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A 2 to 4 °C warming episode, known as the Latest Maastrichtian
warming event (LMWE), preceded the Cretaceous-Paleogene
boundary (KPB) mass extinction at 66.05 + 0.08 Ma and has been
linked with the onset of voluminous Deccan Traps volcanism. Here,
we use direct measurements of melt-inclusion CO, concentrations
and trace-element proxies for CO, to test the hypothesis that early
Deccan magmatism triggered this warming interval. We report
CO, concentrations from NanoSIMS and Raman spectroscopic anal-
yses of melt-inclusion glass and vapor bubbles hosted in magne-
sian olivines from pre-KPB Deccan primitive basalts. Reconstructed
melt-inclusion CO, concentrations range up to 0.23 to 1.2 wt% CO,
for lavas from the Saurashtra Peninsula and the Thakurvadi For-
mation in the Western Ghats region. Trace-element proxies for
CO, concentration (Ba and Nb) yield estimates of initial melt con-
centrations of 0.4 to 1.3 wt% CO, prior to degassing. Our data
imply carbon saturation and degassing of Deccan magmas initi-
ated at high pressures near the Moho or in the lower crust. Fur-
thermore, we find that the earliest Deccan magmas were more
CO; rich, which we hypothesize facilitated more efficient flushing
and outgassing from intrusive magmas. Based on carbon cycle
modeling and estimates of preserved lava volumes for pre-KPB
lavas, we find that volcanic CO, outgassing alone remains insuffi-
cient to account for the magnitude of the observed latest Maas-
trichtian warming. However, accounting for intrusive outgassing
can reconcile early carbon-rich Deccan Traps outgassing with ob-
served changes in climate and atmospheric pCO,.

Deccan Traps | carbon release | magmatic outgassing |
end-Cretaceous | paleoclimate

During emplacement of the voluminous intraplate magmatic
systems known as Large Igneous Provinces (LIPs), domi-
nantly basaltic magmas release volatiles at a scale that exceeds
time-averaged outgassing from arc volcanoes by 1 to 2 orders of
magnitude (e.g., ref. 1). Some LIPs coincide with major climate
and carbon cycle disruptions, including the 252-Ma Siberian
Traps (e.g., ref. 2) and the 201-Ma Central Atlantic Magmatic
Province events (e.g., ref. 3). However, the existence and nature
of a causal relationship between magmatic carbon release and
carbon cycle perturbations remains controversial, in part because
the CO, budget of LIP magmas and the contribution of meta-
morphic degassing are not well constrained (e.g., refs. 4-7). Es-
timating the timing and amount of CO; release from magmas is
difficult because CO, saturation and degassing can initiate at near-
Moho depths in basaltic magmatic systems (8). Consequently, in-
clusions trapped even in early-formed phenocrysts typically sample
partially degassed melts with commensurately reduced CO, con-
tents (9), and the timing of CO, release has the potential to de-
couple from rates of surface volcanism (10, 11). Moreover, for some
LIPs, the amount of CO, released during magmatic degassing has
been argued to be minor compared to that generated by meta-
morphic degassing from associated carbon-rich sedimentary wall
rocks (e.g., refs. 5, 12). Early Deccan magmatism represents a
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strong test case for understanding the role of magmatic degassing
because the crystalline Deccan country rocks are thought to be
relatively volatile (carbon) poor (e.g., refs. 13-15). High-precision
geochronology (16, 17) and paleoclimate records (18) track the
timelines of both Deccan magmatism and Cretaceous-Paleogene
environmental shifts.

The Deccan Traps LIP in India (Fig. 1) was emplaced in the
late Cretaceous through early Paleogene, eventually erupting 0.6
to 1.3 x 10° km® of lava (19, 20). Previous studies have shown
that the lava formations emplaced before the 66.05 + 0.08 (1-0)
Ma Cretaceous Paleogene Boundary (KPB) correspond to ~25%
of the overall subaerial volume (16). In this paper, we refer to
these pre-KPB lavas collectively as early Deccan volcanism.
These lavas include the basalts and picrites in the Saurashtra
region located in northwest India and the Kalsubai and Lonavala
Subgroups in the Western Ghats region (Fig. 1). Available
geochronology from the Saurashtra Peninsula carries large un-
certainties (e.g., ref. 21), and the precise stratigraphic and tem-
poral relationship between the Saurashtra lavas and Deccan
volcanism in the Western Ghats is thus unclear. However, the
overall Deccan age and geochemical progression from northwest
to southeast (16, 17, 21, 22) have led previous workers (e.g., ref.
23) to interpret the lower lava units in Saurashtra region as
among the earliest extrusive products of Deccan volcanism.

