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ABSTRACT

For decades, the Old Crow tephra has been a prominent stratigraphic marker for the
onset of Marine Isotope Stage (MIS) Se, the last interglaciation, in subarctic northwest
North America. However, new zircon U-Pb dates for the tephra suggest that the tephra was
deposited ca. 207 ka during MIS 7, with wide-ranging implications for chronologies of gla-
ciation, paleoclimate, relict permafrost, and phylogeography. We analyzed ~1900 detrital
glass shards from 28 samples collected at Integrated Ocean Drilling Program Site U1345 in
the Bering Sea, which has a well-constrained age model from benthic foraminiferal §*0.
Except for one possibly contaminant shard dated at 165 ka, Old Crow tephra was absent
from all samples spanning 220-160 ka. Old Crow tephra appeared abruptly at 157 ka,
comprising >40% of detrital shards between 157 and 142 ka. This abrupt increase in the
concentration of detrital Old Crow tephra, its absence in earlier intervals, and its presence
at low concentrations in all samples between 134 and 15 ka collectively indicate that the
tephra was deposited during the middle of MIS 6 with a likely age of 159 + 8 ka. As a re-
sult, the late Quaternary chronostratigraphic framework for unglaciated northwest North
America remains intact, and the timing of key events in the region (e.g., bison entry into
North America; interglacial paleoclimate; permafrost history; the penultimate glaciation)

does not require wholesale revision.

INTRODUCTION

The Old Crow tephra represents one of the
largest known Quaternary volcanic eruptions
in the arctic and subarctic, with an estimated
eruptive volume of ~200 km?® based on its
presence across unglaciated Yukon (Canada)
and Alaska (USA) (Westgate et al., 1983; Pre-
ece et al., 2011). Attempts to directly date the
tephra have been challenging partly because the
volcanic source has never been located (e.g.,
Burgess et al., 2019), and diverse dating tools
have yielded a wide range of possible ages (e.g.,
Westgate et al., 1983, 1990; Lamothe et al.,
2020; Burgess et al., 2021).

Nevertheless, insights from geochronology,
stratigraphy, and paleoecology have for decades
shown that the tephra is consistently found
directly beneath—or reworked into—prominent
organic horizons that likely represent the last
interglaciation (Marine Isotope Stage [MIS] Se),
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suggesting that the Old Crow tephra was depos-
ited in late MIS 6 (e.g., Preece et al., 2011). As
aresult of its wide distribution, consistent strati-
graphic associations with presumed last inter-
glacial deposits, and unique glass geochemical
fingerprint, the Old Crow tephra is a key marker
that provides subcontinental-scale correlation of
terrestrial sedimentary and paleoenvironmen-
tal records for the most recent period of sus-
tained warming in the Arctic (e.g., Hamilton
and Brigham-Grette, 1991; Muhs et al., 2001;
CAPE-Last Interglacial Project Members, 2006;
Reyes et al., 2010a).

However, the Old Crow tephra now faces
an identity crisis. Burgess et al. (2019, 2021)
conducted comprehensive U-Pb, U-series, and
(U-Th)/He dating on zircon from Old Crow
tephra and proposed an MIS 7 eruption age of
207 £ 13 ka (20, here and throughout the paper;
Burgess et al., 2021). This new age estimate for
Old Crow tephra is problematic: Though based
on high-quality radiometric geochronology, it

is incompatible with the existing stratigraphic,
paleoecological, paleogenomic, and paleomag-
netic context for this tephra (e.g., Hamilton and
Brigham-Grette, 1991; Waythomas et al., 1993;
Reyes et al., 2010b; Jensen et al., 2013, 2016;
Froese et al., 2017). In turn, if the Burgess et al.
(2021) U-based zircon age for the Old Crow
tephra is correct, it would require wholesale
revision of the late-Middle and Late Pleisto-
cene chronostratigraphy for the rich sedimentary
records of unglaciated Alaska and Yukon (e.g.,
Muhs et al., 2001; Froese et al., 2009).

