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Time Scales of Critical Events Around
the Cretaceous-Paleogene Boundary

Paul R. Renne,™2* Alan L. Deino,"t Frederik J. Hilgen,3t Klaudia F. Kuiper,*t Darren F. Mark,’t
William S. Mitchell 111,%t Leah E. Morgan,’t Roland Mundil,*t Jan Smit*t

Mass extinctions manifest in Earth’s geologic record were turning points in biotic evolution.

We present “°Ar/>%Ar data that establish synchrony between the Cretaceous-Paleogene boundary
and associated mass extinctions with the Chicxulub bolide impact to within 32,000 years.
Perturbation of the atmospheric carbon cycle at the boundary likely lasted less than 5000 years,
exhibiting a recovery time scale two to three orders of magnitude shorter than that of the
major ocean basins. Low-diversity mammalian fauna in the western Williston Basin persisted for
as little as 20,000 years after the impact. The Chicxulub impact likely triggered a state shift

of ecosystems already under near-critical stress.

between the Cretaceous and Paleogene
periods, ~66 million years ago (Ma), likely
involved the catastrophic effects of a bolide im-
pact (7), although other factors may have played
an important role (2-5). To a large extent, am-
biguity between the possible causes stems from
inadequate age resolution of relevant events near
KPB time. Existing geochronologic data sur-
rounding the linkage between the KPB and
the Chicxulub structure in the northern Yucatan
Peninsula of Mexico actually exclude synchro-
ny, indicating that the Chicxulub impact and
cogenetic impact melt droplets, termed “tektites”
(6-8), postdated the KPB by 183 + 65 (9) thou-
sand years (ky) and 181 £ 71 ky, respectively
(see supplementary materials). In contrast, some
data suggest that the Chicxulub impact predated
the KPB by several hundred thousand years,
and that discrete tektite-bearing horizons in the
Gulf of Mexico region were derived from mul-
tiple impact events (/0).
We acquired high-precision “°Ar/*°Ar data
to clarify these temporal relationships and thereby

The mass extinction at the boundary (KPB)
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facilitate a clearer sequencing of events asso-
ciated with the KPB extinctions and subsequent
ecosystem recovery. We analyzed multiple samples
of the tektites to refine the age of the Chicxulub
impact, and of bentonites (altered volcanic ashes;
Fig. 1) clearly associated with the KPB to test
for synchrony of the boundary with the impact.
YOAr*°Ar ages (Figs. 2 and 3) were determined
(see supplementary materials) by incremental
heating of 14 tektites from Beloc, Haiti, giving
a weighted mean age of 66.032 + 0.058/0.072
Ma (11) that is indistinguishable from that deter-
mined by previous studies (/2, /3) when normal-
ized to the same calibration. Combining all data
yields an age of 66.038 + 0.025/0.049 Ma for the
tektites.

We also performed “°Ar/*’Ar dating on san-
idine separated from four bentonites in three
distinct coal beds within two widely separated
stratigraphic sections in the Hell Creek region of
northeastern Montana. Extensive studies in this
region have documented faunal, floral, and chemo-
stratigraphic aspects of latest Cretaceous through
carly Paleogene terrestrial strata. Both sections
contain well-documented Ir anomalies coinci-
dent with the biostratigraphically defined KPB
(Fig. 1). In the Hauso Flats section, we analyzed
samples from two localities ~200 m apart of a
bentonite from the IrZ coal, located stratigraph-
ically only a few centimeters above the horizon
yielding the largest iridium anomaly [up to 11.7
parts per billion (ppb) at the nearby Herpijunk
locality; (14)] reported from this area and 5 cm
above the highest occurrence of Cretaceous pollen
in the section (15). All of our data combined yield
a weighted mean age of 66.043 + 0.011/0.043 Ma.

A bentonite from the Hauso Flats Z (HFZ) coal,
18 m stratigraphically above the IrZ coal, yielded
an age of 65.990 + 0.032/0.053 Ma. Isotope
dilution—thermal ionization mass spectrometry
(ID-TIMS) U-Pb analyses of 15 chemically abraded
zircons from the same HFZ coal bentonite yielded
a weighted mean age of 65.988 + 0.074 Ma, in
agreement with the “°Ar/*°Ar results. In the
Hell Creek Marina road section, we analyzed
two bentonites within the Z coal, which lies 50 to
60 cm above a 0.57-ppb Ir anomaly (/6). The
two bentonites are separated stratigraphically by
~30 cm and yield results for the lower (Z,) and
upper (Z;) bentonites of 66.019 + 0.021/0.046 Ma
and 66.003 + 0.033/0.053 Ma, respectively.

The ItZ coal bentonite is much closer strat-
igraphically to both impact signals and the bio-
stratigraphically defined KPB than the Z coal
bentonites; thus, it should be regarded as the
closest stratigraphic proxy for the KPB. Accord-
ingly, a comparison with the pooled age for the
Beloc tektites indicates a statistically insignif-
icant age difference of 5 + 27 ky between the two
events. Thus, the hypothesis that the Chicxulub
impact predated the KPB by ~300 ky (/0) is
unsupported by our data. Our preferred absolute
age for the KPB, including propagated system-
atic uncertainties, is 66.043 + 0.043 Ma. This
age, which is intrinsically calibrated by both *°K
and *®U decay constants (/7), is sufficiently pre-
cise to discriminate between 100-ky orbital ec-
centricity cycles at 66 Ma, in principle allowing
comparison with astronomical tuning approaches
to dating the KPB. However, the uncertainty in
the astronomical solution (~40,000 years ago) at
66 Ma (18) effectively limits this discrimination
because the 100-ky cycle is not reliable in the solu-
tion due to chaotic behavior of the solar system.
Our age for the KPB, if based on the Kuiper ez al.
(19) calibration, would be 65.836 + 0.061 Ma,
which would be sufficiently precise to discriminate
between 405-ky but not 100-ky orbital cycles. Be-
cause circum-KPB marine records generally lack
appropriate materials for high-resolution radio-
isotopic dating, astronomical tuning potentially
represents the best means of temporally calibrating
marine records and enabling their comparison with
terrestrial records in this time interval. A fully cal-
ibrated astronomical solution can potentially en-
able deconvolution of orbital forcing from other
causes of climate change.