Significance

Carbon outgassing from Large Igneous Provinces has been in-
voked as a mechanism to drive major climate shifts throughout
Earth’s history. However, the lack of direct constraints on
evolving carbon release from magmas in these provinces rep-
resents a major challenge for understanding the relationship
between magmatism and environmental change. This paper
presents constraints on CO, contents of early Deccan Traps
lavas based on studies of olivine-hosted melt inclusions. We
use these data to evaluate links between early Deccan carbon
outgassing and an episode of pronounced warming just prior
to the end-Cretaceous mass extinction. By accounting for
evolving CO, budgets and degassing from intrusive magmas,
this work quantitatively relates magma emplacement, out-
gassing, and observed changes in paleoclimate.
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Fig. 1. Map showing the location and extent of Deccan Traps volcanism, including the Saurashtra region. The stratigraphic column shows Deccan formations
and the position of melt inclusion samples in this study. The stratigraphic relationship between the Saurashtra region and the Main Deccan Traps section is
uncertain, but the earliest Saurashtra lavas are thought to predate the main Deccan Basalt Group (21).

The warming episode that preceded the KPB, known as the
Latest Maastrichtian warming event (LMWE), has been linked
with the emplacement of the opening phases of Deccan volca-
nism (11, 16, 18, 24). This 2 to 4 °C warming event spanned ~300
ky just prior to the KPB (11, 18, 25). Latest Maastrichtian
warming is reflected in multiple paleotemperature records in
terrestrial and marine environments across both hemispheres
(e.g., refs. 18, 25-27). High mercury concentrations just prior to the
KPB have been interpreted as evidence for strong Deccan outgas-
sing coinciding with the LMWE (28). However, the preserved
subaerial volume of these early Deccan formations (~151 x 10°
km?®) is much smaller than that of the subsequent Wai Subgroup
(~461 x 10° km®) (16, 20), challenging a straightforward link be-
tween volcanism and global warming. One possible explanation is
that carbon release is not strictly proportional to lava volume owing
to an evolving magmatic carbon budget and flushing of a CO,-rich
volatile phase, a process in which CO, exsolves at depth, decouples
from the original magma, and rises through the magmatic system
and country rocks, enriching shallower magma in exsolved CO, or
degassing diffusely (e.g., refs. 6, 8, 10, 11, 16).

Despite evidence for a link between carbon release from the
early Deccan volcanism and the LMWE, including a small
(~0.5%0) negative shift in 8'*C (e.g., ref. 11), no direct con-
straints on the amount of CO, released during early Deccan
volcanism exist. Existing petrologic data focus on magmatic
sulfur and chlorine (29, 30). Choudhary et al. (31) measured CO,
concentrations in post-KPB Wai Subgroup formations of 0.09 to
0.18 weight percent (Wt%) CO,. Prior estimates of ~0.5 wt%
CO; in Deccan magmas (4, 32) are based on analogous modern
eruptions of basalt, such as the Kilauea eruptions or the 1783
Laki fissure eruption in Iceland. Based on updated estimates of
CO, contents of these basaltic eruptions (e.g., ref. 9), Black and
Gibson (6) suggested the potential for some LIP magmas to
carry 1 wt% CO, or more. Recently, evidence for 0.5 to 1 wt%
CO; has also been reported for magmas from the Central At-
lantic Magmatic Province (33).

20f9 | PNAS
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In this study, we performed Raman (Fig. 2A) and NanoSIMS
measurements of the CO, concentrations in glassy olivine-hosted
melt inclusions (Fig. 2B) from primitive, MgO-rich lavas from
the Saurashtra region (Fog, to Fogg olivines) and the Thakurvadi
Formation in the Western Ghats (Fo;; to Fog olivines). We
combined these data with trace element proxies for initial CO,
contents of the melt prior to crystallization to quantify CO, re-
lease from early Deccan Traps magmas. We use our revised
estimates to test the hypothesis that release of CO, from early
Deccan volcanism was the primary driver of the LMWE. Our
data also allow us to constrain minimum pressures of carbon
saturation and to track initiation of degassing of Deccan Traps
flood basalts.

Results

The total CO, concentration in the melt inclusions was recon-
structed based on NanoSIMS data for the glass phase and
Raman data for the vapor bubble, combined with an estimate of
the volume percent vapor in the inclusion (Worksheet S1). We
obtained CO, data from 43 bubble-bearing melt inclusions: 30
inclusions from two Saurashtra picrite lavas (B4 and BS, from the
Botad drill core) and 13 inclusions from an olivine-bearing flow
from the Thakurvadi Formation in the Western Ghats (BOR14-
1). NanoSIMS analyses of 32 inclusions indicated CO, concen-
trations in glass ranging from 51 to 404 parts per million (ppm)
(n = 22), with one outlier at 4,079 ppm, for Saurashtra inclusions
and 18 to 239 ppm (n = 10) for the Thakurvadi inclusions
(Worksheet S1).

