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The main goal of the study is to establish the spatial and temporal distribution of
pyroclastic material from large explosive eruptions of the volcanoes of Kamchatka,
the Kuril, and Aleutian Islands to create a generalized tephrochronological model and
reveal patterns of explosive activity in this region. This paper presents newdata on the
composition of volcanic ash (tephra) found in the Pleistocene deposits of the
northwestern Pacific from the eastern slope of the Detroit Rise (northwestern
part of the Imperial Ridge), 450–550 km east of the Kamchatka Peninsula. Eleven
layers and lenses of tephra aged from 28 to 245 ka, which were previously unknown,
were studied in the core Lv63-4-2. Their stratigraphic position and age were
determined based on age models developed in this study. Based on the
geochemical composition of volcanic glass (determined using an electron
microprobe), seven layers were correlated with tephra from several cores in the
northwestern Pacific and the Bering Sea. The obtained results supplement the
information on large explosive eruptions of volcanoes in the region and their
periods of activity. They also allow the development of a generalized
tephrochronological model of Quaternary deposits, which is necessary for
stratigraphic correlation, and of paleooceanological and paleogeographic
reconstructions.
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1 Introduction

Layers of volcanic ash (tephra), found both in terrestrial deposits and sedimentary covers of
adjacent sea basins, are an indicator of large explosive volcanic eruptions. These layers are
highly effective markers for stratigraphic studies on sedimentary strata and for the dating of past
events (Shane, 2000; Hamann et al., 2008; Davies et al., 2010; Lowe, 2011; Preece et al., 2011;
Alloway et al., 2013). Some tephra layers preserved in distal marine deposits can reflect large,
sometimes catastrophic volcanic eruptions (Zaretskaya et al., 2001; Pearce et al., 2004;
Ponomareva et al., 2004; Lerbekmo, 2008; Preece et al., 2011; Abbott and Davies, 2012;
Davies et al., 2012; 2016; Westgate et al., 2013; Ponomareva et al., 2018). Studies of tephra are
especially relevant for reconstructing past volcanic eruptions, the deposits of which are often
not preserved in continental deposits due to denudation processes, but can be recorded in the
deposits of adjacent seas and oceans. If correctly correlated to their source volcano, the study of
these deposits can provide fundamental integrative information on the age, frequency, and

OPEN ACCESS

EDITED BY

Roberto Sulpizio,
University of Bari Aldo Moro, Italy

REVIEWED BY

Donatella Domenica Insinga,
National Research Council (CNR), Italy
Lorenzo Monaco,
University of Pisa, Italy

*CORRESPONDENCE

Alexander Derkachev,
derkachev@poi.dvo.ru

Yanguang Liu,
yanguangliu@fio.org.cn

†These authors have contributed equally to
this work and share first authorship

SPECIALTY SECTION

This article was submitted to Volcanology,
a section of the journal
Frontiers in Earth Science

RECEIVED 17 June 2022
ACCEPTED 15 December 2022
PUBLISHED 10 January 2023

CITATION

Derkachev A, Gorbarenko S, Portnyagin M,
Zhong Y, Nikolaeva N, Shi X and Liu Y
(2023), Tephrostratigraphy of Pleistocene-
Holocene deposits from the Detroit Rise
eastern slope (northwestern Pacific).
Front. Earth Sci. 10:971404.
doi: 10.3389/feart.2022.971404

COPYRIGHT

© 2023 Derkachev, Gorbarenko,
Portnyagin, Zhong, Nikolaeva, Shi and Liu.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 10 January 2023
DOI 10.3389/feart.2022.971404

https://www.frontiersin.org/articles/10.3389/feart.2022.971404/full
https://www.frontiersin.org/articles/10.3389/feart.2022.971404/full
https://www.frontiersin.org/articles/10.3389/feart.2022.971404/full
https://www.frontiersin.org/articles/10.3389/feart.2022.971404/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.971404&domain=pdf&date_stamp=2023-01-10
mailto:derkachev@poi.dvo.ru
mailto:derkachev@poi.dvo.ru
mailto:yanguangliu@fio.org.cn
mailto:yanguangliu@fio.org.cn
https://doi.org/10.3389/feart.2022.971404
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.971404


intensity of past large eruptions undocumented in proximal settings.
Unfortunately, the catalogue of explosive eruptions, including those in
the northwestern Pacific, is far from complete, despite the significant
increased interest in these studies by tephrochronologists around the
world (Abbott et al., 2020).