The KPB age as determined by our data
for the IrZ coal bentonite agrees with the astro-
nomical age (66 + 0.07 Ma; option 2) derived
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from deep-sea cores (20) and the preferred as-
tronomical age (65.957 = 0.040 Ma) inferred by
Kuiper et al. (19) from the Zumaia section of
Spain, but not with that (65.25 £ 0.06 Ma) of
Westerhold et al. (21) (fig. S6). We conclude that
the younger age inferred by Westerhold et al.
(21) is a consequence of miscalibration by two
405-ky eccentricity cycles (see supplementary
materials) and that the terrestrial and marine Ir
anomalies are synchronous. This conclusion
is strengthened by our concordant U-Pb and
4OA°Ar dates for the HFZ coal, which indicate
that the KPB is older than 65.988 + 0.074 Ma
and 65.990 + 0.053 Ma, respectively.

Our data indicate that the stratigraphic inter-
val of ~18 m between the IrZ and HFZ coals in
the Hauso Flats section corresponds to a duration
of 53 + 34 ky, whereas the previous OArAr
data from the same section (/5) suggested a du-
ration of 390 £ 70 ky. This interval spans most
of the Pul basal Puercan (North American Land
Mammal Age) mammalian fauna known from
northeastern Montana and adjacent areas in Ca-
nada, containing only 15 recognized species com-
pared with 27 in the preceding (pre-KPB) Lancian
stage (22). The brevity of the IrZ-HFZ interval
of the basal Tullock Formation implied by our
new data indicates that the depauperate Pul

fauna persisted as briefly as 20 ky and supports
the hypothesis (22) that much of the post-KPB
vertebrate faunal recovery in the Hell Creek area
occurred by immigration rather than evolution-
ary radiation, given that the duration of specia-
tion events for mammals (at least, late Cenozoic
ones) typically exceeds hundreds of thousands
of years (23).

Our dating of the IrZ and HFZ bentonites
constrains the terrestrial, hence atmospheric,
—1.5 per mil (%0) 8"C isotope anomaly in the
Hauso Flats section (24) to have occurred early
within the first 53 £ 34 ky of the Paleogene.
Scaling the sediment accumulation rate by lin-
ear interpolation between the two dated horizons
and allowing the maximum possible stratigraph-
ic extent of the anomaly (considering sample in-
terval) yield a maximum duration of 5 + 3 ky for
the anomaly. Similarly, applying our date for the
IrZ bentonite to the iridium anomaly and scaling
to the Z, bentonite in the Hell Creek Marina
road section (24) yields a maximum duration of
13 £13 ky for the —2.0%o 8'>C anomaly there.

The terrestrial 8'°C anomaly is markedly
consistent in magnitude, timing, and rapidity
of onset with marine records, although the latter
commonly show much longer recovery time
scales. Some marine records [e.g., (/)] show an
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Fig. 1. Stratigraphic sections in the Hell Creek area of northeastern Montana (inset) showing positions of
dated bentonites in relation to Ir anomalies (16, 41) and carbon isotope records (24) from the same
sections. The two sections have different vertical scales; thin dotted line connects horizons at 1 m above
the Ir anomaly in the two sections. Ages shown are from “°Ar/*°Ar analysis of sanidine except one (U/Pb)
from U-Pb analysis of zircon. Age uncertainties (in parentheses) refer to last significant figures shown and
include analytical sources only. White dots labeled P and K on both sections show the lowest occurrence of
Paleocene pollen and the highest occurrence of Cretaceous pollen, respectively (15).
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initial decrease of 1 to 2% followed by a rapid
increase of ~1%o on the time scale of several
thousand years, succeeded by a much more grad-
ual increase over several million years to pre-KPB
values. Other cases show more rapid recovery of
marine §"°C to pre-KPB values, as in the Agost
section of southern Spain, where the duration
of the anomaly and partial recovery are esti-
mated to have occurred over 3 to 5 ky, and full
recovery to have occurred over <100 ky (25).
Differences between 8'°C values in planktic
versus benthic foraminifera from Atlantic and
Pacific cores also show precipitous drops at the
KPB, interpreted to reflect a major disruption in
mixing between surface- and deep-water masses
(26). Restoration of pre-KPB values of the dif-
ferential, hence of normal ocean circulation, ex-
perienced a protracted recovery spanning several
millions of years and was likely the rate-limiting
determinant in recovery of general marine pro-
ductivity (26).

Our results strengthen conclusions that the
Chicxulub impact played an important role in
the mass extinctions. However, global climate
instability preceded the KPB (and thus, in view
of our data, the Chicxulub impact) by ~1 million
years (My) (27-29). During this interval, six
abrupt shifts of >2°C in continental mean annual
temperatures have been inferred from paleo-
flora in North Dakota (29). The most dramatic
of these temperature oscillations, a drop of 6° to
8°C, occurred <100 ky before the KPB (29) and
was closely synchronous with notable mamma-
lian turnover in the Hell Creek area (30). Several
cycles of latest Cretaceous sea-level oscillations
are recorded in the Williston basin with an over-
all regression peaking just before the KPB (31),
possibly a glacio-eustatic response to climatic
cooling. Cooling at this time is consistent with
a global sea-level drop of ~40 m beginning in
geomagnetic polarity chron 30n and ending in
chron 28r (32), clearly spanning the KPB. This
event followed closely on a sharp sea-level drop
and subsequent rise of ~30 m, coincident with
the highest 8'%0 values recorded for the 30 My
before or afterward, which occurred in the mid-
dle of chron 30n (32), ~1 My before the KPB.
Recognition of these and other relatively brief
events led Miller et al. (32) to infer the existence
of multiple ephemeral Antarctic ice sheets be-
tween 100 and 33 Ma.

