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Highly expanded Cretaceous-Paleogene (K-Pg) boundary section
from the Chicxulub peak ring, recovered by International Ocean Dis-
covery Program (IODP)-International Continental Scientific Drilling
Program (ICDP) Expedition 364, provides an unprecedented window
into the immediate aftermath of the impact. Site M0077 includes
~130 m of impact melt rock and suevite deposited the first day of
the Cenozoic covered by <1 m of micrite-rich carbonate deposited
over subsequent weeks to years. We present an interpreted series of
events based on analyses of these drill cores. Within minutes of the
impact, centrally uplifted basement rock collapsed outward to form a
peak ring capped in melt rock. Within tens of minutes, the peak ring
was covered in ~40 m of brecciated impact melt rock and coarse-
grained suevite, including clasts possibly generated by melt-water
interactions during ocean resurge. Within an hour, resurge crested
the peak ring, depositing a 10-m-thick layer of suevite with increased
particle roundness and sorting. Within hours, the full resurge deposit
formed through settling and seiches, resulting in an 80-m-thick
fining-upward, sorted suevite in the flooded crater. Within a day,
the reflected rim-wave tsunami reached the crater, depositing a
cross-bedded sand-to-fine gravel layer enriched in polycyclic aro-
matic hydrocarbons overlain by charcoal fragments. Generation of
a deep crater open to the ocean allowed rapid flooding and sedi-
ment accumulation rates among the highest known in the geologic
record. The high-resolution section provides insight into the impact
environmental effects, including charcoal as evidence for impact-
induced wildfires and a paucity of sulfur-rich evaporites from the
target supporting rapid global cooling and darkness as extinction
mechanisms.

Chicxulub impact crater | suevite | Cretaceous-Paleogene |
peak ring | tsunami

mpacts of asteroids and comets are a dominant geologic pro-

cess on rocky planets (1). The largest impact structures—peak
ring craters and multiring impact basins—exhibit annular rings of
elevated topography surrounding their centers called peak rings.
In 2016, a peak ring was drilled for the first time at the ~200-km-
diameter Chicxulub impact structure (Fig. 1) during International
Ocean Discovery Program (IODP)-International Continental
Scientific Drilling Program (ICDP) Expedition 364 (2, 3). Drill
core showed that the bulk of the Chicxulub peak ring was formed
from uplifted, fractured, and shocked granitic rocks with unusually
low density and seismic velocity cross-cut by magmatic sheet in-
trusions and shear zones (2, 4). These results support the dynamic
collapse model for peak ring formation (5), in which rocks tem-
porarily flow like a viscous fluid, moving inward and upward to
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form a zone of central uplift and then, collapse outward and
downward to form a peak ring (6). Within tens of seconds of the
impact, a ~40- to 50-km-radius transient cavity was formed (Fig. 2
A and B) and lined with impact melt (5). The main mass of this
melt ends up inside the peak ring, forming the central impact melt
sheet (Fig. 2), but some melt drapes and covers the peak ring and
extends into the annular trough (7-9).

Impact cratering is an extremely energetic process that results in
the formation of a variety of breccia layers within and outside craters.
One of the characteristic impact breccias is a polymict melt-bearing
breccia, informally termed suevite, that contains shocked clasts (10—
12). Emplacement mechanisms for suevite vary among and within
craters and with marine and nonmarine settings (13-20). Addition-
ally, the sources of the material in these impactites are debated (21).
For instance, occurrences of suevite have been attributed to a melt-
rich flow from the overshooting central uplift during crater collapse
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(A) Seismic reflection image shown in depth with full waveform velocities overlain; line runs from southeast to northwest, including the location of Site

MO0077, and radially outward across the annular trough. The suevite interval within M0077, the focus of this paper, is shown in red, which maps to a low-velocity
zone beneath the crater floor. The map in Inset shows the location of crater rings, drill sites (in the text), the seismic image, and the direction that ocean waters
reentered the crater after formation. Expansion shows (B) representative core images in stratigraphic order with depths, (C) lithologic units, and (D) lithology.

(13) or to melt-water interaction (MWI) similar to molten fuel
coolant interaction (MFCI) in volcanic processes (16, 22-24).

The K-Pg impact event resulted in a globally distributed ejecta
layer, which at distal sites (>6,000 km from Chicxulub), is highly
condensed (2- to 3-mm thick) and contains altered microkrystites
and shocked minerals (25). These impact deposits, which for-
mally were deposited within the Cenozoic (Danian) (26), thicken
and becomes more stratigraphically complex with proximity to
the crater (25). K-Pg boundary sections around coastal and shelf
sites in the Gulf of Mexico and Caribbean show a mixture of
material delivered by airfall, shelf collapse, debris flows, and
tsunami (27-32). Within the deep water Gulf of Mexico, earth-
quake energy from the impact triggered gravity flows on conti-
nental slopes, generating the largest known event deposit on
Earth (33). Within the Chicxulub impact structure, the boundary
event deposit was drilled onshore within the annular trough
(sites ICDP Yaxcopoil-1 and Yucatan-6) and the central basin
(sites Sacapuc-1 and Chicxulub-1) (Fig. 1) (11, 34-36).

