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The Younger Dryas impact hypothesis posits that a cosmic impact
across much of the Northern Hemisphere deposited the Younger
Dryas boundary (YDB) layer, containing peak abundances in a
variable assemblage of proxies, including magnetic and glassy
impact-related spherules, high-temperature minerals and melt
glass, nanodiamonds, carbon spherules, aciniform carbon, plati-
num, and osmium. Bayesian chronological modeling was applied
to 354 dates from 23 stratigraphic sections in 12 countries on four
continents to establish a modeled YDB age range for this event of
12,835–12,735 Cal B.P. at 95% probability. This range overlaps that
of a peak in extraterrestrial platinum in the Greenland Ice Sheet
and of the earliest age of the Younger Dryas climate episode in six
proxy records, suggesting a causal connection between the YDB
impact event and the Younger Dryas. Two statistical tests indicate
that both modeled and unmodeled ages in the 30 records are
consistent with synchronous deposition of the YDB layer within
the limits of dating uncertainty (∼100 y). The widespread distribu-
tion of the YDB layer suggests that it may serve as a datum layer.
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According to the Younger Dryas Impact Hypothesis (YDIH)
(1), a major cosmic episode of multiple airbursts/impacts

occurred at 12,800 ± 300 calendar years before 1950 (Cal B.P.
represents calendar years before A.D. 1950, unless otherwise
noted; 95% probability) or 12,950–12,650 Cal B.P. at 68%
probability. This event produced the Younger Dryas boundary
(YDB) layer, displaying peaks in a variable assemblage of
spherules (glassy and/or magnetic—inferred to be impact ejecta
and therefore, for simplicity, referred to below as impact-related
spherules), high-temperature minerals and melt glass, nano-
diamonds, charcoal, carbon spherules, glass-like carbon, acini-
form carbon (soot), nickel, iridium, platinum, and osmium. The
event may have triggered the Younger Dryas episode of abrupt
climate change, contributed to the end-Pleistocene megafaunal
extinctions, and initiated human population reorganization/
decline across the Northern Hemisphere (1–5). Because a tem-
porally singular event is proposed, the YDIH requires dates on
the YDB layer to be essentially isochronous across four conti-
nents within the limits of dating methods.

In a test of synchroneity, it is ideal to have numerous, highly
accurate, and precise dates to develop robust chronological
models (6). The term “date” represents a measured value, and
“age” refers to real or modeled calendar years. However, when
developing high-precision chronologies, there are multiple chal-
lenges that are amplified in Pleistocene age deposits. Modern
accelerator mass spectrometry (AMS) radiocarbon (14C) mea-
surements are typically very precise, with uncertainties of ±20 y to
±30 y at 11,000 14C years B.P., but high precision does not mean
high accuracy. Numerous problems can produce erroneous ages
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and age reversals in stratigraphic sections (2, 7–9). For example,
14C concentrations have varied unevenly over time for many
reasons, including from carbon turnover in the deep oceans,
fluctuations in Earth’s magnetic field, the release of 14C from
biomass burning, influx of 14C from long-period comets, and
variations in cosmic radiation (solar and galactic and from
supernovae; for details, see SI Appendix, Dating Information). In
addition, there can be considerable uncertainty about the asso-
ciation of charcoal ages with paleontological and archaeological
assemblages, caused by the vertical transport of charcoal in
sedimentary sequences through many processes, including plant
bioturbation (especially roots), animal bioturbation, and rede-
position by wind, water, and ice. Furthermore, a measured 14C
date may be inaccurate for multiple reasons, including the old
wood effect, or inbuilt age (7), as, for example, when burning a
200-y-old tree causes the fire’s age to appear to be 200 y too old.
Accuracy also may be affected by improper handling and pre-
treatment of samples before dating and by uncertainties in the
current 14C calibration curves. All of these problems currently
make it impossible to date an end-glacial event with better than
multidecadal to centennial accuracy, whether it is a Clovis
campfire, mammoth kill site, or cosmic impact event. Regardless,
dating uncertainties must be carefully addressed to obtain the
best possible age estimates (see SI Appendix, Dating Information
and Figs. S1 and S2).
Meltzer et al. (10) rejected 26 of 29 YDB sites, claiming that

the ages of those sites do not fall within the previously published
YDB age span of 12,950–12,650 Cal B.P. and thus could not have
resulted from a single impact event (table 3 of ref. 10). Those
authors criticized previous YDB age–depth models (11–13), but
in doing so, they often improperly compared YDB dates by using
median ages without considering inherent uncertainties, as dis-
cussed in site descriptions below and in SI Appendix.
In this contribution, we model the age of YDB deposits at 23

locations, chosen primarily because independent workers at all
23 sites had previously identified the stratum that corresponds in
age to the Younger Dryas onset. In addition, at 17 of 23 sites,
two or more independently published radiocarbon or optically
stimulated luminescence (OSL) dates were already available,
and the other 5 sites were previously dated by YDIH proponents
(see Methods and SI Appendix, Tables S1 and S2 and Fig. S3, for
details and map). Using Bayesian analyses, we address the fol-
lowing questions. (i) At each YDB site investigated, what is the
best age estimate for the proxy-rich YDB layer? (ii) Do these
modeled ages fall within the previously published YDB age
range of 12,950–12,650 Cal B.P. (11–13)? (iii) What is the
probability that the collective ages of the YDB layer resulted
from a single isochronous event? (iv) If so, what is a revised
probability age distribution for that event? (v) Is the modeled
age of the YDB event consistent with the Younger Dryas onset,
as determined by dates from the Greenland Ice Sheet, speleo-
thems (cave deposits), lake cores, ocean cores, and tree rings?
(vi) Have other researchers raised valid age-related issues (10,
14–17)?
To explore a climate connection, we modeled six records that

report the age of earliest onset for the Younger Dryas, proposed
to be coeval with the YDB cosmic impact event (1). We also
compared all records to the age of the platinum peak reported in
the Greenland Ice Sheet, interpreted by Petaev et al. (18) to
mark a cataclysmic extraterrestrial impact event exactly at the
earliest onset of the Younger Dryas climate episode. In addition
to the 23 YDB sites, 9 sites display a variable assemblage of
impact-related proxies, but they lack sufficient temporal and/or
stratigraphic resolution for Bayesian statistical analysis and will
be discussed only briefly.
The YDB chronology is the focus of this contribution, so, for

further information about site descriptions, geological settings,
archaeological and paleontological significances, and additional

references, see individual sites discussed in SI Appendix. Previous
papers have addressed the nature and origin of YDB impact-
related proxies in detail, and, therefore, we consider these issues
only briefly here. For more information, see the table that lists
representative contributions by YDIH proponents, opponents,
and independent researchers (SI Appendix, Table S2).