We suggest that the brief cold snaps in the
latest Cretaceous, though not necessarily of ex-
traordinary magnitude, were particularly stress-
ful to a global ecosystem that was well adapted
to the long-lived preceding Cretaceous hothouse
climate. The Chicxulub impact then provided a
decisive blow to ecosystems thus already under
critical stress, and in essence pushed the global
ecosystem across a threshold that triggered a
planetary state shift (33, 34). Although the atmo-
spheric carbon cycle was disrupted only brief-
ly, and initial mammalian faunal changes after
the KPB may have been dominated by migra-
tion, some changes such as the disappearance
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Fig. 2. Summary of single-crystal geochronology results for volcanic ashes
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(B) from an ash in the Hauso Flats Z (HFZ) coal, 18 m above the KPB, yield
indistinguishable results. Two ashes in the Z-coal in the Hell Creek marina
road section (C and D) yield ages consistent with stratigraphic order although
they are mutually indistinguishable at 68% confidence. Four independent
data sets, from three irradiations and two labs, for the IrZ coal bentonite (E)
yield consistent results.
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whereas some paleoenvironments may have 68% confidence level.
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Stress State in the Largest
Displacement Area of the 2011
Tohoku-Oki Earthquake

Weiren Lin,?3* Marianne Conin,*1 ]. Casey Moore,” Frederick M. Chester,®
Yasuyuki Nakamura,” James J. Mori,® Louise Anderson,’® Emily E. Brodsky,’
Nobuhisa Eguchi,’® Expedition 343 Scientistsz

The 2011 moment magnitude 9.0 Tohoku-Oki earthquake produced a maximum coseismic

slip of more than 50 meters near the Japan trench, which could result in a completely reduced
stress state in the region. We tested this hypothesis by determining the in situ stress state of
the frontal prism from boreholes drilled by the Integrated Ocean Drilling Program approximately
1 year after the earthquake and by inferring the pre-earthquake stress state. On the basis of
the horizontal stress orientations and magnitudes estimated from borehole breakouts and the
increase in coseismic displacement during propagation of the rupture to the trench axis, in situ
horizontal stress decreased during the earthquake. The stress change suggests an active slip

of the frontal plate interface, which is consistent with coseismic fault weakening and a nearly
total stress drop.

he huge tsunami associated with the 2011  trench (/-5). Besides the unprecedented large
Tohoku-Oki earthquake [moment magni-  coseismic slip of >50 m, the other surprising
tude (M) 9.0] was caused by the very  feature of the earthquake is that the large slip
large coseismic fault displacement of the shallow  on the frontal plate interface reached the sea floor
portion of the subduction zone near the Japan  at the trench axis (6). The state of stress and fric-

tional behavior of the frontal plate interface is
important for controlling coseismic displacement.
Indirect analyses on stress state change and/or
stress drop associated with the 2011 Tohoku-Oki
earthquake have been carried out from remotely
sensed observations (7—12).

To investigate the stress change associated
with the 2011 Tohoku-Oki earthquake, we anal-
yzed geophysical logs collected by the Integrated
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Materials and Methods
Sampling

Samples were collected by authors Renne and Deino in October, 2010, and by Renne,
Mitchell and Mundil in September, 201 1. Stratigraphic nomenclature follows Swisher et
al. (15). The IrZ coal bentonite was sampled at two closely-spaced localities in the Hauso
Flats (Iridium Hill) area: HF-1PR was sampled at 47°31.732° N latitude, 107°12.513°W
longitude; HF-1AD and HF11-1 were sampled at 47°31.593” N latitude, 107°12.465° W
longitude. The Z-coal bentonites (HC-1AD and HC-2PR) were sampled on the road to
Hell Creek State Park at 47°31.593 N latitude, 106°56.397° W longitude. The HFZ coal
bentonite (HF-3AD and HF-3PR) was collected near Hauso Flats at 47°31.502° N
latitude, 107°11.987 W longitude. Coordinates are referenced to WGS84.

The IrZ coal in the sampling vicinity is about 10 cm thick, and is the stratigraphically
lowest coal in the Hauso Flats area. The bentonite sampled is 2-4 mm thick, pinkish beige
colored bed approximately 2 cm below the top of the coal and about 4 cm above the
horizon containing impact signals (/4).

The Z coal in the Hell Creek area is about 1.2 m thick and contains at least two distinct
bentonites. The units sampled here were HC-1AD, the upper bentonite (hereinafter
referred to as Z;), and HC-2PR, the lower of these (hereinafter referred to as Z,), about
80 cm below the top of the coal. The Z; bentonite (sample HC-1AD ) is the most
prominent of the two at this locality, is ~ 5 cm thick and contains conspicuous biotite.
The Z, bentonite (sample HC-2PR) is about 2 cm thick, pinkish in color, and
conspicuously crystal rich with sanidine but devoid of biotite. We suspect that most
previous workers (15, 16) reporting data from the Z coal in this vicinity sampled the
thicker and more conspicuous upper bentonite corresponding to Z; (sample HC-1AD).
Swisher et al. (15) appear to have sampled the same tuff (their sample 90CS-L1) as our
7, at this exact locality.

The HFZ coal occurs approximately 18 m stratigraphically above the IrZ coal in the
Hauso Flats area, where it is ~2m thick. A ~1 cm thick bentonite occurs about 20 cm
above the base of the coal, and contains visible pseudomorphs of glass shards, and
feldspar crystals; this unit was sampled as HF-3. This bentonite appears to be distinct
from the one sampled by Swisher et al. (15), which was collected “...within the upper
part...” of the coal.

The tektites analyzed in this study were collected by F. Maurrasse from the Beloc section
in Haiti from a ca. 10 cm interval between levels f and g (see Fig. 1 of Maurrasse and Sen
(7)), coincident with an iridium anomaly and shocked quartz (7).

