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On impact and volcanism across the
Cretaceous-Paleogene houndary

Pincelli M. Hull**+, André Bornemann?t, Donald E. Penman’, Michael J. Henehan®,

Richard D. Norris*, Paul A. Wilson®, Peter Blum®, Laia Alegret’, Sietske J. Batenburg?, Paul R. Bown®,
Timothy J. Bralower'®, Cecile Cournede™', Alexander Deutsch'®, Barbara Donner**, Oliver Friedrich®®,
Sofie Jehle'®, Hojung Kim®, Dick Kroon’, Peter C. Lippert*, Dominik Loroch®®, Iris Moebius'>*°,
Kazuyoshi Moriya®’, Daniel J. Peppe?, Gregory E. Ravizza??, Ursula R6hI'4, Jonathan D. Schueth?,
Julio Sepiilveda®*, Philip F. Sexton?, Elizabeth C. Sibert*?%%’, Kasia K. Sliwinska®®,

Roger E. Summons?®, Ellen Thomas™>°, Thomas Westerhold#, Jessica H. Whiteside®,

Tatsuhiko Yamaguchi®', James C. Zachos®?

The cause of the end-Cretaceous mass extinction is vigorously debated, owing to the occurrence of a
very large bolide impact and flood basalt volcanism near the boundary. Disentangling their relative
importance is complicated by uncertainty regarding kill mechanisms and the relative timing of
volcanogenic outgassing, impact, and extinction. We used carbon cycle modeling and paleotemperature
records to constrain the timing of volcanogenic outgassing. We found support for major outgassing
beginning and ending distinctly before the impact, with only the impact coinciding with mass extinction
and biologically amplified carbon cycle change. Our models show that these extinction-related carbon
cycle changes would have allowed the ocean to absorb massive amounts of carbon dioxide, thus limiting

the global warming otherwise expected from postextinction volcanism.

ixty-six million years ago, two planetary-

scale disturbances occurred within less

than a million years of one another. One

disturbance was the collision of an as-

teroid of more than 10 km in diameter
with the Yucatan Peninsula at the boundary
between the Cretaceous and the Paleogene
[~66 million years ago (Ma)], producing the
~200-km-wide Chicxulub impact crater (I-4).
Impact markers at hundreds of sites globally
co-occur with the deposition of the Cretaceous-
Paleogene (K/Pg) boundary clay and include
elevated abundances of siderophilic elements
such as iridium, osmium, and nickel, as well
as tektites and shocked quartz (7, 5, 6). The
other disturbance was the eruption of an es-
timated ~500,000 km? of lava across much of
India and into the deep sea in a large igneous
province known as the Deccan Traps (7, 8) during
the K/Pg boundary-spanning magnetochron
C29r [65.688 to 66.398 Ma, ~710,000 years long

(9)]. Deccan volcanism was, like most flood
basalt eruptions (8, 10, II), episodic, with flows
deposited in pulses throughout magnetochron
C29r (12, 13). That both volcanism and the im-
pact event occurred within several hundred
thousand years of the K/Pg extinctions is beyond
reasonable doubt (5, 8, 12, 13). However, many
aspects of the mass extinction event are still
uncertain, including the relative timing and
magnitude of volcanic effects on the biosphere
(13, 14, the potential relationship between im-
pact and volcanism (7, 13, 15), and whether im-
pact or volcanism acted as the sole, primary,
or joint drivers of extinction (5, 10, 16).

The case for the Chicxulub impact as a driver
of K/Pg mass extinction includes processes
hypothesized to operate during the days and
decades after the collision. The bolide impact
injected an estimated >50,000 km? of ejecta
(4), as well as ~325 billion metric tons (Gt) of
sulfur and ~425 Gt of CO, and other volatiles

(17) into the atmosphere from the marine car-
bonate and anhydrite target rock of the Yucatan
Peninsula (5, 18). The combined effects of an
expanding impact fireball and the reentry of
molten ejecta from the skies (19) may have
raised temperatures to the point of spontane-
ous combustion near the impactor and caused
severe heat stress and even death many thou-
sands of kilometers away from the impact site
in minutes to days after impact (20). In the days
to years that followed, nitrogen and sulfur vapors
reacted to form nitric and sulfuric acids and,
with CO, gases, acidified the oceans (21-23).
Finally, models and empirical evidence sug-
gest that the combination of dust and aerosols
precipitated a severe impact winter in the
decades after impact (24-27).

