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Abstract
Tephra layers within marine sediments provide information on past explosive eruptions, which is especially important in
the case of remote island arcs where data on proximal pyroclastic deposits can be scarce. Three Alaska-Aleutian tephras
(labeled Br2, SR2, and SR4) were found in the late Pleistocene-Holocene sediments of the Bering Sea (north Pacific). We
fingerprint glass from these tephras with the help of single-shard electron microprobe and LA-ICP-MS analyses and
provide microprobe data on minerals from two of these tephras. The large compositional variability of the Alaska-
Aleutian volcanoes permits the use of ratios of highly incompatible trace elements (Ba/Nb, Th/Nb, Th/La, La/Nb) for
identification of distal tephra sources by comparison of these ratios in tephra glass and proximal bulk rock analyses. This
method, along with mapped tephra dispersal, has allowed us to link tephras under study to Aniakchak, Semisopochnoi, and
Okmok volcanoes, respectively. Our results indicate that tephra Br2 was derived from the ~ 3.6 ka Aniakchak II caldera-
forming eruption (Alaska, USA). This is the first ever finding of the Aniakchak II tephra in Bering Sea sediments, which
permits enlargement of its tephra volume and eruption magnitude to ~ 100 km3 and 6.8, respectively. Tephra SR2, dated at
~ 12.2 ka, is likely associated with a post-glacial caldera on the Semisopochnoi Island, Aleutians (USA). Tephra SR4
(dated at ~ 64.5 ka), likely was derived from an earlier undocumented eruption from Okmok volcano (Aleutians). All three
regionally spread tephra layers are valuable isochrones, which can be used for correlating and dating of Bering Sea
sediments.
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Introduction

Tephra layers found in marine and terrestrial sediments inform
about past explosive eruptions and serve as excellent marker
horizons for correlating disparate sedimentary archives and
dating past geological events (e.g., Shane 2000; Lowe 2011;
Davies et al. 2016; Blockley et al. 2014; Ponomareva et al.
2015a, 2015b). Non-erosive marine environments provide
better tephra archives than terrestrial environments where py-
roclastic deposits often form complex successions and can be
partly or completely eroded especially in glaciated or coastal
areas (Rawson et al. 2015). Therefore, marine tephras are a
key tool in the reconstruction of past explosive eruptions and
for establishing their age and magnitude (e.g., Alloway et al.
2005; Kutterolf et al. 2008a, 2008b; Shane and Wright 2011;
Costa et al. 2014). This is particularly true for the island arcs
where a substantial portion of the erupted pyroclastic material
can be dispersed over water.

The Aleutian volcanic arc (Fig. 1) has a long history of
explosive volcanism, which is testified by the presence of
many calderas (Miller and Smith 1987; Cameron and Nye
2014) and by numerous tephra layers in the Alaskan ter-
restrial sediments downwind from the arc (e.g., Preece
et al. 1999, 2011a, 2011b; Westgate et al. 2000; Jensen
et al. 2008, 2011, 2013; Davies et al. 2016). Most of these
tephra layers have not been linked to their parent erup-
tions, as those remain undocumented in proximal records
(Preece et al. 2011b). The volumes of known large erup-
tions have been crudely estimated based on caldera size,
thickness, and distribution of associated ignimbrites, and
by comparison to better studied calderas in other volcanic
zones (Miller and Smith 1987). However, most of these
estimates do not include distal tephra, which may consti-
tute a significant part of the erupted products, and so the
tephra volumes and magnitudes of many eruptions may
have been underestimated.

Bering Sea

Fig. 1 Map showing locations of the Bering Sea sediment cores
considered in this paper and dispersal areas of major ash falls in the
area. 1–7 Locations of coring sites; 1–2 research vessel (R/V) BSonne^
Leg SO201-2 cores (Dullo et al. 2009): 1—with tephra layers, 2—with-
out tephra layers; 3—R/V BAkademik Lavrentyev^ (Lv63); 4—R/V
BAkademik A. Vinogradov^ (Gc, Gorbarenko et al. 2010); 5—R/V
BMIRAI^ (Harada 2006); 6—R/V BSonne,^ INOPEX, Gersonde 2012);
7—IODP Expedition 323 (Expedition 323…2010; Takahashi et al.
2011); 8—known source volcanoes for Bering Sea tephra: Sh

Shiveluch, Pl Plosky volcanic massif, Km Karymsky eruptive center,
Sm Semisopochnoi, Ok Okmok, An Aniakchak. 9–12—dispersal areas
of tephra; 9–10—tephra from the ~ 3.6 ka Aniakchak II caldera-forming
eruption (Alaska); 9—earlier mapped by Davies et al. 2016; 10—this
study, Graham et al. 2016, Ponomareva et al. 2018; 11—SR2 tephra from
Semisopochnoi volcano; 12—SR4 tephra from Okmok volcano. Other
lines and ovals show dispersal of the Rauchua (SR6) tephra, and tephra
from Plosky and Shiveluch volcanoes (Ponomareva et al. 2013a, 2013b,
2015b). 13—volcanic arcs. BR Bowers Ridge, SiR Shirshov Ridge
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The Bering Sea is a key area for the reconstructions of past
Alaska-Aleutian eruptions as its sediments contain numerous,
but mostly unstudied, tephra layers (Creager and Scholl 1973;
Seliverstov et al. 1989; Harada 2006; Dullo et al. 2009;
Expedition 323 Scientists 2010; Takahashi et al. 2011;
Gersonde 2012). In addition, these tephra layers could provide
robust links between the disparate paleoclimate records within
the Bering Sea and beyond. Only a few Bering Sea tephras
have been examined to date, and all are from Kamchatka
eruptions, i.e., the ~ 10.2 ka PL2 (SR1) tephra from the
Plosky volcanic massif (Ponomareva et al. 2013a), the ~
177 ka Rauchua tephra, likely from the Karymsky eruptive
center (Ponomareva et al. 2013b), and several early Holocene
Shiveluch tephras, admixed to PL2 layer in cores SO201-2-77
KL and -81 KL (Fig. 1; Ponomareva et al. 2015a).
Unfortunately, these tephra horizons can be used for correla-
tions only in the western part of the Bering Sea—the rest lacks
geochemically fingerprinted tephra markers. Derkachev et al.
(2015) described 18 < 370 ka tephra layers and lenses from 15
cores, and Aoki et al. (2012) described 48 tephras in the sed-
imentary core U1343 of the International Ocean Discovery
Program (IODP) Leg 323, spanning the last ~ 2 Ma (Fig. 1;
Expedition 323 Scientists 2010). However, these findings
were published only as conference abstracts, thereby not
allowing a complete assessment of the derived data.