Vapor bubbles analyzed by Raman indicate reconstructed CO,
concentrations ranging from 195 to 11,740 ppm for the Sau-
rashtra inclusions and from 60 to 9,880 ppm for the Thakurvadi
inclusions (Worksheet S1), excluding one partially recrystallized
inclusion as well as inclusions with vapor bubbles occupying >12
volume percent (implying they may represent inclusions that
cotrapped melt and vapor; see SI Appendix, Figs. S1-S3). Each of
these sample suites contained one inclusion with a vapor bubble
occupying ~11 volume percent of the inclusion that significantly
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Fig. 2. Representative Raman spectrum for CO, showing the Fermi diad peaks that are located at 1,284.62 and 1,387.78 cm~" in this example. The spacing
between the two CO, peaks, 4, is used to calculate the density of CO, in the bubble (68). The complete Raman spectrum of a melt inclusion (B4_SB_g9_MI11)
along with the Ne lines that are used to calibrate the CO, peak positions (A), and the corresponding glassy, bubble-bearing melt inclusion is shown in inset (B).

increased the upper range of CO, concentrations. Given the
uncertainties in bubble volume estimation and postentrapment
cooling history (and thus expected shrinkage bubble size), the
possibility that these bubbles were cotrapped with the melt
cannot be excluded. Apart from these two inclusions, the maxi-
mum measured CO; in Saurashtra and Thakurvadi vapor bub-
bles was 7,770 and 2,300 ppm CO,, respectively. Overall, vapor
bubbles typically contained an order of magnitude more CO,
than the glass, emphasizing the importance of quantifying CO,
within bubbles as shown previously (9, 34).

It is well known that melt and fluid inclusions may reequili-
brate following entrapment, resulting in changes in inclusion
volume and/or composition. These processes include both plastic
deformation of the host surrounding the melt inclusion via dis-
location creep (35) as well as brittle deformation (decrepitation)
of the host. While evidence of plastic deformation is difficult to
recognize, we did not observe textural evidence for decrepitation
of the melt inclusions. The lack of evidence for melt inclusion
reequilibration could reflect a relatively slow ascent and cooling
rate coupled with extensive postentrapment crystallization (36).

The trace elements Ba and Nb behave incompatibly during
mantle melting, as does CO,, but Ba and Nb do not degas from
the melt as the pressure decreases during ascent and can
therefore be used as proxies for the original CO, concentrations
in the melt prior to degassing (6, 9, 37). In particular, Ba is
commonly thought to be a robust proxy for CO, in primitive
midocean ridge basalts (e.g., ref. 38). Because melt Ba concen-
trations are susceptible to crustal contamination (e.g., ref. 39),
Nb serves as a useful check on Ba. We used mean Ba concen-
trations in melt inclusion glass from each sample to estimate the
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initial CO, concentration in the melt for Saurashtra and Tha-
kurvadi magmas (Fig. 3). For other early Deccan formations, we
used published whole-rock trace element data from lavas with >7
wt% MgO (40, 41) based on the assumption that more MgO-rich
lavas likely experienced simpler, olivine-dominated fractionation
histories (e.g., ref. 42). Published estimates of CO,/Ba ratios
span a large range, from 16 to 396 (43-45) (see SI Appendix, Fig.
S5 and Table S2). We consider lower and higher CO,/Ba ratios,
performing example calculations using CO,/Ba = 48.3 as
reported in lavas from Borgarhraun, Iceland (38), as a lower
estimate and a higher ratio of CO,/Ba = 133 (37, 46) as an upper
estimate for Deccan magmas.

Overall, CO, concentrations based on trace element proxies
for CO, in conjunction with direct CO, measurements from melt
inclusions from Saurashtra and Thakurvadi lavas support a
general decline in initial CO, over the course of pre-KPB Dec-
can magmatism (Fig. 44). Assuming conservative mantle CO,/
Ba ratios, mean Ba concentrations imply that Saurashtra mag-
mas were initially CO; rich, with 0.5 to 1.3 wt% CO,. Magmas
from the Jawhar through Thakurvadi Formations initially con-
tained ~0.4 wt% CO,. Trace element ratios suggest Bushe
Formation magmas that immediately predate the KPB [the
Bushe-Poladpur transition has an interpolated age of ~66.03 +
0.04 Ma (1-0) (16)] carried only ~0.25 wt% CO,. Published melt
inclusion data from post-KPB formations indicate <0.2 wt%
CO; (31).

We estimated melt inclusion minimum entrapment pressures
using the VolatileCalc2.0 CO,-H,O solubility model (47). We
combined measured CO, concentrations with measured H,O
where available (Worksheet S1). We assumed 0.5 wt% H,O

PNAS | 30f9
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Fig. 3. CO, degassing trends for Deccan melt inclusions. The CO, lost to degassing at the time of melt inclusion entrapment is calculated as the difference
between initial CO, based on Ba concentrations in each inclusion versus the reconstructed CO, concentration. Some melt inclusions lack trace-element data.
For these inclusions, we used the mean Ba concentration in melt inclusions from that unit. We used VolatileCalc (47) to determine the saturation pressure of
each melt inclusion (see text for details). (A) Melt inclusion data from the Thakurvadi Formation in the Western Ghats region. (B) Melt inclusion data from the
Saurashtra region. (C) Saurashtra and Thakurvadi CO, versus Ba and (D) CO, versus Nb, compared with CO,/Ba and CO,/Nb ratios from refs. 37, 38, 43, 44.