Notable though these environmental effects
may be, some researchers question whether
the Chicxulub impactor acted as the sole or
main driver of the K/Pg mass extinction for
three primary reasons. First, no single Kkill
mechanism appears to explain the extinction
patterns: Acidification (28, 29) and primary
productivity decline (30) [due to darkness and
cold (26)] are favored in the marine realm,
whereas heat exposure and loss of productivity
[due to fires, darkness, and cold (I8, 26)] are
favored in the terrestrial realm (31, 32). Second,
asteroid and comet impacts have occurred
throughout the history of life [although likely
none the size and force of Chicxulub (33) have
taken place in the past ~500 million years
(Myr)], but no other mass extinction is unam-
biguously linked to such a collision (34). Third,
flood basalt volcanism is strongly implicated
as the driver of two of the most destructive mass
extinctions in the last ~half-billion years [the
Permian-Triassic (P/T) and Triassic-Jurassic
(T/J) extinctions], leading some to favor a
similar role for Deccan volcanism in the K/Pg
mass extinction (35). However, most episodes
of flood basalt volcanism after the T/J extinc-
tion produced no increase in extinction rates
(36), potentially owing to substantial Earth
system changes that dampened the effects of
flood basalts after the P/T extinction.

Questions regarding the role of Deccan vol-
canism in driving the K/Pg mass extinction
arise because of the relative lack of evidence
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for a volcanogenic driver. Despite advances in
chronology, the timing of the most volumi-
nous Deccan eruptions relative to the K/Pg
extinctions remains unclear (7, 8). In earlier
studies, many researchers argued that most
Deccan flood basalts (>85%) were emplaced
in a relatively short interval before the K/Pg,
starting around the C29r/C30n boundary
(~66.39 Ma) and ending well before the K/Pg
impact (11, 12). In contrast, Renne et al. (13) and
Sprain et al. (8) proposed that the vast majority
of Deccan basalts were emplaced after the im-
pact. Schoene et al. (7) largely agree with the
basalt flow ages of Sprain et al. and Renne et al.
(8, 13) but place the K/Pg boundary higher
in the lava pile (i.e., in the upper part of, or
above, the Poladpur Formation) and there-
fore propose major pulses of emplacement
immediately before and immediately after
the impact (7).

Pre- and postimpact scenarios are debated
in part because they are tied to different envi-
ronmental disruption scenarios. Pre-event vol-
canism may have acted in concert with the
impact to drive K/Pg extinctions (10), whereas
post-event volcanism suggests a role for vol-
canism in the delayed recovery of biodiversity
(13). For the environment and life, the main
environmental effects of large igneous prov-
inces are attributed to volatile release (37-39),
not lava emplacement, and the magnitude of
volcanic outgassing is not necessarily linked
directly to the volume of erupted lava. If early
eruptive phases of flood basalt volcanism have
higher volatile concentrations, then most vol-
atiles could have been released before the
impact, even if most of the lava was emplaced
afterward (8).

Here we provide constraints on Deccan Trap
outgassing by comparing well-resolved and
temporally detailed ocean drilling and global
temperature records, with five modeled end-
member scenarios for the timing, magnitude,
and composition of outgassing (40). These
comparisons allow us to consider the relative
effects of Deccan Trap outgassing and bolide
impact on the marine carbon cycle and bio-
logical change.

Marine environmental record of outgassing

Deccan Trap degassing released a mix of vola-
tiles including SO,, Cl and other halogens, and
CO,, with sulfur having perhaps the greatest
direct effect on ecosystems through acidifica-
tion and pronounced global cooling (>4.5°C)
(38). However, the environmental effects of
SO, would have been relatively short-lived
(years to centuries at most) and difficult to
detect in slowly accumulating deep-sea sedi-
ments. In contrast, the influence of CO, emis-
sions should be clearly evident in marine
sediments as a global warming event paired
with a carbon isotope anomaly (41). We used
this diagnostic fingerprint of CO, emissions as
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Fig. 1. Global temperature change across the K/Pg boundary. New and existing empirical temperature
records from marine sediments (foraminiferal §'80, foraminiferal Mg/Ca, and TEXgs measurements),
shallow marine carbonates (clumped isotopes of mollusk carbonate), and terrestrial proxies (leaf margin
analysis, biomarkers, clumped isotopes of mollusk carbonate) were aligned to a common age model
(tables S2 and S3) and normalized to the latest Cretaceous temperature within each record. A 60-point fast
Fourier transform (FFT) smoother of global temperature change is shown in dark red. Data are provided