Explosive volcanic activities owing to the Alaska-Aleutian, Kuril-
Kamchatka, and Japanese island-arc systems have influenced regions
of the northwestern part of the Pacific Ocean for millions of years.

The marginal seas of the Far East and adjacent areas of the Pacific
Ocean are the objects of active study due to their significant role in
climate dynamics during the Quaternary. Significant explosive
volcanic activities owing to the Kuril-Kamchatka, Alaska-Aleutian,
and Japanese island-arc systems have influenced regions of the
northwestern part of the Pacific Ocean during the Quaternary
(Simkin and Siebert, 1994; Gorbatov et al., 1997; Gusev, 2008).
Volcanic explosive activity in Kamchatka during the Quaternary
was reflected in three structural zones: the Eastern Volcanic Belt
(EVB), the Central Kamchatka Depression (CKD) and the
Sredinny Ridge (SR) (Portnyagin et al., 2020) (Figure 1). Traces of
explosive volcanic activity, recorded in marine deposits as tephra
layers, are thus an important link for establishing a regional
chronostratigraphic correlation between land and sea deposits, as
well as for identifying the stages of frequent volcanic activity
(Ponomareva et al., 2013a; Ponomareva et al., 2015a; Ponomareva
et al., 2017). However, many regions of the Northwest Pacific are still
very poorly studied in this regard.

At present, tephra layers (mainly of Holocene age) have been
observed in continental regions adjacent to the northwestern part of
the Pacific Ocean and studied to varying degrees of detail in the soil-
pyroclastic cover on Kamchatka, Alaska, and the Aleutian and Kuril
Islands (Braitseva et al., 1995; Braitseva et al., 1997; Melekestsev et al.,
1997; Prueher and Rea, 2001; Zaretskaya et al., 2001; Ponomareva
et al., 2004; Pevzner et al., 2006; Ponomareva et al., 2007; Jensen et al.,
2008; Addison et al., 2010; Bindeman et al., 2010; Jensen et al., 2011;
Kyle et al., 2011; Preece et al., 2011; Preece et al., 2014; Ponomareva
et al., 2015b; Davies et al., 2016; Ponomareva et al., 2017; Gorbach
et al., 2018; Pinegina et al., 2020; Portnyagin et al., 2020; Zelenin et al.,
2020; Ponomareva et al., 2021).

Additionally, information on the age of more ancient Pleistocene
explosive eruptions has been obtained by examining tephra from
Quaternary deposits in the Okhotsk and Bering seas, as well as from
the northwestern edge of the Imperial Ridge (Cao et al., 1995;
Ponomareva et al., 2013a; Ponomareva et al., 2013b; Ponomareva
et al., 2015a; Derkachev et al., 2016; Derkachev et al., 2018;
Ponomareva et al., 2018; Derkachev et al., 2020; Ponomareva et al.,
2021).

The main goal of this study is to establish the spatial and temporal
distribution of pyroclastic material from strong explosive eruptions of
the volcanoes of Kamchatka, the Kuril Islands, and the Aleutian
Islands in order to build a generalized tephrochronological model
and identify patterns of explosive activity in this region. One of the
most important tasks was to establish both the source and age of the
ash layers. In this communication, we only present information on
tephra that were discovered and analyzed in core Lv63-4-2 located on
the eastern slope of the Detroit Rise (450–550 km east of the
Kamchatka peninsula), which is structurally and morphologically a
component of the Imperial Ridge system in the northwestern Pacific
Ocean (Figure 1). We provide data on both the morphology and
chemical composition of these tephra.