(consistent with ref. 48) for melt inclusions without H,O data.
Melt inclusions from the Saurashtra lavas show minimum en-
trapment pressures of ~0.1 to 8 kbars, while the Thakurvadi melt
inclusions show minimum entrapment pressures of ~0.1 to 4
kbars (with the exception of the two Saurashtra and Thakurvadi
inclusions discussed above that contain ~1 wt% CO,; estimated
entrapment pressures for these inclusions are around 10 kbar).
These pressures translate to minimum entrapment depths
extending to ~30 and ~15 km, respectively (Fig. 3 A4 and B).
Pressure estimates exceeding ~5 kbars incorporate additional
uncertainty because VolatileCalc is not calibrated for pressures
above 5 kbars. Estimates of initial melt CO, concentrations
based on Ba and Nb abundances indicate that significant CO,
degassing took place at depths greater than the estimated melt
inclusion entrapment depths (Fig. 3 A and B), with the most
CO,-rich Deccan magmas likely reaching carbon saturation at
the Moho or in the lower continental crust (Fig. 5). As they
ascend into the crust, we expect stronger exsolution from more
CO,-rich magmas in response to pressure-dependent limitations
on CO, solubility, facilitating more prevalent CO, flushing.
Confirming this expectation, CO,-rich Saurashtra magmas
exsolved a higher proportion of their initial CO, than Tha-
kurvadi magmas at an equivalent depth (Fig. 3 4 and B).

Discussion

While melt inclusions provide valuable information concerning
the preeruptive history of magmas, potential sources of uncer-
tainty include determination of melt inclusion and vapor bubble
dimensions (which are required to reconstruct the proportion of
the total amount of CO, in the vapor bubble); mixed trapping of

40f9 | PNAS
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melt plus a volatile phase; uncertainty in assumed CO,/Ba and
CO,/Nb ratios; and modification of these ratios due to crystal-
lization, assimilation, and mixing processes (e.g., refs. 46, 49) in
LIP magma reservoirs. Here, we discuss each of these factors in
turn. As shown in SI Appendix, Fig. S1, slight differences in the
measured volume proportion of vapor in the melt inclusions can
affect the reconstructed CO, concentration by several hundred
ppm, leading to uncertainties of +5 to 10% (e.g., refs. 9, 50). We
used the volume proportion of the melt inclusion occupied by the
vapor bubble to distinguish between melt inclusions that trapped
only melt and those that potentially trapped melt plus a volatile
phase (SI Appendix, Figs. S2 and S3, see Materials and Methods
and SI Appendix). In the absence of direct constraints on CO,/Ba
and CO,/Nb in the Deccan mantle source (e.g., from undegassed
melt inclusion suites), some uncertainty in CO,/Ba and CO,/Nb
is unavoidable. Recent datasets from Iceland and popping rocks
(43-45) provide evidence for mantle CO,/Ba ratios extending up
to CO,/Ba = 396 and down to CO,/Ba = 16, spanning a broader
range than the values we use here to estimate initial CO, con-
centrations (SI Appendix, Fig. S5 and Table S2). For the Deccan,
we disfavor lower CO,/Ba = 16 to 22 as inferred from popping
rocks (44) on the basis of our melt inclusion dataset. The Sau-
rashtra inclusions with the highest CO,/Ba (the maximum CO,/Ba
in our dataset was ~88; the mean of the three highest CO,/Ba
Saurashtra melt inclusions was 45 + 38) yield a lower limit on CO,/
Ba in primitive Deccan magmas because degassing, crustal con-
tamination, and crystallization prior to entrapment will decrease
melt CO,/Ba. This lower limit overlaps with the lower CO,/Ba
value we considered to estimate initial CO, (SI Appendix, Fig. S5),
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Fig. 4. Evolving CO, budgets for early Deccan Traps magmas and implications for latest Cretaceous climate. (A) CO, concentrations of Deccan melt inclusions and

initial CO, concentrations based on trace element proxies from melt inclusion and whole-rock data, assuming CO,/Ba = 48.3 and CO,/Nb = 391 (38). Whole-rock trace
element data from the Western Ghats region are from ref. 40. (B) Magnetostratigraphy from ref. 16. (C) The mean extrusive flux for each formation, calculated using
the volumes estimated by ref. 20 and the age model of ref. 16. The duration of volcanism in the Saurashtra region is uncertain. (D) A comparison of observed changes
in latest Maastrichtian climate with changes modeled with LOSCAR. Ocean temperatures are from a benthic 5'20 record from Integrated Ocean Drilling Program site
1262 on Walvis Ridge (18). LOSCAR results are shown for an I:E ratio of 0:1 (white) or 5:1 (blue shading), where the range reflects a climate sensitivity from 3 to 6 °C per
doubling of CO, (75). Results are shown for lower and higher CO,/Ba ratios (37, 38). See Materials and Methods and SI Appendix for details of LOSCAR modeling.

but we cannot rule out Deccan CO,/Ba > 133 as measured in some
Icelandic melt inclusion suites (43, 45).