in tables S4 to S12. Some outlying data points do not fall within plot bounds but can be seen in figs. S1 to
S16. PL., planktonic; Ben., benthic; Foram., foraminiferal.

a proxy for the timing of potentially disruptive
outgassing of sulfur (and other noxious gases)
and to test which volcanic degassing scenarios
are compatible with the observed record.
Two dominant features are clear in our global
temperature compilation (Fig. 1) (40). First,
marine and terrestrial records show a late
Maastrichtian warming event of ~2°C, on aver-
age (figs. S1 to S16) (42-44), in the Cretaceous
part of C29r that cooled back to pre-event tem-
peratures before the K/Pg boundary (Fig. 1).
Second, temperatures in the earliest Danian
were comparable to those in the late Maas-
trichtian before the warming event, with tem-
peratures gradually increasing to become
>1°C warmer, on average, by ~600 thousand
years (kyr) after the impact. Benthic foram-
iniferal oxygen isotope records, which typically
track changes in global mean temperatures,
show both of these features (Figs. 1 and 2 and
fig. S13A), as do most other archives (figs. S1 to
S16). The two exceptions, the bulk carbonate
records and fish teeth phosphate records from
El Kef (figs. S10C, S11, and S12), likely do not
track global temperature for extinction-related
reasons (40) and thus were excluded from our
calculation of global mean temperatures.
Our multiproxy, astronomically tuned record
from the North Atlantic site (45) has an espe-
cially complete Maastrichtian sequence and a
millimeter-thick tektite layer at the K/Pg bound-
ary (Fig. 2 and figs. S17 to S19). The record
documents an excursion to lower §'2C values in
bulk sediments, coincident with §'®0 decline
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(a warming indicator) as well as a decline in
osmium isotope values (Fig. 2 and figs. S20 and
S21). Similar patterns are noted in records from
the South Atlantic Walvis Ridge and the North
Pacific Shatsky Rise (Fig. 2 and figs. S18 and
S19) (42, 46). The similarity of these records
across three such widespread localities and
four sites (Fig. 2) suggests that they provide a
largely complete record of magnetochron C29r.
Slight temporal offsets in the apparent on-
set and recovery from the latest Maastrichtian
warming (among all sites) and in early Pa-
leogene carbon isotope patterns at Shatsky
Rise, due to short unconformities and/or the
limitations of cyclostratigraphic age models,
illustrate the current temporal uncertainties
(Fig. 2). Temperature and atmospheric CO,,
as reflected in both our §®0 and §'°C anom-
alies and recent boron isotope records (23), re-
turned to prewarming values in the very latest
Maastrichtian. The most prominent feature in
the records is the pronounced decline in §**C
isotopes and change in sedimentary CaCO5 con-
tent beginning at the K/Pg boundary (Fig. 2).
We investigated the timing of Deccan Trap
outgassing by modeling the effects of CO, and
sulfur emissions on long-term global tem-
peratures using the geochemical box model
LOSCAR (Long-term Ocean Sediment CArbon
Reservoir v. 2.0.4) (47). Guided by published
hypotheses for the timing and volume of trap
emplacement, we tested five major Deccan
Trap emission scenarios differing in the timing
of volatile release: (i) case 1 (leading), with
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the majority (87%) of degassing taking place
before the K/Pg boundary [after (10)]; (ii)
case 2 (50:50), with half of the degassing
occurring before and half after the K/Pg bound-
ary [after the lower estimate in (8)]; (iii) case 3
(punctuated), with four pulses including a
major event just preceding the K/Pg bound-
ary [after (7)]; (iv) case 4 (lagging), with the
majority (87%) of degassing taking place after
the K/Pg boundary [inverse case 1 pre- and

post-outgassing volumes (13)]; and (v) case 5
(spanning), with emissions released evenly
throughout magnetochron C29r [after (12)]
(Table 1). All volcanic outgassing scenarios
assume the same (i) initial climatic and ocean-
ographic conditions [600 parts per million Pco,
(partial pressure of CO,) and climate sensitiv-
ity of 2° to 4°C per CO, doubling (41), LOSCAR’s
Paleogene ocean configuration and circulation,
and marine [Mg?*] of 42 mmol/kg and [Ca®*]