We therefore turned to the marine sedimen-
tary record to resolve the brewing controversy
and long-standing ambiguity on the age of Old
Crow tephra. Curiously, the tephra has not been
found as a visible bed at proximal core sites of
the Ocean Drilling Program (ODP) and Inte-
grated Ocean Drilling Program (IODP), e.g.,
Sites 887 and U1339 (Fig. 1). Initial exami-
nation of more distal cores, e.g., U1417 and
U1418 (Fig. 1), also failed to locate the tephra
(J. Addison, 2022, personal commun.). How-
ever, shards of Old Crow tephra are present as a
notable component of background detrital glass
in the middle-late Holocene core HLY(0501-01
from the Chukchi Sea (Fig. 1; Ponomareva et al.,
2018). In that core, shards of Dawson tephra
(ca. 29 ka; Davies et al., 2016) are also present
as a persistent detrital component of Holocene
marine mud, as are abundant detrital shards
of Aniakchak tephra (ca. 3.5 ka; Davies et al.,
2016) in the several thousand years following
its deposition. Terrestrial reworking has also
been invoked to explain persistently high post-
eruption concentrations of Aniakchak tephra in
core SWERUS-L2-2-PC1 in the Chukchi Sea
(Fig. 1; Pearce et al., 2017). These temporal
patterns of detrital glass concentration suggest
that marine sedimentation in near-continental
settings will be characterized by (1) substantial
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Figure 1. Study area map, including Integrated Ocean Drilling Program (IODP) Site U1345
and other relevant marine sediment cores (red squares; ODP—Ocean Drilling Program); Old

Crow tephra sites in Alaska (USA) and Yukon (Canada) (white circles; Preece et al.,

2011);

120 m isobath marking the approximate limit of the Beringian landmass during the Last Gla-
cial Maximum (green lines); Halfway House (HH) and Togiak Bay (TB), representing Old Crow
tephra sampling locations from Burgess et al. (2019, 2021), respectively; and the type locality

for Old Crow tephra in northern Yukon.

deposition of reworked detrital glass for sev-
eral thousand years following deposition of a
widespread tephra on land, and (2) the presence
of detrital glass shards in lower concentrations
for tens of thousands of years following terres-
trial deposition of a widespread tephra.
Accordingly, we used the presence or
absence of detrital Old Crow tephra in a Ber-
ing Sea sediment core with clear differentia-
tion of glacial-interglacial stages to resolve the
debate on the age of this key chronostratigraphic
marker. We assumed that Old Crow tephra will
be present as detrital shards in marine sediments
that postdate its deposition on land but absent in
those that predate it. We also assumed that the
concentration of detrital Old Crow tephra shards
would be highest in marine sediments closest to
the eruption age. Therefore, we hypothesized
that detrital shards of Old Crow tephra would

METHODS

We sampled from the primary splice taken
from IODP Site U1345 (Expedition 323
Scientists, 2011) on the northern continen-
tal slope of the Bering Sea (Fig. 1; 1008 m
water depth, 60.15°N, 179.50°W). Site U1345
receives abundant terrigenous sediment from
Alaska, has no evidence for depositional hia-
tuses during the interval of interest, and is far
enough from the Aleutian arc to avoid being
overwhelmed by proximal tephra (Expedition
323 Scientists, 2011). We updated the origi-
nal age model for the U1345 primary splice
(Cook et al., 2016) using benthic foraminifera
6130 and bulk sediment "N to yield improved
precision for, respectively, MIS 7 and the MIS
6-5 transition (Table S1 in the Supplemental
Material'). Age model uncertainty is 4-9 k.y.

be present in Bering Sea sediments by ca. 200
ka if the new U-Pb chronology of Burgess et al.
(2019, 2021) is accurate. On the other hand, if
the late-MIS 6 age for Old Crow tephra is cor-
rect, then detrital shards of the tephra would
appear from late MIS 6 onward and would be
absent prior to that time.

'Supplemental Material. Detailed sampling,
analytical, age model, and machine learning methods
and Data Sets S1 and S2 (electron microprobe and
machine learning results). Please visit https://
doi.org/10.1130/GEOL.S.21397194 to access
the supplemental material and contact editing@
geosociety.org with any questions.
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(20), with the highest uncertainty of 7-9 k.y.
during MIS 6 between 142 and 181 ka (Table
S2). Compared to the age model published
by Cook et al. (2016), this revised age model
yields ages for sampled depths in this study
that are ~3 k.y. younger for MIS 5, ~1.5-2.5
k.y. younger for MIS 6, and ~2.5-7 k.y. older
for MIS 7; these changes do not affect the
identification of specific glacial and intergla-
cial stages, which are based on clear patterns
in benthic foraminifera §'®0 (Fig. 2; see the
Supplemental Material).

