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Abstract

Two previously undocumented Pleistocene marine transgressions on Wrangel Island, northeastern Siberia, question the presence of an
East Siberian or Beringian ice sheet during the last glacial maximum (LGM). The Tundrovayan Transgression (459,000–780,000 yr B.P.)
is represented by raised marine deposits and landforms 15–41 m asl located up to 18 km inland. The presence of high sea level
64,000–73,000 yr ago (the Krasny Flagian Transgression) is preserved in deposits and landforms 4–7 m asl in the Krasny Flag valley. These
deposits and landforms were mapped, dated, and described using amino acid geochronology, radiocarbon, optically stimulated lumines-
cence, electron spin resonance, oxygen isotopes, micropaleontology, paleomagnetism, and grain sizes. The marine deposits are eustatic and
not isostatic in origin. All marine deposits on Wrangel Island predate the LGM, indicating that neither Wrangel Island nor the East Siberian
or Chukchi Seas experienced extensive glaciation over the last 64,000 yr.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

The presence or absence of an Arctic ice sheet on the
Chukchi Shelf during the last glacial maximum (LGM) is a
controversial topic. Polyak et al. (2001) and Grosswald and
Hughes (2002) cited glacial scouring and glaciogenic fea-
tures on the sea floor, negative gravity anomalies, and north-
to-south through valleys in Chukotka as evidence for a
2-km-thick marine-based ice sheet possibly during the
LGM. Other investigators have strongly questioned the ex-
istence of an extensive ice sheet in the western Arctic during
the LGM (Sher, 1995; Mostoller, 1997; Hopkins et al.,
1998; Gualtieri et al., 2000; Brigham-Grette et al., 2001;
Glushkova, 2001; Heiser and Roush, 2001) based on map-
ping and numerical dating of glacial landforms and depos-
its. During the course of this debate there has not been any
investigation of the glacial or sea-level history along the

proposed ice sheet’s eastern margin. On the basis of recent
studies on Wrangel Island (WI; Fig. 1a), and previously
published data from Chukotka and Alaska, we provide field
evidence for constraining the nature, age, and origin of
raised marine landforms and deposits on WI and for reeval-
uating the Beringian or East Siberian Sea ice-sheet hypoth-
esis. If a 2-km-thick ice sheet were present in the region, it
is possible that WI would have either been covered by the
ice mass and experienced a 600–800 m glacioisostatic load-
ing of the crust or been substantially affected by the nearby
loading. In both cases, raised marine deposits of post-LGM
age (younger than ca. 20,00014C yr B.P.) would be pre-
served on the landscape. However, it should be noted that
not all Arctic areas that have been glacioisostatically af-
fected contain raised marine deposits. Alternatively, if WI
had neither been covered nor affected by a nearby extensive
ice sheet, raised marine deposits older than the LGM and
representing high eustatic sea levels most likely would be
present. The purpose of our investigation was to map the
spatial and altitudinal extent of marine sediment, determine
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its age, and origin (isostatic, eustatic or a combination of
both).

Study area

WI stretches 80 km from north to south and 145 km from
west to east (Fig. 1b). The primary physiographic features
of the island are normally faulted, 500 to 1100 m high,
east–west trending mountains, multiple fluvial terraces, two
coastal plains, and wide meridional valleys (Svatkov, 1962).
Lagoons and shallow (�1–2 m deep) thermokarst-influ-
enced lakes dot the coastal plains and intermontane valleys.
Modern coastal beaches consist of shingle surfaces and sand
with moderate amounts of shell fragments. The beaches that
are protected by barrier islands typically are devoid of
modern shell fragments. No modern glaciers exist today on
WI, but perennial snowfields occur in the highest mountain
passes. The mean annual temperature is �11.7° C, with July
averages of 2.8° C; mean annual precipitation 104 mm.
Previous work on the Quaternary history of WI is restricted
to a description of the geomorphology (Svatkov, 1962) in
which the northern coastal plain is mapped as lacustrine
deposits with no assigned age. Research on the paleoenvi-
ronmental history of the island includes an investigation of
the late Pleistocene and Holocene mammoths (Vartanyan et
al., 1993) as well as late Pleistocene and modern lacustrine
pollen records (Lozhkin et al., 2001). However, none of
these studies has yielded results pertaining to the absence or
presence of an ice sheet in the East Siberian or Chukchi Sea
during the LGM. No one has extensively studied the Qua-
ternary-aged unconsolidated deposits underlying the broad
northern coastal plain (30 km wide) nor the more limited
southwestern plain (10 km wide). Existing sea-level curves
for the Beringian region include three that span the LGM
(Elias et al., 1996; McManus and Creager, 1984; Lozhkin,
2002) and one (Hopkins, 1984) that extends to the mid-
Pleistocene.