As shown in Fig. 3, there is significant heterogeneity in Ba and
Nb within melt inclusions from individual lavas. One possible
explanation is that the relatively primitive magmas discussed
here have not been strongly overprinted by cycles of recharge
and mixing in deep LIP magma chambers, and trace element
heterogeneity results from incomplete mixing of melts with dif-
ferent melting histories. If this interpretation is correct, the
highest Ba concentrations from Saurashtra and Thakurvadi melt
inclusions could reflect sampling of low degree melts with up to
2.2 wt% and 1.8 wt% CO,, respectively. On the other hand, if
fractionation or crustal contamination have also increased Ba
concentrations in some inclusions, these inclusions could yield
overestimates of CO,. Because Saurashtra melt inclusions are
hosted in very primitive olivines (up to Fogg), significant frac-
tionation appears unlikely, but fractionation prior to entrapment
of Thakurvadi melt inclusions implies lower initial Ba concen-
trations than recorded in the melt inclusion population.

In addition to uncertainties in our estimates of magmatic CO,
concentrations, the reconstruction of carbon outgassing fluxes
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introduces substantial uncertainties related to magma volume
and degassing efficiency, particularly for intrusive magmas.
Compared to the volumes of LIP magmas that erupt at the
surface, a larger volume is probably emplaced and crystallized at
depth (42). Concentrations of CO, and other volatiles in excess
of the volatile solubility at these emplacement depths will be lost
from the melt, forming a mobile exsolved phase that can con-
tribute to the outgassing budget even if the melt in which these
volatiles were originally dissolved does not erupt (e.g., refs. 9,
10). For example, Hartley et al. (9) estimated that intrusive
magmas degassed around 60% of their initial CO, content dur-
ing Iceland’s Laki fissure eruption in 1783. The ratio of intrusive
to extrusive magma volume, also known as the I:E ratio, is poorly
constrained but may range from 1:1 to 10:1 for LIP magmas (e.g.,
ref. 51). Coffin and Eldholm (52) estimated an I:E ratio of 5:1
for the Deccan Traps based on seismic data.

In conjunction with our constraints on the evolving CO, budget
of early Deccan magmas, we consider a range in the LIE to generate
CO; fluxes to drive the Long-term Ocean Sediment CArbon Res-
ervoir version 2.0.4 (LOSCAR) model. LOSCAR is a carbon cycle
box model that tracks carbon exchange between the solid Earth,
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Fig. 5. A schematic showing CO, evolution from early (Left) to late (Right) Deccan based on initial CO, from trace elements and CO, saturation pressures. We
hypothesize that declining initial CO, contents result from an expanding melting column and that higher initial CO, in the earliest Deccan magmas facilitated

more efficient flushing and thus degassing of intrusive magmas. Adapted from ref. 8, with permission from Elsevier.

atmosphere, oceans, and sediments (53, 54). We use LOSCAR to
compare the expected carbon cycle consequences of early Deccan
carbon outgassing with records of sea surface temperature and
pCO; (11, 18). We find that CO, outgassing from extrusive magmas
alone is insufficient to explain the amplitude of the LMWE
(Fig. 4D). Even with our revised CO, estimates, assumed CO,/Ba =
133, and high assumed climate sensitivity of 6 °C per doubling of
CO,, the maximum warming from volcanic outgassing alone based
on preserved subaerial volumes (19, 20) is ~1 °C. Accounting for
carbon release from intrusive magmas results in better agreement
between predicted and observed climate shifts during the LMWE.
We assume 60% degassing of intrusive magmas, conservative rela-
tive to the difference between initial and dissolved CO, in our most
COg-rich inclusions and consistent with previous estimates for Laki

7000

(9). An LE ratio of 5:1 drives maximum warming of 3 to 6 °C for a
climate sensitivity of 3 to 6 °C per doubling of CO, (Fig. 4D),
bookending the magnitude of warming during the LMWE.