Results and Discussion
Calibrating Direct 14C Dates. The process of radiocarbon calibra-
tion produces probability density functions, meaning that some
unknown true age will fall within a specified age range at a
certain percentage probability, e.g., 68%. In traditional statistics,
those percentages are variously known as SDs or sigma (σ), but
in Bayesian statistics, they are referred to as credible intervals,
abbreviated here as CI. (19). Here, we use 68%, 95%, and 99%
CI to represent degrees of uncertainty. A single calibrated cal-
endar year is insufficient to represent the dating uncertainties
involved, and thus, a probability, such as 68% or 95% CI, should
always be assigned to each date (19, 20). Michczynski (21) ob-
served that many researchers continue to present a single point
date without reporting the uncertainties, due to convenience and
simplicity, but doing so yields poor estimates of true ages. This is
because there is only a very small statistical likelihood, typically
<0.5%, that the median or mean date of a probability distribu-
tion represents the true calendar year for an event (Fig. 1).
Meltzer et al. (page 9 of ref. 10) ostensibly agreed with the

criticism of point estimates and wrote, “Using just a single point
estimate—whether a median, midpoint, or weighted mean—fails
to account for uncertainties in the age estimate and thus leads to
questionable regression results.” Later, referring to their table 3
(10), they claimed, “9 of the 11 sites in this group have predicted
ages for the supposed YDB that fall outside the YD onset time
span.” However, they contradicted their stated position by
comparing YDB single dates without using the appropriate 68%
or 95% probability. Furthermore, they did not use established
principles of “chronological hygiene,”meaning that, for example,
they sometimes used an average age calculated from multiple
charcoal dates from a single stratum. That practice is inappro-
priate when an old wood effect has been identified, in which
case, short-lived samples (twigs, seeds, etc.) or the youngest dates
from a single stratum should be given priority (SI Appendix,
Dating Information) (2, 22).
For the nine YDB sites rejected by Meltzer et al. (10), one or

more dates were acquired directly from the layer containing
YDB impact proxies, in accordance with Telford et al. (8), who
concluded that the age of any short-term event is best con-
strained by using dates from directly within or as close as possible
to the event layer. To investigate, we used the IntCal13 curve
within OxCal to calibrate the dates with uncertainties and

Arlington Cyn: 12748 ±46
Abu Hureyra:  12933 ±68

Bull Creek:  12929 ±69
Aalsterhut:  12733 ±18

Blackville:   12960 ±119090
Direct dates on YDB layer

Barber Crk:   12100 ±700
Talega:    12931 ±74
Lingen:   12745 ±30
Lake Hind:  12606 ±35

YDB range:  12800 ±150

100001500020000
Calibrated date (calBP)

12,950-12,650

Fig. 1. Radiocarbon dates from directly within the YDB layer at nine lo-
calities. The published YDB age range is in green text; the vertical gold bar
denotes the YDB age range of 12,950–12,650 Cal B.P. at 68%, which overlaps
the age range distributions from all nine sites. Dates are from Kinzie et al.
(9), except for Aalsterhut (15), Barber Creek (13), and Talega (13).
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compared them with the previously published YDB age range.
For these nine sites from four countries (United States, Canada,
Germany, and Syria), geographically separated by ∼12,000 km,
all nine YDB ages fall within the previously published YDB
range of 12,950–12,650 Cal B.P. (Fig. 1). This finding contradicts
Meltzer et al. (10) and agrees with previously published YDIH
contributions (1, 9, 11–13).

Background for YDB Bayesian Analyses. Previously, proponents and
opponents of the YDIH produced age–depth models using var-
ious types of regression algorithms. Even though widely used,
regression models suffer from limitations, and, therefore, the use
of Bayesian analyses to produce age models has become in-
creasingly common (23–25). Such analyses can (i) calculate and
compare millions of possible age models (iterations), unlike re-
gression algorithms that calculate only one; (ii) integrate prior
external information relevant to dating, e.g., the law of superpo-
sition (deepest is oldest); (iii) identify outlying dates that are too
young or too old [e.g., the old wood effect (7)]; (iv) efficiently
merge disparate data sets, e.g., from stratigraphy, archaeology,
palynology, and climatology; (v) evaluate a cluster of dates for
contemporaneity; (vi) overcome some of the inherent biases of
various dating methods that tend to favor some calendar dates
over others (26); and (vii) present a robust statistical model that

explicitly represents all modeling assumptions and data input.
Because of these advantages, Bayesian age–depth modeling is
considered more robust and flexible than other types (23, 24), and,
therefore, multiple disciplines now commonly use Bayesian ana-
lytical programs [e.g., BCal (27), BChron (28), OxCal (23, 24), and
Bacon (25)]; see SI Appendix, Dating Information and Methods.

Bayesian Models for 23 Sites. For this paper, we used the IntCal13
calibration curve in the OxCal computer program for Bayesian
statistical analysis (v4.2.4) (23, 24), which has three principal
pertinent routines: 14C calibration, calibrated age modeling, and
contemporaneity testing. OxCal produces a modeled age distri-
bution that is summarized in multiple ways, including as a mean
age with uncertainties (±68% CI) and as a distribution of ages at
68%, 95%, and 99% CI. We used three different types of OxCal
coding: (i) P_Sequence code, in which dates are associated with
depths; (ii) Sequence code with Boundaries, for placing dates into
groups with specified boundaries, between which the stratigraphic
order is known, but exact depths are unknown or unclear; and
(iii) Sequence coding with Phases, for placing dates into chrono-
logical groups, because the stratigraphic order is unknown or unclear.
All modeled ages were rounded to the nearest 5 y. For every