Methods

S. Vartanyan initially surveyed the marine deposits and
landforms of WI between 1989 and 1998. We resurveyed
the northern and southwestern coastal plains of WI in 2000
and 2001 by all-terrain vehicles. Our investigation of the
unconsolidated deposits focused on the major river valleys
and the best-preserved sections therein (Fig. 1b). The fol-
lowing methods were used to help identify, describe, and
constrain the age of many deposits.

Amino acid geochronology on bivalves

We have assumed an effective diagenetic temperature
(EDT) for the WI samples of �14° C, because this value is
consistent with EDTs used in the region for samples of the
last interglacial age (Brigham-Grette et al., 2001; Brigham-
Grette and Carter, 1992; Kaufman, 1992). The rationale for
assigning this EDT is based on paleotemperature estimates
that have been calculated from the independently dated
Pelukian (last Interglaciation, Stage 5e, ca. 125,000 yr ago)
shoreline at Nome (Carter et al., 1986; Kaufman and
Brigham-Grette, 1993) as well as other aminostratigraphic
studies from Nome that estimate the EDT to be 2–3° C
colder than mean annual temperature during the late Pleis-
tocene (Kaufman, 1992). D/L aspartic (Asp) ratios were
measured using gas chromatography (GC) at the University
of Massachusetts (UMASS) Geochronology Lab with an
Agilent 6890E series gas chromatography system. D-Allo-
isoleucine/L-isoleucine (AIle/Ile) ratios were determined by
reverse-phase high-pressure liquid chromatography (HPLC)
at Northern Arizona University’s Amino Acid Laboratory.
Sample preparation for Asp follows that of Goodfriend et al.
(1996) and for AIle/Ile follows that of Miller and Brigham-
Grette (1989). Five to 28 individual shells for each of the
eight sites were analyzed for Asp, and 35 shells were also
analyzed for AIle/Ile.

Stable oxygen isotope analyses were done at the Univer-
sity of Helsinki on 25 shells to discern if there was a distinct
signature for different marine transgressions and to correlate
isotopic values with those of the global ocean. ESR dating
was used on the aragonite in the bivalves to help constrain
the relative ages on the marine deposits. ESR analysis was
done at the University of Cologne. ESR ages were calcu-
lated using an alpha-efficiency of 0.1, an early uranium-
uptake model, and age calculation program DATA 7. For a
detailed explanation of this technique see Grün (1989) and
references therein. Grain size, paleomagnetic analyses, op-
tically stimulated luminescence (OSL) on sediment and
micropaleontology were also used.

Geomorphology of the northern plain

Semi-continuous ridges that trend subparallel to the
modern coastline are visible in the field, on 1:100,000 to-
pographic maps, airphotos, and synthetic-aperture radar im-
ages. The ridges are made up of unconsolidated material and
occur at 10, 20–25, 30, and 40–41 m asl (Fig. 1c). Al-
though subdued and in some places soliflucted, they are
prominent landforms on the otherwise flat, monotonous

Fig. 1. (a) Location map showing Wrangel Island within the Bering Strait region. The edge of the continental shelf extends beyond the map. (b) Wrangel
Island. The gray dashed line marks the 100 m contour. Rivers are shown as solid gray lines. TV, Tundrovaya River; NZ, Neizvestnaya River; KF, Krasny
Flag River; SH, Nashok River; MV, Mammontovaya River. (c) The northern coast of Wrangel Island showing site numbers, major rivers, and contour lines
up to 60 m. Straight, thick, solid black lines indicate mappable paleoshorelines.
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landscape of the northern plain. The ridges have a low
topographic gradient both on landward and seaward sides
and directly relate to bluffs where specific lithological units
are exposed (described below). The lithology of the ridges
consists of silty clay, silt, fine sand, pebbles, and well-
rounded to angular cobbles (up to 21 cm diameter) that have
been frost-heaved to the surface. Typically the tops of the
ridges contain tundra polygons or frost boils and exhibit
micromorphological differences such as 1-m-diameter pud-
dles and 2-m-high hills. No datable material was found on
the surfaces of the ridges. The ridges trend perpendicular
(east–west) to the rivers, although some of the ridges are
over-steepened where they are dissected by the rivers. The
trend of the ridges suggests that these landforms are not
fluvial in origin, but are most likely remnants of former
marine shorelines or barrier islands. Lakes and wet tundra
occupy the intervening areas between ridges, and few ex-
posures are found. The proximity of bedrock to the surface