In this paper, we report three widespread late Pleistocene-
Holocene tephra horizons from Bering Sea sediments. Each
horizon resulted from a large explosive eruption from
Aleutian arc volcanoes and could serve as valuable basin-
wide isochrone for paleoceanological research. These tephra
layers occur in sediment cores recovered during two cruises of
the research vessels (R/V) Sonne (Leg SO201-2, 2009) and
Akademik Lavrentyev (Leg Lv63, 2013) (Fig. 1).
Additionally, we use data on redeposited coarse tephra from
cores at the foot of the Bowers Ridge (Gorbarenko et al.
2010), as well as data on pumice lapilli dredged from the
submarine Piip volcano in the westernmost Aleutian arc
(Yogodzinski et al. 1994; Dullo et al. 2009; Werner et al.
2016).

We provide single-shard electron microprobe and LA-
ICP-MS data on all the samples and compare to available
geochemical databases, which permits us to link the tephra
layers in this study to three caldera complexes within the
Aleutian arc. One of the tephras, labeled Br2, is the first
discovery of ash from the well-known ~ 3.6 ka Aniakchak
II caldera-forming eruption (Alaska) in Bering Sea sedi-
ments, which permits significant enlargement of its earlier
known ashfall area. Tephra SR2 (~ 12.2 ka) likely belongs
to the post -g lac ia l ca ldera- forming erupt ion at
Semisopochnoi Island (Western Aleutian Islands), and
tephra SR4 (~ 64.5 ka) informs on an earlier unknown
large eruption from Okmok (Umnak Island, Eastern
Aleutian Islands).

Materials and methodology

Stratigraphy and ages of tephra layers

Stratigraphic position of the studied tephra layers relative to
sedimentary units was determined based on the on-board de-
scriptions of the cores (Fig. 2; Dullo et al. 2009; Gorbarenko
et al. 2010). Age estimates used here are based on published
age-depth models for the cores GC11, GC13, SO201-2-77
KL, SO201-2-81 KL, and SO201-2-85 KL (Gorbarenko
et al. 2010; Max et al. 2012; Riethdorf et al. 2013;
Malakhov and Gorbarenko, unpublished data) and strati-
graphic data on the Bering Sea sediments (Gorbarenko and
Artyomova 2003; Alekseeva et al. 2015). Early Holocene
parts of these age models are based on radiocarbon dates
(Gorbarenko et al. 2005; Max et al. 2012) and, following these
authors, we provide our age estimates for the SR2 and V1.1
tephras in calibrated years before 1950 AD.

Chemical analysis of volcanic glass and minerals

Samples were taken from well-defined visible tephra layers
and wet-sieved to obtain 50–100 μm and > 100 μm frac-
tions. Pumice lapilli were crushed, and the resulting coarse
ash was sieved in the same way. Morphology of glass
shards from ash layers was examined under a binocular
microscope and described based on the classification of
Katoh et al. (2000). The 50–100 μm fraction was further
processed to obtain > 2.85 g/cm3 fractions for the study of
mafic mineral composition. Minerals were extracted from
six samples and examined using a polarizing microscope
(≥ 300 grains per sample) for identification and estimation
of relative abundances. All the samples used in this study
are listed in the Online Resource 1.

Electron microprobe analysis

Electron microprobe analysis (EMPA) of volcanic glass was
performed on the > 100-μm fraction in 21 ash samples and in
3 samples of pumice lapilli. The resulting dataset comprises
327 analyses obtained during 8 probe sessions conducted
between 2009 and 2014 at the GEOMAR Helmholtz
Centre for Ocean Research Kiel, using a JEOL JXA 8200
electron microprobe. All analyses were performed under the
same analytical conditions at a 15 kV accelerating voltage
with a beam diameter of 5 μm and a beam current of 6 nA. A
detailed account of analytical conditions, which includes in-
ternal standards and count times, was described in
Ponomareva et al. (2017). For all comparisons, data were
normalized to an anhydrous basis (i.e., 100% total oxides)
and data with analytical totals below 94 wt.% were excluded.
Normalized data, originally obtained raw data totals, and
data on reference materials from each analytical session are
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provided in Online Resource 2. Average values for glass
from each tephra sample and from each tephra are provided
in Table 1.

Minerals were analyzed for six samples using the JEOL
JXA 8200 electron microprobe at GEOMAR. Analyses were
performed using a focused electron beam at 20 nA and 15 kV
accelerating voltage and corrected using the CITZAF built-in
JEOL software. The measurement time was 20 s on peak and
10 s on background, for all elements. Natural minerals
(scapolite USNM R6600-1, pyroxene USNM 12214,
hornblende USNM 111356, chromite USNM 117075, and
ilmenite USNM 96189) (Jarosewich et al. 1980), as well as
synthetic oxides, were used for calibration and checking of
data quality. Representative compositions of minerals are giv-
en in Online Resource 3.