We are currently conducting targeted comprehensive research on
tephra from the Quaternary deposits of this region. This can fill
existing gaps in our understanding of the evolution of catastrophic
explosive volcanism on adjacent continental areas and its possible
influence on the environment (Watt et al., 2013; Baldini et al., 2015).

The new data obtained by us will serve as the basis for regional
correlation of sedimentary columns and compilation of the chronicle
of the largest explosive eruptions of volcanoes of the northern Pacific.

2 Materials and methods

Sediment core Lv63-4-2 (51°38′3.59″, 167°48′45.69″, water depth
of 2,946 m) was recovered during a joint Russian-Chinese expedition
63 on the research vessel (RV) “AcademikM.A. Lavrentyev” (Figure 1)
in 2013. Eight layers and three lenses of tephra were found in sediment
core Lv63-4-2, with a recovered length of 687 cm according to the
lithological description (Figure 2). Only material from clean and
visually well-determined tephra layers and lenses was used in this
study. Some tephra layers consisted of numerous discontinuous tephra
lenses that filled the host sediment. The indexing of the tephra layers is
listed below as D1, D2, and D4-D8; the lenses are designated as DL1,

FIGURE 1
Location of the examined sediment cores and suggested dispersal
areas for the main identified marker tephra (with identified volcanic
source) (dashed lines). 1- Location of core Lv63-4-2 and cores with data
on the correlation of the tephra layers; 2- stations for the deep-
water drilling project (ODP881, ODP882, ODP883, and ODP884);
3–locations of sites with the proximal tephra in Kamchatka, which
correlate with tephra WP2 in the deposits from the northwest Pacific.
Source volcanoes for marker tephra are shown by red stars. Areas of
Kamchatka volcanic activity during the Quaternary: EVB—the Eastern
Volcanic Belt, CKD—the Central Kamchatka Depression, SR—the
Sredinny Ridge.
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DL2, and DL3. Additionally, some layers and lenses were divided into
subtypes (referred to as D-x and DL-x) based on differences in the
glass chemical composition.

Sediment core Lv63-4-2 is composed of hemipelagic muds,
predominantly silty clays and clayey silts. The material
composition of these sediments was observed using smear slides
with subsequent observation under a polarizing microscope. The
upper part of the core, up to a horizon of 55 cm, was enriched in
carbonate and siliceous biogenic detritus (foraminifera,

coccolithophorids, and diatoms) (Figure 2). Similar biogenic
detritus was also observed at a depth of 440–510 and 660–670 cm.
Sediments only enriched in siliceous detritus were more common and
widespread a depth of 270–440 and 560–660 cm. At a depth of 487 cm,
there was an unconformity in the deposition, expressed in the
character of the bedding: oblique lapout of the layers at an angle of
approximately 30°, with elements of deformation in the layers and
oval-shaped lenses (Figure 2).

Initially, the tephra samples were separated using a standard set of
sieves under a water stream. Subsequent investigations were
conducted on size fractions of >.05 mm. The morphology of the
ash particles was examined under a binocular microscope in
reflected light. Microprobe analyses of the elemental compositions
of the volcanic glasses were performed at GEOMAR (GEOMAR
Helmholtz Center for Ocean Research, Kiel, Germany) with a
JEOL JXA 8200 electron microprobe. The machine operated with
defocused electron beam of 5 μm (to limit alkali mobilization and loss)
at an accelerating voltage of 15 kV and a current of 6 nA. Natural
certified samples of volcanic glasses (basalt glass USNM 113498/1 VG-
A99; rhyolite glasses USNM 72854, VG568, and KN-18), and minerals
(scapolite USNM R6600-1) (Jarosewich et al., 1980; Mosbah et al.,
1991) were used to calibrate the device and monitor the analytical
quality. The results of the analyses were corrected using the CITZAF
software.