on the northern plain limits the thickness of the unconsoli-
dated Quaternary sediments to ca. 8 m and in most locations
� 3 m. Most sections have been heavily influenced by
freeze–thaw cycles, are badly slumped, and poorly exposed.

Tundrovaya River (TV)

Geomorphology and stratigraphy

The TV valley contains the richest concentration of fos-
siliferous marine sediment on WI. Although exposures of
nonfossiliferous silty clay were found up to 40 m asl in the
upper TV, the fossiliferous exposures occur 15–20 m asl
and extend 7 km inland. Sediment thickness varies from 1 to
3 m and is composed of fine-grained, gray blocky silt that
includes well-preserved, marine bivalves (paired valves and

Fig. 2. Generalized TV stratigraphy. Sites (shown in Fig. 1c) are arranged downvalley from left to right. D/L Asp ratios are rounded to 2 decimals. Elevations
given at the top of the section are actual elevations above sea level.
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fragments) and gastropods, occasional quartz pebbles, and
detrital wood fragments (Fig. 2). At Sites 21, 22, and 25, the
silty clay is directly overlain by rich organic horizons con-
taining wood coated by vivianite. Although sparse and
badly preserved, the following foraminifera were identified
in the fossiliferous deposits: Elphidium excavatum, E. albi-
umbilicatum, Epistominella sp., Cassidulina sp., Triloculina
sp. The following planktonic marine diatoms were also
found in the sediment: Thalassiosira spp., Coscinodiscus
spp., Paralia sulcata, and resting spores of Chaetoceros.

Chronology

D/L Asp ratios for the six TV sites range from 0.32 to
0.36 (n � 64; Table 1), indicating ages in the range of
602,000 to 874,000 yr assuming an EDT of �14°C. AIle/Ile
averages span from 0.06 to 0.09 for five sites (n � 25). A
radiocarbon age estimate � 45,000 14C yr B.P. on a Mya
fragment from Site 23 (Table 2) and Neptunea ventricosa
fragment from Site 24 with an ESR age estimate of 574,500
� 65,400 yr (Table 3) constrain the age of the sediment in
this valley. All sites except Site 24 are normally magne-

tized. The reason for the Site 24 discrepancy is that the
samples were recovered close to permafrost and may have
shifted due to freezing and thawing after deposition. The
Site 24 samples may not be representative of the true mag-
netic polarity. Shells from Sites 21 and 22 (n � 4) yield
�18O values ranging from 3.94 to 4.27‰ and are similar to
modern values. In contrast, values from Sites 23, 24, and 25
(n � 8) are from 2.04 to 2.86‰, indicating warmer condi-
tions or a freshwater influence.

Neizvestnaya River (NZ)

Geomorphology and stratigraphy

A 1- to 2-m-thick, fine-grained, blocky, silty pebbly mud
with whole valves and fragments of gastropod and bivalve
shells was found in the NZ valley. This unit lies at a
maximum elevation of 40 m asl and extends 18 km inland
(Figs. 1c, 3). Small (1 cm in length) fragments of detrital
wood are often associated with the shell-bearing, silty mud
This shell-rich sediment, which outcrops in the upper 1 to
2 m of each bluff, either directly underlies an organic-rich
deposit or is found at the surface, where frost-churned shell
fragments are visible. Foraminiferal analysis of the silty
pebbly mud includes Nonion sp. Five of the eight NZ
sections were nonfossiliferous. Because of the high degree
of variability among exposures, numerous unconformities
are likely.