Analytical methods

Feldspars were separated from approximately 5 kg of each sample after disaggregating,
washing and sieving followed by magnetic and density separations and finally ultrasonic



cleaning in 5% hydrofluoric acid for 5 minutes. Feldspars from the following size
fractions were hand-picked for analysis: HF-3AD (251-422 um), HC-1AD (178-251 um),
HC-2PR(178-251 um) HF-1PR (251-422 um), HF-1AD (178-251 pum), and HF11-1
(178-251 pum). Zircons were hand-picked from the dense portion of the <178 pum size
fraction, preferentially selecting clear, euhedral, acicular crystals without visible cores.
The Beloc tektites (sample HA91-13) were selected from the same sample analyzed by
Swisher et al. (12). The tektites were prepared by ultrasonic cleaning in 5% hydrofluoric
acid for 3 minutes to remove rinds of secondary clay minerals.

*Ar/*° Ar analyses were conducted at the Berkeley Geochronology Center (BGC) and the
NERC Argon Isotope Facility, Scottish Universities Environmental Research Centre
(SUERC). Samples analyzed at SUERC were run and reported blindly, without
knowledge of the BGC results. U-Pb analyses were performed at BGC. The tektites and
the Z, bentonite (HC-2PR) sanidine were irradiated together and analyzed at BGC. The
two samples of the IrZ bentonite sanidines were irradiated in two disks in a single
irradiation and an aliquot of sanidine and one of the bracketing standards from one disk
(irradiation 400PR) were analyzed at SUERC. The second disk containing IrZ bentonite
(HF-1AD) sanidines also contained the Z; (HC-1AD) and HFZ (HF-3AD) sanidine.
Samples were irradiated in 50-hour irradiations in the CLICIT facility of the OSTR
reactor. The irradiation scheme for each sample is depicted in Figure S3.

For the tektites (sample MA91-13) and Z-coal sanidines (sample HC-2PR) the three
bracketing standard positions were used to monitor the neutron fluence. The weighted
average O A/ 9ArK was calculated for each well, and the arithmetic mean and standard
deviation of these three values was used to characterize the neutron fluence for the
unknowns. For the HF-1PR samples analyzed at BGC, an analogous approach was used
with the four bracketing standards. For the HF-1PR samples analyzed at SUERC, the
weighted mean of standards from one (BGC lab ID# 36501) of the four positions in
irradiation 400PR was used. This was deemed sufficient as the BGC analyses revealed no
significant variation between the four positions. For samples HF-1AD, HC-1AD, and HF-
3, irradiated in the same disk (Figure S3) the P Ar*/* Arg of the standards at the positions
of interest was determined by fitting a plane to the weighted mean values of standards
from the four positions spanning the disk.

Samples were analyzed in several batches; backgrounds and mass discrimination
measurements (via automated analysis of multiple air pipettes) specific to each batch are
summarized in Table S1. Backgrounds subtracted from ion beam measurements were
arithmetic averages and standard deviations. Mass discrimination was computed based on
a power law relationship (42) using the isotopic composition of atmospheric Ar reported
by (43). Corrections for radioactive decay of **Ar and *>’Ar were made using the decay
constants reported by (44) and (45) respectively. Ingrowth of ®Ar from decay of 3%CI was
corrected using the *°C1/**Cl production ratio and methods of (46) and was determined to
be negligible. Argon isotope data corrected for backgrounds, mass discrimination, and
radioactive decay and ingrowth are given in Table S2.



Ages were computed from the blank-, discrimination- and decay-corrected Ar isotope
data after correction for interfering isotopes based on the following production ratios,
determined from fluorite and Fe-doped KAISiO, glass irradiated along with the tektites
and HC-2PR sanidine: (°Ar/*’Ar)c, = (2.650 + 0.022) x 10™; C*Ar/7Ar)c,= (1.96 +
0.08) x 107%; PAr/"An)ca= (6.95 £ 0.09) x 107*; (*Ar/’Ank = (7.3 £0.9) x 10

CP AT/’ Ar)k = (1.215 £ 0.003) x 107 *'Ar/’Ar)k = (2.24 + 0.16) x 10™. Ages and their
uncertainties are based on the methods of (47) and the calibration of (/7) except where
noted. Some of the authors (KFK and FJH) prefer the calibration of (/9), which yields
slightly younger ages in this time range, as discussed below. Age uncertainties shown in
Table S2 include only analytical uncertainties.

For some of the age comparisons made herein, contributions from sources of systematic
uncertainty (i.e., uncertainties in Y Ar/*K of the standard and *°K decay constants) are
neglected and only analytical uncertainties in isotope measurements of samples and
standards are included. These uncertainties are referred to herein as “analytical
uncertainties”. For the purposes of this study analytical uncertainties include
contributions from uncertainties in the interference corrections because these interference
corrections have variable effects due to the variable chemistry of the samples considered.
Where not otherwise distinguished, uncertainties are stated as X £Y/Z, where Y is the
analytical uncertainty as defined above, and Z is the full uncertainty considering both
analytical and systematic sources of uncertainty.

Age computation uses the weighted (by inverse variance) mean of Y Ar*/*° Arg values for
the sample and standard, combined as R-values and computed using the method of (47).
Outliers in both single-crystal samples and standards were discriminated using a 3o filter
applied iteratively until all samples counted are within 3 standard deviations of the
weighted mean =+ one standard error. This procedure mainly screened older crystals that
are logically interpreted as xenocrysts.

Zircons were annealed 60 h at 850 °C, and chemically abraded with hydrofluoric acid at
220 °C for 12 h (Mattinson, 2005). Individual zircons were dissolved for 1 week using
the vapor transfer technique with hydrofluoric acid at 220 °C after addition of a **’Pb-
233U-2U spike. After dissolution, 15 ul of 3 M hydrochloric acid and 15 pl of 0.03 M
H;PO4 were added to each sample, dried and loaded on zone-refined rhenium filaments
with 4 puL silica gel solution (48) and evaporated to dryness.