513C (% VPDB) 580 (%o VPDB) Coarse frac. (wt%) 5 Sh:
05 10 15 20 25 30 05 0 -05-10-15 0 10 20 30 60 120
640 1 1 1 1 1 1 1 1 1 1 1 el 1 1 1 1 1 1 1
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65.0—8§ calc.
- nanno.
<
o 7]
T 8|
= = !
6601 M i
)] € 2
< =1 - ‘
lols !
w2
(@] §5) ‘
<|3 plankt.
67'0_5 o foram.| |
uls ‘
(@)

Bulk/Coarse : ©1209 41210 «1262 1267 e U1403 (outlier>) Benthic: 1209/1210 1262 |

Fig. 2. K/Pg boundary dynamics at the best-resolved deep-sea sites globally: Shatsky Rise, Walvis
Ridge, and J-Anomaly Ridge. High-resolution (A) carbon and (B) oxygen isotope dynamics in benthic
foraminifera (transparent shaded areas) and bulk carbonate (discrete points) and (C) sediment composition
(weight % coarse fraction) at Shatsky Rise (blue), Walvis Ridge (gray), and J-Anomaly Ridge (red). (D) Global
records of nannofossil (green) and foraminifera [blue, from (61)] species richness (40). The major interval

of Deccan Trap emplacement (estimated 93% of volume) is indicated at left by the black bar (8). Ocean
drilling sites are listed by number. VPDB, Vienna Pee Dee belemnite; calc. nanno., calcareous nannofossil;
plankt. foram., planktonic foraminifera; Sp. rich., species richness.

Fig. 3. Global temperature change across the

A case1:Lead B case2:50/50 C case 3: Punct.

of 21 mmol/kg], (ii) K/Pg impact volatile re-
lease from the target rock (325 Gt S; 425 Gt
CO,) (I7), (iii) upper and lower estimates for
total volcanic outgassing volumes [4091 to
9545 Gt C and 3200 to 8500 Gt S (10) at con-
stant ratios] (40), and (iv) extinction-related
changes in the marine carbon cycle (41, 48)
(including reductions in both organic car-
bon and carbonate export and increases in
intermediate-depth organic carbon reminer-
alization; see Table 1) that taper back to pre-
event values over 1.77 Myr after the extinction
(49). In most outgassing scenarios, we as-
sumed a common onset of Deccan degassing
at the C30n/C29r boundary, following geo-
chronology of the traps (7, 8, 12, 50). In the
age framework used to align the temperature
records [i.e., GTS 2012 (9)], the C30n/C29r boun-
dary is 358 kyr before the K/Pg boundary rather
than the ~250 to 300 kyr indicated by the most
recent *°Ar/*°Ar and U-Pb geochronology
(7, 50). Simulations were initially tuned (40) to
find the biological scenario (iv) that minimized
mismatches between the data and model (figs.
S22 to S27), and multiple scenarios for climate
sensitivity and outgassing were considered
in assessing goodness of fit (Figs. 3 and 4, figs.
S25 and S28 to S32, and Table 2).

Three modeled scenarios differ distinctly
from the observed pattern of temperature
change (Fig. 3), and we thus consider them
unlikely to represent the true outgassing history.
Case 3 fails to reproduce the late Maastrichtian
warming and shows a pronounced boundary-
crossing warming event that is not supported
by proxy data. In case 4, late Maastrichtian
warming is too muted and early Paleocene
warming is too pronounced, and in case 5 warm-
ing increases up to the K/Pg boundary, unlike
in the empirical record (Fig. 3). Relatively
poor model fit is also indicated by high mean

D case4: Lag E cases: Span

K/Pg boundary compared to modeled tempera-
ture change in five scenarios for Deccan Trap
outgassing. Outgassing scenarios include