A prominent 40-m-high ridge lies perpendicular to the
NZ directly west of Site 18. This ridge contains small lakes
and 2-m-high mounds formed by the differential thawing of
permafrost. Remnants of other ridges (25 m elevation) in the
lower NZ valley were also noted.

Chronology

Nonfinite radiocarbon ages on a mollusk shell and wood
fragment indicate a pre-LGM age. Radiocarbon dates of

Table 1
D/L Asp ratios for Wrangel Island mollusks

Location Elevation, ma D/L Asp N Alle/Ile N Possible age range, yrb Interpreted age, yrc

Tundrovaya
Site 21 17 0.32 � .06 29 0.07 � .026 5 481,500–755,700 602,000
Site 22 15 0.35 � .03 7 0.06 � .01 5 616,000–966,800 771,000
Site 23 18 0.35 � .06 6 0.07 � .025 5 613,000–962,200 767,000
Site 24 18 0.35 � .05 9 0.07 � .008 5 594,400–932,900 729,000
Site 25 20 0.36 � .09 14 0.09 � .022 5 698,400–1,096,200 874,000

Neizvestnaya
Site 14 30–34 0.3 � .06 5 0.06 � .004 5 379,400–595,600 475,000
Site 18 40 0.3 � .04 5 0.06 � .013 5 367,000–576,000 459,000

Krasny Flag
Site 38 3 0.13 � .02 7 58,000–91,000 72,600

a Elevation of the top of the bluff.
b Calculations based on EDTs of �13° and �15°C.
c Using an EDT of �14°C, Ea � 30.08, A � 2.4 � 1019 and D/L Asp. Equations after Manley et al. (2000).

Table 2
Wrangel Island radiocarbon data

Laboratory
no.

Field
no.

Material Elevation,
m asl

Age,
14C yr B.P.

AA40669 W-1 Whale vertabrae 30 �37,000
AA40670 W-2 Unidentified 30 29,770 � 970
AA40658 NZ-35 Hardwood 34 �44,000
AA42019 NZ-41 Mollusk (Nuculana)b 40 �46,500
AA40661 TV-60 Salixa 20 44,600
AA40662 TV-63 Wood 15 9,228 � 61
AA42020 TV-75 Mollusk (Mya)b 18 �45,000
AA40663 TV-77 Plant material 18 31,675 � 475
AA45349 KF-135 Shell 2 40,400 � 1300

a Identified by Center for Wood Anatomy Research, U.S. Forest Prod-
ucts Laboratory.

b Identified by Louie Marincovich, California Academy of Sciences.
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29,770 and �37,000 14C yr B.P. on bones (possibly whale)
found at the base of Site 14 also indicate a pre-LGM age for
the sediment. A whale skeleton was also found near Site 14
by S.V. in 1996. The presence of the skeleton provides
further evidence of a marine origin for the sediment. The
average D/L Asp ratio is 0.30 (n � 10), indicating an age
range of 459,000–475,000 yr. AIle/Ile values average 0.06
(n � 10) and indicate an early to mid-Pleistocene age. A
Neptuneid siphonal canal fragment and a Natica from Site
14 yielded ESR ages of 439,200 � 54,100 and 470,900 �
72,700 yr (Table 3). Oxygen-18 isotope values (n � 5) fall
between 4.02 and 4.27 ‰, similar to modern values.

Krasny Flag River (KF)

Geomorphology and stratigraphy

Although the stratigraphy varies locally, correlative units
are recognized along the KF river. Micropaleontological
analysis of the silty clay yielded sparse, but unidentifiable
diatom fragments.

Chronology

Normally magnetized silty clay (up to 1 m thick) out-
crops at the base of most sections and various medium-
grained sand units are found interspersed (Fig. 4). D/L Asp
ratios (n � 7) from shell fragments within basal, coarse,
clean sand found 3 m asl on the KF coast (Site 38, Table 1)
give values of 0.13. These values indicate an age range of
57,977–91,001 yr, with the most likely age of 72,600 yr,
using an EDT of �14°C. A shell from this site also yielded
a radiocarbon age of 40,400 � 1300 14C yr B.P., which is
probably a minimum age estimate (nonfinite). An OSL age
of 68,700 � 5800 yr was obtained on the silty clay in the

lower half of the exposure at Site 41 and an age of 17,000
� 1400 yr from the sandy unit above. The sandy unit is
interpreted as an eolian deposit.