site, we report the age ranges at 95% CI, along with the mean
age and ±68% CI, because reporting both formats provides
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LOCATION AGE RANGE DATES STRENGTHS DISADVANTAGES
Abu Hureyra 12825 55 12935 12705 37 8 29 High ● ● ● · ● · · · ● · ·
Arlington Cyn 12805 55 12925 12695 16 0 16 High ● ● ● ● ● ● · · ● · ●
Aalsterhut 12780 35 12845 12725 14 0 14 High ● ● ● · · ● · · · · ·
Big Eddy 12770 85 12935 12580 30 2 28 High · ● ● · ● · · · · · ●
Bull Creek 12840 75 12995 12710 12 0 12 High ● ● ● ● ● · · · · · ·
Daisy Cave 12730 320 13320 12050 20 10 10 High · ● · · ● · · ● · · ●
Lake Hind 12745 180 13190 12550 12 1 11 High ● · ● · ● · · · · ● ●
Lingen 12735 85 12910 12520 2 0 2 HIgh ● · ● · ● ● ● · · · ·
Sheriden Cave 12840 120 13110 12625 30 1 29 High · ● ● ● ● ● · · · · ●
Barber Creek 12865 535 13945 11865 14 1 13 Med ● · ● · · · · ● · · ·
Blackwater 12775 365 13510 12090 29 1 28 Med · ● ● ● ● ● · · ● · ●
Indian Creek 12750 425 13495 11805 8 0 8 Med · · · · ● · · · · · ·
Lindenmeier 12775 180 13195 12440 11 1 10 Med · · ● · ● · · · · · ·
Murray Spgs 12750 235 13195 12255 33 6 27 Med · ● ● ● ● ● · · ● · ·
Santa Maira 12785 295 13265 12070 11 0 11 Med · · ● · ● · ● · · · ●
Talega 12860 150 13075 12545 12 0 12 Med ● · · · ● · · · · · ●
Topper 12785 185 13085 12365 11 0 11 Med · · · · ● ● · ● · · ·
Blackville 12820 1080 15015 10705 5 2 3 Low ● · · · · · ● ● ● ● ·
Lake Cuitzeo 12850 570 14265 12195 22 11 11 Low · · ● ● · · ● ● ● · ●
Lommel 12735 790 14410 11325 17 1 16 Low · · ● · ● ● ● ● · · ·
Melrose 12255 2405 17185 7710 3 1 2 Low ● · · · · · ● ● ● ● ●
Mucunuque 12845 630 13550 11335 3 0 3 Low · · ● · · · ● · · · ·
Ommen 12750 560 13605 11425 2 0 2 Low · · ● · · ● ● · · · ·
Chobot · · · · 3 · · x · · ● · ● · ● ● ● ● ·
Gainey · · · · 5 · · x · · · · ● · ● ● ● ● ●
Kangerlussuaq · · · · 2 · · x · · ● · · · ● ● · · ●
Kimbel Bay · · · · 7 · · x · · · · · · ● ● · ● ●
Morley · · · · · · · x · · ● · · · ● · · ● ·
Mt.Viso · · · · · · · x · · ● · · · ● · · · ·
Newtonville · · · · 2 · · x · · ● · · · ● · · ● ·
Paw Paw Cove · · · · 1 · · x · · ● · · · ● · · · ●
Watcombe · · · · 2 · · x · · ● · · · ● · · · ·

Fig. 2. YDB site details. LOCATION column lists sites. AGE columns show Bayesian modeled ages at 68%; RANGE is at 95% CI. DATE columns list total dates
used, dates accepted, and dates rejected by OxCal as outliers. QUALITY ranks as high, medium, low, and not modeled. STRENGTHS and DISADVANTAGES are
listed by category.
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greater clarity. After analyses of 354 dates at 23 YDB sites, the
chronology for each site was ranked according to estimated
quality, ranging from high to low, as discussed below (summa-
rized in Fig. 2; for OxCal’s coding, see SI Appendix, Coding).

High-Quality Chronologies. Bayesian statistical models for 9 of 23
sites are discussed in this section and in SI Appendix. These sites
are considered high quality because they (i) mostly have 14C
dates from directly within the proxy-rich sample extracted from
the YDB layer; (ii) have a high total number of dates per site
(avg. 19 dates); (iii) have lower uncertainties than lesser quality
dates (avg. 112 y); (iv) typically contain multiple temporally di-
agnostic indicators, including sedimentary and paleobiological
records; and/or (v) usually contain temporally diagnostic cultural
artifacts and megafaunal remains.
Abu Hureyra, Syria. This site was located on an archaeological
mound, or “tell,” ∼14 km west of Al Thawra, Syria, and is now
inundated by Lake Assad (29). The 5-cm-thick YDB sample was
at a depth of 402.5–407.5 cm below surface (cmbs) and contained
peaks in impact-related spherules, carbon spherules, nano-
diamonds, and high-temperature melt glass and minerals (9, 12, 13).
For this site, the sequence of human cultural traditions is

represented as Phases 1, 2, and 3 (the latter is the youngest), with
the YDB layer occurring between Phases 1 and 2 (SI Appendix,
Fig. S4). Based on changes in pollen and seeds, the YDB layer at
Abu Hureyra is coeval with the Younger Dryas onset, which
initiated significant cultural changes, including the adoption of
early cultivation practices that later led to the emergence of
agriculture in the Middle East (5, 29).
From a 7 × 7 m excavated pit, Moore et al. (29) acquired 37 14C

dates, and OxCal generated a sequence-phase stratigraphic model
using 29 of those dates and rejecting 8 dates as outliers (dates that
appear either too young or too old for the statistical model). For
details on rejection of outliers, see SI Appendix, Prior Information
in OxCal. One 14C date acquired from directly within the proxy-
rich YDB sample has a modeled range of 12,935–12,705 Cal B.P.
at 95% (12,825 ± 55 Cal B.P. at 68%). That date overlaps the
previously published YDB age of 12,950–12650 Cal B.P. (SI Ap-
pendix, Fig. S4 and Table S3) (12, 13). For Abu Hureyra, Meltzer
et al. (10) modeled a date of 13,044 Cal B.P. and claimed the
YDB to be 144 y too old. However, they overlooked the presence
of one age of 12,825 ± 55 Cal B.P. at 68% CI that is directly from
the proxy-rich layer and falls within the YDB age range. Also, they
presented a modeled YDB age as a point date without considering
dating uncertainties.
Arlington Canyon, CA. This site is located on the northwest coast of
Santa Rosa Island, one of California’s Northern Channel Islands,
∼52 km southwest of Santa Barbara (2, 13). Kennett et al. (2)
sampled a 5.03-m-thick profile that includes the YDB layer,
concluding that the sequence formed within a catchment basin
that underwent rapid deposition at ∼12,800 cal BP. The 111-cm-
thick YDB stratigraphic section from 392 to 503 cmbs contains
abundance peaks of impact-related spherules, nanodiamonds,
carbon spherules, and aciniform carbon.
Kennett et al. (2) provided 16 dates, 12 of which are from

directly within the proxy-rich YDB horizon. From these, OxCal
modeled the dates in the proxy-rich YDB interval to obtain a
YDB age of 12,805 ± 55 Cal B.P. at 68% (12,925–12,695 Cal B.P.
at 95%) (Fig. 3 and SI Appendix, Table S4). Meltzer et al. (10)
presented a median point date of 13,106 Cal B.P. and rejected
the age of the Arlington Canyon YDB layer as being 308 y too
old. However, their conclusion is incorrect, because they did not
consider the uncertainties for their date and overlooked the
substantial old wood effect from long-lived conifers that were
widespread on the Channel Islands until ∼12,800 y ago (2, 9).
Aalsterhut, Netherlands.Extending across northwestern Europe, the
Usselo horizon is a buried eolian soil with high concentrations of
charcoal at its upper boundary (15). The Usselo layer is buried by