These records of the K-Pg boundary offer critical insights into
the environmental effects of the Chicxulub impact and connec-
tions to the global extinction event (25, 37). The sedimentary
target rocks, composed of volatile-rich marine carbonates and
evaporites, have been a key focus of studies considering possible
extinction mechanisms (38—43). Yaxcopoil-1 penetrated an intact
Cretaceous Albian to Campanian slump block that consisted of
27% anhydrite and >70% carbonates (44, 45). Studies of the
deposits outside the crater suggest that the deeper sedimentary
target may have been even more evaporite rich (49 to 60% an-
hydrite) (46, 47). In the atmosphere, sulfate combines with water
vapor to form sulfate aerosols that impede solar insolation;
models of global climate response to a conservative 100 Gt of
sulfur released by the Chicxulub impact into the K-Pg atmo-
sphere indicated that global surface temperatures would have
declined by >20 °C and that disruption of the Earth’s climate
could have lasted ~30 y (48). This scenario is consistent with
proxy data indicating sea surface cooling in the months to years
after the impact (30).

A sudden release of 425 + 60 Gt of CO, and 325 + 60 Gt of S
was recently calculated by Artemieva et al. (49) using new con-
straints for the impact angle and direction of the Chicxulub im-
pactor from Collins et al. (50); these larger sulfate amounts might
result in prolonged cooling. Furthermore, Mossbauer analyses of
boundary clay from proximal and distal sites have revealed that Fe
nanoparticles, formed during the impact, ‘'served as nuclei for
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aerosols, causing prolonged darkness (51, 52). Ejecta descending
from high altitudes can radiate heat and potentially ignite wildfires
(53-57). Soot within the K-Pg boundary layer indicates that ex-
tensive impact-induced fires occurred instantaneously or within
months of the impact (58) and could have intensified global cooling
(59). One of the major objectives of drilling at the peak ring was to
explore evidence for the drivers of these profound environmental
changes that were potentially responsible for the severity of the
mass extinction at the K-Pg boundary.

IODP-ICDP Expedition 364 drilled into the offshore portion
of the Chicxulub impact crater (2, 3). Site M0077 (Fig. 1) was
located high on the topographic peak ring, providing a unique
setting for examining the K-Pg boundary within the crater; the
site was selected based on seismic images that suggested that the
K-Pg boundary was located in a valley within the peak ring,
which itself is elevated ~400 m above the crater floor. We pro-
posed that this location would preserve the full sequence of
impact-related rocks and transition into the earliest Paleogene
without significant erosion from postimpact slumping induced by
earthquake aftershocks (Fig. 1). Site M0077 recovered core from
505.70 to 1,334.73 m below seafloor (mbsf) at nearly 100% re-
covery (2, 3).

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

Observations of the K-Pg Boundary Sedimentary Sequence

The recovered core at Site M0077 is broadly subdivided into
4 units (Fig. 1) (60). Unit 1 is 111.63-m-thick postimpact sedi-
mentary rock. Unit 2 is 104.28-m thick and dominantly suevite.
Unit 3 is 25.41-m-thick impact melt rock with some clasts pre-
sent. Unit 4 consists of shocked granitic target rocks, preimpact
sheet intrusions, and intercalations of suevite and impact melt
rock. Here, we examine the sedimentology and geochemistry of
Unit 1G, referred to as the Transitional Unit (61), and Units
2 and 3, which constitute the upper peak ring impactites cored
from 617.34 to 747.14 mbsf. Here, we provide core descriptions,
0.3-mm-resolution X-ray computed tomography (CT) imaging of
clasts, matrix and structure, paleomagnetic data, visual line log-
ging of clasts within the cores >0.5 cm in size, and machine
learning identification and analysis of clast size, shape, and
sorting for the ~130-m-thick K-Pg boundary deposit. Smear slide
observations and organic geochemical analyses were made of
samples in the uppermost ~3 m of the section of Unit 2A and
Unit 1G.

Photos of the split cores of Unit 3 (Fig. 1B) illuminate an
upward transition from impact melt rock (Unit 3) to breccia

PNAS | September 24,2019 | vol. 116 | no.39 | 19343

www.manaraa.com



West 100 km 100 km Northeast

-Asteroid T=0 min

\Water

10 km

Impact Plume

(Mant'e -30 km

Mantle -30 km
D MW Resurge i
Resurge

Breccia

Resurge

o o Resurgﬁ

T=1 hour

Melt Breccia & Suevite

1 T=Hours

Settling+ g la-==T
. Isolated SeiCheSBreccia Melt Breccia & Su_e\_/iEe __________ Settling Impact melt rock
Turbid Water ---" 0 km Melt breccia over shocked
& suevite granitoids
-10 km
G T=<1 day
Tsunami

Tsunami
Semi-Turbid Water Breccia =gy ___o-=37 l'O K Sorted suvi

e == orted suevite
Melt breccia
& suevite

Impact melt rock
over shocked
granitoids

Fig. 2. Key events within the first day of the Cenozoic based on numerical modeling, geophysical data, and IODP Expedition 364 drilling. The figure includes
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depicted entering the crater with timescale based on a dam break model and undergoing MWiIs. (E) Ocean resurge completes cresting the peak ring where
Site M0077 was drilled. (F) Settling of debris within the now flooded crater to form the bulk of the suevite deposit that blankets the peak ring, with a
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o
I
5
«
o
®
8
a2
H
8
8
4
o
<
S
|
3

Gulick et al.

www.manaraa.com


https://www.pnas.org/cgi/doi/10.1073/pnas.1909479116

Z

o
g

8
<

o
3
5
2
£

g
2
g
(=]

<

B
<
2
g
E
2
8
2
5
G
8
2
7
g
©
a
£l
s
g
2
o

largely consisting of black impact melt rock fragments within a
green and gray matrix (Unit 2C). The upper portions of Unit
3 and lower parts of Unit 2 also include large target rock clasts.
Thus, we describe this section as including impact melt rock,
impact melt rock breccia, and suevite (Fig. 1B). Within Unit 2,
the overall clast size decreases upcore.