Each analytical session, which included 15–40 h of device
operation in an autonomous regime according to the previously
set coordinates for the measurement points, was accompanied by
analyses of the main standards (rhyolite, basalt, and scapolite) at
the beginning of the session, every 50–60 analyses, and at the end
of the session. Based on these measurements, corrective
coefficients were calculated for each analytical session,
considering the possibility of a small shift in the calibration
over a long analysis period. In most cases, the values of the
coefficients did not exceed the values for the standard error of
the standard measurements.

After correcting the measured data, all analyses of the glasses were
normalized to a sum of 100% for the elemental oxides, which were
used to correlation purposes. Based on the results of an international
interlaboratory comparison of the accuracy of analytical studies on
volcanic glasses conducted within the initiative of the
tephrochronologists in the INTAV group, the accepted method of
glass analysis at GEOMAR met all of the criteria for high-quality
analyses, both in terms of the accuracy and reproducibility of the
results (Kuehn et al., 2011). Methods for determining the chemical
composition are provided in more detail in a number of our early
publications (Portnyagin et al., 2020).

To characterize the chemical compositions of the volcanic glasses
from core Lv63-4-2, 235 chemical microprobe analyses of the main
petrogenic elements were conducted (Supplementary Table S1). To
correlate and compare the identified tephra layers, data on the
composition of the volcanic glasses from other sediment cores
taken in the northwestern part of the Pacific Ocean were used
including: So201-2-9Pilot, So201-2-40, So201-2-85, Lv63-32, Lv76-
12, Lv76-15, Lv76-18, Lv76-21, and GC-36 (Figure 1, Supplementary
Table S2). These datasets are available in our database (Portnyagin
et al., 2020).

The age model of core LV63-4-2 (Table 1; Figure 3) was
constructed using Accelerator Mass Spectrometry (AMS)
radiocarbon dating, records of Earth’s relative paleointensity (RPI,

FIGURE 2
General view of cores Lv63-4-2 and So201-2-40 with elements of
the tephrostratigraphic correlation. 1-3 granulometric composition of
sediments: 1–clayey silts; 2–silty clays; 3–clays; 4–tephra layers and
lenses; 5–diatom-rich sediments; 6–carbonate-bearing sediments
(coccolithic-foraminiferal); 7–identified non-sequences; 8–core breaks
(b1, b2–no sediment). The numbers to the right of core Lv63-4-2 show
the age of the tephra layers. Thin straight lines characterize the age
correlation of the cores (MIS1-MIS7). The bold dashed lines show the
correlation of the cores with respect to the tephra composition.

Frontiers in Earth Science frontiersin.org03

Derkachev et al. 10.3389/feart.2022.971404

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.971404


NRM/ARM, NRM/IRM, and NRM/X) measured in the core, color
parameters (“b” and L), stable oxygen isotopes (δ18O) of planktonic
foraminifera Neogloboquadrina pachyderma (sin.), and productivity
proxies (CaCO3, opal, and TOC contents). The age model during
Marine Isotope Stages (MIS) 1–5 was mostly accepted according to
Zhong et al. (2020), with slight modifications. We added key tie points
for long-term Greenland interstadials (GI) 12 and 8 (Rasmussen et al.,
2014) at depths of 259 and 224 cm, respectively (Figure 3). These
events were detected in the core because of abrupt changes in the color
parameters (“b” and L*), small variations in the planktic δ18O, and
abrupt rises in the carbonate content related to climate warming
(Jaccard et al., 2009).