an overlying regional horizon, the Coversands, and the boundary
between these lithologic units marks the onset or early years of
the Younger Dryas episode (15). At the Aalsterhut site, van
Hoesel et al. (15) reported nanodiamonds embedded in glass-like
carbon from the top of the Usselo layer at a depth of 8.25–10 cm
below the top of their sampled interval (they did not report the
measured depth below surface).
Combining 14 14C dates, van Hoesel et al. (15) used OxCal to

calculate an average median age for the entire 10-cm-thick sec-
tion of 12,733 ± 18 Cal B.P. (recalibrated with IntCal13).
However, 11 of the 14 dates are from the upper 8.25 cm, which
contain no reported nanodiamonds. Because it is inappropriate to
mix dates from nonproxy layers with those from the proxy-rich
layer when dating a potential YDB layer, the average date
reported by van Hoesel et al. (15) is incorrect, so we developed a
new age model for the site using the same dates. OxCal used the
three dates on the nanodiamond-rich interval from 8.25 cm to
10 cm to model an age range of 12,845–12,725 Cal B.P. at 95%
(12,780 ± 35 Cal B.P. at 68%) (SI Appendix, Fig. S5 and Table S5).
van Hoesel et al. (15) compared their Aalsterhut age with that

from Arlington Canyon and concluded that their nanodiamond-
rich layer was not the YDB but instead postdated it by 200 y.
However, that conclusion is contradicted by their own observa-
tion that the age of the Aalsterhut nanodiamond layer overlaps
the age of the YDB layer at Murray Springs. Also, they did not
consider the old wood effect, which makes their average age for
Arlington Canyon too old (see Arlington Canyon, CA). Finally,
they compared three YDB sites, but those had been calibrated
with different 14C calibration curves and had not been recali-
brated, as is standard practice. To investigate the purported age
difference, we obtained a Bayesian age range for Aalsterhut of
12,813–12,724 Cal B.P. at 95% CI that falls completely within

Sequence Arlington Canyon
Boundary YDB_base

Sequence YDB_layer
R_Date UCIAMS-36304
R_Date UCIAMS-36305
R_Date UCIAMS-36306
R_Date BETA-161032
R_Date UCIAMS-36959
R_Date UCIAMS-36962
R_Date UCIAMS-36960
R_Date UCIAMS-36961
R_Date UCIAMS-36307
R_Date UCIAMS-42816
R_Date UCIAMS-36308
R_Date UCIAMS-47239
Boundary YDB_top

Sequence Upper layer
R_Date UCIAMS-47238
R_Date UCIAMS-47237
R_Date UCIAMS-47236
R_Date UCIAMS-47235
Boundary

125001300013500140001450015000
Modeled date (BP)

12,925-12,695
12,805 ± 55

Fig. 3. Age sequence model for Arlington Canyon, CA. For this and chro-
nological figures below, the vertical dashed lines represent the previously
published YDB range of 12,950–12,650 Cal B.P. (9, 13). Horizontal red dashed
lines represent the bounds of the proxy-rich sample. Laboratory numbers of
dates are along the left side, with dates falling within the YDB interval
shown in green text. R_Date represents 14C dates, and C_Date, when pre-
sent, represents OSL, varve, and ice layer calendar dates. OxCal’s individual
unmodeled probability distribution curves are shown in light gray, and
modeled probability distributions are shown in dark gray. Boxed areas
represent separate chronostratigraphic Phases or Sequences, and the prob-
ability distributions between phases represent the likely ages of transition.
Phases mainly were identified by earlier site investigators in stratigraphic
order, and dates within each Phase typically are in chronological order.
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the range for Arlington Canyon at 12,925–12,695 Cal B.P. at
95% CI. Thus, there is no 200-y age difference.
Big Eddy, MO. This site is located ∼4.5 km north of Stockton in
the lower Sac River valley (13). The 8-cm-thick YDB sample
contains a peak in YDB impact-related spherules at a depth of
327–335 cmbs. This site contains well-stratified, culturally rich
deposits that include Clovis-age 14C dates on a hearth feature and
associated stone tools (13). To develop an age–depth model, we
used 28 14C dates (10, 13) (Fig. 4 and SI Appendix, Table S6) and
rejected 2 14C dates, consistent with the previous observation of
redeposited charcoal (13). The age range for the YDB interval is
12,935–12,580 Cal B.P. at 95% (12,770 ± 85 Cal B.P. at 68%),
matching the previously published YDB age.
Bull Creek, OK. This site lies along Bull Creek, an intermittent
stream located in the panhandle of Oklahoma, where the 9-cm-
thick YDB sample (298–307 cmbs) contained peaks in impact-
related spherules, aciniform carbon, and nanodiamonds, which
have been independently confirmed (9, 30). Of 12 available 14C
dates, 1 is reported at a depth of 307 cm from within the interval
that included the nanodiamond-rich YDB sample (298–307
cmbs). The OxCal program generated a modeled YDB age of
12,995–12,710 Cal B.P. at 95% (12,840 ± 75 Cal B.P. at 68%),
falling within the published YDB age range (SI Appendix, Fig. S6
and Table S7).
Daisy Cave, CA. Located ∼15 km west of Arlington Canyon, this
cave–rockshelter complex is on the northeast coast of San
Miguel Island, off the Southern California coast (9, 31). The
YDB layer is at a depth of 79–81 cmbs and contains carbon
spherules, glass-like carbon, and nanodiamonds. That layer’s
stratigraphic position is consistent with the palynological record,
showing the transition from pine-dominated to oak-dominated
forests in the area beginning at the Younger Dryas onset (31).

More than 20 AMS 14C dates (10 on charcoal and 10 on shells)
were acquired from a sample pit less than 1 m away from the
stratigraphically correlated YDB profile. Only the 10 high-
quality charcoal dates on short-lived samples (charred twigs)
from this finely stratified sequence were used to generate a
stratigraphic model for the YDB at the top of a darker layer,
providing an age range of 12,730 ± 320 Cal B.P. at 68% (range of
13,220–12,050 Cal B.P. at 95%) (Fig. 5 and SI Appendix,
Table S8).
Murray Springs, AZ. This well-known Clovis site is located 10 km
east of Sierra Vista in a dry stream channel in the San Pedro
Valley (13, 32, 33). The YDB layer is immediately beneath a black
mat layer (33) at a depth of 246–247 cmbs and contains peaks in
impact-related spherules, carbon spherules, aciniform carbon,
nanodiamonds, melt glass, iridium, and nickel (1, 9, 13, 34).
We used 27 of 33 14C dates, acquired <40 m away from the