The contribution from intrusive outgassing required to re-
produce LMWE warming depends on the assumed undegassed
COy/Ba ratio and the duration of early Deccan magmatism. With
an L:E ratio of 5:1, carbon release calculated using conservative
COy/Ba = 48.3 yields maximum warming that overlaps with only
the low end of paleoclimate estimates, whereas CO,/Ba = 133
yields maximum warming that overshoots paleoclimate esti-
mates. If the actual Deccan CO,/Ba ratio is close to the low end
of this range, more intense intrusive outgassing (perhaps ex-
ceeding an I:E ratio of ~5:1) may be required to align with the
amplitude of LMWE warming. A smaller proportion of intrusive
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Fig. 6. Cumulative Deccan carbon release for a range of I:E magma-emplacement ratios. (A) Cumulative carbon contribution based on mean melt inclusion
Ba concentrations from Saurashtra and Thakurvadi lavas, melt inclusions from the Wai subgroup from ref. 31, and whole-rock Ba data from the remaining
formations from ref. 40. These calculations assume CO,/Ba = 48.3 (38). Increasing the assumed CO,/Ba ratio would increase carbon release estimates pro-
portionally. See S/ Appendix, Table S1 for details of calculations. Estimates of (B) extrusive carbon release and (C) intrusive plus extrusive carbon release from
the Deccan Traps from this study compared with estimates from the Siberian Traps (55), the North Atlantic Igneous Province (55), and the Central Atlantic
Magmatic Province (33). (D) The estimated carbon release per cubic kilometer of magma, assuming CO,/Ba = 48.3 (38).
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outgassing is implied if the actual CO,/Ba ratio is closer to or
exceeds the upper end of the range we considered, as may be the
case during melting of plume-sourced material (43). For exam-
ple, much higher Deccan CO,/Ba = 396 (43) would reproduce
the curve in Fig. 4 corresponding to CO,/Ba = 133 and I.E = 5:1
with only a 1:2 L'E ratio. Consequently, if the early Deccan
source mantle was very CO, rich, extrusive magmas could have
played a more significant role in driving warming. The modeled
carbon cycle response also depends on the tempo of magmatism.
If the onset of early Deccan magmatism is taken to be ~66.3 Ma
based on the age of the Chron 30n-29r reversal and U-Pb ages
for interbeds in the Jawhar Formation (17) rather than 66.41 Ma
(16) as currently assumed (see Materials and Methods), the more
compressed timeline for outgassing results in maximum atmospheric
CO, levels that are ~30% higher. Finally, although results from
LOSCAR identify outgassing scenarios that yield broad agreement
with paleoclimate records from the LMWE, significant differences
remain between the structure of modeled and observed temperature
evolution, particularly during the onset and waning of the LMWE.
Our LOSCAR simulations assume a fixed I:E and uniform behavior
of silicate weathering. In reality, these factors may vary through this
interval, for example, due to a higher proportion of intrusive mag-
matism during the initial phases of Deccan emplacement (16) when
the lithosphere was cold (Fig. 5), heterogeneous mantle CO,/Ba as
recently suggested for Iceland (45), and progressive exposure of
easily weathered Deccan basalts (11). In addition to these factors,
we suggest declining CO, budgets in the Khandala and Bushe
Formations contributed to the waning of the LMWE coincident
with eruption of these formations.

The degassing efficiency of intrusive magmas is as important
as the I:E ratio for understanding potential climate conse-
quences. Considering early intrusive magma suites as counter-
parts to the early Deccan volcanic formations studied here, our
melt inclusion data imply that many early intrusive magmas could
have been carbon rich, leading to carbon saturation and strong
degassing, even for intrusions emplaced at lower-to-middle crustal
depths. Consequently, we hypothesize that outgassing of deep in-
trusive magmas driven by CO, flushing was more prevalent during
early Deccan magmatism (Fig. 5). Our work reinforces the view that
considering only the volume or mass of extrusive rocks in deter-
mining the extent of LIP outgassing for volatiles such as carbon may
significantly underestimate the total amount of outgassing.

Conclusions

We combined measurements of CO, concentrations in early
Deccan Traps melt inclusions with trace element proxies for the
abundance of magmatic CO; to quantify CO, release during early
Deccan Traps magmatism. The concentration of CO, dissolved in
Deccan melts at the time of melt inclusion entrapment reaches
~1 wt% CO,. Trace element proxies for initial melt concentrations
imply that significant degassing occurred at depths greater than the
middle to upper crust where melt inclusions were trapped.
Tracking the temporal variation in the amount of CO, re-
leased is critical to probing the relationship between LIP mag-
matism and global climate shifts. Melt inclusion and trace
element data suggest that magmatic CO, budgets evolved
through the course of Deccan magmatism, from initial concen-
trations of ~1 wt% CO, in early Saurashtra melts to ~0.4 wt%
CO, in the Thakurvadi and ~0.3 wt% CO, in the Bushe For-
mation, immediately prior to the KPB. This observation also
supports the recent suggestion that LIP magmas may have highly
variable CO, budgets and reach higher values than previous
estimates of ~0.5 wt% CO, (4, 6). Assuming a total Deccan
extrusive volume of ~600,000 km> (20), depending on the I:E
ratio we estimate cumulative carbon release of 1,000 to 6,000 Gt
C (Fig. 64). This estimate is significantly lower than available
estimates of carbon release from the Central Atlantic Magmatic
Province and the Siberian Traps (33, 55) due both to the smaller
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cumulative volume of the Deccan Traps and our inference that
voluminous Wai Subgroup formations carried less CO, than
early Deccan magmas. Increasing the assumed CO,/Ba ratio
[calculations in Fig. 6 assume CO,/Ba = 48.3 (38)] would in-
crease carbon release estimates proportionally.

Based on our results, we infer that Deccan carbon outgassing
is the most likely driver of climate shifts during the latest
Maastrichtian. Similar changes in pCO, and sea surface tem-
peratures are not clearly observed during the KPB extinction
event (11, 27, 56), though some evidence for earliest Paleogene
warming has been reported from fish debris from El Kef, Tunisia
(56). Therefore, our results support the view that Deccan carbon
outgassing did not play a major role in driving the KPB mass
extinction itself (11, 16). In addition to carbon, Deccan sulfur
release has also been considered as a driver for environmental
stress (e.g., refs. 30, 57). Sulfur outgassing need not be propor-
tional to carbon outgassing, in part because sulfur degassing is
likely to take place much shallower in the magmatic system than
carbon. Consequently, our results do not exclude the possibility
that sulfur release from Wai Subgroup magmas contributed to
climate disruption during the KPB mass extinction and its af-
termath, including transient cooling on timescales not resolved in
available paleoclimate records (20, 57-59).