The age model of the core below MIS 5.5 was constructed via
correlation measured relative paleointensity (RPI) records, with dated
excursions on the PISO 1500 curve of the RPI record (Channell et al.,
2004; Channell et al., 2009) and correlations of the planktic δ18O
record and productivity proxies (CaCO3 and opal), with MIS
boundaries derived from the global sea level changes reported in
Spratt and Lisiecki (2016). According to the correlation for the lower
part of core Lv63-04-2, the sedimentation rate was low and likely
interrupted by a hiatus. Therefore, the lithological description of this
point in the core on the oblique layer of silty sand at a depth of
517–515 cm marks the discordance unconformity. The tephra layer at
a depth of 663.5 cm confirmed the sediment chronology of the lower

TABLE 1 Age-depth of key time points of core LV63-4-2 and linear sedimentation rate.

Depth, cm Age, cal. ka Proxy RPI exursion MIS boundaries Sed. rate, cm/ka

12 5.92 14C 2.03

32 10.44 14C 4.43

54 13.64 14C 6.87

65 14.7 18O MIS 1/2 10.36

109 18.49 14C 11.60

150 21.86 14C 12.18

190 28.9 GI 4 MIS 2/3 5.68

224 38.2 GI 8 3.66

237.5 40.65 RPI Laschamp 5.5

259 46.8 GI 12 3.50

300 59 18O MIS 3/4 3.36

342 64.34 RPI Norweigh Greenland 7.87

368 73 L* δ18O MIS 4/5.1 3.0

390 84 L* δ18O MIS 5.1/5.2 2.0

420 95 L* δ18O MIS 5.2/5.3 2.73

440 105 L* δ18O MIS 5.3/5.4 2.00

467 115 L* δ18O MIS 5.4/5.5 2.70

485 120 RPI Blake 3.60

512 130 L* δ18O MIS 5.5/6.2 2.7

541 142 L* δ18O MIS 6.2/6.3 2.42

557 149 RPI Post-Icelandic basin 2.29

562 153 L* δ18O MIS 6.3/6.4 1.25

581 167 L* δ18O MIS 6.4/6.5 1.36

600 178 L* δ18O MIS 6.5/6.6 1.73

620 192 L* δ18O MIS 6.6/7.1-7.3 1.43

631 196 RPI Icelandic basin 3.67

641 218 L* δ18O MIS 7.1-7.3/7.4 .43

657 233 L* δ18O MIS 7.4/7.5 1.07

662 240 RPI Mamaku MIS 7.5/8.2 .71

663.5 *tephraD8 MIS 8.2 1.36
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part of the core. The tephra at a depth of 663.5 cm in core Lv63-4-
2 had similar chemical compositions as a tephra from the neighboring
site MD01-2416, located at a depth of 1,705–1,710 cm, which aided in
the confirmation of its source and age. High-resolution records of the
δ18O compositions of the planktic and benthic foraminifera and RPI
excursions at site MD01-2416 indicate that the tephra at a depth of
1,710 cm were deposited during substage MIS 8.2 (Gebhardt et al.,
2008).

Records on Earth’s relative paleointensity (RPI, NRM/ARM,
NRM/IRM, and NRM/X) in sediments of core Lv63-4-2 were
measured at the Centre for Marine Magnetism, Department of
Ocean Science and Engineering, Southern University of Science

and Technology (PRC), using tools and methods described in
Zhong et al. (2020).

3 Results

3.1 Distribution and characteristics of tephra
layers.

Tephra D1 in core Lv63-4-2 was found at a depth of 198 cm from
the bottom surface in the form of discontinuous light gray lenses of
approximately 1-cm-thick. Volcanic glass in these lenses occurs as

FIGURE 3
Agemodel of core Lv 63-4-2. At the top: ages of the Marine Isotope Stages (MIS) according to the stack of the relative sea level (Spratt and Lisiecki, 2016),
record of Earth’s relative paleointensity from Channell et al. (2009) and δ18O records of the Greenland ice NGRIP on a GICC05 timescale (Rasmussen et al.,
2014). Below, parameters for the examined core versus depth: relative paleointensity, δ18O of planktic foraminifera, N. pachyderma (sin.), opal content, color
“b,”CaCO3 and total organic content (TOC), and color “L.” The green lines show the correlation of the RPI excursions: La—Laschamp, N-G—Norwegian-
Greenland, Bl—Blake, PIB—Post-Icelandic basin, IB—Icelandic basin, and M—Mamaku. Red lines indicate the correlation of the MIS boundaries.
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silty-sandy particles. The tephra is dominated by a colorless volcanic
glass, predominantly vesicular in form of slender glass threads (type B)
and lamellar fragments of large bubbles (type C), less often frothy glass
occurs (type A) according to Katoh et al., 2000. The age of the
sediments containing the tephra was estimated according to the
proposed age model (Figure 3; Figure 4) at ca. 28,000 years (~28 ka).