Measurements were performed on a VG Sector 54 thermal ionization mass spectrometer
using a single Daly detector in peak-jumping (dynamic) mode. Uranium was measured
as UO,, and corrected for oxygen isotope interferences. Mass fractionation corrections
for Pb were made using repeated analysis of NBS-981 (see Table S4); U mass
fractionation corrections were made using >>U/>*°U of the double spike.

BGC Results

The samples were analyzed by incremental heating or total fusion with CO, lasers on two
different extraction systems mated to MAP 215 mass spectrometers (MAP1 and MAP3).



MAPI is a 215C and MAP3 is a 215-50. Both have Nier-type ion sources and analog
electron multiplier detectors. Mass spectrometry utilized peak-hopping by magnetic field
switching on a single detector in 10-15 cycles.

Single crystal laser fusion “0A1/*° Ar results

44 feldspar crystals from sample HF-3AD of the HFZ coal bentonite were analyzed
individually by total fusion followed by argon isotope analysis with the MAP3 mass
spectrometer. All but one of the crystals (a plagioclase) analyzed proved to be alkali
feldspars on the basis of K/Ca ratios. The plagioclase is an obvious xenocryst at 75.98 +
2.03/2.03 Ma; this was excluded to yield a weighted mean age of 65.990 + 0.032/0.053
Ma for the remaining 43 sanidines.

71 feldspar crystals from sample HC-1AD of the Z; coal bentonite were analyzed
individually by total fusion followed by argon isotope analysis with the MAP3 mass
spectrometer. All of the crystals analyzed proved to be alkali feldspars on the basis of
K/Ca ratios. Excluding one outlier at 67.04 + 0.29/0.30 Ma, the remaining 70 crystals
yielded a unimodal age distribution with a weighted mean age of 66.003 + 0.033/0.053
Ma.

86 feldspar crystals from sample HC-2PR of the Z; coal bentonite were analyzed
individually by total fusion followed by argon isotope analysis with the MAP3 mass
spectrometer. 70 of these proved to be sanidine, and the remainder plagioclase, on the
basis of K/Ca ratios. Ages for the plagioclase crystals are imprecise due to their low K
contents, but are indistinguishable from the sanidine results. Because the plagioclase data
contribute negligibly to the result, they were excluded from further consideration. The
age-distribution of sanidines (Figure 2) is unimodal and reveals no statistical outliers
suggestive of xenocrysts. The sanidine crystals yielded a weighted mean age of 66.023 +
0.053/0.067 Ma.

98 feldspar crystals from sample HF-1PR of the IrZ-coal bentonite were analyzed
individually by total fusion followed by argon isotope analysis with the MAP1 mass
spectrometer. All of the crystals analyzed proved to be alkali feldspars on the basis of
K/Ca ratios. Neglecting one obvious xenocryst at 76.85 + 0.22/0.28 Ma, the remaining 97
crystals yielded a unimodal age distribution with a weighted mean age of 66.039 +
0.019/0.046 Ma.

86 feldspar crystals from sample HF-1AD of the IrZ-coal bentonite were analyzed
individually by total fusion followed by argon isotope analysis with the MAP1 mass
spectrometer. All of the crystals analyzed proved to be alkali feldspars on the basis of
K/Ca ratios. Several crystals yielded anomalous ages as old as 81.35 +0.16/0.17 Ma and
are unambiguously xenocrysts. The 3o filter rejected 6 analyses from the old end of the
distribution. Three of these grade essentially continuously into the rest of the distribution
and we note that their exclusion is somewhat arbitrary. The remaining 80 grains yield a
weighted mean age of 66.058 £+ 0.030/0.052 Ma.



101 feldspar crystals from sample HF11-1 of the IrZ-coal bentonite were analyzed
individually by total fusion followed by argon isotope analysis with the MAP1 mass
spectrometer. All of the crystals analyzed proved to be alkali feldspars on the basis of
K/Ca ratios. No outliers were detected. All 101 grains yielded a weighted mean age of
66.030 + 0.040/0.058 Ma.

Incremental heating A/ Ar results

Incremental heating analysis was conducted on 14 tektites using both the MAP1 and the
MAP3 mass spectrometers. Degassing of the tektites was conducted mainly using a
defocused laser beam, but 3 exceptionally large tektites (in Run 3) were heated up to
40W using an integrator lens, then with a defocused beam for final degassing. These
latter steps unintentionally released large fractions of the gas. The age spectra for 13/14
tektites are 100% concordant (plateaus comprising 100% of the **Ar released) and one
comprises 99.5% of the *°Ar released, consistent with previous experience. Ca/K ratios
show some variation between steps in a given tektite, and integrated values range from
2.4 to 4.6 consistent with previous results from YA Ar dating (72, 13) as well as
electron microprobe (6) studies. Plateau ages neglecting systematic errors range from
66.024 + 0.091 to 66.095 + 0.117 Ma considering analytical errors only, and are mutually
indistinguishable as shown in Figure S4. The weighted mean of the 14 plateau ages is
66.038 + 0.031/0.052 Ma.

Single crystal age distributions for the Z,- and IrZ-coal bentonites validate collective
analysis of multigrained aliquots by incremental heating. Accordingly, multigrain
aliquots of feldspar were analyzed by incremental heating using an integrator lens to
distribute beam power, with argon isotopes measured on MAP1. Two aliquots of ~15
crystals each of the Z,-coal bentonite were analyzed in 32 and 26 steps up to 40W, and 5
aliquots of the IrZ coal bentonite were analyzed in 22-39 steps each up to 35W. The age
spectra (Figure 2) for all aliquots are 100% concordant and yield plateau ages of 66.009 +
0.032 and 66.028 += 0.031 for the Z,-coal bentonite, and range from 66.024 =+ 0.030 to
66.085 + 0.030 Ma for the IrZ-coal bentonite, considering analytical errors only. The
pooled plateau ages are 66.019 & 0.022/0.048 and 66.045 + 0.017/0.045 Ma for the Z,
and IrZ coal bentonites, respectively.

