likely, as there are no known intrusive magma bodies, sills, or dykes of
appropriate age near Rajahmundry despite extensive basement exposures (e.g., Geological Survey of
India, 2000a, 2000b). This is in contrast to other Deccan subprovinces such as the Malwa Plateau, the
Mandla Lobe, and the Kutch-Saurashtra region, which each have a large number of dikes compositionally
similar to the lava flows (e.g., Vanderkluysen et al., 2011). Furthermore, all three RT flows are at least
20 m thick, requiring a higher eruptive flux than is typically associated with smaller-scale fissure volcanism
(e.g., Deschamps et al., 2014). Thus, the most parsimonious explanation remains that the RT basalts origi-
nated from some of the same eruptive centers as the Western Ghats lavas and flowed ~1,000 km to the
Rajahmundry area, even if their exact path is unknown (Figure 1; Self et al., 2008). By contrast, there are geo-
chemical and volcanological reasons to suspect independent eruptive centers for the other Deccan subpro-
vinces (e.g., Kale et al., 2020).

Assuming the RT flows are an extension of the MDVP, the date for Flow 2 requires that large volume flows of
Ambenali composition be erupted less than 100 ka prior to the C29r/C29n boundary. This is consistent with
the Sprain et al. (2019) geochronologic framework for the Western Ghats, which describes a roughly uniform
eruptive rate through the Deccan sequence. However, it is inconsistent with a hiatus of approximately 300 ka
between the top of the Ambenali Formation and the C29r/C29n boundary, as suggested by Schoene
et al. (2019). This suggests two possibilities: either the Ambenali Formation is not isochronous between
the RT and the Western Ghats (and within the Western Ghats), or the hiatus inferred by Schoene et al. (2019)
is not uniform throughout the MDVP. The RT chronology cannot resolve this in isolation; however, the con-
sistency with the dates from the Sprain et al. (2019) chronology supports the latter.

4.2. Timing of Rajahmundry Flows With Respect to Cretaceous-Paleogene Mass Extinction and
Danian Climate Change

Flood basalt eruptions have the potential to cause climate change due to emission of SO, and CO, (e.g.,
Schmidt et al., 2016; Self et al., 2006). Our chronostratigraphy of the RT shows that the three exposed flows
were emplaced after the Cretaceous-Paleogene boundary and are therefore unrelated to the mass extinction,
regardless of any potential climate consequences (Figure 6). However, it confirms that large volume Deccan
eruptions were occurring well into the Danian. It is therefore important to address whether these eruptions
could have caused climate change and therefore perturbed ecosystems during the recovery interval.

Ecological community stability was highly variable for the first ~700 ka of the Paleocene, until ~65.3 Ma
(Alvarez et al., 2019; see also Birch et al., 2016; Smith et al., 2018). There are several periods of climate change
during this time interval, including the Danian-C2 (Dan-C2) and lower-C29n hyperthermal events (Coccioni
etal., 2010; Dinares-Turell et al., 2014). The former is a double-peaked warming event, with total duration of
approximately 100 ka and which terminated at the C29r/C29n transition, while the latter occurred approxi-
mately ~100 ka later at ~65.6 Ma, near the base of chron C29n (e.g., Coccioni et al., 2010, 2012; Dinarés-
Turell et al., 2014; Sinnesael et al., 2019). Both are associated with small decreases (<1%o) in benthic carbon
isotope composition, although the global nature of both events is debated (e.g., Barnet et al., 2019; Sinnesael
et al., 2019). The RT flows all occurred within this 700-ka period of highest amplitude variability in commu-
nity stability. Furthermore, Flows 1 and 2 were erupted around the same time as the Dan-C2 hyperthermal
event (Figure 7).
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Figure 7. The age (with 1o uncertainty shaded) of each RT flow plotted with deep ocean temperature from Barnet
et al. (2019), as well as magnetostratigraphy and Deccan chronostratigraphy. The approximate age range of the
Danian-C2 and Lower-C29n hyperthermals based on constraints from Barnet et al. (2019), Coccioni et al. (2010), and
Sinnesael et al. (2019). Magnetostratigraphy is from Sprain et al. (2018), and the timescale for the temperature record is
adjusted so the C29r/C29n boundary is isochronous through all data presented (Text S3). Deccan chronostratigraphy
is from Sprain et al. (2019), combined with magnetostratigraphic constraints (Text S2). Top of the solid Mahabaleshwar
bar is placed at the youngest date for the Mahabaleshwar Fm. (Sprain et al., 2019), although the top of the formation
remains undated.

To test whether the eruptive CO, emissions of these voluminous flows could have directly caused observable
warming, we estimated the effects of these emissions on the atmosphere and ocean. To do this, we used scal-
ing relationships from an intermediate complexity Earth system model (LOSCAR, Zeebe, 2012) to estimate
the peak changes in atmospheric carbon (pCO,) and temperature as a response to volcanogenic CO, input
forcing (Towles et al., 2015). The LOSCAR model has been used previously to model the climate effects of
Deccan Traps and North Atlantic Igneous Province CO, emissions (e.g., Hull et al., 2020; Zeebe, 2012).