LA-ICP-MS analysis

Trace element analyses of individual glass shards
(Online Resource 4) were performed using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-
MS) at the Institute of Geosciences, Kiel University
(Germany). The analyses were obtained on September 12,
2010, March 23–24, 2011, and May 5 and August 1, 2017,
using a Coherent GeoLas ArF 193 nm Excimer LA system
and a quadrupole-based (QP) ICP-MS Agilent 7500s in
2010–2011 and Agilent 7900 in 2017. A detailed descrip-
tion of the technique can be found in Ponomareva et al.
(2013a) and Cook et al. (2018). Metadata concerning the
instrumental conditions and other analytical details are pro-
vided in Online Resource 4. Data quality was checked

Fig. 2 Schematic graphic presentation of marine sediment cores
considered in this study. Tephra labels are given left and right of the
cores. SR followed by a number is for the tephra layers first identified
in the Shirshov Ridge cores: PL2 (SR1) ~ 10.2 ka, Plosky volcanic massif
(Ponomareva et al. 2013b); SR2 ~ 12.2 ka, Semisopochnoi volcano (this

study); SR4 ~ 64.5 ka, Okmok volcano (this study); SR6 (~ 177 ka
Rauchua tephra)—presumably from the Karymsky eruptive center
(Kamchatka); SR3, SR5, SR7, SR8—tephra from unknown sources.
Br2 (CFE II)—tephra from the ~ 3.6 ka Aniakchak caldera-forming erup-
tion (Alaska)
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using blind analysis of international reference glass BCR2-
G, KL2-G, ATHO-G, and STHS60/8-G (Rocholl 1998;
Jochum et al. 2006). The values recommended for these
reference glass (Jochum and Nohl 2008) were typically
reproduced within 5% for most elements conventionally
measured by LA-ICP-MS (REEs, Zr, Nb, Ba, Y, Sr).
Larger deviations are observed for less frequently deter-
mined elements, such as Li, B, As, and are likely related
to some uncertainty in the reference values for these ele-
ments (Jochum et al. 2006). Average compositions for the
major populations of glass from each tephra are provided
in Table 2.

Results

Stratigraphy, age, and description of tephra layers

Tephra Br2 was found at the bottom of core Lv63-19, which is
located at the northwest margin of the Aleutian Basin (Figs. 1
and 2). The stratigraphic position of the Br2 tephra within
upper homogeneous diatom-rich terrigenic sediments indi-
cates a mid-Holocene age (Gorbarenko et al. 2010). The teph-
ra is composed of fine ash and forms 1–2-cm-thick lenses
between depths of 440 and 450 cm below the sea floor.
Glass shards from two different levels within this interval have

Table 2 Mean trace element
compositions of volcanic glass
from tephra in Bering Sea
sediments

Tephra Br2 SR2 SR4 Piip pumice

Mean (7) 2s Mean (9) 2s Mean (8) 2s Mean (7) 2s

Li 31.6 7.3 26.3 8.1 14.1 8.0 16.1 3.0

Sc 11.5 4.0 19.7 5.6 50.8 6.5 3.1 0.9

Ti 3152 1435 4694 1517 9421 1929 1123 168

V 3.3 1.7 50.7 73.4 439 93 3.6 0.6

Rb 68.5 8.1 85.3 36.9 26.8 22.2 15.5 1.6

Sr 196 24 280 137 359 32 84.4 4.4

Y 47.7 7.6 41.9 10.3 36.1 20.0 14.7 1.6

Zr 284 65 245 101 148 109 124 9

Nb 17.5 5.6 6.16 2.29 4.61 3.61 5.31 0.57

Cs 3.38 0.39 5.10 1.76 – – 0.29 0.10

Ba 953 95 952 253 422 262 228 7

La 27.9 3.3 21.4 5.4 12.5 9.1 10.9 0.9

Ce 58.2 7.4 47.5 12.3 27.8 18.8 24.4 1.3

Pr 7.67 1.04 6.66 1.56 3.99 2.46 2.78 0.40

Nd 33.7 6.3 30.0 6.2 18.9 11.1 10.5 3.3

Sm 7.71 1.92 7.35 1.47 5.01 2.91 2.43 0.83

Eu 2.11 0.23 1.86 0.28 1.59 0.62 0.47 0.21

Gd 8.24 1.97 7.18 1.38 5.99 3.08 2.23 0.69

Tb 1.24 0.23 1.07 0.26 0.94 0.45 0.35 0.07

Dy 8.42 2.69 7.00 1.63 5.99 3.02 2.28 0.58

Ho 1.74 0.38 1.48 0.33 1.28 0.61 0.49 0.13

Er 5.29 1.05 4.61 1.20 3.95 2.15 1.53 0.29

Tm 0.76 0.14 0.67 0.19 0.54 0.26 0.28 0.07

Yb 5.41 0.99 4.61 1.29 3.70 1.96 1.76 0.36

Lu 0.82 0.14 0.71 0.21 0.56 0.28 0.28 0.07

Hf 7.35 0.92 6.28 2.46 3.91 2.54 3.48 0.61

Ta 1.10 0.18 0.36 0.14 0.31 0.22 0.41 0.07

Pb 19.2 15.7 18.3 5.4 11.4 6.8 5.19 0.66

Th 6.54 0.68 6.19 2.32 2.75 2.04 1.51 0.36

U 3.04 0.65 3.11 1.22 1.31 1.03 0.87 0.12

Note: Br2 composition calculated for rhyolite shards only. The number of analyses used to calculate the mean
values is indicated in parentheses. 2s—two standard deviations. Complete set of data can be found in the Online
Resource 4
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identical morphologies and are dominated by colorless fibrous
and bubble-wall stretched shards with subordinate amounts of
platy shards. Light-brown shards of the same morphology are
present in smaller amounts accompanied by rare brown shards
with microlites. The heavy mineral assemblage for this tephra
cannot be assessed due to a large admixture of terrigenic
material.

Tephra SR2 was found in five piston and gravity cores
(SO201-2-77 KL, SO201-2-85 KL, Lv63-12, Lv63-13, and
Lv63-14) and two pilot cores (SO201-2-79 MUC and SO201-
2-81 MUC) on the slopes of the Shirshov Ridge, as well as in
three gravity cores at the northwestern margin of the Aleutian
Basin (Lv63-20, Lv63-22, and Lv63-23; Fig. 1). Tephra SR2
varies in thickness from 1 to 4 cm and is represented by dark-
gray fine ash with occasional ≤ 1 mm pumice grains. The
tephra forms a distinct layer clearly identified against the
greenish-gray sedimentary background due to its dark color
and strong compaction. Because of the latter, the SR2 layer
was deformed in most of the cores.