Sample preparation and analysis followed
Jensen et al. (2008), with glass major-element
composition of unknowns and secondary stan-
dards determined by wavelength-dispersive
spectrometry on an electron microprobe. We
analyzed 50 glass shards from each sampled
interval (Fig. 2), capturing a full range of
shard morphologies. An additional 50 shards
were analyzed from select samples—focusing
on shard morphologies typical of Old Crow
tephra—to maximize the chance of identifying
detrital Old Crow tephra at key intervals asso-
ciated with the glass fission-track and U-based
zircon ages (Fig. 2; Table S2).

We used a machine learning approach to
identify Old Crow tephra shards, adapting
the artificial neural network and random for-
est ensemble of Bolton et al. (2020). Training
data consisted of 1470 analyses of Old Crow
tephra and >17,000 analyses of other Pleis-
tocene and Holocene tephras from Alaska,
Yukon, and Kamchatka. We used bivariate plots
and expert analysis to confirm that the machine
classifier did not mistakenly identify—or fail to
identify—shards of Old Crow tephra (Fig. 3).

Details on the U1345 age model, samples,
preparation, analyses, and machine learning
classification are provided in Supplemental
Material and Data Sets S1 and S2 therein.

RESULTS

Identification of Old Crow tephra in detri-
tal glass from U1345 was facilitated by the
tephra’s relatively homogeneous and unique
major-element composition (e.g., Preece et al.,
2011). Compared to other late Quaternary tephra
deposits in Alaska and Yukon, the Old Crow
tephra composition is most like the ca. 29 ka
Dawson tephra. However, the two are readily
distinguished by their SiO,, Na,O, FeO,,,, and
Al,O; compositions.

Old Crow tephra was not present in three
samples that predated the Burgess et al. (2021)
age estimate for Old Crow tephra (Figs. 2A and
3). Similarly, out of 400 analyzed shards, we
did not identify any Old Crow tephra detrital
shards in the five samples between 220 and 197
ka (Figs. 2A and 3), which are within uncer-
tainty of the 207 £ 13 ka age of Burgess et al.
(2021). Of 495 analyzed shards from eight
samples dated to 189-160 ka, only one shard
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Figure 2. (A) Proportion of analyzed glass shards in each Integrated Ocean Drilling Program
(IODP) Site U1345 sample identified as Old Crow tephra (green bars). (B) Site U1345 benthic
foraminifera §'®0 (see also Fig. S1 [see footnote 1]). Green triangles indicate samples with
detrital Old Crow tephra; up- and down-pointing triangles are samples with ~50 and ~100 ana-
lyzed shards, respectively. Error bar at the top of A is £9 k.y. age model uncertainty for the
first major appearance of detrital Old Crow tephra at 157 ka. In B, 144 + 14 recalculated glass
fission-track (Buryak et al., 2022) and 207 + 13 U-based zircon (Burgess et al., 2021) ages for
Old Crow tephra are indicated by green and red windows, respectively. MIS—marine isotope
stage; VPDB—Vienna Peedee belemnite standard.

at 165 ka can plausibly be identified as Old Crow
tephra (Figs. 2A and 3).

Old Crow tephra appeared abruptly in
U1345 at 157 £ 9 ka, comprising 40% of the
detrital shard sample in that interval (Fig. 3)
and marking the onset of ~15 k.y. of detrital
glass sedimentation dominated by the tephra.
In all six samples dated 157-142 ka, which
spanned ~3 m of core depth and coincided
with high benthic foraminifera §'®0 values
indicative of high global ice volume, Old
Crow tephra made up 40%—62% of the ana-
lyzed detrital shards (Figs. 2 and 3). The tephra
was also present—albeit at low concentrations
of 4%—14% of the analyzed detrital shards—
in each of six samples dating to 134-15 ka
(Figs. 2A and 3).

DISCUSSION

Marine and lacustrine sediments that post-
date a prominent tephra in their catchment
commonly contain reworked glass shards from
that tephra immediately following its deposi-
tion on land (e.g., Boygle, 1999; Goldfinger
et al., 2017; Pearce et al., 2017; McLean et al.,
2018; Ponomareva et al., 2018). Consequently,
we assert that the lack of Old Crow tephra in
samples dated to 220-160 ka (Figs. 2 and 3), the
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presence of abundant detrital Old Crow tephra
shards ca. 157-142 ka, and its persistence at
low concentration from 134 to 15 ka indicate
that this key tephra was deposited between 160
and 157 ka during the middle of MIS 6 (Fig. 2).
A simple sequential Bayesian age model run in
OxCal4.4.4 (Bronk Ramsey, 2009) gave an esti-
mated eruption age of 159 + 8§ ka (20) using the
bounding ages of 160 4 9 ka (Old Crow absent)
and 157 4 9 ka (Old Crow present).