Geological line logging applied on Unit 2 (the suevite interval)
was used to catalog all clasts larger than 5 mm along a transect of
the cores from 672.01 to 715.93 mbsf (Fig. 3 and Methods).
Analyzed parameters included clasts/meter, clast size, matrix- vs.
clast-supported grains, roundness, sorting, and a broad catego-
rization of lithology. From 706.00 to 715.93 mbsf, clasts per
meter were low (<50), clast sizes were up to 10 cm, roundness
increased from angular to subangular, and the section was poorly
sorted (Fig. 3). Lithologically, the abundance of clasts in this
lower section was >60% impact melt rock, ~20% sedimentary
target rocks (carbonate, siltstone, and chert), and ~10% crys-
talline target rocks. In contrast, from 698.00 to 706.00 mbsf clasts
per meter increased by ~50%, clast size decreased, and round-
ness and sorting increased upcore (Fig. 3). The proportion of
melt rock fragments increased by ~10% in this interval at the
expense of carbonate target rock clasts. From 672.01 to
698.00 mbsf, the number of clasts per meter and sorting in-
creased, and clast size decreased upsection. The abundance of
crystalline target rock clasts in the clast population decreased
to <5% in this interval, and the abundance of sedimentary target
clasts increased. None of the 2,793 clasts examined by the geo-
logical line logging method were identified as evaporites (anhy-
drite, gypsum, or halite).

Lithology and geochemistry of Unit 2, both matrix and clasts,
were also examined using 50 2-cm-long samples (60). Each sample
was classified by its mineral mode and chemical composition using
bulk powder X-ray diffraction (XRD) analysis and X-ray fluo-
rescence (XRF). The total percentages of gypsum and anhydrite
recorded by XRD were 0.73 and 0.04%, respectively. Further-
more, no anhydrite or gypsum minerals were observed in petro-
graphic examination of 85 thin sections, and less than 0.7 wt % S
was determined in micro-X-ray fluorescence (pXRF) scans of
53 thin sections and LECO CS-300 carbon-sulfur analyses
(Methods and SI Appendix, Figs. S1 and S2) (60). There are
3 outliers, 2 of which (Core 40R-1: 0.63 wt % S and Core 40R-2:
0.44 wt % S) are identified as pyrite (FeS,) grains by pXRF and
petrographic observation (SI Appendix, Fig. S3). The third outlier
detected by carbon-sulfur analysis (Core 74R-1: 0.43 wt % S) is

also likely pyrite. Lastly, detailed petrographic analyses of 12 sue-
vite samples were performed using electron beam methods, and
no anhydrite or gypsum was observed (Methods). In summary, our
multimethod analysis determined that the suevite sequence in the
IODP-ICDP 364 core was almost entirely devoid of gypsum and
anhydrite, and sulfur-bearing phases were limited to pyrite, chal-
copyrite, and minor accessory minerals (3).

In addition to line logging, a machine learning routine was
developed to analyze clast characteristics using high-resolution
core photographs (Fig. 3 and Methods). A convolutional neural
network extracted features based on textural patterns, and then,
clasts were classified using a segmentation routine (S Appendix,
Fig. S4). Clast size, roundness and sorting, area per meter, and
clast vs. matrix support were determined from the data. These
values are compared with the line logging analyses of the same
characteristics on the transect of clasts (Fig. 3). Both methods
showed that (i) the numbers of clasts and clast size were inversely
correlated; (i) within the analyzed breccia, a shift from clast to
matrix supported occurred between 708 and 706 mbsf; (iii) the
interval from 698 to 706 mbsf represented a transition in roundness,
sorting, and clast size; and (iv) above ~690 mbsf, numbers of clasts,
matrix support, and sorting increased, while clast sizes decreased.

X-ray CT images of the 3-dimensional scans of the Site
MO077 cores yielded information on the relative CT numbers (a
proxy for density) of the matrix and clasts throughout the suevite
(SI Appendix, Fig. S5). Key CT observations are as follows. (i)
The black impact melt rocks (Fig. 1) in Unit 3B included par-
tially digested clasts (SI Appendix, Fig. S5). (ii) Clasts of the
black impact melt rock in Unit 3A were observed in a matrix of
the green impact melt rock (Fig. 1). (iii) In Unit 2C, the matrix
transitioned from a higher CT number (light gray in SI Appendix,
Fig. S5) characteristic of melt rock in Unit 3 to a lower CT
number (darker gray in SI Appendix, Fig. S5) identified with the
electron microprobe as a calcite, silica, and zeolite groundmass
observed throughout the suevite in Units 2A and 2B. (iv) From
698 to 706 mbsf in Unit 2B, the matrix was relatively uniform,
and the interval included the shallowest multicentimeter clasts.
(v) In Units 2A and 2B above 698 mbsf, fining upward clast sizes
dominated. (vi) In Unit 2A, local reverse grading was observed,
and from 617.5 to 625 mbsf, some layering is present (Fig. 4 C,
H, and I). (vii) the interval from 617.34 to 617.44 mbsf in Unit
2A was a 10-cm-thick unidirectional cross-bedded deposit (Fig. 4
F and G).
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Fig. 3. _Combined analysis of the larger-clast size portion of the suevite using line-scan images of the Hole M0077A split cores; A to E show data from visual line
logging in orange and machine learning analysis in blue. F shows downhole sonic log from Site M0077 over the same interval. Interpreted intervals are shown for
MWI deposits, resurge of ocean waters cresting peak ring at Site M0077, and start of settling in the now-flooded crater to generate the resurge deposit.
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Point counting of recovered cores (Methods and SI Appendix,
Fig. S6) extended the sedimentological analyses of the clast sizes
upcore from 672 to 617 mbsf (where line logging left off); these
data showed that the general upward increase in sorting continued
throughout the remainder of Unit 2. The upper portion of the
Unit 2A suevite (627 to 617.34 mbsf), where layering was observed
in CT data, consisted of ~25 normally graded beds (Fig. 4 H and I
and SI Appendix, Fig. S54) beneath the 10-cm-thick cross-bedded
interval (Fig. 4 F and G). These normally graded beds fined up-
ward from pebble- or sand-sized to silt- and clay-sized material.
Locally, clays and other insoluble materials were concentrated
along stylolites at the tops of the graded beds. The upper few
centimeters of Unit 2A contain abundant reworked Maastrichtian
planktic foraminifera.