Tephra SR2 is stratigraphically positioned within Younger
Dryas sediments (Max et al. 2012; Alekseeva et al. 2015). The
age of the SR2 tephra can be estimated at ~ 12.2 ka based on
close estimates of 12.14 and 12.29 ka for the bottom of the
SR2 layer in the age models for the cores SO201-2-77 KL and
SO201-2-85 KL, respectively (Max et al. 2012). Based on
similar features and deformation, as well as on stratigraphic
position, the SR2 tephra was likely recovered by adjacent core
18–6 from the R/V Sonne SO202 INOPEX (Innovative North
Pacific Experiment) cruise (Gersonde 2012; Kuehn et al.
2014) as well as by cores taken during the R/V MIRAI cruise
MR06-04 (Harada 2006) (Fig. 1).

Most of the SR2 glass are light gray with a brownish hue
and have frothy morphologies. Dark-brown to dark-gray,
frothy and bubble-wall stretched, or blocky, shards occur in
smaller amounts, and brown rock fragments are rare. Many
shards contain numerous small microlites of plagioclase, py-
roxene, ore minerals, and rare apatite. The mafic mineral as-
semblage includes (in descending order of abundance) clino-
and orthopyroxene, titanomagnetite, ilmenite, apatite, and
hornblende (Online Resource 3). Clinopyroxene (augite with
Mg# = 59–81 mol%, average 72 mol%) prevails over
orthopyroxene (predominantly hypersthene with Mg# = 52–
73 mol%, average 62 mol%). The Cpx/Opx ratio is ~ 3. All
samples have admixed terrigenic grains of epidote, hematite,
chlorite, actinolite, mica, rare garnet, zircon, and sphene. The
abundance of terrigenic grains increases with height in the
tephra layer.

Tephra V1.1 occurs in cores GC11 and GC13 at the west-
ern foot of the Bowers Ridge (in the southern part of the
Aleutian Basin, Fig. 1) (Gorbarenko et al. 2010), and exhibits
mineral and chemical compositions close to those in SR2.
However, it has an age of ~ 10.5 ka (Gorbarenko and
Artyomova 2003; Gorbarenko et al. 2010); younger by ~

2 ka than SR2. In addition, it is composed of rounded coarse
(up to 2 mm) pumice grains and glass-coated crystals with a
high proportion of terrigenic rock fragments, suggesting that it
has been redeposited from adjacent islands by sediment grav-
ity currents.

Tephra SR4 was found in three cores (SO201-2-77 KL,
SO201-2-81 KL, and SO201-2-85 KL) on the Shirshov
Ridge (Figs. 1 and 2). It forms a 4–9-cm-thick black fine ash
layer, partly deformed by coring. The age of SR4 is estimated
at ~ 64.5 ka based on the age models for cores SO201-2-77
KL and SO201-2-85 KL (Riethdorf et al. 2013; Malakhov and
Gorbarenko, unpublished data).

SR4 is dominated by dark-gray and black, frothy, glass
shards, and light-brown fibrous and bubble-wall stretched
glass shards. A characteristic feature of this tephra is the pres-
ence of abundant olivine microlites with Fo content ranging
from 63.5 to 83 mol% (Online Resource 3). The prevailing
olivine composition is Fo70–72. The other mafic phases are
high-Ca pyroxene (mostly augite, and rare diopside and salite
with Mg# = 53–83 mol%, average 74 mol%) and Ti-magne-
tite. Hypersthene with Mg# = 53–65 mol% is present in sub-
ordinate amounts (Cpx/Opx = 5–6). Rare amphibole grains
also occur but are likely terrigenic.

Chemical composition of glass

Br2 tephra glass have predominantly homogeneous medium-
K rhyolite compositions (Fig. 3a, b). A single analyzed shard
has a trachyandesitic composition (SiO2 = 59.1 wt.%, K2O +
Na2O = 6.34 wt.%). Due to high FeO/MgO ratios, the glass
are classified as predominantly Fe-rich (Arculus 2003) or tho-
leiitic (Miyashiro 1975) (Fig. 3c). The glass have trace ele-
ment patterns typical of arc magmas (Gill 1981) and exhibit
moderately high light rare earth element (REE) to middle REE
ratios (Lan/Smn = 1.9–2.9, where lower index n denotes the
concentrations normalized to primitive mantle). Glass also
show enrichment in Pb, Th, U, large ion lithophile elements
(LILE, e.g., Ba, Rb, Cs) relative to light REE, Nb, and Ta
(Fig. 4a). The rhyolite glass exhibit strong depletion in Sr
and Ti. Concentrations of highly incompatible elements (left
part of spectra from Cs to La), Zr and Hf in andesitic shard are
1.5–2 times lower than in rhyolites, middle and heavy REE
are similar or c. 20% lower (Fig. 4a). Contents of Sr and Ti are
2.5 times higher in the trachyandesitic shard and show little
fractionation from REE.

SR2 tephra glass have somewhat heterogeneous high-K
and high-Fe trachydacite compositions (SiO2 = 65–68 wt.%,
K2O + Na2O = 7.5–9 wt.%) (Fig. 3a, b). The compositions of
SR2 tephra glass from disparate cores tightly overlap and
match the composition of the coarse V1.1 pumice, described
at the western foot of the Bowers Ridge, ~ 150 km from the
nearest active volcanoes (Figs. 1 and 3; Table 1).
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The SR2 glass are compositionally close to those from the
PL1 and PL2 tephras dated at ~ 11.6 and ~ 10.2 ka, respec-
tively, from the Plosky volcanic massif in Kamchatka, Russia
(Fig. 3; Ponomareva et al. 2013b). The PL2 tephra was found
in many terrestrial sites in Kamchatka as well as in the cores

SO201-2-77 KL (at 116–117 cm) and SO201-2-81 MUC (at
10–13 and 14–17 cm). In core SO201-2-77 KL, both PL2 and
SR2 are present, and SR2 lies 26 cm lower than PL2. In other
cores, only one of these tephras is present, so it is important to
distinguish between them. The SR2 glass are distinguished
from the Plosky glass by lower TiO2 and K2O, and generally
higher silica content (Fig. 3). Trace element patterns of SR2
glass are typical of arc types (Gill 1981), with moderate light
REE enrichment (Lan/Smn = 1.7–2.0) and strong enrichments
in Pb, LILE, Th, and U (Fig. 4b). The SR2 patterns are similar
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to PL2 glass for most elements from Nb through Lu, but show
a stronger depletion in Ti and enrichment in Pb. The two
tephras are best distinguished in the left part of the trace ele-
ment spectra (Fig. 4b). SR2 glass are more enriched in highly
incompatible elements U, Th, Ba, and Cs, and have higher Th/
Nb, U/Nb, and Ba/Nb ratios.