sampling site, to produce a modeled age for the YDB of 12,750 ±
235 Cal B.P. at 68% (13,195–12,255 Cal B.P. at 95%). Previously,
Haynes (33) reported an average calibrated age of 12,771 ± 47 Cal
B.P. (recalibrated with IntCal13) based on eight dates associated
with Clovis campfires from Unit F1, which is stratigraphically
equivalent to the YDB layer. Likewise, Waters and Stafford (35)
reported an average calibrated age of 12,761 ± 42 Cal B.P.
(recalibrated with IntCal13) for the Clovis occupation layer. All
these modeled ages closely correspond to each other and to the
published YDB age (SI Appendix, Fig. S7 and Table S9).
Sheriden Cave, OH. This deeply stratified karst cavern is 4 km
northwest of Carey, OH (13), where the YDB is a 1.5-cm-thick,
charcoal-rich layer at a depth of 44.5–46.0 cmbs containing peaks
in impact-related spherules, carbon spherules, and nanodiamonds.
The YDB is closely associated with bones of the youngest known
specimens of two extinct megafaunal species, the giant beaver
(Castoroides ohioensis) with an age of 12,745 ± 45 Cal B.P. and the
flat-headed peccary (Platygonus compressus) with a calibrated age
of 12,920 ± 80 Cal B.P. The YDB layer is also closely associated
with a Clovis flaked-stone projectile point and two Clovis bone
projectile points that date to 12,765 ± 30 Cal B.P. Based on 29 of
30 AMS 14C dates from across the 18-m-wide cave complex, the
modeled age for this site is 12,840 ± 120 Cal B.P. at 68% (13,110–
12,625 Cal B.P. at 95%) (Fig. 6 and SI Appendix, Fig. S8 and
Table S10).

Medium-Quality Chronologies. Bayesian age–depth models for 8 of
23 sites are discussed in this section (see also SI Appendix). The
chronologies for these sites are considered medium quality be-
cause the sites have (i) lower stratigraphic resolution, (ii) fewer
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R_Date AA-72613
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R_Date AA-34586

R_Date AA-27482
YDB layer base
R_Date AA-26654
R_Date AA-27486
R_Date AA-25778?
YDB layer top
R_Date AA-27481

R_Date AA-72612

R_Date AA-27488
R_Date AA-72607
R_Date AA-75720
R_Date AA-29022
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R_Date AA-75719
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R_Date AA-72610
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Fig. 4. Age–depth model for Big Eddy. The lighter blue continuous curve
represents 95% probability, and the darker blue represents 68%. OxCal
rejected the dates in blue text as outliers, meaning that they were statisti-
cally too old or young for the model.

Sequence Daisy Cave
Boundary

Phase Lower Section
R_Date J: CAMS-14369
Boundary

Phase Dark layer
R_Date I: CAMS-9096
Boundary YDB_age

Phase Upper section
R_Date G: CAMS-9094
R_Date F3: CAMS-8863
R_Date F1: CAMS-8867
R_Date E4: CAMS-8865
R_Date E1: CAMS-8866
R_Date C: CAMS-8862
R_Date A3: CAMS-9095
R_Date A1: CAMS-8864
Boundary

05000100001500020000250003000035000
Modeled date (BP)

13,320-12,050
12,730 ± 320

Fig. 5. Age sequence model for Daisy Cave, CA.
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dates per site (avg. 17 dates), (iii) larger uncertainties (avg.
295 y), and/or (iv) fewer temporally diagnostic indicators com-
pared with the high-quality chronologies.
Barber Creek, NC. This next site is located ∼5.7 km east of
Greenville, along a paleobraidplain near the confluence of the
Tar River and Barber Creek (13). The YDB layer contained a
peak in impact-related spherules at a depth of 97.5–100 cmbs,
immediately above an abrupt stratigraphic change from alluvial
to eolian deposition that marks the Younger Dryas onset. The
stratigraphic position of Archaic and Woodland cultural artifacts
is consistent with the age of the YDB layer.
Wittke et al. (13) reported an OSL date of 12,100 ± 700 Cal

B.P. from directly within the YDB layer, but Meltzer et al. (10)
rejected Barber Creek as a YDB site, because its median age is
700 y younger than the YDB. This conclusion is unfounded,
because the probability distribution of that date (12,800–11,400
Cal B.P.) overlaps the published YDB range of 12,950–12,650
Cal B.P. (Fig. 7). We used 13 of 14 AMS 14C and OSL dates
from two excavation pits ∼10 m apart to produce an age model
(SI Appendix, Table S11). The modeled age of the proxy-rich
YDB layer is 12,865 ± 535 Cal B.P. at 68% (13,945–11,865 Cal
B.P. at 95%), a span that falls within the previously published
YDB range and has greater statistical certainty than the original
OSL date as the result of Bayesian modeling.

Blackwater Draw, NM. Clovis projectile points were first discovered
at this site, ∼18 km southeast of the city of Clovis. Sixteen sed-
iment samples collected inside the South Bank Interpretive
Center included a 1-cm-thick YDB sample at a depth of
250 cmbs (1237.55 m elevation). The YDB contained peak abun-
dances in impact-related spherules, glass-like carbon, polycyclic
aromatic hydrocarbons (PAHs), iridium, and nickel (1, 13, 36, 37).
The YDB layer is located between Level C, the Clovis occupation
surface, and Level D1, a diatomite layer that correlates with the
black mat at >50 other sites across North America (33).
Based on stratigraphic relationships between 28 of 29 14C dates,