Our revised CO, budget enables us to test the relationship
between Deccan magmatism and a pronounced 2 to 4 °C warming
interval in the Latest Maastrichtian commonly attributed to vol-
canism (e.g., refs. 11, 16, 18, 28). We use the LOSCAR carbon
cycle model to investigate carbon release scenarios based on the
preserved extrusive volumes of the opening phases of the Deccan
Traps and a range of intrusive to extrusive ratios. Intrusive out-
gassing trades off with assumed mantle CO,/Ba ratio and melt
CO, prior to degassing. Higher CO,/Ba implies less intrusive
outgassing is required. Unless the Deccan source mantle was very
CO, rich (43), we find that volcanic CO, outgassing alone remains
insufficient to account for the magnitude of the observed latest
Maastrichtian warming. Significant carbon release and flushing
from magmas that did not erupt, possibly in combination with
elevated latest Maastrichtian climate sensitivity, is required to
relate early carbon-rich Deccan outgassing to the observed
changes in climate and atmospheric pCO,. Our findings under-
score the importance of intrusive magmas for understanding the
climate consequences of large igneous provinces.

Materials and Methods

Melt inclusions are small pockets of melt trapped during crystal growth that
can record the magmatic conditions at the time of entrapment (60). They are
one of the primary methods for CO, budget reconstruction in basaltic
magmas (e.g., refs. 9, 61-63). Some melt inclusions contain vapor bubbles
that form in response to the different thermal contraction behaviors of melt
and host crystal following entrapment (60, 64). Further bubble growth can
occur during postentrapment crystallization as silicate material is transferred
from the melt phase to crystals, leading to volatile saturation and exsolution
from the melt and into the vapor bubble (9, 34, 65). Measuring the amount
of CO, sequestered by vapor bubbles is important for determining the
preeruptive volatile content of the melt because bubbles can contain a large
proportion (i.e., 40 to 90%) of the total CO; in the melt inclusion (9, 34, 66).
Raman spectroscopy is commonly used to determine the CO, density in the
bubble based on the distance between the CO, peaks nominally located at
~1,285 cm™" and ~1,388 cm™' (Fig. 2), jointly known as the Fermi diad (9, 34,
67, 68). The total CO, budget of the melt inclusion includes the CO; in vapor
bubbles plus the CO, in the glass.

We identified glassy melt inclusions (glass phase and vapor bubble with no
secondary crystal phases) hosted in highly forsteritic (Fogsq to Fogg) olivine
crystals from two lavas from the base of the Botad drill core in the Sau-
rashtra Peninsula. The Botad, Wadhwan, and Dhandhuka cores in the Sau-
rashtra Peninsula were drilled by the Geological Survey of India between
1924 and 1926, and the latter two cores reach the sedimentary rocks be-
neath the lava successions in this region (23, 41). These cores reveal a sig-
nificant episode of picritic magmatism in the Saurashtra region, which is
unusual for the Deccan province as a whole (23, 69). The petrography and
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geochemistry of these cores were analyzed as described in refs. 23, 41, 69,
and isotopic and additional trace element compositions were analyzed as
described in ref. 70. These workers interpreted the lowest units on the
Saurashtra Peninsula to be among the earliest products of Deccan volcanism.
Available geochronology from the Saurashtra Peninsula carries large un-
certainties, including an age of 66.0 + 0.6 Ma (1-0) for the base of the Botad
core and 66.7 + 0.5 Ma (1-0) for the base of the Dhandhuka core (as recal-
culated in ref. 21), and further geochronologic data are needed to relate the
timing of volcanism in the Saurashtra region to volcanism in the Western
Ghats region. We also identified glassy melt inclusions (in Fo;3 to Fogg oliv-
ines) in a sample from the Thakurvadi Formation of the Kalsubai Subgroup
that has been dated at 66.095 + 0.047 (1-6) Ma (16) (Fig. 1). We handpicked
olivine grains hosting glassy melt inclusions using a petrographic micro-
scope. Under reflected and transmitted light, the selected grains were pol-
ished until the inclusions were within 5 to 50 microns of the surface.