Nashok River (SH)

Geomorphology and stratigraphy

On the northeastern plain, prominent and continuous 4–5
m asl coastal bluffs extend from the mouth of the Nashok
River and along the coast (Fig. 1c). North of SH is a
41-m-high ridge composed at the surface of frost-churned,
subangular to subrounded pebbles of varying lithologies.
Ridges of ca. 10 m height and other small topographic highs
are discontinuous, yet ubiquitous in this area, suggestive of
relict barrier beach complexes. The general stratigraphy of
these bluffs and the upriver exposures consist of a basal silty
clay (3 to 4 m thick) enclosing detrital plant macrofossils.
Mollusks were not found in any of the fluvial or coastal
bluffs.

Mammontovaya River mouth/southern coastal plain
(MV)

Geomorphology and stratigraphy

Although fossiliferous sediment was not found on the
southwestern part of the island, four terraces at 4.5–6.8 m,
9–14 m, 20–30 m and 36–42 m were observed. A 4–10 m
terrace parallels the modern coastline eastward to Ushak-
ovskoye (Fig. 4). No mollusks, foraminifera or ostracodes
were found in any exposures along the southern coast.
Although some aspects of the stratigraphy favor a fluvial
genesis, overall terrace morphology indicates a marine ori-
gin.

Table 3
Wrangel Island OSL and ESR data and age estimates

Laboratory
no.

Field
no.

Equivalent
dose (Gy)

Ua (ppm) Ushell (ppm) Tha (ppm) K2Ob (%) Moisture
(%)

Dose ratec

(Gy/ky)
Age, yr Light

stimulationd

OSL data
UIC939 KF 196 185.44 � 0.41 2.53 � 0.46 9.32 � 1.27 1.75 � 0.02 40 � 5 2.70 � 0.12 68,700 � 5800 880 � 80 nm
UIC951 KF 198 31.65 � 0.09 1.48 � 0.31 7.22 � 0.86 1.11 � 0.02 30 � 5 3.42 � 0.13 17,000 � 1400 880 � 80 nm

ESR data
K-4303 TV-82 740.54 � 61.69 2.24 � 0.22 0.32 � 0.03 9.05 � 0.91 2.37 � 0.24 30 1.29 � 0.10 574,500 � 65,400
K-4321 NZ-34d 562.46 � 61.25 2.24 � 0.22 0.18 � 0.02 9.05 � 0.91 2.37 � 0.24 30 1.28 � 0.07 439,200 � 54,100
K-4322 NZ-34c 603.34 � 86.58 2.24 � 0.22 0.2 � 0.02 9.05 � 0.91 2.37 � 0.24 30 1.28 � 0.07 470,900 � 72,700

a Counting conditions were �0.95 indicating little or no radon loss.
b Percent K2O determined by ICP-MS at Activation Laboratories, Ontario, Canada.
c Dose-rate includes a contribution from cosmic radiation of 0.15 � 0.01 Gy ka-1 from Prescott and Hutton (1994) and calculated alpha efficiency values

of 0.04 � 0.01 and 0.06 � 0.01 for UIC951 and UIC939, respectively.
d Fine-grained (4–11 �m) polymineral fraction was stimulated by infrared emissions (880 � 80 nm) from a ring of 30 diodes (Spooner et al., 1990) with

an estimated energy delivery of 17 mW/cm2. The resultant blue emissions (with three, 1-mm-thick Schott BG-39 and three, 1-mm-thick Corning 7-59 glass
filters that transmit; �10% transmission below 390 nm and �10% above 490 nm) from the sediments were measured. The background count rate for
measuring blue emissions was (80 counts/s, with a signal to noise ratio of �20. Samples were excited for 90 s, and the resulting IRSL signal was recorded
in 1 s increments. Dating procedures are identical to those in Forman and Pierson (2002).
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Age of the marine transgressions

Although both D/L Asp ages as well as AIle/Ile ages
were calculated, final age assignments for the marine trans-
gressions are determined by D/L Asp ratios only because of
its higher age resolution at arctic temperatures. Age calcu-
lations based on AIle/Ile ratios differed from those based on
D/L Asp values, although they were within the stated errors
given for kinetic models, still yielded pre-LGM estimates.
The age estimates and age ranges presented in Table 1 based
on the D/L Asp ratios are intentionally broad due to a
number of errors inherent in working with materials far

beyond the range of radiocarbon dating. First, the ratios
presented represent averages based on a number of common
arctic genera, including Mya, Macoma, Astarte, Nuculana,
and Hiatella. We elected to combine the results of all genera
because a single genera was not present at all sites and,
more importantly, the ratios from the different genera dif-
fered less than the error based on a single genera. The range
of ratios was used following the rationale outlined by Man-
ley et al. (2000) to calculate possible age range within 95%
confidence limits.