(A) case 1 (leading), with most outgassing
before impact; (B) case 2 (50:50), with 50%
outgassing before impact and 50% after impact;
(C) case 3 (punctuated), with four pulses
including a major event just before the K/Pg

J10%

35%

U6zl

35%
boundary; (D) case 4 (lagging), with most o

outgassing after impact; and (E) case 5
(spanning), with continuous outgassing through-
out magnetochron C29r (Table 1). Each model
scenario is represented by four lines (bounding a
shaded region) delineating different combinations

Age relative to K/Pg (Myr)

20 %

100 %

1629

13%

ﬁ |
2

LI B B |
0o 2 4 -2

of climate sensitivity and volcanic outgassing:
high degassing (9545 Gt C and 8500 Gt S) and
3°C per CO, doubling (thick gray line); high

T
0

LI T
2 4 -2 2 4 2 0 2 4

O -~

ATemperature (°C)

degassing and 4°C per doubling (thick black line); low degassing (4090 Gt C and 3200 Gt S) and 3°C per doubling (thin gray line); and low degassing and 2°C per doubling
(thin black line). A 60-point FFT smoother of global temperature change (red line; see Fig. 1) is provided for comparison. The timing of Deccan outgassing assumed in
each scenario is indicated by the bars at left in each panel, with the shading intensity of the bar denoting the proportion of outgassing in that interval.
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absolute errors (MAEs) for cases 3 and 4 as
compared with cases 1 and 2 (Table 2). The
temporal dynamics of '°C in cases 3 and 5
also deviates from the empirical record (Fig. 4:).

Only two outgassing scenarios produce
modeled temperatures resembling those of
the empirical records: the leading case (case 1)
and the 50:50 case (case 2). We thus consider
these the two most likely of the tested sce-
narios to represent Deccan Trap outgassing. In
case 1, most CO, and SO, degassing occurred

in the latest Maastrichtian, leading to global
warming and subsequent cooling before the
K/Pg. The relatively constant early Paleocene
temperatures of case 1, with a gradual warm-
ing over the 600 kyr after the impact, are also
consistent with empirical records (Figs.1to 3
and figs. S17to S18). Case 2 (50:50) also matches
the empirical temperature record well (Fig. 3),
with the lowest MAEs of all cases (Table 2).
The Late Cretaceous warming differs between
case 1 and case 2 because of the reduced Late

Cretaceous volcanic outgassing in the latter.
Although uncertainty about climate sensitivity
(51) and total Deccan Trap emissions (10, 12)
has a greater effect on modeled temperatures
than the difference in outgassing volume
between case 1 and case 2 (Fig. 3 and figs. S25
and S28), carbon isotopes also support case 2
as the more likely scenario (Fig. 4; see also
MAE:s in table S31).

The climatic effects of a major pulse (50%) of
Deccan outgassing released over the ~350 kyr

Table 1. Model parameters for five focal Deccan outgassing scenarios tested in LOSCAR. A denotes change in value (reduction or increase). pre, before
impact; post, after impact; Frac. int.-depth C,r remin., fraction of intermediate depth organic carbon remineralization.