SR4 glass have a distinct medium-K, high-Fe basaltic an-
desite composition (Fig. 3). Together with abundant olivine
and pyroxene crystals, this suggests a basaltic bulk composi-
tion. Trace element concentrations in single glass shards vary
by factor of ~ 2 (1.7–2.9) and are mostly parallel to each other
except for Sr and Ti (Fig. 4c), which vary only slightly, by a
factor of 1.2–1.3. The trace element variations suggest vari-
able extents of crystal fractionation from a common parental
melt in the presence of plagioclase and magnetite along with
olivine and pyroxene (Fig. 4c). The glass exhibit typical arc-
type patterns (Gill 1981), with monotonous enrichment from
heavy REE to light REE (Lan/Smn = 1.4–1.8, Smn/Ybn = 1.4–
1.7), well pronounced Nb-Ta minima (Lan/Nbn = 2.4–3.0),
and enrichment in Pb, LILE, Th, and U. Relative Sr enrich-
ment (Srn/Cen > 1) is observed in the most primitive glass,
which also have the lowest concentrations of other incompat-
ible trace elements.

Discussion

Identification of source volcanoes

The tephra layers described in our study have well-expressed
island-arc geochemical signatures (Gill 1981). They cannot
have been derived from St. Paul Island or any other monoge-
netic basaltic lava field along the eastern Bering Sea margin
(Wood and Kienle 1990), as these all have intra-plate geo-
chemical characteristics (Moll-Stalcup 1994; Wirth et al.
2002). The tephras under consideration, however, could have
originated from both the Kamchatka and Aleutian arcs bor-
dering the Bering Sea from west and south, respectively (Fig.
1). The Kamchatkan sources are particularly plausible as our
Bering Sea tephra sites are located downwind from the
Kamchatka volcanoes. However, the Br2, SR2, or SR4
tephra layers have not been identified in any cores taken
closer to Kamchatka (Dullo et al. 2009; Derkachev et al.
2015). Further, neither these nor compositionally similar
tephras are known from the extensively sampled
Kamchatka mainland (Braitseva et al. 1997; Kyle et al.
2011; Plunkett et al. 2015; Ponomareva et al. 2013a,
2015b, 2017). Due to these reasons, we suggest that the
source volcanoes for the three tephras considered here are
likely located within the Aleutian arc.

The submarine Piip volcano lies at the westernmost termi-
nus of the Aleutian arc and is the closest volcano to the cores
taken on the Shirshov Ridge (Fig. 1). Piip’s edifice is covered

with pumice bombs and lapilli that originate from a summit
eruption of likely Late Pleistocene-Holocene age (Werner
et al. 2016). However, glass from Piip pumice have higher
silica content (> 77 wt.%) and trace element compositions that
differ from the compositions of glass of the tephra layers un-
der consideration (Figs. 4a and 5). Thus, the source volcanoes
for these tephras should be located further east in the Aleutian
arc, or perhaps on mainland Alaska.

Awidely adopted approach for correlation of tephra layers
and identification of their sources is based on comparison of
glass composition (e.g., Alloway et al. 2005; Lowe et al. 2017;
Davies 2015). However, glass composition data are available
only for some of the Alaska-Aleutian volcanoes (e.g.,
Bindeman et al. 2001; Carson et al. 2002; Coombs et al.
2018; Wallace et al. 2017), so that an arc-wide comparison
of glass compositions is impossible.

To narrow down our search for possible source volcanoes,
we used another approach based on the comparison of glass
and bulk rock compositions. Direct comparison of absolute
concentrations of elements in glass and bulk rock analyses is
compromised by the presence of variable amounts of mineral
phenocrysts and accessory phases in bulk rocks. These host
not only major rock forming elements, but can also selectively
concentrate some trace elements, such as Sr in plagioclase,
heavy REE in hornblende, REE in apatite. To eliminate this
uncertainty, we used ratios of the most incompatible elements
in both rocks and glass. Due to low mineral-melt partition
coefficients (D < 0.01), the ratios of these elements remain
nearly constant during mineral crystallization or accumulation
in bulk magmas (e.g., Pearce and Parkinson 1993; Elliott et al.
1997; Kelemen et al. 2003a). These elements are placed on the
left side of mantle-normalized diagrams and include La, Nb,
Ta, Th, U, Ba, Rb, and Cs (Fig. 4). Of these elements, La, Nb,
Ta, Th, and Ba are particularly useful because they are usually
precisely defined in published datasets obtained through either
INAA (Kay and Kay 1994) or, more recently, by ICP-MS
(Cameron et al. 2014; Coombs et al. 2018; Nye et al. 2018).
These elements are also relatively immobile during post-
magmatic alteration, which can be an important effect of the
presence of seawater and which easily disturbs concentrations
of monovalent alkalis (Na, K, Rb, Cs) and U (Hart and
Staudigel 1982).

In order to search for potential sources of our Bering Sea
tephras, we compiled data for the Alaska-Aleutian volcanoes
from the open access databases from the Alaska Volcano
Observatory (Cameron et al. 2014; Coombs et al. 2018; Nye
et al. 2018) and GEOROC n.d. (http://georoc.mpch-mainz.
gwdg.de/georoc/). Some additional data have been included
by courtesy of Gene Yogodzinski (University of South
Caroline) from his compilation used in the review by
Kelemen et al. (2003b) and as updated by Yogodzinski et al.
(2015). We use these data to calculate incompatible trace ele-
ment ratios for volcanic centers, which host calderas and large
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(> 2 km in diameter) craters. These data are shown in Figs. 6
and 7, and in Table 3. From Figs. 6 and 7, we can see that the
large variability in source composition at Aleutian and
Alaskan volcanoes permits a reliable identification or verifi-
cation of the potential sources of the studied tephra layers.