U-Pb results

17 zircons from the HFZ-coal bentonite (HF-3PR) were analyzed by CA-ID-TIMS (49,
50). Three zircons yielded a 2°°Pb/***U age of >73 Ma, and were excluded from further
analysis because of the significant inherited Pb component. Another zircon was reversely
discordant, suggesting incomplete dissolution, and was excluded from analysis. The
remaining 15 zircons yielded a weighted mean age of 65.988 + 0.074 Ma. Analytical
precision for 2°°Pb/**U on individual zircon analyses is limited to 0.1% due to low
concentrations of radiogenic Pb resulting from small sample size (typically < 1
microgram per chemically abraded zircon). Analytical protocols follow those described
by Mundil et al. (49). Interlaboratory calibration of the tracers used has been discussed
elsewhere (49, 51).



SUERC Results

The samples were analyzed by total fusion with a CO; laser and measurements made
using a MAP 215-50 (MAP2) noble gas mass spectrometer. The mass spectrometer is
equipped with a Nier-type ion source and analogue electron multiplier (Balzers SEV217).
Mass spectrometry utilized peak-hopping by magnetic field switching on a single
detector in 10 cycles.

40 feldspar crystals from the IrZ-coal bentonite (HF-1PR) were analyzed. All feldspar
crystals proved to be alkali feldspars on the basis of K/Ca ratios. No data were rejected.
The crystals yielded a normal age distribution with a weighted mean 66.041 +
0.053/0.066 Ma.

Pooled “’Ar/*Ar ages

Pooled ages for the various bentonites are calculated from the weighted mean R-values
corresponding to the single crystal total fusion and (where relevant) plateau ages. The R-
values and their corresponding ages are shown in Table S3.

Previous results for the Beloc tektites were based on the Taylor Creek sanidine TCs)
standard at 27.92 Ma (/3) and FCs at 27.84 Ma (/2). The data presented by Dalrymple et
al. (13) included data previously reported by Izett et al. (52). Using the intercalibration
between TCs and FCs and methods discussed by Renne et al. (53), these previous results
can be represented as: R\ =2.35941 £ 0.00296 (12) and R} =2.35734 +0.00298
(13). Our new data translate to a weighted mean value of R/&" =2.358674 + 0.001018.
The weighted mean of all three studies’ results (Figure S5) is Ry =2.358589 +
0.000916, corresponding to an age of 66.038 £ 0.025/0.049 Ma according to the
calibration of Renne et al. (17). The basis for the normalization is shown in Table S3.

Supplementary Text

High-precision radioisotopic dating of KPB-related events is based almost entirely on the
*Ar/*” Ar method. Detailed comparison of **Ar/*’Ar ages, which were determined in
several laboratories using different standards and various ages ascribed to these
standards, requires normalizing these ages to a uniform basis. The most straightforward
way to do this is to calculate values of a parameter termed R (53), which embodies the
age of a sample relative to a standard. In the case of the KPB phenomena of interest here,
all **Ar/*’Ar ages are either based on the Fish Canyon sanidine (FCs) standard or a
standard (Taylor Creek sanidine; TCs) that has been intercalibrated with FCs (53).
Relevant R-values for existing data, calculated using methods outlined by (47, 53) are
given in Table S3 and shown in Figure S1. The R-value for the Beloc tektites is the
inverse-variance weighted average of results from (/3) and (/2).

The results indicate that the R-value of the IrZ bentonite with respect to the FCs standard
as determined by Swisher et al. (12) exceeds that of the tektites and the Chicxulub melt



rocks by statistically significant margins of 0.0066 + 0.0026 and 0.0066 + 0.0024,
respectively. Thus the IrZ bentonite, hence the KPB, appears resolvably older than either
the tektites or the Chicxulub melt rocks based on existing data. Using the calibration of
(17) and considering only analytical uncertainties, the corresponding age differences are
181 + 71 ky and 183 + 65 ky, respectively, a result that is independent of the calibration
used. Thus the hypothesis that the Chicxulub impact was not synchronous with the KPB
is supported by existing radiosotopic data, but in the opposite sense to that of Keller ez al.
(54) in that the Chicxulub structure and the associated tektites appear to have formed as
much as 250 ky after the KPB at 68% confidence. Two important questions would follow
from the diachrony either inferred (54) or implied by previous *’Ar/*’Ar data: (1) since
the KPB is clearly associated with impact signals in ubiquitous marine and terrestrial
sections, where was the impact if not at Chicxulub? (2) were there no mass extinctions
associated with the Chicxulub impact?

The possibility that the previous age reported (/5) for the IrZ coal bentonite is incorrect
was raised by Renne et al. (47), who noted an apparent inconsistency between results of
their re-calibration of this age (66.236 + 0.060 Ma) and the age (65.957 + 0.040 Ma) for
the KPB based on orbital tuning (/9). The previous age (/5) for the IrZ coal also bears
scrutiny because it implies a sharp increase in sediment accumulation rate from 1.0
mm/Ky in the bottom 2 m of the basal Paleogene to 6.5 mm/ky in the overlying 13 m of
the Tullock Fm., increasing to 12.5 mm/ky in the uppermost 26 m of the Tullock Fm.
(Figure S2). If valid, this could imply a rapid increase in erosion rates in the Tullock Fm.
watershed within the first 200 ky of the Paleogene, possible evidence of climate change
at the KPB. The anomalously low sediment accumulation rate in the basal 2 m of the
Tullock Fm. suggests relatively slow erosion in the basal Tullock watershed, possibly
indicating an arid climate in the aftermath of the KPB. An arid climate at this time would
be inconsistent with pedological (55), stratigraphic and paleontological (22, 56-5§)
evidence. On the other hand, it is possible that erosion rates and sediment fluxes were
high during this interval, as suggested by numerous channel sand complexes in this
stratigraphic interval (22, 57-59), but that their net accumulation rate was low.
Unfortunately there are no dated bentonites stratigraphically below the IrZ coal in the
Hell Creek area, thus there is no basis to evaluate whether the previously reported age for
the IrZ coal bentonite is anomalous in terms of implied sediment accumulation rates.