Paleomagnetic analyses were also used as a tool to infer de-
positional processes (Methods and SI Appendix, Fig. S7). At the
time of the impact, during magnetic chron 29r, the expected
geomagnetic inclination at the location of Chicxulub crater was
~—46°. If impactites were emplaced above the Curie tempera-
ture of magnetite (580 °C) and cooled in situ, these deposits
would be expected to uniformly record a full thermal remnant
magnetization with inclination ~—46°. This expected result was
the case for Units 3 and 2C. However, Units 2A and 2B included
samples with highly scattered (both positive and negative) magnetic
inclination values, suggesting that the constituents of these samples
did not experience sufficient heating to thermally reset their pre-
depositional magnetization directions after their emplacement.

Lying above the cross-bedded interval at the top of Unit 2 is
the Transitional Unit (Unit 1G), a 75-cm-thick micrite-rich
limestone (Fig. 4C) that included the initial appearance of life
at the impact site (61). The lower 37 cm of Unit 1G is composed
of about 39 fining upward couplets of lighter (coarser) and
darker (finer) material that overall fined upward. Maximum
grain size in these couplets decreased from 5.6 mm in basal Unit
1G down to less than 0.3 mm in the uppermost portion of the
unit. Based on the grain sizes of these couplets (62), repetitive
currents with velocities up to 100 cm/s were indicated at the base
of Unit 1G, with reduced velocities of less than 25 cm/s in the
upper part.

Organic biomarker analyses conducted across the top of Unit
2A and within Unit 1G (Core 40) showed that concentrations of
polyaromatic hydrocarbons (PAHs) associated with the process
of combustion (63-65) were present below the cross-bedded
layer and then, increased by 2 to 3 orders of magnitude into
the overlying high-energy cross-bedded layer (Fig. 4D). The
molecule perylene, indicative of terrestrial organic matter (66), is
the dominant PAH in the high-energy layer. The abundance of
PAHs then collectively decreased upward into Unit 1G
(Fig. 4D).

High-grade charcoal was observed in 2 1- to 3-cm zones in
Unit 1G based on scanning electron microscope and smear slide
analysis (Fig. 4 A4 and B). Upcore, the first zone was centered at
~671.26 mbsf just above the base of Unit 1G; the second layer
was positioned at ~616.56 mbsf just above the top of Unit 1G,
with the additional presence of charcoal observed in the over-
lying Unit 1F from ~616.50 to 616.52 mbsf. Sporadic grains of
charcoal were dispersed throughout Unit 1G and at the top of
Unit 2A (Fig. 4E). Based on 100 fields of view at 1,600x mag-
nification, a total of 2,096 charcoal specimens were identified
between 617.25 and 617.36 mbsf, and 1,018 charcoal specimens
were identified within the interval from 616.55 to 616.60 mbsf
(Fig. 4E). The mean grain sizes were 3.78 and 3.53 pm, re-
spectively (Methods and SI Appendix, Fig. S8).

Interpretation for Impact Processes

Hole M0077A preserves a record of the first materials deposited
on the Chicxulub peak ring in the immediate aftermath of the
K-Pg impact. The deposit includes ~130 m of impact melt rock,
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melt rock breccia, and suevite. Our multidisciplinary analyses of
this sequence provide insights into the dominant geologic pro-
cesses and environmental effects of this impact. We interpret
these data building on previous impact modeling studies as to the
sequential impact processes that occurred 66.0 Ma beginning in
the moments after impact and ending when the crater is fully
formed and flooded and seiches (standing waves) and tsunami
(shallow water waves reflected back into the impact basin) have
subsided (Fig. 2).

Excavation Stage. In the first moments of the impact, variably
shocked sedimentary and crystalline target rocks were excavated
by ballistic ejection and/or transport within an impact plume,
consisting of vaporized material, melt, and solid particles (Fig.
2B) (40). The sedimentary target rocks contained 30 to 50%
evaporites (44-47), and yet, <1% of these sulfur-rich minerals
were identified by petrographic and geochemical analyses of the
Site M0077 impactites. Based on thermodynamic and experi-
mental data that suggest that carbonates degas at 60 to 100 GPa
and anhydrite at 25 to 125 GPa (68, 69) and the assumption that
degassing increases linearly with increasing pressure, Artemieva
and Morgan (49) estimated that 325 + 60 Gt of S and 425 + 60
Gt of CO, were released by the high-velocity impact. If this as-
sumption is correct, then significant amounts of both carbonate
and evaporite should have remained within the basin and oc-
curred as clasts in the suevite. The absence of evaporites in Site
MO0077 may imply that degassing is not linear and that the
amount of sulfate aerosol produced has been underestimated.
An alternative explanation for this absence is that nonporous
evaporites that did not degas were preferentially fractured into
larger clasts than the porous carbonates, which is consistent with
experimental data (67-69), and thus, that evaporites were more
likely to be incorporated within the low-velocity ejecta and de-
posited outside of the peak ring. In either case, our observations
support sulfate aerosol-induced global cooling and reduction of
photosynthesis as an important kill mechanism at the K-Pg
boundary (40, 48, 55).