The single Old Crow shard at 165 ka is pecu-
liar. We do not suspect downward mobility of
glass shards because the tephra was absent from
the two samples preceding the abrupt appear-
ance of abundant detrital Old Crow tephra at 157
ka. Furthermore, there is no evidence of biotur-
bation in the core sections spanning 181-146 ka
(Table S2). This single Old Crow shard may be
due to trace laboratory or sampling contamina-
tion, or it may be an artifact of a poor single-
point microprobe analysis. Regardless, even if
the single shard at 165 ka marks the earliest
evidence for Old Crow tephra deposition, this
still places the eruption within mid-MIS 6.

Our proposed 159 + 8 ka age for the Old
Crow tephra cannot be reconciled with the recent
zircon U-based eruption age of 207 4 13 ka nor
with the interpretation that the tephra was depos-

ited during the MIS 7 interglaciation (Burgess
etal.,2021). The 159 + 8 ka age for the Old Crow
tephra is slightly older than the tephra’s recal-
culated glass fission-track age of 144 + 14 ka
(Buryak et al., 2022), which is based on a revised
“Ar/*Ar age for the moldavite reference material
(Schmieder et al., 2018). However, the recalcu-
lated glass fission-track age and our inferred age
from Site U1345 detrital glass are both consis-
tent with stratigraphic and paleoenvironmental
age constraints for Old Crow tephra, which is
typically found either (1) in eolian, lacustrine,
or fluvial sediments that suggest deposition in
a (shrub) tundra environment, stratigraphically
beneath a prominent buried organic-rich hori-
zon with interglacial paleoecological indicators
(e.g., Matthews et al., 1990; Waythomas et al.,
1993; Reyes et al., 2010b); or (2) reworked into
a similar prominent organic horizon with inter-
glacial proxy indicators and sharp lower contacts
indicative of presumed interglacial thaw-related
unconformities (e.g., Péwé et al., 1997; Muhs
etal., 2001; Reyes et al., 2010a).

Accordingly, even though some earlier
glass fission-track determinations for Old
Crow tephra (e.g., 124 4 20 ka; Preece et al.,
2011) have median ages that ostensibly place
it within the MIS Se last interglaciation, most
researchers in the region have proposed that
the stratigraphic and paleoecological contexts
for the tephra likely preclude its deposition
during an interglaciation (e.g., Matthews
et al., 1990; McDowell and Edwards, 2001;
Reyes et al., 2010b). In turn, the Old Crow
tephra has been used to constrain a range
of key late Quaternary events in northwest
North America, for example, the timing of
bison entry into North America during MIS
6, based on a bone found in direct strati-
graphic association with Old Crow tephra
(Froese et al., 2017); the magnitude of last
interglacial warming in the western Arctic
(CAPE-Last Interglacial Project Members,
2006); permafrost persistence and the mag-
nitude of ground thaw through MIS 5e, based
on stratigraphic relations between relict ice
wedges, thaw unconformities, and Old Crow
tephra (Reyes et al., 2010a); and the timing
of extensive late Quaternary glacial advances,
based on the presence of Old Crow tephra
above buried outwash and till deposits (e.g.,
Turner et al., 2013).

In light of the detrital glass record presented
here, it is worth considering why the comprehen-
sive dating of zircon from Old Crow tephra by
Burgess et al. (2019, 2021) yielded a 207 &+ 13
ka age that is likely 40-50 k.y. too old. Zircon
U-Pb and U-series dates constrain the timing of
crystallization and thus may substantially pre-
date the actual eruption. Burgess et al. (2019)
attempted to control for this bias with (U-Th)/He
ages that should provide a more direct eruption
age, but with a larger error (207 & 34 ka). In
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Figure 3. CaO and K,O biplots for Integrated Ocean Drilling Program (IODP) Site U1345 detrital glass shards. Red circles are reference Old
Crow analyses (n = 256) run with Site U1345 samples. Other symbols represent all analyzed shards within each age interval, noting the number
of samples and the number of Old Crow tephra (OCt) shards to the total number of analyzed shards. For clarity, biplots only display shards
with 73-77 wt% SiO,, capturing the ~74.8 to ~75.7 wt% compositional range of Old Crow tephra (Preece et al., 2011).

addition, Buryak et al. (2022) showed that U-Pb
ages derived from zircons are sensitive to the
method used to average the pool of dates, with
weighted mean methods yielding age estimates
up to 5%—-10% older than those from Bayes-
ian age modeling and maximum likelihood
approaches. Buryak et al. (2022) also empha-
sized the need to consider corroborating evi-
dence from stratigraphy, paleoecology, paleo-
magnetism, and other independent constraints
when evaluating radiometric ages for Pleisto-
cene tephra deposits.