The calculated ages for the deposits are a function of the
ratios themselves, but also the EDT assumed. To calibrate

Fig. 3. Generalized NZ stratigraphy. Sites (shown in Fig. 1c) are arranged downvalley from left to right. D/L Asp ratios are rounded to 2 decimals. Elevations
given at the top of the section are actual elevations above sea level. The two dates in bold at the base of Site 14 are not in situ. Legend is shown in Fig. 2.
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this estimate, we used the EDT calculated for shells derived
from deposits known to date from the peak of the last
Interglaciation, the Pelukian transgression (Brigham-Grette
and Hopkins, 1995; Goodfriend et al., 1996). Deposits from
the Pelukian transgression are known from St. Lawrence
Island to Barrow (64 to 71° N) on the Alaskan coast and on
the Russian coast allowing us to determine a first order
estimate on the gradient of the EDT for deposits of last
interglacial age (cf. Kaufman and Brigham-Grette, 1993;
Brigham-Grette and Hopkins, 1995; Goodfriend et al.,
1996). The range of EDTs for the last 2.7 myr at Skull Cliff,
on the north coast of Alaska, similar in latitude to Wrangel
Island, is �18.2 to �11.5°C (Kaufman and Brigham-Grette,
1993). Our EDT estimate of �14°C lies within the range of
EDTs for other studies of similar latitude from the same
region. However, age ranges are given based on EDTs of
�13° and �15° C because large uncertainties exist in EDT
estimates. Based on the numerical data presented above, the
simplest interpretation is to subdivide the deposits into two
Pleistocene marine transgressions (Fig. 5, Table 1), the
Tundrovayan and the Krasny Flagian.

Tundrovayan transgression

Nonfinite radiocarbon ages within and overlying the silty
clay units provide a first order pre-LGM age assignment for
the deposits in the NZ and TV valleys that represent the
Tundrovayan Transgression. Additional chronological data
indicate an age range of 459,000–780,000 yr, or within the
mid-Pleistocene. Landforms and deposits between 15 and
41 m asl on both the northern and southern plains represent
this transgression. The age is based on D/L Asp amino acid
age estimates from the NZ and TV valleys, normally mag-
netized silty clay units, and three ESR ages. Oxygen isotope
values, AIle/Ile ratios, as well as micropaleontological as-
semblages further support a mid-Pleistocene age. The high
degree of scatter in the ages is a direct reflection of the
scatter in the ratios (0.3–0.36) as well as the inability of the
amino acid age equation to approximate ages for high ratios
whose epimerization rates do not follow reversible first
order kinetics and are nonlinear.

We sampled more shells from TV than NZ. Conse-
quently, the TV samples display a wider range in ratios than

Fig. 4. Generalized KF stratigraphy. Sites (shown in Fig. 1c) are arranged downvalley from left to right. D/L Asp ratios are rounded to 2 decimals. Elevations
given at the top of the section are actual elevations above sea level. Legend is shown in Fig. 2. Inset shows a 4- to 10-m as1 terrace on the south coast. This
terrace represents the Krasny Flagian Transgression.
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found at NZ. Although the NZ samples indicate a tighter age
range (439,900–475,000 yr), no physical reason, aside from
their elevation, exists to assign these deposits to a separate
marine transgression from that which formed the TV deposits.
The thick fossiliferous silty clay units at TV possibly represent
more than one high sea-level stand. However, there is no
physical or geochronological basis for this interpretation. The
high degree of scatter in the amino acid ratios for the Tun-
drovayan Transgression may be due to reworking of older
shells into a younger marine deposit. Float and in situ shells
sampled at discrete intervals were analyzed separately. No
systematic trend in D/L Asp was detected. Although the age

range for the Tundrovayan spans 321,000 yr, the event clearly
took place during the mid-Pleistocene and is not late Pleisto-
cene in age. At Site 23, a 1-cm-thick organic layer that dates to
31,675 � 475 14C yr B.P. underlies the silty-clay marine unit.
We believe this date to be erroneously young, possibly due to
contamination by younger organic material, but probably due
to slumped units.