Crater Modification Stage Including Initial Resurge. We interpret the
40+-m-thick impact melt rock, melt rock breccia, and suevite of
Units 3 and 2C (706 to 747 mbsf) (Figs. 1 and 2D) as being
deposited rapidly by outward flowing melt and density currents
carrying clasts of impact melt rock. This interpretation is con-
sistent with the uniformly negative paleomagnetic inclinations
recording the K-Pg boundary magnetic field, which require that
Units 3 and 2C were emplaced quickly and maintained, at least
for a short time, at temperatures above 580 °C. The CT and
visually detected presence of partially digested crystalline clasts
within the impact melt rock imply that uplifted basement rocks
were incorporated into the melt during its emplacement on top
of the peak ring. Within the suevite, angular clasts of non-
vesicular black impact melt rock entrained in a highly altered,
clay mineral-bearing, green groundmass suggest a deposit that
could be the result of MWIs (23, 24, 70), a term that is used here
in contrast to MFCIL. MFCI requires water droplets to be in-
jected into the melt (70), and thus, we prefer a more general
suggestion of MWI, which we envision to occur during an initial
incursion of seawater in advance of the full resurge and flooding
of the crater. Given the geomorphology of the crater, MWI
would have been most likely in the central basin in the northeast
quadrant of the crater where seawater would flow across the pool
of impact melt (Fig. 2 D, Right) and any melt present in the
annular trough (Fig. 2 D, Left).

Postimpact Resurge, Settling, Seiches, and Tsunami. The 600- to
1,000-m-deep Chicxulub crater floor is connected with the open
ocean to the north-northeast (arrow in Fig. 1, Inset) via a gap in
the rim, with water depths reaching ~2 km (33, 43). A rim-wave
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tsunami, formed by the outward uplift of the transient crater rim
and the subsequent deposition of proximal ejecta into the shallow
seas surrounding the crater (figure 5 in ref. 71), would propagate
outward in all directions across the Gulf, where central Mexico
was the closest shallow water region and shoreline. The sub-
sequent return flow of water, the “resurge” into the crater, is
expected to be dominated by ingress from the north-northeast rim
gap. After large-volume resurge waves enter the impact basin,
phreatomagmatic-style events (MWI) will gradually switch off and
substantially reduce temperatures at the seafloor (Fig. 2F). Sim-
plified 1-dimensional “dam break” modeling of the flooding of the
crater up to the depth of the peak ring (Methods and SI Appendix,
Fig. S9) suggests that the timing of full resurge is 30 to 60 min
postimpact for a water depth at the crater rim exceeding 1 km.
Complete flooding of the crater likely took considerably longer.
We interpret the increase in rounding and sorting in Unit 2B from
698 to 706 mbsf to signify the return of ocean water (Figs. 2E and
3) and the fining upward deposit from 617 to 698 mbsf (Fig. 3) to
represent the bulk of the resurge deposit, which occurred in a
progressively flooding crater (Fig. 2F).

Evidence for the arrival of the resurge to the peak ring being
recorded in the deposit from 698 to 706 mbsf includes (i) the
presence of the shallowest multicentimeter clasts at ~698 mbsf;
(i) that this layer is reduced in sonic velocities, suggesting a
higher porosity, more rapidly deposited section; and (iii) a rel-
atively continuous reduction in grain size and increase in sorting
upcore above 698 mbsf (Fig. 3). Size sorting of large clasts near
the base of Unit 2B, due to the presence of water, could be the
cause for the observed low-frequency reflector present below the
low-velocity zone that marks the suevite interval in seismic data
(Fig. 14) (4). The observation of both positive and negative
paleomagnetic inclinations within samples from Unit 2B (S
Appendix, Fig. ST) suggests that this unit was deposited at lower
temperatures than Unit 2C as would be expected in a now
flooded crater. A combination of entrained clasts retaining their
predepositional magnetization and new magnetization produced
by the creation of secondary magnetic minerals in a long-lived,
postimpact hydrothermal system (3) are likely responsible for the
observed variations in remnant magnetism.

The flooded crater likely continued to be a high-energy envi-
ronment due to large magnitude earthquake aftershocks and
gravity flow processes from the collapsed central uplift and the
rapidly formed inner rim (33, 34). We interpret the erosional
contact at 642.57 mbsf at the base of Unit 2A as resulting from
a gravity flow and the presence of 25 graded beds within Unit
2A (Fig. 4I) as evidence of seiches within the crater possibly
triggered by earthquake energy and slumping. Chicxulub cre-
ated Mw10-11 earthquakes (33), and the seismic shaking has
been shown to generate seiches ~2,000 km away in local basins
(72). However, the bulk of Unit 2A continues to show fining
upward clast sizes and increasing sorting reflective of a settling
process in a flooded crater with these punctuated higher-energy
events (Fig. 2F).