Independent of the nuances of zircon U-Pb
dating, the U1345 record of detrital Old Crow
tephra shows that the tephra was deposited
across the landscape of unglaciated Alaska and
Yukon during the latter half of the MIS 6 gla-
ciation. Consequently, the Old Crow tephra can
continue to underpin the regional chronostratig-
raphy for diverse paleoenvironmental studies
in subarctic northwest America as a prominent
isochronous stratigraphic marker for the onset
of MIS S5e, the last interglaciation. Our results
also suggest that detrital glass records from well-

dated marine sediment cores in other settings
may provide valuable geochronology for impor-
tant tephra markers that are difficult to date by
other means.

ACKNOWLEDGMENTS

A. Reyes and B. Jensen dedicate this paper to the
memory of their friend and colleague Erin L. Walton
(1978-2022), a talented and dedicated geologist. We
acknowledge the Integrated Ocean Drilling Program
Expedition 323 scientists and crew who collected the
Site U1345 cores; funding from Natural Sciences and
Engineering Research Council of Canada Discov-
ery grants (A. Reyes, B. Jensen, J. Westgate); and A.
Locock for support on the electron microprobe. We
thank reviewers J. Brigham-Grette, S. Burgess, and C.
Lane. A. Reyes and B. Jensen are indebted to D. Froese
for kindling their interest in the Old Crow tephra.

REFERENCES CITED

Bolton, M.S.M., Jensen, B.J.L., Wallace, K., Praet, N,
Fortin, D., Kaufman, D., and De Batist, M., 2020,
Machine learning classifiers for attributing tephra
to source volcanoes: An evaluation of methods for
Alaska tephras: Journal of Quaternary Science,
v. 35, p. 81-92, https://doi.org/10.1002/jgs.3170.

Boygle, J., 1999, Variability of tephra in lake and
catchment sediments, Svinavatn, Iceland: Global

Geological Society of America | GEOLOGY | Volume 51 | Number 1 | www.gsapubs.org

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/51/1/106/5754929/g50491.1.pdf

and Planetary Change, v. 21, p. 129-149, https://
doi.org/10.1016/S0921-8181(99)00011-9.

Bronk Ramsey, C., 2009, Bayesian analysis of radio-
carbon dates: Radiocarbon, v. 51, p. 337-360,
https://doi.org/10.1017/S0033822200033865.

Burgess, S.D., Coble, M.A., Vazquez, J.A., Coombs,
M.L., and Wallace, K.L., 2019, On the eruption
age and provenance of the Old Crow tephra: Qua-
ternary Science Reviews, v. 207, p. 64-79, https://
doi.org/10.1016/j.quascirev.2018.12.026.

Burgess, S.D., Vazquez, J.A., Waythomas, C.F.,
and Wallace, K.L., 2021, U-Pb zircon erup-
tion age of the Old Crow tephra and review of
extant age constraints: Quaternary Geochro-
nology, v. 66, https://doi.org/10.1016/j.quageo
.2021.101168.

Buryak, S.D., Reyes, A.V., Jensen, B.J.L., Davies,
J.H.FL., Westgate, J.A., DuFrane, S.A., Luo,
Y., Froese, D.G., Pearson, D.G., and Benowitz,
J.A., 2022, Laser-ablation ICP-MS zircon U-Pb
ages for key Pliocene-Pleistocene tephra beds
in unglaciated Yukon and Alaska: Quaternary
Geochronology, v. 73, https://doi.org/10.1016/j
.quageo.2022.101398.

CAPE-Last Interglacial Project Members, 2006, Last
interglacial Arctic warmth confirms polar ampli-
fication of climate change: Quaternary Science
Reviews, v. 25, p. 1383-1400, https://doi.org/10
.1016/j.quascirev.2006.01.033.