Raman spectroscopy was performed at Virginia Tech using a JY Horiba
LabRam HR (800 mm) spectrometer equipped with a 100 mW 514 nm argon
laser and 1,800 mm~" grating while using a 100x microscope objective to
focus on the vapor bubbles. A total of three 45 s scans were collected and
then averaged for each vapor bubble. A Neon spectrum with known peak
positions was collected simultaneously during each analysis and used for
calibration (68). The density of the CO; in the vapor bubble was calculated
using the procedure described by ref. 68. Building on work described by refs.
34 and 71, we used the bubble-to-melt volume fraction to distinguish be-
tween bubbles that formed after entrapment and those that represent
trapping of a volatile phase and melt (known as “cotrapped” bubbles). We
expect inclusions that consist only of trapped melt to show a relatively
narrow range in the volume proportion of the melt inclusion occupied by
the vapor bubble, with those that trapped melt plus vapor showing signif-
icant scatter to higher proportions of vapor. We test this prediction by cal-
culating the vapor bubble volume fraction for a range of glass transition
temperatures (34) and using a Deccan picrite composition from ref. 69. We
also account for the effects of post entrapment crystallization (PEC) (S/ Ap-
pendix, Fig. S3 and Worksheet S2). The calculated vapor bubble fractions
agree with the measured vapor bubble fraction range for the majority of
the melt inclusions studied here (S/ Appendix, Figs. S2 and S3), except for five
bubbles that are larger (12 to 30 volume percent). We therefore consider
these five inclusions to contain cotrapped bubbles and exclude them from
our CO, estimates. We also exclude one inclusion from sample B4 that is
partially recrystallized.

Due to the size of the melt inclusions (in general less than 20 pm), volatile
analysis of the glass was performed using the Cameca NanoSIMS 50L scan-
ning ion microprobe at The Microanalysis Center for Geochemistry and
Cosmochemistry at the California Institute of Technology. We measured
major element glass compositions with the Cameca SX-100 5-spectrometer
microprobe at the American Museum of Natural History. Postentrapment
crystallization and Fe-loss correction was performed using the Petrolog-3
software (72). Initial FeO* for Saurashtra and Thakurvadi melt inclusions
was estimated using the approach of ref. 73, which relies on empirical cor-
relations between SiO, and FeO* for petrogenetically related magmas (S/
Appendix, Fig. S4 and Appendix 1). Trace element compositions of the melt
inclusions were determined by laser-ablation inductively coupled plasma mass
spectroscopy at Virginia Tech using an Agilent 7500ce ICP-MS coupled with a
Geolas 193 nm ArF laser ablation system. Both measured and postentrapment
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crystallization (PEC)-corrected trace element and volatile concentrations are
given in Worksheet S1. PEC-corrected values were used in the text and to
generate the figures and inputs to the LOSCAR carbon cycle model.

To calculate the original CO, concentrations of Deccan melts from Ba, we
consider a lower ratio of CO,/Ba = 48.3 + 2.7 based on undegassed melt
inclusions from Borgarhraun, Iceland (38), as well as a higher ratio of CO,/
Ba = 133 + 44 from ref. 37. The latter value is also motivated by the possi-
bility that values from Borgarhraun underestimate mantle CO,/Ba ratios due
to mixing of primary and undegassed melts (46). Heterogeneous mantle
CO,/Ba is possible; values substantially higher than CO,/Ba = 133 have been
inferred for some regions of the mantle beneath Iceland (45). In Fig. 3 C and
D we compare these CO,/Ba ratios (as well as CO,/Nb) with data from our
melt inclusions. Almost all melt inclusions show maximum CO,/Ba and CO,/
Nb values that are degassed to varying extents relative to primitive mantle-
derived ratios. The Saurashtra melt inclusions with the highest CO,/Ba and
CO,/Nb ratios extend to higher values than ratios from Borgarhraun (Fig. 3 C
and D). Because degassing lowers melt CO, and crystallization increases melt
concentrations of incompatible elements such as Ba and Nb, these values
represent potential lower limits on primitive Deccan CO,/Ba and CO,/Nb.
Fo;3 to Fogy Thakurvadi olivines reflect melts that have likely undergone
more fractionation than Saurashtra melts prior to melt inclusion entrap-
ment, implying the Saurashtra samples provide a more meaningful lower
limit on Deccan CO,/Ba and CO,/Nb.

LOSCAR was configured for Paleogene geography, including a Tethys
basin (53, 54). Outgassing was specified based on published eruptive volume
estimates and geochronology (16, 17, 20, 74) and estimates of the CO,
budget for each formation from this work. We consider a range in CO,/Ba
ratios based on the range in published values to estimate CO, release. For
the Bhimashankar Formation, in the absence of trace element data from
MgO-rich lavas, we assume 0.5 wt% CO, (4). For the Khandala Formation,
which displays high Ba/Nb ratios, we use Nb as a proxy for CO, rather than
Ba. The relationship between changes in radiative forcing due to variations
in the CO, concentration in the atmosphere and changes in surface tem-
perature, known as the climate sensitivity, varies through time. Farnsworth
et al. (75) suggested that climate sensitivity in the latest Cretaceous was
high, with average global temperature increasing by 5.5 °C for every two-
fold increase in CO, concentration. We consider a range of climate sensitivity
from 3 to 6 °C per doubling of CO,. Finally, we also examine a range of :E
ratios from 0 to 10:1 to investigate the potential impact of carbon release
from intrusive magmas.

Data Availability. All study data are included in the article and/or supporting
information.
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