The volcanogenic CO, input forcing is parameterized as a triangular shaped emission history with a speci-
fied duration and total amount emitted (Towles et al., 2015). We relate the CO, emissions to a volume of
erupted basalt using an estimated Deccan basalt CO, content of 0.5 weight percent or 14 Tg CO, per km>
(Self et al., 2006, see also Capriolo et al., 2020). We used the change in atmospheric pCO, for each emissions
history to calculate the consequent change in atmospheric temperature using a given equilibrium climate
sensitivity (°C per pCO, doubling, see Zeebe, 2012, equation 51). We then estimated the temperature change
in the deep ocean using the scaling relationship between atmospheric and ocean temperature changes for a
given emission scenario from Towles et al. (2015). This process enabled us to estimate the temperature
change in the deep ocean caused by volcanic CO, emissions for a variety of eruption sizes and durations.
We can also assess the roles of different initial atmospheric pCO, concentrations and equilibrium climate
sensitivity values. In the early Paleocene, background pCO, is estimated to be ~300-600 ppm (Milligan
et al., 2019), and equilibrium climate sensitivity in the ice-free early Paleocene is estimated to be 3°C per
pCO, doubling (Royer, 2016).
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Figure 8. The peak warming observed in the deep ocean for varying volcanogenic CO, emission rates and durations. The temperatures were calculated using
emissions to temperature scaling from Towles et al. (2015) for the LOSCAR carbon cycle model (Zeebe, 2012). We assume volcanic emissions of 14 Tg CO,
per km® basalt (equivalent to 0.5% CO, by weight, Self et al., 2006). The eruption rates for which sulfate aerosol driven cooling is expected to exceed 2°C is from
Schmidt et al. (2016). (a) We utilize the most sensitive initial conditions: a low initial pCO, concentration of 300 ppm and a high equilibrium climate sensitivity
of 4°C per CO, doubling. (b) We use reasonable estimates for the early Paleocene as most likely conditions: an initial pCO, of 450 ppm and an equilibrium
climate sensitivity of 3° C per CO, doubling. The best estimates for an individual Rajahmundry-scale large eruption (~1,000-6,000 km® in 50-500 years)

are indicated with a white parallelogram.

We find that it is difficult to cause >2°C warming with the volcanogenic CO, emissions expected for a
Rajahmundry-scale Deccan eruption (~5,000 km?®), even given a sensitive set of initial conditions. Using a
low initial pCO, concentration of 300 ppm and a high climate sensitivity of 4°C per pCO, doubling, 2°C
of warming corresponds with ~100,000 km® basalt erupted within at most a few (1-3) thousand years
(Figure 8a). An eruptive pulse of this size shortly before the chron C29r/C29n boundary is inconsistent with
both proposed Deccan age models for the MDVP (Schoene et al., 2019; Sprain et al., 2019). For reference, this
volume is much larger than the total volume of each of the other Deccan subprovinces (e.g., Malwa Plateau
~21,000 km?, Schibel et al., 2014). The required eruptive rate is also much higher than the estimates of
10 km*/year during the pulses described in the Schoene et al. (2019) age model. Hence, magmatic CO, emis-
sions associated with RT flow eruptions, or any other individual Deccan eruption, are unlikely to have
directly caused significant climate warming, including the Dan-C2 and Lower-C29n warming events.

Utilizing more standard initial conditions (an initial pCO, of 450 ppm and climate sensitivity of 3°C per
pCO, doubling), we expect each RT eruption to have instead caused ~0.1°C to 0.2°C of warming
(Figure 8b). The extent of warming depends on the duration of each eruption, which we estimate is 50-
500 years for the Deccan Traps (Fendley et al., 2019). Additionally, the upper estimate of eruptive rates sug-
gests RT eruptions potentially caused volcanogenic sulfate aerosol driven cooling of greater than 2°C
(Figure 8, Schmidt et al., 2016; Self et al., 2006). However, given the short lifetime of sulfate aerosols in
the atmosphere, this cooling would persist only during the active eruption, while elevated CO, could last
for thousands of years (e.g., Black et al., 2018; Schmidt et al., 2016). The short duration of volcanogenic cool-
ing means it is unlikely to be recorded in paleoclimate records of ~1,000-year resolution (e.g., Barnet
et al., 2019; Black et al., 2018).