109


https://doi.org/10.1002/jqs.3170
https://doi.org/10.1016/S0921-8181(99)00011-9
https://doi.org/10.1016/S0921-8181(99)00011-9
https://doi.org/10.1017/S0033822200033865
https://doi.org/10.1016/j.quascirev.2018.12.026
https://doi.org/10.1016/j.quascirev.2018.12.026
https://doi.org/10.1016/j.quageo.2021.101168
https://doi.org/10.1016/j.quageo.2021.101168
https://doi.org/10.1016/j.quageo.2022.101398
https://doi.org/10.1016/j.quageo.2022.101398
https://doi.org/10.1016/j.quascirev.2006.01.033
https://doi.org/10.1016/j.quascirev.2006.01.033

Cook, M.S., Ravelo, A.C., Mix, A., Nesbitt, .M.,
and Miller, N.V., 2016, Tracing subarctic Pa-
cific water masses with benthic foraminiferal
stable isotopes during the LGM and late Pleisto-
cene: Deep-Sea Research II—Topical Studies in
Oceanography, v. 125-126, p. 84-95, https://doi
.org/10.1016/j.dsr2.2016.02.006.

Davies, L.J., Jensen, B.J.L., Froese, D.G., and Wallace,
K.L., 2016, Late Pleistocene and Holocene teph-
rostratigraphy of interior Alaska and Yukon: Key
beds and chronologies over the past 30,000 years:
Quaternary Science Reviews, v. 146, p. 28-53,
https://doi.org/10.1016/j.quascirev.2016.05.026.

Expedition 323 Scientists, 2011, Site U1345, in Taka-
hashi, K., et al., Proceedings of the Integrated
Ocean Drilling Program, Volume 323: Tokyo, Ja-
pan, Integrated Ocean Drilling Program Manage-
ment International, Inc., https://doi.org/10.2204/
iodp.proc.323.109.2011.

Froese, D.G., Zazula, G.D., Westgate, J.A., Preece,
S.J., Sanborn, P.T., Reyes, A.V., and Pearce,
N.J.G., 2009, The Klondike goldfields and Pleis-
tocene environments of Beringia: GSA Today,
v. 19, p. 4-10, https://doi.org/10.1130/GSAT-
G54A.1.

Froese, D.G., et al., 2017, New fossil and genomic
evidence constrains the timing of bison arrival
in North America: Proceedings of the National
Academy of Sciences of the United States of
America, v. 114, p. 3457-3462, https://doi.org
/10.1073/pnas.1620754114.

Goldfinger, C., Galer, S., Beeson, J., Hamilton, T.,
Black, B., Romsos, C., Patton, J., Nelson, C.H.,
Hausmann, R., and Morey, A., 2017, The im-
portance of site selection, sediment supply, and
hydrodynamics: A case study of submarine pa-
leoseismology on the northern Cascadia margin,
Washington USA: Marine Geology, v. 384, p. 4—
46, https://doi.org/10.1016/j.margeo0.2016.06.008.

Hamilton, T.D., and Brigham-Grette, J., 1991, The
last interglaciation in Alaska: Stratigraphy and
paleoecology of potential sites: Quaternary In-
ternational, v. 10-12, p. 49-71, https://doi.org
/10.1016/1040-6182(91)90040-U.

Jensen, B.J.L., Froese, D.G., Preece, S.J., Westgate,
J.A., and Stachel, T., 2008, An extensive middle
to late Pleistocene tephrochronologic record from
east-central Alaska: Quaternary Science Reviews,
v. 27, p. 411427, https://doi.org/10.1016/j.quas-
cirev.2007.10.010.

Jensen, B.J.L., Reyes, A.V., Froese, D.G., and Stone,
D.B., 2013, The Palisades is a key reference site
for the middle Pleistocene of eastern Beringia:
New evidence from paleomagnetics and regional

110

tephrostratigraphy: Quaternary Science Reviews,
v. 63, p. 91-108, https://doi.org/10.1016/j.quas-
cirev.2012.11.035.

Jensen, B.J.L., Evans, M.E., Froese, D.G., and
Kravchinsky, V.A., 2016, 150,000 years of loess
accumulation in central Alaska: Quaternary Sci-
ence Reviews, v. 135, p. 1-23, https://doi.org/10
.1016/j.quascirev.2016.01.001.

Lamothe, M., Forget Brisson, L., and Hardy, F., 2020,
Circumvention of anomalous fading in feldspar
luminescence dating using post-isothermal IRSL:
Quaternary Geochronology, v. 51, https://doi.org
/10.1016/j.quageo.2020.101062.

Matthews, J.V., Schweger, C.E., and Janssens, J.A.,
1990, The last (Koy-Yukon) interglaciation in
the northern Yukon: Evidence from Unit 4 at
Ch’ijee’s Bluff, Bluefish Basin: Géographic Phy-
sique et Quaternaire, v. 44, p. 341-362, https://
doi.org/10.7202/032835ar.