Comparison with orbital tuning chronologies and OArPAr system calibration

Our absolute age (66.044 + 0.045 Ma) for the terrestrial KPB as represented by the IrZ-
coal bentonite is consistent with the preferred astronomical age (65.957 + 0.040 Ma) of
Kuiper et al. (19) for the KPB. The latter age is based on tuning the KPB in the marine
Zumaia section of northern Spain (60) to the correlative 405-ky eccentricity minimum
constrained by recalculating then published *’Ar/*’Ar data for the KPB to an
independently derived astronomically calibrated age of 28.201 & 0.046 Ma for the FCs
standard (/9). Using this calibration (/9), our new data for the IrZ-coal bentonite
translates to 65.837 = 0.061 Ma, providing slightly worse agreement with the
astronomically tuned age for the KPB although still marginally indistinguishable within
uncertainties at 95% confidence limit (Figure S6). Thus *’Ar/>’ Ar ages for the KPB based



on either (/9) or (17) both support the preferred tuning of the Zumaia KTB proposed by
(19), but not a 405 (or 810) ky younger tuning as proposed by Westerhold et al. (21, 61).
Application of a recently proposed astronomical FCs calibration (62) translates our new
data for the IrZ-coal bentonite to 65.771 £ 0.060 Ma. This age is marginally consistent at
95% confidence with the tuned age of 65.957 Ma for the KPB, and inconsistent with the
405 ky younger tuning option (Figure S6).

Kuiper et al. (19) arrived at the astronomical KPB age of 65.957 Ma using the La2004
(18) solution for Earth’s orbital motions. Two new sets of orbital solutions (La2010, (63);
La2011, (21)) have become available in the interim, and these result in very similar ages
for the KPB. Following the same tuning approach applied previously (/9), i.e. the KPB is
~ 2.5 precession-related cycles below the oldest tuned 100-ky eccentricity minimum
above KPB in combination with the average precession period of 21 ky at that time, the
astronomical KPB age yields values ranging from 65.917 (La2010d, younger option) to
66.056 Ma (La2004, older option) as shown in Figure S7a-c. La2010a-c solutions are
based on the short-term ephemeris INPOPO08, while La2010d is based on the older
INPOPO6 ephemeris. However, the latter may in fact be more accurate as a consequence
of problems encountered in INPOPOS (see (27)). La2010d yields a KPB age of 65.917
Ma, i.e. in better agreement with the FCs calibration of (/9), although it cannot be
excluded that the boundary should be tuned one ~100 ky cycle older when using this
solution. Application of the almost identical La2011 solutions results in a KPB age in the
same age range.

Use of the ~100 ky cycle for tuning should be avoided in principle as the new solutions
are only reliable back to 50 Ma (La2010) or, potentially, 54 Ma (La2011), due to the
chaotic behavior of the Solar System (21, 63)). This limits the use of the ~100 ky (and 2.4
My) cycle further back in time, but the 405 ky cycle remains stable over much longer
time intervals. We therefore also indicated ages of the correlative 405 ky eccentricity
minimum in Figure S6 and S7a-c, which are very similar to the ages obtained previously
(19).

At present, our preferred tuning of the KPB at Zumaia does not support discrimination
between the “°Ar/*’Ar calibrations of Renne et al. (17) and Kuiper et al. (19), because the
astronomical age falls between the two options and is indistinguishable from either one.
Our U/Pb age for the HFZ coal bentonite clearly supports the former calibration, but this
is expected (and somewhat circular) due to the intrinsic role of U/Pb data in that
calibration. However, some recently proposed **Ar/*’Ar calibrations, such as the radical
one based on ice-volume models for the age of the Matuyama-Brunhes geomagnetic
polarity reversal (64), are clearly inconsistent with our preferred tuning, suggesting that
the KPB should be tuned one or even two 405 ky eccentricity minima younger. In fact,
the latter has recently been suggested (27), but we consider this option improbable
because the corresponding inferred age of 27.93 Ma (64), or 27.89 Ma (21) for the FCs
standard is clearly at odds with the two other independent astronomical calibrations (/9);
(62)) and with the optimization approach (/7). Moreover, Kuiper et al. (19) and Hilgen et
al. (65) provided an alternative cyclostratigraphic interpretation with the lower Paleocene
containing one extra 405 ky cycle, while a direct comparison between a radioisotopic and



astronomical age model for the Early Eocene revealed an abrupt discrepancy of ~500 ky
around 50 Ma (66) that may point to another 405 ky cycle that has been overlooked in the
astronomical age model of Westerhold et al. (21).
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Existing **Ar/*’Ar data (12, 13) show that the Haitian tektites were synchronous with the
Chicxulub impact melt rocks, but that they may have been separated in time by as much
as 79 ky. Existing *°Ar/*’Ar data (15) indicate that the KPB predates the tektites and the
Chicxulub impact event by 181 &= 71 and 183 £ 65 ky, respectively.
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Fig. S2

Composite stratigraphy and sediment accumulation history for the basal Paleogene
Tullock Formation indicated by previous **Ar/*’Ar dating (15). Samples reported here
come from bentonites in the lowest three coal beds shown, labeled IrZ, Z, and HFZ. The
previous data suggest an exceptionally low average accumulation rate for the lowermost
2 m of the section, increasing rapidly above the Z-coal. Accumulation rate for each
interval between dated tuffs shown by red bars, with scale at top of plot.
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sample FCs standard

Irradiation 395PR

L# F

36450 (1.19619+0.00073)

36460 (1.19627 £ 0.00068)

36457 (1.19634+0.00075)