we generated a Bayesian age model, in which the transition at the
top of the YDB layer dates to 12,775 ± 365 Cal B.P. at 68%
(13,510–12,090 Cal B.P. at 95%) (SI Appendix, Fig. S9 and Table
S12). A YDB age is supported by abundant Clovis artifacts and
mammoth bones in the layer immediately below the diatomite and
by Folsom artifacts ∼20 cm above the diatomite. YDB impact-
related spherules also were distributed across the original spoil
from a hand-dug Clovis-age well (38) ∼50 m from the South Bank
site, supporting the modeled age of the YDB layer.
Indian Creek, MT. Located ∼10 km west of Townsend, Indian Creek
is a well-documented archaeological site, exhibiting a black mat
layer containing Folsom cultural artifacts (33). A peak in nano-
diamond-rich carbon spherules was found at a depth of 790–820
cmbs in the Clovis horizon immediately below the Folsom arti-
facts (9). Based on eight 14C dates for the sequence, the age–
depth model dates the top of the YDB layer to 12,750 ± 425 Cal
B.P. at 68% (13,495–11,805 Cal B.P. at 95%), falling within the
published YDB age span (SI Appendix, Fig. S10 and Table S13).
Lake Hind, Manitoba, Canada. Located in a cutbank along the Souris
River in southwestern Manitoba, this site was once part of
Glacial Lake Hind, an end-Pleistocene proglacial lake. At or
near the Younger Dryas onset, ice dams on the lake failed in a
regional pattern of meltwater flooding, transforming the lake from
deep to shallow water (ref. 1 and references therein). The top of
the YDB layer at a depth of 1,096–1,098 cmbs (avg., 1,097 cm)
contains peaks in nanodiamonds, carbon spherules, nickel, and
iridium. Eleven AMS 14C dates were accepted and one was
rejected in computing an age model that includes one date from
directly within the proxy-rich YDB sample (SI Appendix, Fig. S11
and Table S14). The modeled age of the YDB layer is 12,745 ±
180 Cal B.P. at 68% (13,190–12,550 Cal B.P. at 95%), falling
within the published YDB age range.
Lindenmeier, CO. Located in Larimer County, Colorado, ∼45 km
north of Fort Collins (9), this site contains multiple Folsom-age
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Fig. 6. Age sequence model for Sheriden Cave, OH.
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Fig. 7. Age sequence model for Barber Creek, NC.
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encampments, associated with a black mat layer just above a
peak in nanodiamonds found at a depth of 100–102 cm. The
stratigraphic age model is based on 10 of 11 14C dates, producing
a YDB age of 12,775 ± 180 Cal B.P. at 68% (13,195–12,440 Cal
B.P. at 95%), which overlaps the published YDB range (SI Ap-
pendix, Fig. S12 and Table S15).
Lingen, Germany. Located along the Ems River in Germany, this
site is approximately 1 km downstream from the bridge to Lingen
(1, 13). As is typical of northwestern Europe and Aalsterhut, the
Usselo layer at this site is enriched at the top in charcoal, signifying
widespread biomass burning at the Younger Dryas onset. The YDB
layer at a depth of 42–45 cmbs contained peaks in impact-related
spherules and carbon spherules. One new 14C date on charcoal
from directly within the YDB layer calibrates to 12,735 ± 85 Cal B.
P. at 68% (12,910–12,520 Cal B.P. at 95%), overlapping the YDB
age range (SI Appendix, Fig. S13 and Table S16).
Lommel, Belgium. This site is 3 km west of the Lommel town center
and exhibits a lithologic succession that includes the Usselo
horizon, as discussed above for Aalsterhut and Lingen (1, 13).
The charcoal-rich YDB layer at a depth of 47–50 cmbs contains
peaks in impact-related spherules, carbon spherules, nano-
diamonds, nickel, osmium, and iridium. Using 16 of 17 dates (16
OSL and 1 AMS 14C), OxCal calculated a YDB age of 12,735 ±
790 Cal B.P. at 68% (14,410–11,325 Cal B.P. at 95%), within the
published YDB age range (SI Appendix, Fig. S14 and Table S17).
Santa Maira, Spain. This limestone cave complex is ∼22 km from
the Mediterranean Sea in the Alicante Province of eastern Spain
(9). The YDB layer exhibits peaks in carbon spherules and
nanodiamonds at a depth of 4–10 cmbs. Identification of the YDB
layer is supported by the presence of temporally diagnostic
changes in plant remains and cultural artifacts at the Younger
Dryas onset (ref. 9 and references therein). Using 11 14C dates,
OxCal generated an age sequence with a YDB age of 12,785 ± 295
Cal B.P. at 68% (13,265–12,070 Cal B.P. at 95%), which overlaps
the YDB age range (SI Appendix, Fig. S15 and Table S18).
Talega, CA. Located ∼5 km northeast of San Clemente in the
Santa Ana Mountains of Southern California, this site was
sampled for an archaeological study using a platform-mounted
auger to collect samples from deep boreholes (13). The proxy-
rich YDB sample came from within a 30-cm interval (1,485–
1,515 cmbs) that contained abundance peaks in impact-related
spherules and carbon spherules. For Talega, Meltzer et al. (10)
modeled an age of 13,030 ± 150 Cal B.P. (range: 13,180–12,880
Cal B.P.) and claimed that the date “does not fall within the
temporal target of 12,800 ± 150 cal BP [range: 12,950 to
12,650],” even though it clearly does overlap. Using 12 spatially
separated dates from the site, OxCal generated an age-sequence
model with a YDB age of 12,860 ± 150 Cal B.P. at 68% (13,075–
12,545 Cal B.P. at 95%), consistent with the published YDB age
range (13) (SI Appendix, Fig. S16 and Table S19).
Topper, SC. This well-known Clovis-age quarry lies 17 km west of
Allendale near the Savannah River (13). The YDB layer is a
5-cm-thick interval at a depth of 57.5–62.5 cmbs, exhibiting peaks
in impact-related spherules, carbon spherules, nanodiamonds,
nickel, chromium, and iridium intermixed with temporally di-
agnostic Clovis artifacts. LeCompte et al. (37) showed that YDB
impact-related spherules were abundant in the sediment directly
above and in contact with the chert artifacts but were absent
directly beneath these artifacts. The sequence indicates that
quarry use was interrupted for ∼600 y, beginning near the time
the impact proxies were deposited, consistent with a major
population decline/reorganization at the site (3). One AMS 14C
date from the layer containing abundant Clovis artifacts was used
with 10 spatially separated OSL dates to determine a modeled
age of 12,785 ± 185 Cal B.P. at 68% (13,085–12,365 Cal B.P. at
95%), which fall within the published YDB range (Fig. 8 and SI
Appendix, Table S20).

Lower-Quality Chronologies. Bayesian age models for the remaining
6 of 23 sites are discussed in this section and are illustrated in SI
Appendix. The sites are considered of lower quality because they
(i) often include OSL dates, (ii) have larger uncertainties (avg.
1006 y), (iii) have fewer dates per site (avg. 9 dates), (iv) display
more bioturbation and redeposition, and/or (v) contain fewer
temporally diagnostic indicators.
Blackville, SC. This site is ∼3.2 km northwest of the town of
Blackville (12, 13). The YDB layer occurs at a depth of 174–190
cmbs and exhibits peak abundances in impact-related spherules,
high-temperature melt glass, carbon spherules, aciniform carbon,
nanodiamonds, and iridium. Wittke et al. (13) reported an OSL
date of 12,960 ± 1190 Cal B.P. from directly within the proxy-rich
YDB layer. This age range (14,150–11,770 Cal B.P.) fully overlaps
the published YDB age range, but Meltzer et al. (10) overlooked
that range of uncertainties and claimed that Blackville is too old to
be a YDB site. In OxCal, we used two of three OSL dates and one
of two AMS 14C dates to develop an age sequence with a modeled
YDB age of 12,820 ± 1080 Cal B.P. at 68% (15,015–10,705 Cal B.
P. at 95%) (SI Appendix, Fig. S17 and Table S21).
Lake Cuitzeo, Mexico. Israde-Alcántara et al. (11) analyzed samples
in a 27-m-long core from the second largest lake in Mexico,
covering 380 km2 ∼26 km north of Morelia in the state of
Michoacán. They found peaks in impact-related spherules, carbon
spherules, and nanodiamonds at a depth of 277.5–282.5 cmbs.
Kinzie et al. (9) acquired a new AMS 14C date from a nearby
shoreline sequence with a black mat layer and several tephra layers
that were stratigraphically correlated with the lake core. OxCal
used 11 of 22 14C dates to model a YDB age of 12,850 ± 570 Cal
B.P. at 68% (14,265–12,195 Cal B.P. at 95%) (SI Appendix, Fig.
S18 and Table S22). This site has a lower rank because of nine
anomalously old outlier dates near the YDB layer that form two
unusual, coherently linear age clusters of unknown origin.
Geochemical and paleolimnological evidence shows a signifi-