Case 1: Leading Case 2: 50:50 Case 3: Punctuated Case 4: Lagging Case 5: Spanning
Volcanic outgassing
87% of total 50% of total 20% of total 13% of total 100% of total
Pulse 1 (pre): high: 8305 Gt C, high: 4773 Gt C, high: 1909 Gt C, high: 1241 Gt C, high: 9545 Gt C,
Volume 7395 Gt S 4250 Gt S 1700 Gt S 1105 Gt S 8500 Gt S
low: 3559 Gt C, low: 2045 Gt C, low: 818 Gt C, low: 532 Gt C, low: 4091 Gt C,
2784 Gt S 1600 Gt S 640 Gt S 416 Gt S 3200 Gt S
Timing Starts: -358 kyr Starts: -358 kyr Starts: =290 kyr Starts: -358 kyr Starts: -358 kyr
Ends: -218 kyr Ends: -218 kyr Ends: -110 kyr Ends: -218 kyr Ends: 355 kyr
35% of total
Pulse 2 (pre): hlgg;;?gt Gst &
Volume low: 1431 Gt C,
1120 Gt S
T Starts: -60 kyr
Ends: —20 kyr
13% of total 50% of total 35% of total 87% of total
. high: 1241 Gt C, high: 4773 Gt C, high: 3340 Gt C, high: 8305 Gt C,
P“:Z;:ﬂgg"s”' 1105 Gt S 4250 Gt S 2975 Gt S 7395 Gt S
low: 532 Gt C, low: 2045 Gt C, low: 1431 Gt C, low: 3559 Gt C,
416 Gt S 1600 Gt S 1120 Gt S 2784 Gt S
Timing Starts: 0 kyr Starts: 0 kyr Starts: 80 kyr Starts: 0 kyr
Ends: 355 kyr Ends: 355 kyr Ends: 170 kyr Ends: 355 kyr
10% of total
Pulse 2 (post): hlggé?ﬁgt% C.
Volume low: 409 Gt C,
320Gt S
Timing Starts: 390 kyr
Ends: 430 kyr
Impact outgassing
Volume 100% of total 100% of total 100% of total 100% of total 100% of total
115Gt C, 325Gt S 115Gt C, 325Gt S 115Gt C, 325Gt S 115Gt C, 325Gt S 115Gt C, 325Gt S
Timing Starts: 0 kyr Starts: 0 kyr Starts: 0 kyr Starts: 0 kyr Starts: 0 kyr

Ends: 1 kyr

Ends: 1 kyr Ends: 1 kyr

Ends: 1 kyr Ends: 1 kyr

Biotic change

LEELECHTTE 50% reduction

50% reduction 50% reduction

50% reduction 50% reduction

flux A
Ca:l?; zxport 42.5% reduction 42.5% reduction 42.5% reduction 42.5% reduction 42.5% reduction
i mt.-d?pth 22% increase 22% increase 22% increase 22% increase 22% increase
Corg remin. A
Starts: O kyr Starts: 0 kyr Starts: 0 kyr Starts: 0 kyr Starts: 0 kyr
Timing immediately tapers immediately tapers immediately tapers immediately tapers immediately tapers

Ends: 1770 kyr

Hull et al., Science 367, 266-272 (2020)
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immediately after the impact (case 2) were
limited by extinction-related changes to the
carbon cycle, including the reduction in CaCO4
export from pelagic calcifiers to the seafloor.
Marine CaCOj; export indirectly affects atmo-
spheric CO, by changing the distribution of
carbon and alkalinity between the surface and
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Fig. 4. Surface ocean 5'3C change across

the late Maastrichtian warming compared to
modeled 5'3C change in five scenarios for
Deccan Trap outgassing. (A to E) Bulk carbonate
AS8C (20-point FFT smoother of data from Site
U1403 and Site 1262) is shown against surface
ocean 8'3C for end-member outgassing and climate
sensitivity scenarios (gray shaded area) for each
case, as detailed in Fig. 3. In each case, carbonate
carbon isotopes are expressed as AS™C, relative to
the late Maastrichtian high of 3.03%o at 0.432 Myr
before the onset of the CO, release (see also

figs. S36 and S37).

the deep ocean and slows the removal of al-
kalinity from the system via CaCOg burial (41).
The difference between cases 1 and 2 is almost
imperceptible, with case 2 having slightly
warmer (~0.25°C) early Danian temperatures
than case 1. Notably, more-rapid Paleocene
outgassing, such as that modeled in case 3
[after (7)], exceeds the capacity of the altered
marine carbon cycle to absorb CO,.