McDowell, PF., and Edwards, M.E., 2001, Evidence
of Quaternary climatic variations in a sequence of
loess and related deposits at Birch Creek, Alaska:
Implications for the Stage 5 climatic chronolo-
gy: Quaternary Science Reviews, v. 20, p. 63-76,
https://doi.org/10.1016/S0277-3791(00)00131-1.

McLean, D., et al., 2018, Integrating the Holocene
tephrostratigraphy for East Asia using a high-res-
olution cryptotephra study from Lake Suigetsu
(SG14 core), central Japan: Quaternary Science
Reviews, v. 183, p. 36-58, https://doi.org/10.1016
/j.quascirev.2017.12.013.

Muhs, D.R., Ager, T.A., and Begét, J.E., 2001, Veg-
etation and paleoclimate of the last interglacial
period, central Alaska: Quaternary Science Re-
views, v. 20, p. 41-61, https://doi.org/10.1016/
S0277-3791(00)00132-3.

Pearce, C., et al., 2017, The 3.6 ka Aniakchak tephra
in the Arctic Ocean: A constraint on the Holocene
radiocarbon reservoir age in the Chukchi Sea:
Climate of the Past, v. 13, p. 303-316, https://
doi.org/10.5194/cp-13-303-2017.

Péwé, T.L., Berger, G.W., Westgate, J.A., Brown, PM.,
and Leavitt, S.W., 1997, Eva Interglaciation For-
est Bed, Unglaciated East-Central Alaska: Global
Warming 125,000 Years Ago: Geological Society
of America Special Paper 319, 54 p., https://doi
.org/10.1130/0-8137-2319-1.

Ponomareva, V., Polyak, L., Portnyagin, M., Abbott,
P.M., Zelenin, E., Vakhrameeva, P., and Garbe-
Schonberg, D., 2018, Holocene tephra from the
Chukchi-Alaskan margin, Arctic Ocean: Implica-
tions for sediment chronostratigraphy and volcanic
history: Quaternary Geochronology, v. 45, p. 85—
97, https://doi.org/10.1016/j.quageo.2017.11.001.

Preece, S.J., Pearce, N.J.G., Westgate, J.A., Froese,
D.G., Jensen, B.J.L., and Perkins, W.T., 2011,
Old Crow tephra across eastern Beringia: A single
cataclysmic eruption at the close of Marine Iso-
tope Stage 6: Quaternary Science Reviews, v. 30,
p- 2069-2090, https://doi.org/10.1016/j.quascirev
.2010.04.020.

Reyes, A.V., Froese, D.G., and Jensen, B.J.L., 2010a,
Permafrost response to last interglacial warm-
ing: Field evidence from non-glaciated Yukon
and Alaska: Quaternary Science Reviews, v. 29,
p. 3256-3274, https://doi.org/10.1016/j.quascirev
.2010.07.013.

Reyes, A.V., Jensen, B.J.L., Zazula, G.D., Ager, T.A.,
Kuzmina, S., La Farge, C., and Froese, D.G.,
2010b, A late-Middle Pleistocene (Marine Iso-
tope Stage 6) vegetated surface buried by Old
Crow tephra at the Palisades, interior Alaska:
Quaternary Science Reviews, v. 29, p. 801-811,
https://doi.org/10.1016/j.quascirev.2009.12.003.

Schmieder, M., Kennedy, T., Jourdan, F., Buchner,
E., and Reimold, W., 2018, A high-precision
YAr/*Ar age for the Nordlinger Ries impact cra-
ter, Germany, and implications for the accurate
dating of terrestrial impact events: Geochimica et
Cosmochimica Acta, v. 220, p. 146157, https://
doi.org/10.1016/j.gca.2017.09.036.

Turner, D.G., Ward, B.C., Bond, J.D., Jensen,
B.J.L., Froese, D.G., Telka, A.M., Zazula,
G.D., and Bigelow, N.H., 2013, Middle to
Late Pleistocene ice extents, tephrochronol-
ogy and paleoenvironments of the White River
area, southwest Yukon: Quaternary Science Re-
views, v. 75, p. 59-77, https://doi.org/10.1016
/j.quascirev.2013.05.011.

Waythomas, C.F., Lea, PD., and Walter, R.C., 1993,
Stratigraphic context of Old Crow tephra, Holitna
lowland, interior southwest Alaska: Quaternary
Research, v. 40, p. 20-29, https://doi.org/10.1006
/qres.1993.1052.