Other warming events typically associated with the Deccan Traps, such as the Late Maastrichtian Warming
Event, also have an amplitude of warming much greater than expected based on the erupted volume of
basalt (e.g., Hull et al., 2020; Sprain et al., 2019). This suggests that that the climate impact of the RT flows,
and other Deccan eruptions, was potentially amplified by environmental feedbacks. For instance, the
Dan-C2 event has been hypothesized to be a combined consequence of Deccan CO, emissions and the
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first 405-ka eccentricity maximum of the Paleocene (Barnet et al., 2019; Sinnesael et al., 2019). Additionally,
perturbations to large carbon reservoirs, such as the ocean and terrestrial environments (~60 and ~10 times
more carbon than in the atmosphere respectively), can significantly affect atmospheric CO, concentration
(e.g., Friedlingstein et al., 2019). Large volcanic eruptions can cause significant changes to these reservoirs
through changes in ocean circulation and global precipitation (e.g., Black et al., 2018). These processes are
challenging to parametrize and are not explicitly included in the LOSCAR model (Zeebe, 2012). Finally,
the observed warming only lasts for less than 100 ka—too rapid for simple silicate weathering feedbacks
to remove the added volcanogenic CO, from the atmosphere, even with enhanced basalt weathering (e.g.,
Hull et al., 2020). This suggests other environmental feedbacks may be involved in these brief hyperthermal
events.

Additionally, measurements of CO, emissions from modern volcanic systems show that the passive (fumaro-
lic, vent, and soil) degassing of CO, from intrusive magma bodies is significantly greater in magnitude
(~100x) than the amount of CO, released during eruptions (e.g., Fischer & Aiuppa, 2020; Mittal &
Richards, 2019). If this is the case for the Deccan volcanic system, then the total quantity of CO, emitted
may be much larger than estimated from erupted volume alone. As the total Deccan eruptive interval lasted
for ~1 Ma (e.g., Sprain et al., 2019), one may not expect a strong time dependence between the passively
degassed CO, and the emplacement of the RT flows. However, a highly active magmatic system producing
highly voluminous lava flows will likely also emplace large amounts of magma in the middle and upper
crust. This process may consequently increase passive degassing concomitant with the RT eruptions.

In summary, we cannot conclusively determine if the RT eruptions caused global climate change. However,
we can clearly show that eruptive CO, emissions were insufficient to directly cause multi-degree warming.
Nevertheless, the relative timing of the RT flows suggests the Deccan Traps may have influenced marine and
terrestrial ecological recovery, whether through climate change or other environmental effects (e.g., Lyson
et al., 2019; Smith et al., 2018).

5. Conclusions

We have described a new chronostratigraphy for the exposed portion of the RT. These three Deccan lava
flows are located approximately 400 km from any other known Deccan outcrop (Baksi, 2001) and nearly
1,000 km to the east of the main Deccan eruptive centers in the Western Ghats. The great distance between
these basalts and their hypothesized eruptive vents has led to their description as the distal ends of the long-
est known lava flows on Earth (Self et al., 2008). New 4OAr/3Ar dates, magnetostratigraphy, and biostrati-
graphy demonstrate that all three flows exposed were emplaced in the Danian, significantly after the
end-Cretaceous mass extinction. The lower two flows are within magnetochron C29r, and the middle flow
was emplaced close to the C29r/C29n transition. The uppermost flow was emplaced several hundred thou-
sand years later, in C29n.

Our results are consistent with previous studies which place the Rajahmundry flows near the chron
C29r/C29n boundary (e.g., Baksi, 2001; Knight et al., 2003). If these flows are derived from the MDVP,
Flow 3 is the youngest recently dated Deccan lava flow (at 65.27 Ma), indicating that the Deccan Traps were
erupting large volumes of basalt more than 700 thousand years into the Paleocene. The RT chronology con-
firms that the RT flows are coeval and geochemically consistent with the Western Ghats Ambenali and
Mahabaleshwar chemostratigraphic formations. The middle RT flow's date, geochemistry, and magnetic
polarity requires Ambenali composition basalt to be erupted just prior to the C29n/C29r boundary. This is
inconsistent with the last Ambenali composition flows erupting nearly 300 thousand years prior to the chron
boundary, as has been proposed (Schoene et al., 2019). The RT chronology therefore implies that this hiatus
is not uniformly present through the entire Deccan Traps or that the Ambenali Fm. is not an isochronous
unit. Resolving this inconsistency and verifying the synchronicity of the geochemical formations are thus
priorities for future work.

As the timing of these flows suggests possible implications for ecological recovery, we test whether these
large volume eruptions could have caused observable warming. Utilizing an intermediate complexity carbon
cycle model (LOSCAR), we clearly show that eruptive CO, emissions were insufficient to directly cause
multi-degree warming. However, environmental feedbacks (e.g., astronomical forcing) and/or non-eruptive
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volcanic CO, emissions may increase the climatic effects of the voluminous RT flows. If so, the timing of these
flows suggests any disturbance may have impacted the protracted ecological recovery from the end-Cretaceous
mass extinction.
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