Mean  (1.19627+0.00007)
(£0.006%)

Irradiation 400PR

L# F

36501 (1.21011+0.00076)

36502 (1.20999+0.00095)

36503 (1.21001+0.00069)

36504 (1.21005+0.00081)

Mean  (1.21004+ 0.00005)
(+0.004%)

Irradiation 400AD

L# F

25708  (1.23050+0.00045)
25711  (1.22935+ 0.00047)
25714 (1.22940+0.00048)
25717  (1.22909+ 0.00045)
Mean  (1.22958+0.00045)

(£0.05%)

Irradiation 410PR

L# F

36611  (1.18815+0.00057)
36613  (1.19131 £ 0.00066)
36615  (1.19565 +0.00050)
36617  (1.19117 +0.00055)
36618  (1.18757 +0.00073)
36620  (1.19337 £0.00054)

Mean (1.19121 +£0.00307)
(10.26%)

50 hour irradiations in OSTR CLICIT

Fig. S3

Irradiation disc maps showing locations of relevant samples and standards, and values of
F (**Ar*/* Arg) for the standards. F-values shown for each L# are weighted mean values
for all standard grains in that well, whereas mean values are the arithmetic mean and
standard deviation of the individual well numbers. Mean F-value for Irradiations 400AD
and 410PR are shown for comparison only; for these irradiations a planar fit was used to
determine the F-value of the standard at each unknown position (shown in Table S2).

13



2.345
New tektite plateau ages + 65.7
2.350 + 4+ 65.8
= Q0 Lo
O 2355+
I ® S
IS T +66.0 2
2 pa "R g =
S ._._' 2
= 2360 1 & @
? . oY -+ 66.1
o
4 66.2
2.365 T 66.039 + 0.028/0.050 Ma
N=14
MSWD = 0.31
P=0.99 =+ 66.3
2.370
Fig. S4

Summary of plateau ages for new analyses of tektites. Ages are shown in rank order. Red
lines delimit one standard error of the mean, excluding systematic uncertainties.
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Fig. S5

Interlaboratory summary of tektite data from previous studies indicated and new data
(This study). Red lines delimit one standard error of the mean, excluding systematic
uncertainties.
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Fig. S6

Astronomical ages for the KPB based on tuning to recent orbital solutions (La2004: (18);
La2010a-d: (42); La2011: (21)), using different tuning approaches and for three options
that are one 405 ky eccentricity cycle apart, compared with *°Ar/*°Ar ages of Ir-Z coal
calculated for different calibrations. KPB ages shown for the three options are based on
the identification and tuning of ~100 ky cycles with the boundary located 2.5 precession
below the last 100 ky minimum (in red, dark green and dark blue) as in Kuiper ef al.
(2008). For a limited number of solutions, two options are presented which are 100 ky
apart and considered equally likely in view of the cycle patterns in the lower 10m of the
Zumaia section. As the 100 ky cycle is not reliable in the astronomical solutions (see
text), we also provide the age of the 405 ky minimum (in blue) that approximates the
KPB. Grey shaded area presents astronomically tuned KPB age based on Kuiper ef al.
(19) with 1 (dark grey: +£40 ky) and 2 (light grey) sigma errors for tuning to the 3
different 405 ky eccentricity minima options.
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Fig. S7(a)

Tuning of the KPB in the Zumaia section to recent astronomical solutions (La2004: (18);
La2010a-d: (42); La2011: (21)), for each of three (a-c) choices of 405 ky eccentricity
cycles. In each case, the results of two different approaches are shown. KPB ages are
shown based on the identification and tuning of ~100 ky cycles with the boundary located
2.5 precession below the last 100 ky minimum (in red) as in Kuiper et al. (19). This
tuning is constrained by the expression of three distinct 100 ky maxima in the interval
that corresponds with the first 405 ky maximum above the KPB at Zumaia. For a limited
number of solutions, two options are presented which are 100 ky apart and considered
equally likely in view of the cycle patterns in the lower 10m of the Zumaia section (older
option marked with asterisk). As the 100 ky cycle is not reliable in the astronomical
solutions (see text), we also provide the age of the 405 ky minimum (in blue) that
approximates the KPB.
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Data table S1 (separate file)

Summary of run parameters for *°Ar/*’Ar analyses (mass discrimination, backgrounds)
specific to each run as identified in Table S2.

Data table S2 (separate file)
“Ar/*° Ar analytical data.

Data table S3 (separate file)

Summary of new and previous YAr/P Ar data showing the basis for normalization to a
uniform calibration.

Data table S4 (separate file)

U-Pb analytical data. Pb blank composition for analyses using the BW **’Pb-*U-*’U
spike is 2°Pb/2*'Pb = 18.55 + 0.63, *"Pb/**'Pb = 15.50 + 0.55, ***Pb/**'Pb = 38.07 +
1.56, and a 2*°Pb/***Pb-""Pb/2**Pb correlation of +0.9. For analyses using the BDS ***Pb-
23U-23U spike, the blank composition is *°Pb/***Pb = 18.47 + 0.34, 2’Pb/**Pb = 15.63
+0.21, *®Pb/2*Pb = 38.05 + 1.40 (uncertainties here are all 26 of population), and a
206pp2%pp-27Ph/2**Pb correlation of +0.78. Present day Th/U ratio is calculated from
radiogenic *”*Pb/*”°Pb and age. Isotopic ratios are corrected for tracer contribution and
mass fractionation (0.15 + 0.09 %/amu). Ratios of radiogenic Pb versus U are corrected
for mass fractionation, tracer contribution and common Pb contribution. p is correlation
coefficient of radiogenic **’Pb/*°U versus *°Pb/***U. Uncertainties of individual ratios
and ages are given at the 2c level and do not include decay constant errors. Ratios
involving **Pb are corrected for initial disequilibrium in “*°Th/**U adopting Th/U=4 for
the crystallization environment, resulting in a correction of ca. 80 ky.
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