Tephra Br2

The Br2 tephra can be identified as a product of the Aniakchak
volcanic center based on it having the lowest Ba/Nb, Th/Nb,
La/Nb, along with moderately high Th/La, ratios in both bulk
rock and glass chemistry data (Figs. 6 and 7). Comparison of
all trace element concentrations with published Aniakchak II
glass data (Pearce et al. 2004; Ponomareva et al. 2018) further
confirms this conclusion (Fig. 4a).

Glass from the Br2 tephra have medium-K rhyolitic com-
positions and are geochemically similar to the rhyolitic popu-
lation of the ~ 3.6 ka Aniakchak II glass (Kaufman et al. 2012;
Davies et al. 2016; Wallace et al. 2017) (Figs. 5, 6, and 7).
Only one of the analyzed Br2 shards falls into the andesitic
Aniakchak II field; however, non-analyzed brown shards de-
scribed in the samples likely indicate the presence of the

whole andesite Aniakchak II population. Moreover, rhyolite
Br2 glass are identical in composition to rhyolite glass from
both proximal and ultra-distal (Chukchi Sea) Aniakchak II
tephras. A single andesitic glass shard analyzed by LA-ICP-
MS has a very similar trace element composition to that of
andesitic Aniakchak II shards from Chukchi Sea sediments
(Fig. 4a).

In comparison with rhyolitic glass from Piip pumice, Br2
glass are less siliceous and more enriched in alkalis (Fig. 5). A
distinctive feature of both Br2 and Piip glass is a very modest
depletion compared to average arc rocks in Nb and Ta relative
to La and LILE (Fig. 4a). That is, there is a Lan/Nbn ratio of
1.2–2.1 in Br2 compared with 3.3 for the average Aleutian
andesite (Kelemen et al. 2003b). The trace element pattern of
Br2 glass is generally subparallel to that of Piip glass, except
that there is a less pronounced Zr-Hf enrichment relative to
middle REE in the latter. However, absolute trace element
concentrations in Br2 glass are higher by a factor of 4–5 than
for those of the Piip glass, thus precluding a genetic
relationship.

Based on chemical similarity of Br2 glass to those from the
3.6 ka Aniakchak II tephra, its Holocene age (Fig. 2), and the
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aerial distribution of the Aniakchak II fall deposit (Davies
et al. 2016; Graham et al. 2016; Pearce et al. 2017;
Ponomareva et al. 2018), we suggest that the Br2 tephra cor-
relates to the ~ 3.6 ka Aniakchak II eruption. A preliminary
report on this finding by Derkachev et al. (2015) permitted
Ponomareva et al. (2018) to use this site to develop a new
isopach map for the Aniakchak II tephra fall deposit. The
new map allows us to double the volume of this eruption from
the value of 50 km3 given by Miller and Smith (1987) to ~
100 km3. Assuming an ash density of 0.6 g/cm3 (Kutterolf
et al. 2008b) and rhyolite density of 2.6 g/cm3, the dense rock
equivalent (DRE) volume of the Aniakchak II tephra fall de-
posit is here estimated to be 23 km3, with an erupted mass of
6.0 × 104 Mt. This corresponds to an eruption magnitude (M)
of 6.8 (Pyle 1995; Mason et al. 2004).

Wide dispersal of the ~ 3.6 ka Aniakchak II tephra across
the Bering Sea (Derkachev et al. 2015; Graham et al. 2016)
permits significant enlargement of its known dispersal area
(Davies et al. 2016) and indicates that it could also occur in
northeast Asia (Fig. 1). The Aniakchak II tephra can also serve
as a major Holocene marker horizon for the Bering Sea shelf,
directly linking its Holocene sedimentary archives to those
from the Chukchi Sea (Pearce et al. 2017; Ponomareva et al.
2018), eastern Canada (Pyne-O'Donnell et al. 2012), and
Greenland (Pearce et al. 2004; Coulter et al. 2012; Jennings
et al. 2014).

Tephra SR2

The ~ 12.2 ka SR2 tephra forms a visible layer in the sedi-
ments on the Shirshov Ridge and at the northeastern margin of
the Aleutian basin (Figs. 1, 2, and 3). Its thickness varies from
2 to 4 cm. In terms of incompatible trace element ratios (Figs.
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6 and 7), SR2 glass have compositions that plot in the typical
range of the Aleutian rocks. Similar Ba/Nb, Th/Nb, and Th/La
ratios are observed in rocks from a number of volcanoes along
the entire Aleutian Arc (Little Sitkin, Semisopochnoi,
Seguam, Akutan, Katmai) (Figs. 6 and 7). Thus, the trace
elements do not allow unique identification of the source vol-
cano for this layer. However, the composition of SR2 glass is
very close to that of the redeposited V1.1 coarse pumice in
cores GC11 and GC13 at the foot of the Bowers Ridge, which
points to Little Sitkin and Semisopochnoi volcanoes in the
Western Aleutian Arc as the most probable sources. Of these
two volcanoes, Semisopochnoi appears to be the most likely
source of the SR2 tephra glass. Both SR2 glass and andesite
and dacite from Semisopochnoi volcano have overlapping
and unusually high K2O contents, in comparison with other
Aleutian volcanoes (Fig. 3a). Dacite of Little Sitkin has sig-
nificantly lower K2O contents in comparison with SR2 glass
(Fig. 5a). The correlation of SR2 to Semisopochnoi is further
confirmed by the comparison of an extended range of trace
elements in SR2 glass and Semisopochnoi andesite and dacite
(Fig. 4b), as well as by comparison of SR2 glass to those in
Semisopochnoi proximal pumice (Fig. 5, Coombs et al. 2018).
The mineral assemblage of SR2 tephra (plagioclase, hyper-
sthene, augite, magnetite, apatite) also fits the modal mineral
composition of Semisopochnoi dacite and andesite (Delong
et al. 1985).