Krasny Flagian Transgression

The age range of the Krasny Flagian Transgression is
between 64,000 and 73,000 yr. This age is based on one

Fig. 5. (a) Elevation vs D/L Asp for WI fossil mollusks. (b) Frequency histogram of D/L Asp values for WI fossil mollusks. The Tundrovayan and Krasny
Flagian Transgressions are clearly defined.
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OSL date, and the D/L Asp amino acid dating of fossil
mollusks from the KF valley. The silty clay at the 4- to
5-m-asl coastal bluffs (SH) and the 3-m-asl fossiliferous
medium sand (KF) define the Krasny Flagian marine de-
posits. Normally magnetized silty clay supports this age
assignment. The landforms associated with this transgres-
sion are those that occur �10 m asl on both the northern and
southern plains. The 4.5–6.8 m and possibly the 9- to 14-m
asl terraces on the south coast and, the 4- to 5-m asl bluffs
and the 10-m asl ridges at the Nashok river, all represent
Krasny Flagian high sea-level stands.

The possibility exists that the Krasny Flagian deposits
are correlative with the Pelukian, last interglaciation (ma-
rine isotope stage 5e equivalent), or ca. 125,000 yr old
deposits. However, to obtain ages of ca. 125,000 yr for the
Krasny Flagian deposits would require an EDT temperature
of �16.6° C, which is several degrees colder than regional
estimates for the EDT since the last interglacial maximum.
However, if the Krasny Flagian deposits are of last Inter-
glacial age then it is also possible that some of the land-
forms �14 m were deposited during Stage 5e. At this point
we cannot conclude that the Krasny Flagian transgression
represents the Stage 5e last Interglaciation.

Interpretation

The presence of marine mollusks, diatoms, and forami-
nifera and the diagnostic “marine” �18O signature of the
mollusks indicate that the fossiliferous, silty clay unit found
in all the major river valleys of the northern plain is marine.
Based on stratigraphy, geomorphology, and elevation, we
interpret the ridges in the MV and TV valleys as paleoshore-
lines. Ridges in the KF and SH valleys are probably ancient
barrier islands or lagoon complexes similar to those found
on the modern north coast. The inland extent and shoreline
configuration of both transgressions are dictated by the
geomorphology and its relationship to the stratigraphy
within bluff exposures. The highest elevation of the trans-
gressions on the modern landscape (41 m for the Tun-
drovayan and 10 m for the Krasny Flagian) was determined
by the highest elevation of the paleoshorelines, or barrier
islands, and not the marine sediment. The reason for this is
that the mollusk assemblages found at all sites are indicative
of a nearshore environment and hence may not represent the
highest extent of the land–sea boundary.

Eustatic or isostatic shorelines?

The two WI marine transgressions are most likely rep-
resentative of higher eustatic, not glacio-isostatic sea-levels.
This interpretation is based on the correlation of sea-level
elevation and their associated ages to independent records
of global eustatic high sea-levels (see below). If the shore-
lines were glacio-isostatic in origin, we would expect to
observe shorelines that increase in elevation and become

older by a few thousand years toward a former ice-center. In
contrast, we observed two high sea-level stands that differ
by some 400,000 yr, (roughly four glacial cycles) and up to
30 m of elevation. The WI shorelines are clearly older than
the LGM and are distinct from each other. Thus, the pres-
ence of an LGM Arctic ice sheet can be eliminated, at least
for the Chukchi Shelf. If an ice sheet existed anywhere on
the Chukchi Shelf, it would have had an isostatic effect on
WI. Consequently, we would expect to find shorelines of
post-LGM age.