The top of the suevites of Unit 2A (617.34 mbsf) is marked by
a <10-cm-thick cross-bedded interval. These structures exhibit a
unidirectional flow path of sand- to fine gravel-sized particles
(Fig. 4 F and G). The presence of low concentration of PAHs
below the cross-bedded unit is interpreted to be generated by
either combusted marine biomass or reworked Cretaceous or
older hydrocarbons in the target rocks. However, the increase in
concentration of PAHs, particularly the terrestrial compound
perylene, that is observed to peak in the cross-bedded layer (Fig.
4) requires that a source of terrestrial material entered the crater
during deposition of the uppermost Unit 2A (Fig. 4D). The
abundant reworked Maastrichtian planktic foraminifera at the
top of Unit 2A indicate redeposition of sediments that were
unconsolidated at the time of the impact. We, therefore, suggest
that the uppermost 10-cm, cross-bedded suevite represents the
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return of the outward-directed rim-wave tsunami reflected back
from Gulf of Mexico coastlines, which carried terrestrial signa-
tures and suspended unconsolidated marine sediments (illus-
trated in Fig. 2G). The transport path was potentially across the
shelf separating the Mexican highlands ~800 km to the west—
southwest from the newly formed crater. Based on modeling, the
arrival time of the rim-wave tsunami trains on the far side of the
Gulf of Mexico was 2 to 3 h after the impact (33), and reflections
across the shelfal depths from the west are also likely hours in
duration. Thus, we suggest that this tsunami energy was reflected
back into the impact basin within the first day of the Cenozoic
and that these tsunami waters were turbid and capable of
transporting soil biomarkers.

Deposition of Unit 1G likely took place in less than a few years
after the impact (61). We interpret the normal graded couplets
within the lower part of this unit to represent a significant re-
duction in wave energy compared with Unit 2A, as sedimentary
features, such as cross-bedding, are rare and grain size is con-
siderably reduced (Fig. 4C). The decrease in grain size and
lower-energy couplets in Unit 1G imply that lower-magnitude
aftershocks and/or gravity flows occurred in the impact basin
over longer timescales than the seiches observed in Unit 2A.

Evidence for Fire. High abundances of charcoal are present in Unit
1G 4 cm above the top of the presumed tsunami deposit (Fig. 4)
and also within a few centimeters of the top of Unit 1G. The
relationship of the lower layer with the high-energy deposit
suggests that these particles were either transported into the
crater by reflected tsunami but settled more slowly than the re-
mainder of the material due to density differences as energy
subsided or are derived via airfall. Charcoal likely originated
from impact-related combustion of forested landscapes sur-
rounding the Gulf of Mexico, as the impact site was entirely
marine. The shallower charcoal layer (Fig. 4F) may reflect airfall
with mixing into the overlying Unit 1F by bioturbation or
reworking. Wildfires can be spawned in 2 ways by a large impact:
directly by the impact plume or by reentering ejecta (56, 73, 74).
For Chicxulub, the plume is considered to emit sufficient thermal
radiation to ignite flora up to 1,000 to 1,500 km from the impact
site (73). High-velocity ejecta reentering the Earth’s atmosphere
emits thermal radiation that is sufficient to ignite dry plant
matter and char living flora at sites within a few thousand kilo-
meters from the crater and may directly ignite living flora at
more distal locations, where the thermal pulse is delivered to the
Earth’s surface over a longer time period (74). Strong atmo-
spheric disturbances associated with the impact could have
extinguished some of these fires and emplaced unburnt, partially
burnt, or fully burnt plant materials within the atmosphere (58,
73). Thus, the lower charcoal layer observed at Site M0077 could
stem from charred proximal flora from the central Mexican
shorelines ~800 km away ignited by the impact plume and de-
livered back to the crater by tsunami or other mechanisms. The
shallow water depths to the south and southwest of Chicxulub
mean that the rim-wave tsunami could have reflected from the
central Mexican highlands and reached Chicxulub within hours
of the impact without transiting deep water. The upper layers of
charcoal were delivered to the crater years after the event (near
top of Unit 1G) (61), probably from atmospheric rainout of fire-
generated particles from wildfires around the globe.

Broader Implications

In summary, the Expedition 364 core of the Chicxulub peak ring
contains the most complete and expanded record of the imme-
diate aftermath of the K-Pg mass extinction to date. Generation
of a deep crater, with a large opening in the rim that allowed
rapid flooding of the crater by seawater, produced accumulation
rates among the highest known in the geologic record (130 m/d).
Preservation of these extreme sediment accumulation rates within the
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impact basin allows us to resolve the geological processes that oc-
curred over minutes to years after the impact event. In particular, the
recovered sedimentary section lacks evaporites, supporting impact-
generated sulfate aerosol production and extinction mechanisms,
including global cooling and limitations on photosynthesis. The
presence of melt breccia and suevite in cores suggests potential
MWTIs, and rounding and sorting provide evidence for ocean resurge.
Finally, graded beds, a cross-bedded layer with terrestrial signatures,
and charcoal provide evidence for seiches within the crater, a
reflected tsunami, and some proximal fire generation within the first
day of the Cenozoic.

Methods

Forty-one thin sections of the suevite interval between core sections 40-2 and
87-2 were examined for the presence of gypsum (CaSO, - 2H,0), anhydrite
(CaSO,), and halite (NaCl) under a transmitted light microscope. Clasts
identified as possible halite or sulfate phases are analyzed by small trace
elemental maps on a Bruker M4 Tornado pXRF scanner following the
methodology of de Winter and Claeys (75). Thin sections from Unit 1G were
examined microscopically under plane and cross-polarized light using stan-
dard petrographic techniques. Bedding, lamination, ichnofabric, and other
sedimentary structures were identified. Grains, matrix material, and diage-
netic products were classified; their mineralogy was evaluated; and maxi-
mum grain size was measured using the microscope’s reticle.