Semisopochnoi is the largest historically active volcano in
the central and western Aleutian arc with its most recent erup-
tion having been in 1987 (Reeder 1990). The volcano hosts a
7 × 6 km post-glacial caldera (Wood and Kienle 1990).
Ignimbrite from the caldera-forming eruption blankets much
of Semisopochnoi Island and crops out along the coastal cliffs
(Coombs et al. 2018).

The compositions of SR2 glass have slightly different, but
systematically variable, trace element ratios. For example, Ba/
Nb (138–178) in SR2 glass correlates inversely with Th/La
(0.25–0.31), and positively with La/Nb (3.2–4.0) (Fig. 8).
Similar correlations are also observed for Semisopochnoi bulk
rock analyses, so that Ba/Nb and La/Nb ratios decrease from
basalts to andesites; and Th/La increases. SR2 glass have
compositions similar to Semisopochnoi andesites and dacites,
but not to Semisopochnoi basalts and basaltic andesites. These
variations are not expected from closed system fractional crys-
tallization and instead suggest either mixing of two contrast-
ing magma compositions or assimilation-fractional crystalli-
zation (AFC), and can be considered a characteristic feature of
this volcano (Delong et al. 1985; Coombs et al. 2018).
Incompatible trace element ratios in SR2 glass overlap with
those in Semisopochnoi dacite and andesite (Coombs et al.
2018) (Fig. 8).

The extent and volume of the SR2 tephra, and consequent-
ly the magnitude of the parent eruption, can now be

Table 3 Incompatible trace
element characteristics of the
Aleutian arc calderas and ash
layers from the Bering Sea

Name N Long (W) Ba/Nb 1s La/Nb 1s Th/La 1s Th/Nb 1s

Little Sitkin 14 181.5 132 24 3.62 0.64 0.26 0.04 0.93 0.19

Semisopochnoia 39 180.4 162 16 3.92 0.35 0.28 0.03 1.10 0.08

Kanaga 47 177.2 237 31 4.60 0.66 0.36 0.07 1.66 0.34

Seguam 46 172.5 189 27 3.95 0.59 0.23 0.09 0.90 0.19

Amukta No data 171.3 0.20

Yunaska 15 170.7 123 7 3.00 0.12 0.20 0.02 0.60 0.07

Herbert 2 170.2 142 14 3.18 0.36 0.19 0.01 0.60 0.01

Mount Okmok 180 168.1 95 29 2.83 0.81 0.22 0.03 0.62 0.21

Makushin 205 166.9 116 22 3.29 0.60 0.26 0.06 0.88 0.18

Akutan 95 166.0 162 45 4.20 0.91 0.23 0.06 0.99 0.27

Fisher 115 164.4 109 25 2.87 0.62 0.21 0.03 0.60 0.14

Emmons Lake 48 162.0 111 4 2.86 0.24 0.35 0.04 0.99 0.09

Veniaminof 2 159.4 0.14 0.00

Black Peak 44 158.8 184 12 4.08 0.27 0.29 0.02 1.18 0.14

Peak Aniakchak 290 158.2 62 7 1.92 0.26 0.23 0.02 0.44 0.06

Ugashik No data 156.4

Katmai 55 155.0 142 49 3.26 1.02 0.26 0.06 0.87 0.33

Kaguyak 118 154.0 152 18 3.32 0.35

Br2 7 55 7 1.68 0.29 0.23 0.03 0.37 0.06

SR2 8 156 13 3.50 0.26 0.29 0.02 1.01 0.05

SR4 9 94 8 2.73 0.19 0.22 0.01 0.60 0.05

a Average for Semisopochnoi dacite and andesite
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preliminary constrained from these data. The dispersal axis
was directed NNW from the source (Fig. 1). Based on the
known thicknesses of the SR2 tephra in all studied cores, we
can here draft a preliminary tephra dispersal area (Fig. 1;
Online Resource 5). The sites on the Shirshov Ridge are lo-
cated close to each other and have a median tephra thickness
of 3 cm. These sites, together with sites Lv63-30, -22, and -23
located at the northeastern margin of the Aleutian basin (Fig.
1), permit us to delineate a 2-cm isopach as a minimum con-
cave line bounding all of these sites. The area within the 2-cm
isopach is 767,400 km2, so that—by applying the single-
isopach approach (Legros 2000)—we obtain a minimum ash-
fall volume of 54 km3. This corresponds to a volcanic
explosivity index (VEI) six (Newhall and Self 1982).
Assuming an ash density of 0.6 g/cm3 (Kutterolf et al.
2008b), we obtain SR2 tephra mass of 3.2 × 104 Mt, and a
DRE volume of 12 km3. This corresponds to an eruption
magnitude 6.5 (Pyle 1995; Mason et al. 2004). These are
minimal estimates as they are based on only a few thickness
measurements for SR2 tephra, and our calculations do not
include the volume of the caldera fill or of ignimbrite dis-
persed beyond the caldera.

Based on the estimated size and geochemical similarity to
the Semisopochnoi ignimbrite, we suggest that the SR2 tephra
was a product of the caldera-forming eruption. Our age esti-
mate of ~ 12.2 ka, as well as the stratigraphic position of the
SR2 tephra within the Younger Dryas sediments, do not agree
with a preliminary age estimate of 7.7–7.8 ka suggested by
Coombs et al. (2018) for this ignimbrite. This discrepancy
needs further investigation. At the same time, we do not ob-
serve any younger tephra of SR2 (and ignimbrite)

composition in any of our cores. As a result, two closely
spaced different and large eruptions from Semisopochnoi
seem unlikely. The SR2 tephra is widely dispersed in the
Aleutian basin, and can serve as a marker for the Younger
Dryas climate interval.

Tephra SR4

The ~ 64.5 ka SR4 tephra has a distinct basaltic andesite glass
composition and was found in three cores on the Shirshov
Ridge (Fig. 1). Comparison of our glass data with that of the
Alaska Volcano Observatory Geochemical Database of whole
rock compositions (Cameron et al. 2014; Nye et al. 2018)
shows that SR4 glass compositions are very similar to basaltic
andesites of Okmok volcano (Umnak Island, Eastern
Aleutians) (Figs. 6 and 7). Additional support for this correla-
tion comes from the discovery of a geochemically similar, but
significantly younger (~ 12 ka), tephra in core U1343 at the
eastern margin of the Aleutian basin, which is closer to
Okmok (Fig. 1; Aoki et al. 2012). Peculiar features of
Okmok rocks include predominantly mafic compositions, a
common presence of olivine in the mineral assemblages, and
relatively low Ba/Nb and La/Nb ratios (Figs. 6 and 7).