cant climatic transition from warm temperatures, corresponding
to the Allerød warm period, to cool temperatures, corresponding
to the Younger Dryas (11). At Lake Cuitzeo, the transition oc-
curred between two 14C dates of 9,911 Cal B.P. and 18,755 Cal
B.P., consistent with the age–depth model of Israde-Alcántara
et al. (11). This warm-to-cool transition is identified as the onset
of the Younger Dryas climatic episode, corresponding to evi-
dence at other regional sites (11). We also investigated two al-
ternate age–depth models, one of which excluded the shoreline
date from Kinzie et al. (9) and produced a modeled YDB age of
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Fig. 8. Age sequence model for Topper, SC.
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∼15,300 Cal B.P. The other model that included the nine outliers
produced a modeled YDB age of ∼27,100 Cal B.P. However,
both of these alternate YDB ages are inconsistent with the local
and regional paleoclimatic record, and, hence, even though the
lake is poorly dated, it is likely that the proxy-rich layer at Lake
Cuitzeo is the same age as the YDB layer at well-dated sites.
Melrose, PA. This site is approximately 1 km southwest of Melrose
in northeastern Pennsylvania (12, 13). The YDB layer spans an
interval from 15 cmbs to 28 cmbs and contains a remarkable
array of high-temperature impact proxies, including peaks in
impact-related spherules, carbon spherules, aciniform carbon,
nanodiamonds, high-temperature melt glass, nickel, and osmium
(9, 12, 13, 39). The YDB age sequence model was based on one
new AMS 14C date and an OSL date of 11,701 ± 1846 Cal B.P.
(equivalent to 11,640 y before 1950), taken from directly within
the proxy-rich YDB sample. The modeled YDB age is 12,255 ±
2,405 Cal B.P. at 68% (17,185–7,710 Cal B.P. at 95%) (SI Ap-
pendix, Fig. S19 and Table S23).
Mucuñuque (MUM7b), Venezuela. This site is at an elevation of
∼4,000 m in the Merida Province on the northwestern slope of
the Cordillera Sierra de Santo Domingo in the Venezuelan
Andes (40) and is farther south than any other well-studied YDB
site. Recessional moraines and outwash fans representing the
advance of area glaciers are undated at the site but are dated to
the Younger Dryas nearby. The YDB layer lies at a depth of
210–213 cmbs beneath one of the Younger Dryas outwash fans
and contains peaks in impact-related spherules, carbon spher-
ules, quartz with planar features, and high-temperature melt
glass. Using three dates directly from the site, OxCal generated
an age sequence model with a YDB age of 12,845 ± 630 Cal B.P.
at 68% (13,550–11,335 Cal B.P. at 95%), within the published
YDB range (SI Appendix, Fig. S20 and Table S24).
Ommen, Netherlands. Located 3 km west of Ommen in the province
of Overijssel, this site displays the Usselo Horizon, accepted to
mark the Younger Dryas onset, as at Aalsterhut, Lingen, and
Lommel (1, 13). The charcoal-rich YDB layer occurs at the top
of the Usselo horizon at a depth of 115–120 cmbs and contains
peaks in impact-related spherules, carbon spherules, and nano-
diamonds. OxCal used two AMS 14C dates to model the age of
the YDB layer as 12,750 ± 560 Cal B.P. (13,605–11,425 Cal B.P.
at 95% confidence interval), consistent with the previously
published YDB range (SI Appendix, Fig. S21 and Table S25).

Other Sites. Nine other proxy-rich sites currently lack sufficient
dating for robust Bayesian analysis. Even so, the stratigraphic
context of a proxy-rich layer or samples at these sites supports a
YDB age. These sites are Chobot, Alberta, Canada; Gainey, MI;
Kangerlussuaq, Greenland; Kimbel Bay, NC; Morley, Alberta,
Canada; Mt. Viso, France/Italy; Newtonville, NJ; Paw Paw Cove,
MD; and Watcombe Bottom, United Kingdom. For further
discussion, see SI Appendix, Unmodeled Sites.

Modeled vs. Unmodeled Ages. By design, Bayesian models alter
some dates to produce statistically stronger age models. There-
fore, the question arises of whether such changes cause errors by
shifting the unmodeled YDB dates too old or too young. To
investigate this for each of the 23 YDB sites, we selected the date
closest to the median age of the YDB layer (12,800 ± 150 Cal
B.P.) and calibrated each date with IntCal13 without using any
Bayesian modeling (SI Appendix, Methods, Fig. S22 and Table
S26). Of the 23 dates, 22 (96%) fall within the YDB range at
99% CI, and 19 (83%) overlap from 12,840–12,805 Cal B.P., a
35-y interval. These results indicate that Bayesian modeled ages
are not substantially different from unmodeled calibrated ages.

Onset of Younger Dryas Climatic Episode. The YDIH posits that the
Younger Dryas climate episode was triggered by the cosmic
impact, and, therefore, the two should be contemporaneous (1).

Sometimes, multiple climate proxies are available for de-
termining the onset of the Younger Dryas in a given record, and,
if so, we used the earliest date in our Bayesian analyses, as others
have done (41) (see SI Appendix, Onset of Younger Dryas and
Table S27). The onset of the Younger Dryas has been inde-
pendently dated in multiple records, representing a wide range
of paleoenvironments in the Northern Hemisphere, including ice
cores, tree rings, lake and marine cores, and speleothems, as
follows [ice core dates are reported here as b2k (calendar years
before base year AD 2000), consistent with glaciological con-
vention; when compared with Cal B.P. dates (base year 1950),
OxCal automatically adjusted b2k dates to Cal B.P. dates to be
chronologically consistent]: (i) 12,896 ± 138 b2k (13,034–12,758
b2k), from several ice cores, Greenland Ice Core Project
(GRIP), North Greenland Ice Core Project (NGRIP), and DYE-3
(42); (ii) 12,890 ± 260 b2k (13,150–12,630 b2k), from the
Greenland Ice Sheet Program (GISP2) (43); (iii) 12,887 ± 260
b2k (13,147–12,627 b2k), for a peak in impact-related platinum,
coeval with the onset of Younger Dryas cooling with the same
uncertainty as the GISP2 core (18); (iv) 12,820 ± 30 Cal B.P.
(12,850–12,790 Cal B.P.), from a count of annual varves in an
ocean sediment core from the Cariaco Basin, Venezuela (44, 45);
(v) 12,812 ± 49 Cal B.P. (12,861–12,763 Cal B.P.), from counting
tree rings in the German pine record (46); (vi) 12,823 ± 60 Cal B.P.
(12,883–12,763 Cal B.P.), based on oxygen isotope changes (δ18O)
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in speleothems from Hulu Cave, China (47); and (vii) 12,680 ±
127 varve years (before 1950 AD; 12,807–12,553 varve years; avg.
error, 1%), a varve count for cores from Meerfelder Maar,
Germany (48). The first six records above show striking simi-
larities in both mean values and age ranges. Even though the
mean ages of Meerfelder Maar and other varve records appear
∼200 y younger, all of the age estimates investigated overlap the
previously published YDB age range of 12,950–12,650 Cal B.P.
This leaves open the possibility that the Younger Dryas onset
and the YDB impact event are synchronous.