Our results inform several boundary de-
bates. First, if there was a large pulse of em-
placement 20 to 60 kyr before the impact (7),
then most CO, outgassing (and associated
environmental impacts) must have preceded
lava emplacement by several hundred thou-
sand years. This would be before the eruption
of the most voluminous stages of Deccan vol-
canism (i.e., before the Wai subgroup), as
modeled for cases 1 and 2 [Figs. 3 and 4; see
expanded discussion in (40)]. Second, roughly
equal pre- and postimpact volcanic degassing is
supported (case 2; Figs. 3 and 4), a hypoth-
esized scenario in (8). However, our results
are not consistent with most (>75%) volcano-
genic degassing after impact [i.e., outgassing
more similar to other eruptive volumes in
(8, 13)], because modeled warming is too muted
in the Cretaceous and too pronounced in the
early Paleocene (case 4) as compared with em-
pirical records (Fig. 3). Third, impact-related
volatile release from the target rock has a
negligible climatic effect (fig. S24) and thus is
unlikely to account for the pronounced warm-
ing in the first 100 kyr indicated by fish teeth
5'%0 records (52). Instead, this record likely
predominantly reflects changes in fish biol-
ogy rather than temperature. Fourth, biotic
recovery can account for the apparently grad-
ual early Danian warming, as observed in
marine records, if it begins at or shortly after
impact and occurs over >1.5 Myr. This biotic
recovery scenario reproduces the general pat-
tern of change in §'°C gradients (Fig. 2 and fig.
S27), carbonate saturation state (Fig. 2C and
fig. S27), and temperature but differs from
recovery hypotheses that posit a delay in the

onset of biological recovery for ~500 kyr or
more (40, 49, 53).

No marine evidence for joint cause in
mass extinction

The fossil record indicates no lasting, outsized,
or cascading effect of the late Maastrichtian
warming event on marine ecosystems of the
sort that might predispose them to mass ex-
tinction by impact. First, we found no evi-
dence for elevated extinction rates in the latest
Cretaceous in marine taxa (table S1), except-
ing a contested record from Seymour Island,
Antarctica (54, 55). The scarcity of biostrat-
igraphic datums in the Cretaceous portion of
magnetochron C29r signifies a conspicuous
lack of extinction in geographically wide-
spread species, including planktonic foram-
inifera, nannoplankton, radiolarians, and
ammonites (9). Second, late Cretaceous out-
gassing did not have a lasting effect on the
community structure of well-fossilized taxa.
Although range and community shifts co-
incided with warming, a shift back to the
prewarming-like communities occurred be-
fore impact (table S1). Third, marine carbon
cycle indicators (8'2C and carbonate deposition)
show no discernable effect of late Maastrichtian
outgassing and warming on a major ecosystem
function: the export and cycling of carbon. The
5C anomaly size [~0.2 to 0.3 per mil (%o); see
also (44)] is consistent with a volcanogenic
driver as in case 2 (Figs. 2 and 4 and fig. S28)
given the magnitude of warming, without bio-
logical amplification.

In contrast, major and enduring changes to
ecosystems coincided with the K/Pg impact.
In deep-sea records, impact markers occur at
the level of the abrupt mass extinction of >90%
of planktonic foraminifera and 93% of nanno-
plankton species (Fig. 2). These groups exhibit
rapid turnover and high dominance in com-
munity composition in the first 500 kyr of the
Paleocene (56, 57), when bulk carbonate §'°0
likely reflects community composition rather
than surface ocean temperatures (Fig. 5 and

Table 2. Mean absolute error (MAE) and mean minimum absolute error (MMAE) of cases relative to the interpolated global temperature record.
MMAE was calculated for each case by determining whether the empirical data fell outside of the temperature range bounded by the high- and low-outgassing
scenarios, given a climate sensitivity of 3°C per CO, doubling, and, if so, by how much. MAEs were also calculated for each outgassing volume and climate
sensitivity shown in Fig. 3. MMAEs and MAEs were calculated on a 20-kyr interpolated time step from 360 kyr before and 600 kyr after the K/Pg. Case 2
consistently has the lowest MAEs, and cases 1 and 2 have the lowest MMAEs. volc., volcanic outgassing; doub., doubling.

MAE (high volc., MAE (high volc., MAE (low volc., MAE (low volc.,
MMAE 3°C per CO, doub.) 4°C per CO, doub.) 3°C per CO, doub.) 2°C per CO, doub.)
Case 1 0.25 0.46 0.65 0.50 0.58
Case 2 0.21 0.35 0.43 0.48 0.58
Case 3 0.45 0.59 0.65 0.58 0.64
Case 4 0.45 0.61 0.69 0.56 0.63
Case 5 0.29 0.40 0.44 0.53 0.61
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Fig. 5. Late Cretaceous warming and early Paleocene record of environmental and biotic change at
I0DP Site U1403, J-Anomaly Ridge, Newfoundland. A negative carbon isotope anomaly (A) coincides with
late Cretaceous warming in §'%0 (B) and osmium isotope evidence for volcanism (A) at I0DP Site U1403.
The collapse in surface ocean §C values (A) coincides with an iridium anomaly (B) and step change in fish
tooth accumulation (C). The earliest Paleocene 8'30 values of bulk carbonate appear to be strongly
influenced by vital effects driven by rapid turnover in the dominant calcareous nannofossil taxa (D) in sites
globally (figs. S18, S34, and S35). Data are in tables S12, S16, S17, and S29. AR, accumulation rate;