High-resolution, semiquantitative major and trace elemental maps of
53 polished thick sections between core sections 40-2 and 96-2 were pro-
duced by using the Bruker M4 Tornado pXRF scanner available at the Vrije
Universiteit Brussel (75) (S/ Appendix, Fig. S1). The elemental mapping
measurements were executed using an Rh source and 2 XFlash 430 Silicon
Drift detectors under vacuum conditions (20 mbar), with short acquisition
times per spot size (1 ms per spot with a size of 25 pm) and maximized source
energy settings (600 pA, 50 kV). Bulk compositions of the thick sections were
quantified by identifying the X-ray peaks in a representative boundary
spectrum within the high-resolution color map. Major elements were
expressed as oxides (Na,O, MgO, Al,03, SiO,, K,0, CaO, TiO,, MnO, Fe,03),
whereas trace elements are in elemental configuration, as these are present
at much lower concentration levels (P, S, Cl, V, Cr, Ni, Cu, Zn, Rb, Sr, Zr, Ba).
The limit of quantification of elemental sulfur in the M4 Bruker Tornado
uXRF is conservatively estimated to be 0.1 wt % (S/ Appendix, Fig. S2). This
limit is based on the quantification of pXRF maps of pellets prepared from
carbonate reference materials NIST SRM 1d (National Institute of Standards &
Technology) and BCS CRM 513 (Bureau of Analyzed Samples Ltd.). The limit of
detection of S with this technique is 0.033 wt %.

Back-scattered electron imaging, energy-dispersive spectrometry, and
X-ray intensity mapping were used to describe the petrography of 12 suevite
samples from the upper peak ring section between 620 and 708 mbsf. This
work was done with a JEOL-JXA 8530F electron microprobe at Arizona State
University’s Eyring Materials Center. For imaging and EDS analyses, an ac-
celerating voltage of 15 kV, a beam current of 15 nA, and a focused beam
were used. The X-ray intensity maps used an accelerating voltage of 20 kV, a
beam current of 60 nA, a dwell time of 20 ms, and a beam diameter of
20 pm. These supplemental studies confirmed the absence of anhydrite or
gypsum in the studied suevite.

The Chicxulub cores were scanned using a Toshiba Aquilion Prime Dual
Energy Helical CT scanner at Weatherford Laboratories in Houston. This
produces a series of axial cross-section maps of attenuation coefficients at
2 energy levels (135 and 85 kV). Each cross-section represents 0.3 mm of core
depth and has a spatial resolution of 0.25 mm. Processing of the raw CT was
performed by Enthought Inc. (76). CT depth values (meters core composite
depth below sea floor) are artificially lengthened relative to drillers depth
(called meters below seafloor) due to overlaps in cores not being accommo-
dated. CT images map the attenuation of X-rays at a given location in the core;
this is represented using grayscale images, where darker grays are low at-
tenuation and light gray is high attenuation (Fig. 4 E and F and S/ Appendix,
Fig. S5). X-ray attenuation is correlated to both the bulk density and average
atomic number of a sample region. Dual-energy CT scans provide a mechanism
to separate these effects (77).

Line logging of drill cores is useful in the analysis of relative changes
through the infill of impact craters, including slump and resurge deposits due
to a marine target environment. This technique has been successfully applied
to the Lockne, Tvaren, and Chesapeake Bay impact structures (18—19, 78). In
this method, every clast with a length axis larger than a certain cutoff size
(here, 5 mm) that touches a line drawn along the core is assessed for size,
roundness, and lithology (Fig. 3). Instead of using actual drill core, this
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technique was applied to high-resolution core photos with the use of the
image analysis software jMicrovision (version 1.2.7). In the suevite (M0077
Unit 2), 2,376 clasts were analyzed between depths 672.01 and 715.93 mbsf,
and an evaluation of the nature of their groundmass, whether matrix or
clast supported, was done (i.e., if clasts were in contact or not with adjacent
clasts). Roundness was estimated with the use of grain shape comparator
(i.e., a standard diagram with drawings of grain shapes). Here, a diagram
with only 4 shapes (i.e., angular, subangular, subrounded, rounded) was
decided to be the most convenient (cf. ref. 79). CT images aided the litho-
logical determinations. The lithologies were (preliminarily) classified into
17 categories that include (/) melt rocks of different colors and textures; (ii)
upper target (sedimentary rock, mainly carbonates); and (iii) lower target
(crystalline rock and quartzite). The granulometric data were treated sta-
tistically as variations per meter, which allowed plots of clast frequency per
meter and size sorting. Owing to the large amount of data, clast vs. matrix
support was plotted as a ratio per meter. Uncertainty in clast size is largest
for the smallest analyzed clasts. We estimate that, at 15 pixels per 1 mm, a 5-mm
grain could have an 8% error in the clast size value but that this uncertainty
reduces greatly with increasing clast size.

In order to efficiently examine a larger number of clasts, a deep learning
model was applied to the high-resolution core photographs (Fig. 3). The
pipeline has 2 stages: classification (S/ Appendix, Fig. S4) and segmentation/
shape analysis. In the classification step, a machine learning model is used to
assign a lithology label to every pixel in the core photographs. The digital
core photographs are red-green-blue images and have 3 features directly
associated with each pixel location—the amount of red, green, and blue
light that makes up the color of the pixel. This is local information, and
classifying a pixel based only on color features neglects the spatial and
textural context of a pixel. The images are passed to a pretrained convolu-
tional neural network (VGG-16) (80), and intermediate activations are
extracted, forming a hypercolumn of spatial convolutions that provide tex-
tural features useful for classification (81). Training data are created by
manually labeling representative pixels that belong to each of the lithology
types represented in the core images. The labeled pixels along with their
associated hypercolumns are used to train a machine learning model
(XGBoost) (82) to predict a lithology label for every pixel in the core images.
The initial classification results are spatially regulated using a fully connected
conditional random field (83). Individual clasts are observed in the classified
images by identifying contiguous regions of pixels with the same lithology
label that exceed a size threshold. Each clast is analyzed in terms of shape
(perimeter, area), position, orientation, and aspect ratio using the image
analysis package scikit- image (84). The circularity of each clast (4 x = x area/
perimeter) is used as a roundness metric. The ratio of clast area to matrix
area was calculated as a proxy for clast/matrix support.