Regional and global correlations

Multiple sea-level transgressions ranging in age from the
late Pliocene to the mid- to late Pleistocene are preserved on
the Alaskan Arctic Coastal Plain, Chukotka Peninsula, and
Seward Peninsula (Brigham-Grette and Carter, 1992; Kauf-
man, 1992; Roof, 1995; Brigham-Grette et al., 2001) and on
stable coastlines such as the Bahamas (Hearty and Kauf-
man, 2000). The aminostratigraphy of these marine deposits
suggests at least six periods of high sea-levels (Kaufman,
1992; Kaufman and Brigham-Grette, 1993).

Beringia

The Tundrovayan on WI most likely correlates to the
mid-Pleistocene Wainwrightian Transgression (475,000–
540,000 yr ago) of the Alaska Arctic Coastal Plain that
reached up to 25 m asl (Kaufman and Brigham-Grette,
1993; Fig. 6). This correlation is based on the relative age of
the deposits, their morphology, elevation (20–41 m) and
paleoenvironmental indicators (microfossils and �18O data).
The �18O signature of the mollusks and the microfaunal
assemblages within the Tundrovayan deposits suggest
warmer-than-modern or near-modern ocean temperatures.
Although the age and the range of shoreline elevations of
the Tundrovayan are broader than that of the Wainwright-
ian, the simplest interpretation is that these transgressions
are synchronous in time.

The Tundrovayan also correlates with the Anvilian
Transgression (580,000–290,000 yr ago) on Seward Penin-
sula (Kaufman and Brigham-Grette, 1993; Fig. 6). The
Anvilian Transgression contains extinct warm-water mol-
lusks, which indicate water and air temperatures warmer
than present, much like the WI micropaleontological and
�18O data.

The Krasny Flagian correlates with the Simpsonian
Transgression of the Alaska Arctic Coastal Plain (70,000–
80,000 yr ago). This correlation is based on the elevation of
the deposits both on WI as well as northern Alaska (4–10 m
asl) and on ages calculated from amino acid ratios. The
Krasny Flagian is most likely correlative with the
Val’katlen Suite and possibly the glaciomarine unit at Nu-
nyamo Bluffs on Chukotka Peninsula (Brigham-Grette et
al., 2001). This correlation is based on age interpretation
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from amino acid ratios on fossil mollusks. The possibility
remains open that the Krasny Flagian is correlative with the
Pelukian or last Interglacial transgression.

The Bahamas

The Bahamas provides one of the most complete “ far-
field” Quaternary sea-level records (i.e., one that is beyond
the geographic limits of ice-sheet influence). We use the
Bahamas record, which was also dated using amino acid
analysis, as a Quaternary eustatic sea-level record by which
to compare our WI data. Two of the Bahamas higher than
present sea-level transgressions correlate in time with the
two WI transgressions (Fig. 6).

Based on a general circulation model, Felzer (2001)
concluded that the presence of an East Siberian ice sheet
would have a significant affect on the climate of Beringia
during the LGM. Model simulations show that if an LGM-
age East Siberian ice sheet existed, the southern Beringia
climate would be mild and the Bering Sea would have a
reduced sea ice cover. Such a mild climate would result in
greater areas of tundra as opposed to polar desert based on
regional palynological studies. However, proxy data are
inconsistent with this vegetation reconstruction (Lozhkin,
1993). Results from our study also confirm the absence of
an East Siberian ice sheet during the LGM.

Conclusions

Marine deposits, landforms, and paleoshorelines on WI,
dated primarily by D/L Asp amino acid geochronology,

represent two eustatic high sea-level events during the Pleis-
tocene. The Tundrovayan Transgression, which corresponds
to the Anvilian and Wainwrightian marine transgressions in
Alaska, reached up to 41 m asl on WI at sometime between
459,000 and 780,000 yr ago. The Krasny Flagian Trans-
gression, corresponding to the Simpsonian marine trans-
gression in Alaska, reached up to 7 m asl on WI 64,000–
73,000 yr ago. The age and origin of the marine deposits
precludes the existence of a large ice sheet on or near WI
during the LGM. This study thus provides the first field
evidence to contradict Polyak et al.’s (2001) hypothesis of
an LGM age for grounding of the Chukchi Plateau portion
of the Arctic ice sheet. In addition to providing the first
record of the chronology of sea-level fluctuations on WI,
this research assesses the ubiquity of higher than present,
eustatic Pleistocene interglacial shorelines both within Ber-
ingia and globally.
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