Okmok volcano last erupted in 2008 (Neal et al. 2009). The
edifice hosts two overlapping calderas dated at ~ 12 and 2 ka;
the younger caldera is about 9.5 km in diameter (Miller and
Smith 1987; Larsen et al. 2007). Fall deposits and ignimbrites
of the two known caldera-forming eruptions have mostly ba-
saltic to intermediate bulk compositions with only a minor
amount of more evolved material (Larsen et al. 2007). As
the products of the volcano demonstrate similar compositions
during its history (Finney et al. 2008; Larsen et al. 2013), it is
possible that the ~ 64.5 SR4 tephra was also a product of
Okmok.

The SR4 tephra forms a visible 4–5-cm-thick layer in three
cores on the Shirshov Ridge. If the source of SR4 is Okmok
volcano, then only justified isopach of 4 cm is an NW-SE
elongated ellipse. This isopach embraces an area of
487,400 km2. Accordingly, the single-isopach approach
(Legros 2000) yields a minimum ashfall volume of 72 km3,
which corresponds to VEI 6 (Newhall and Self 1982).
Adopting a density for basaltic ash of 0.8 g/cm3 (Kutterolf
et al. 2008b), and a basalt density of 3.0 g/cm3, we obtain a
total tephra mass of 5.8 × 104 Mt and DRE volume of 19 km3,
which corresponds to an eruption magnitude of 6.8 (Pyle
1995; Mason et al. 2004). These are only minimum estimates
of the eruption parameters, as only few thickness measure-
ments are available and no proximal deposits are known.

In the absence of well-documented proximal deposits, de-
tailed reconstruction of possible mechanisms of this large
eruption is not possible. The estimated volume of SR4 tephra
of 20 km3 DRE is, however, comparable to caldera-forming
eruptions of Okmok that occurred over the past 12 ka and
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produced 30 km3 (Okmok I) and 15 km3 (Okmok II) DRE of
basaltic material (Larsen et al. 2007). Both the Okmok I and
Okmok II eruptions involved phreatomagmatic components.
Larsen et al. (2007) thus concluded that interaction of magma
with surface water and ice may trigger catastrophic eruptions
of mafic magma at Okmok caldera, in addition to large
amount of magmatic volatiles accumulated in magma cham-
ber prior to the eruption. We suggest that the mid-Pleistocene
Okmok eruption, which provisionally produced SR4 tephra,
had a genesis similar to such recent eruptions. Because this
older eruption occurred during the last glaciation, an interac-
tion of voluminous basaltic magma with a thick ice cap in
Okmok caldera is a plausible mechanism to facilitate the high
explosivity of this eruption (Larsen et al. 2007).

Conclusions

We describe three ash layers, labeled as Br2, SR2, and SR4, in
the Bering Sea sediments. These are related to large explosive
eruptions of Aleutian and Alaskan volcanoes over the last ~
70 ka. These tephra layers are distinguished using major and
trace element glass composition. To correlate with potential
source volcanoes, we compared our glass analyses with whole
rock compositions of the Alaska-Aleutian volcanoes. On this
basis, we propose that the ratios of highly incompatible ele-
ments in whole rock analyses of rock samples (Ba/Nb, Th/La,
Th/Nb, Nb/La) can be used to correlate their compositions
with tephra glass compositions.

The Br2 tephra layer from the Beringian shelf comprises
glass of rhyolite (dominant) and andesite (minor) medium-K
composition and geochemically correlates with tephra from
the ~ 3.6 ka Aniakchak II caldera-forming eruption (Alaska).
This discovery allows us to increase the estimate of the
Aniakchak II tephra volume to ~ 100 km3 (DRE = 23 km3).
This doubles the previously published volume (Miller and
Smith 1987) and increases the eruption magnitude to 6.8.
The Aniakchak II tephra can serve as a major Holocene mark-
er horizon for the Bering Sea shelf, directly linking its
Holocene sedimentary archives to those from the Chukchi
Sea, Canada, and Greenland (Pearce et al. 2004; Coulter
et al. 2012; Pyne-O'Donnell et al. 2012; Jennings et al.
2014; Pearce et al. 2017; Ponomareva et al. 2018).

The SR2 tephra, with a peculiarly high-K trachydacitic
composition, has an age of 12.2 ka and is geochemically cor-
related to volcanic products of the Semisopochnoi volcano in
the Western Aleutian Arc. Ashfall from this eruption was dis-
persed to the northwest and covered an area of 767,400 km2

with a 2-cm layer yielding a minimum ashfall volume of
54 km3 (DRE = 12 km3). This corresponds to an eruption
magnitude of 6.5. The SR2 tephra is widely dispersed in
Aleutian basin sediments, and can thus serve as a sensitive
marker for the Younger Dryas climate interval.

The SR4 tephra, with an age of 64.5 ka, has a mafic com-
position. It contains abundant olivine and is geochemically
correlated to Okmok volcano. The only justified isopach of
4 cm for this tephra is an NW-SE elongated ellipse, and this
gives an area of 487,400 km2, for a minimum ashfall volume
of 72 km3 (DRE = 19 km3). This corresponds to an eruption
magnitude of 6.8.

Our data suggest that Bering Sea sediments preserve a re-
cord of very large explosive eruptions of Alaska-Aleutian arc
volcanoes. Some of these eruptions are unknown from prox-
imal records due to erosion or burial by younger sediments.
Detailed studies of the Bering Sea IODP sedimentary cores
will undoubtedly discover further large eruptions, and this will
become a part of an effort aimed at the reconstruction of the
volcanic arc history, as well as its relation to paleoclimate. The
widespread tephra layers also serve as useful isochrones
allowing correlations of paleoclimate records across conti-
nents and neighboring seas.
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