Frag, fragment; ppb, parts per billion; sed, sediment.

figs. S33 to S35). At the same time, tracers of
the marine carbon cycle indicate a profound
change in marine ecosystem function. The
community structure of some groups, such
as small fishes, which show no evidence of
elevated extinction, changed permanently (58).
The §'3C composition of planktonic foraminif-
era and nannoplankton fell to or below that of
benthic foraminifera at the iridium anomaly
(Figs. 2 and 5 and figs. S34 and S35) (43, 49).
The loss or inversion of the §'3C gradient
typically maintained by the biological pump
is unmatched in the fossil record of pelagic
calcifiers (~170 Myr) and indicates that the
K/Pg boundary impact had an outsized effect
on the marine carbon cycle.

After the impact, an already-altered ma-
rine carbon cycle would have been needed to
counteract the CO, emitted by a major post-
impact pulse of outgassing, as in case 2 (Fig. 3),
to avoid a warming event of the same mag-
nitude as the Late Cretaceous warming event.
This suggests that the major ecological change
of the K/Pg mass extinction must have oc-
curred before any major postimpact volcan-
ism. Our modeling supports a scenario in
which Deccan volcanism could have con-
tributed to the aftermath of the impact and
mass extinction, as in (13), if environmen-
tally destructive gases such as SO,, halogens,
or sulfate aerosols contributed to (or drove)

Hull et al., Science 367, 266-272 (2020)

the persistence of unusual marine commun-
ities for the first ~500 Kkyr of the Paleocene.
This might be particularly true if the evolu-
tion of the magma chamber led to higher
sulfur content of later emissions, as in other
eruption types (59). However, no observations
document acidification coupled to extreme
cold snaps in the earliest Paleocene, as pre-
dicted by this hypothesis, and there is no
explanation for why SO, would have greater
biotic effects in the well-buffered early Danian
oceans than in the latest Maastrichtian oceans
(figs. S1 to S18).

Outlook

‘We combined climatic, biotic, and carbon cycle
records with modeled impact and outgassing
scenarios and found support for a bolide im-
pact as the primary driver of the end-Cretaceous
mass extinction. Our analysis suggests that
~50% of Deccan Trap CO, outgassing occurred
well before the impact, but it does not sup-
port the suggestion (7) that a large outgassing
event took place a mere ~10 to 60 kyr before
impact. This suggests a pronounced decoupling
between CO, outgassing and lava flow em-
placement, if the conclusions of Schoene et al.
(7) are correct. Alternatively, our results sup-
port a relative impact and eruption chronol-
ogy similar to the findings of Sprain et al. (8)
and our best-supported, 50:50 outgassing sce-

17 January 2020

nario. The Late Cretaceous warming event
attributed to Deccan degassing is of a com-
parable size to small warming events in the
Paleocene and early Eocene that are not
associated with elevated extinction or turnover
(43, 60), similar to what we find for the late
Maastrichtian. We therefore conclude that
impact and extinction created the initial op-
portunity for the rise of Cenozoic species and
communities, but Deccan volcanism might
have contributed to shaping them during the
extinction aftermath.
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An impact with a dash of volcanism

Around the time of the end-Cretaceous mass extinction that wiped out dinosaurs, there was both a bolide impact
and a large amount of volcanism. Hull et al. ran several temperature simulations based on different volcanic outgassing
scenarios and compared them with temperature records across the extinction event. The best model fits to the data
required most outgassing to occur before the impact. When combined with other lines of evidence, these models support
an impact-driven extinction. However, volcanic gases may have played a role in shaping the rise of different species after
the extinction event.
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