YDB Datum Layer. In a number of sedimentary sections, individual
types of YDB-like proxies have been observed intermittently in
relatively low abundances outside of the YDB layer. However,
only the YDB layer exhibits distinct abundance peaks in multiple
impact-related proxies and, as such, forms a distinct, widely
distributed event horizon or datum layer, similar, for example, to
a geochemically distinctive volcanic tephra layer and the iridium-
rich K–Pg impact layer. Existing stratigraphic information sug-
gests that the YDB layer reflects the occurrence of a singular
cosmic impact by a fragmented comet that resulted in widely
distributed multiple impacts. The YDB datum concept as a
singular event can be further tested through ultra-high-resolution
chronostratigraphic investigations. This proposed datum layer
should be synchronous over broad areas.

Synchroneity. We conducted a Bayesian test of synchroneity to
explore whether the probability distributions overlap for all 23
YDB and 7 Younger Dryas onset dates and, therefore, the 30
sites could be contemporaneous. In accordance with the protocol
for testing synchroneity, as described in Parnell et al. (49) and
Bronk Ramsey (23), we used OxCal’s Sequence and Difference
codes to determine the duration of the most likely common age
interval for the 30 records (Fig. 9). In this test, if the computed
interval at 95% CI allows for a full overlap, i.e., includes zero
years, then synchroneity is possible and is not rejected. On the
other hand, if the estimated interval at 95% CI includes only
nonzero values, then it is probable that the dated events occurred
over a span of years, and synchroneity can be rejected. For the 30
sites, OxCal computed a minimum interval of zero years at 68%
CI (range: 0–60 y). At 95% CI, the difference among the 30 sites
ranges from 0 y to 130 y, and therefore, synchroneity is statisti-
cally possible and is not rejected.
Using the Difference code, we also calculated the modeled age

span of the potential YDB overlap for the 30 sites. To do so, we
used the Date code in OxCal with the Start and End Boundary
ages to compute an age interval for the YDB event of 12,810–
12,760 Cal B.P. (12,785 ± 25 Cal B.P.) at 68% CI and 12,835–
12,735 Cal B.P. (12,785 ± 50 Cal. B.P.) at 95% CI. These ranges
fall within the previously published YDB age range of 12,950–
12,650 Cal B.P. For details, see SI Appendix, Table S28; for
coding, see SI Appendix, Coding.
Additional support for synchroneity comes from the GISP2 ice

core, in which a significant, well-defined, ∼18-y-long platinum
peak was found in an ice interval spanning 279 y from 13,060–
12,781 b2k (18). This single, short-duration platinum peak sup-
ports the occurrence of just one, rather than multiple events
during that 279-y interval.
In summary, these statistical tests produced an overlapping

unmodeled range of 12,840–12,805 Cal B.P. at 95% CI and an
overlapping Bayesian-modeled range of 12,835–12,735 Cal B.P.

Therefore, the 23 YDB age estimates appear isochronous within
the limits of chronological resolution (∼100 y) and could have
been deposited during a single event (SI Appendix, Tables S26
and S28). These findings refute the claim of Meltzer et al. (10)
that YDB ages are asynchronous. Furthermore, the ages of the
YDB at 23 sites are statistically contemporaneous with the in-
dependently determined onset of the Younger Dryas climate
episode, suggesting a causal link between the two (SI Appendix,
Tables S26 and S28).

Conclusions
Our results support six conclusions: (i) Bayesian analyses of 354
dates at 23 sites in 12 countries across four continents demon-
strate that modeled YDB ages are consistent with the previously
published range of 12,950–12,650 Cal B.P. (9, 11–13), contra-
dicting claims that previous YDB age models are inaccurate (10,
14–16). (ii) Bayesian analyses indicate that YDB dates could be
synchronous within the limits of uncertainties (∼100 y), contra-
dicting claims that YDB dates are diachronous. (iii) Comparison
with calibrated, unmodeled ages shows that Bayesian modeling
does not significantly alter the calculated span of the YDB event.
(iv) The ages of the 23 sites are coeval with the Younger Dryas
onset in six records and with the age of deposition of extrater-
restrial platinum in the GISP2 ice core at the Younger Dryas
onset. This temporal relationship supports a causal connection
between the impact event and the Younger Dryas. (v) These
analyses produced a more refined modeled age for the YDB
event of 12,835–12,735 Cal B.P. at 95% CI. Although Bayesian
analysis alone cannot determine unequivocally that the YDB is
synchronous at these 23 sites, a single event is the most plausible
conclusion, given the widespread presence of peaks in impact-
related spherules, melt glass, nanodiamonds, and other markers
that all fall within a narrow temporal window of ∼100 y.

Methods
Sites for sampling were chosen because of accessibility and because Younger
Dryas-aged strata already had been identified stratigraphically by in-
dependent workers (23 sites) and/or independently dated (18 of 23 sites).
Radiocarbon dates (n = 354) were compiled from independent publications
for 18 sites and from previous YDIH-group publications for the remaining
5 sites. We used all available dates, except in most cases where median dates
were >15,000 Cal B.P. or <10,000 Cal B.P. in age; dates extending outside those
limits were sometimes used when a site had only a few intermediate dates. For
sites with widely scattered dates (Blackwater Draw and Murray Springs), we
used only those dates within less than ∼60 m of the sampled section, on the
assumption that those dates would provide the most accurate age model.
Testing indicated that excluding such dates had no effect on the age–depth
model between 13,100 Cal B.P. and 12,500 Cal B.P. We calibrated all dates
using the IntCal13 dataset within OxCal v4.2.4 r:5 (23) and then calculated age
models using Bayesian analyses in OxCal, based on the Markov chain Monte
Carlo algorithm. We used standard codes and commands in OxCal, including
P_Sequence, Sequence, and Phase. The Outlier code was also used because
charcoal derives from vegetation that is, by necessity, older than the fire that
carbonized it. OxCal’s Difference code was used to explore potential syn-
chroneity (for more details, see SI Appendix, Methods).
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