Sedimentologic analyses include visual observation of the split cores and
point counting. Point counting to determine clast-matrix percentages was
completed using JMicrovision on line-scan images. Each value represents
300 points counted on each core piece (SI Appendix, Fig. S6).

During the Expedition 364 Onshore Science Party, 83 nonazimuthally
oriented paleomagnetic cylinders were obtained from Units 2 and 3 (S/
Appendix, Fig. S7). These samples were stepwise demagnetized using al-
ternating field demagnetization up to at least 85 mT and measured using 2G
Enterprises superconducting magnetometers at Rutgers University or CEREGE
(France) or an AGICO JR-5 spinner magnetometer at CEREGE. Charac-
teristic magnetization directions were obtained for the highest coercivity,
origin-trending magnetization component within each sample using prin-
cipal component analysis (85). Ferromagnetic mineralogy and Curie tem-
peratures were determined via high-temperature magnetic susceptibility
measurements using an AGICO Kappabridge susceptibility meter at CEREGE.

Charcoal was first identified in smear slides using a Zeiss Axioskop mi-
croscope under bright-field light at 1,600x magnification. This illumination
allowed the characteristic wood structure to be observed. The distribution
and character of charcoal in samples were determined in thin sections using
Zeiss Axioimager petrographic microscopes using bright-field illumination.
Grains were also observed in an FEI Nova NanoSEM 630 FE scanning electron
microscope. The relative abundance of charcoal was determined from the
area of grains in 25 fields of view at 1,600x magnification using the NIH’s
Image) software (S/ Appendix, Fig. S8).

The flooding rate of the Chicxulub crater at the approximate location of
the Expedition 364 drill site on the peak ring was estimated assuming that
resurge was dominated by ingress of water from the deep preimpact basin to
the north-northeast (S/ Appendix, Fig. S9). Analytical solutions to the 1-
dimensional dam break problem (86) for 3 different dam heights (hy =
0.5, 1, and 2 km) were found assuming that water entered the crater on one
side through a deep channel in the rim, flowed across the crater, and
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reflected off the inside of the crater rim on the opposite (south-southwest)
side of the crater. The different dam heights represent alternative estimates
of the depth of water at the onset of the resurge. The upper estimate (2 km)
represents the estimated maximum depth of the preimpact basin at the
edge of the crater and is consistent with the numerical impact simulation
shown in figure 5 of the work by Collins et al. (71). Flooding of the crater up
to the depth of the peak ring (500 m above the crater floor) is expected to
take 30 min to 1 h (S/ Appendix, Fig. S9). The approximation neglects various
factors that might delay the resurge, such as drag between the water and
the crater floor and interactions between the flood water and the hot melt
sheet, which might vaporize some of the water and generate MW!I products.

In order to analyze the cores for biomarkers (Fig. 4D and S/ Appendix, Fig.
$10), core samples (~20 g) were surface cleaned by sonication in ultrapure
water 2 times for 15 min to remove any drilling fluid. After, the samples
were freeze dried and 3 times sonicated for 15 min in dichloromethane and
methanol (9:1 vol/vol). After drying, the samples were ground using a pestle
and mortar and Soxhlet extracted for 72 h using a mixture of dichloro-
methane and methanol (9:1 vol/vol). The extracts were passed through a
Pasteur pipette containing activated copper powder to remove the ele-
mental sulfur. Excess solvent was carefully removed under nitrogen. The
weighed extracts were then fractionated by small-scale column liquid
chromatography. The sample (up to 10 mg) was applied to the top of a small
column (5 x 0.5-cm interior diameter) of activated silica gel (150 °C, 8 h). The
saturated hydrocarbon fraction was eluted with n-hexane (4 mL), the aro-
matic hydrocarbon fraction was eluted with n-hexane and dichloromethane
(4 mL, 9:1 volivol), and the polar fraction was eluted with a mixture of
dichloromethane and methanol (4 mL, 1:1 vol/vol). The saturated and aro-
matic hydrocarbon fractions were analyzed by gas chromatography (GC)-
mass spectrometry (MS). GC-MS analysis was performed using an Agilent
5975B MSD interfaced to and Agilent 6890 gas chromatograph, which was
fitted with a DB-5MS Ul capillary column (J and W Scientific; 60 m, 0.25-mm
inner diameter, 0.25-um phase thickness). The GC oven was ramped from
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40 °C to 325 °C at a heating rate of 3 °C/min, with initial and final hold times
of 1 and 30 min, respectively. Samples were dissolved in n-hexane and in-
jected on column using an Agilent 7683B autosampler. Helium (constant
flow 27 cm/s) was used as the carrier gas. The MS was operating with ioni-
zation energy of 70 eV, a source temperature of 230 °C, and an electron
multiplier voltage of 1,706 V, scanning a mass range of 50 to 550 amu. Ar-
omatic hydrocarbon compounds were identified by comparison of mass
spectra and by matching retention times with those of reference compounds
reported previously (87). The unsubstituted PAHSs, including benzo(a)pyrene
and perylene (the ratio of these 2 PAHs is shown in S/ Appendix, Fig. S10),
have a molecular ion of m/z 252. They were identified by comparing their
retention times with those of reference compounds.
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