Westgate, J.A., Hamilton, T.D., and Gorton, M.P.,
1983, Old Crow tephra: A new late Pleistocene
stratigraphic marker across north-central Alaska
and western Yukon Territory: Quaternary Re-
search, v. 19, p. 38-54, https://doi.org/10.1016
/0033-5894(83)90026-1.

Westgate, J.A., Stemper, B.A., and Péwé, T.L.,
1990, A 3 m.y. record of Pliocene—Pleis-
tocene loess in interior Alaska: Geology,
v. 18, p. 858-861, https://doi.org/10.1130
/0091-7613(1990)018<0858:AMYROP>2
.3.CO;2.

Printed in USA

www.gsapubs.org | Volume 51 | Number 1 | GEOLOGY | Geological Society of America

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/51/1/106/5754929/g50491.1.pdf

bv auest


https://doi.org/10.1016/j.dsr2.2016.02.006
https://doi.org/10.1016/j.dsr2.2016.02.006
https://doi.org/10.1016/j.quascirev.2016.05.026
https://doi.org/10.2204/iodp.proc.323.109.2011
https://doi.org/10.2204/iodp.proc.323.109.2011
https://doi.org/10.1130/GSATG54A.1
https://doi.org/10.1130/GSATG54A.1
https://doi.org/10.1073/pnas.1620754114
https://doi.org/10.1073/pnas.1620754114
https://doi.org/10.1016/j.margeo.2016.06.008
https://doi.org/10.1016/1040-6182(91)90040-U
https://doi.org/10.1016/1040-6182(91)90040-U
https://doi.org/10.1016/j.quascirev.2007.10.010
https://doi.org/10.1016/j.quascirev.2007.10.010
https://doi.org/10.1016/j.quascirev.2012.11.035
https://doi.org/10.1016/j.quascirev.2012.11.035
https://doi.org/10.1016/j.quascirev.2016.01.001
https://doi.org/10.1016/j.quascirev.2016.01.001
https://doi.org/10.1016/j.quageo.2020.101062
https://doi.org/10.1016/j.quageo.2020.101062
https://doi.org/10.7202/032835ar
https://doi.org/10.7202/032835ar
https://doi.org/10.1016/S0277-3791(00)00131-1
https://doi.org/10.1016/j.quascirev.2017.12.013
https://doi.org/10.1016/j.quascirev.2017.12.013
https://doi.org/10.1016/S0277-3791(00)00132-3
https://doi.org/10.1016/S0277-3791(00)00132-3
https://doi.org/10.5194/cp-13-303-2017
https://doi.org/10.5194/cp-13-303-2017
https://doi.org/10.1130/0-8137-2319-1
https://doi.org/10.1130/0-8137-2319-1
https://doi.org/10.1016/j.quageo.2017.11.001
https://doi.org/10.1016/j.quascirev.2010.04.020
https://doi.org/10.1016/j.quascirev.2010.04.020
https://doi.org/10.1016/j.quascirev.2010.07.013
https://doi.org/10.1016/j.quascirev.2010.07.013
https://doi.org/10.1016/j.quascirev.2009.12.003
https://doi.org/10.1016/j.gca.2017.09.036
https://doi.org/10.1016/j.gca.2017.09.036
https://doi.org/10.1016/j.quascirev.2013.05.011
https://doi.org/10.1016/j.quascirev.2013.05.011
https://doi.org/10.1006/qres.1993.1052
https://doi.org/10.1006/qres.1993.1052
https://doi.org/10.1016/0033-5894(83)90026-1
https://doi.org/10.1016/0033-5894(83)90026-1
https://doi.org/10.1130/0091-7613(1990)018<0858:AMYROP>2.3.CO;2
https://doi.org/10.1130/0091-7613(1990)018<0858:AMYROP>2.3.CO;2
https://doi.org/10.1130/0091-7613(1990)018<0858:AMYROP>2.3.CO;2

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Detrital glass in a Bering Sea sediment core yields a ca. 160 ka Marine Isotope Stage 6 age for Old Crow tephra﻿﻿

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿ABSTRACT﻿

	﻿﻿﻿﻿﻿﻿INTRODUCTION﻿

	﻿﻿﻿METHODS﻿

	﻿﻿﻿RESULTS﻿

	﻿﻿﻿DISCUSSION﻿

	﻿REFERENCES CITED﻿

	Figure 1
	Figure 2
	Figure 3