Tephra D2 (~39 ka) is composed of a layer with a thickness of
approximately 6 cm at a depth of 246.3–251.9 cm. This layer is
heterogeneous in structure: the lower part (250.2–251.9 cm) is
composed of very dense gray-beige silts, above which transform
into fine-grained sand (249.9–250.2 cm) and silty sand
(246.3–249.9 cm). Owing to the increased density, the mechanical
deformation of this layer was caused by the injection of the core
sampler, expressed as a deformed lower boundary. The tephra is
dominated by white (almost colorless) glass of types B and C, less often
A. The colored light brown and dark gray particles (morphological
types A, less often C according to the classification of Katoh et al.,
2000) are present as impurities.

Tephra D4 (~103 ka), with a dark gray color, was found at a
horizon of 429–432 cm, which is interlayered by a series of small lenses
of 1–2-mm-thick. The tephra is mainly composed of silt-sized
particles. Glass mainly occurs as type B, less often as types A and
C. Dark brown glass is present as single grains.

Tephra D5 (~123 ka), with a dark gray color, is a layer located at a
depth of 487–491.5 (up to 496) cm. The observed thickness of this
layer is variable (4–9 cm), as the lower boundary is uneven. This layer
is characterized by high density, consisting of sandy-silty particles. The
tephra predominantly occurs as light brown glass of types A and B,

colorless glass of type C and dark gray particles of type A are fewer.
Small lenses (due to bioturbation processes) of the same composition
occur below the layer.

Tephra D6 (~161 ka) was found at a depth of 575–578 cm among
very dense silty-clayey sediments in the form of large lenses 1.5 × 2 cm
in size. The lenses are light gray to white, dense, and consist mainly of
silty-sized particles. Volcanic glass mainly occurs as colorless grains of
type B; colorless particles of types C and A occur less frequently. An
increased biotite content is characteristic of this layer.

Tephra D7 (~210 ka) was found in the form of an oblique light
gray layer with a small thickness (approximately 3–8 mm), which is
located at a depth of 635–642 cm. Colorless particles of types C, D, and
E prevail among volcanic glasses, with a small admixture of type A
particles. Single grains of light brown glass are present.

Tephra D8 (~245 ka) is located at a depth of 663 cm inside a thin
laminated slice of sediments in the form of a thin (approximately
2 mm) light gray layer; a darker color lens is visible below a depth of
663.5 cm. This light gray layer is dominated by volcanic glass of type
A; light brown grains with numerous inclusions of plagioclase and
pyroxene microliths are present as large impurities. The dark-colored
underlying lens is dominated by light-brown and brown glass of type
A with an admixture of colorless particles of type C; dark gray glass
rarely occurs.

Pyroclastics in the sediments occur not only in the form of visible
tephra layers, but also as small separate lenses with a thickness of
2–3 mm. In this investigation, they are designated as DL1 (~138 ka),
DL2 (~170 ka), and DL3 (~200 ka) (Figure 2). Lens DL1 (at a depth of
529 cm) contains a mixture of volcanic glass of both morphological

FIGURE 4
Age versus depth plot of sediments from Lv63-4-2 core. (A) Age model for the sediment core. Ages of key tie points are based on the correlation of the
troughs in the relative paleointensity (RPI) curves with the dates of the paleomagnetic excursions by Thouveny et al. (2004); Channell et al. (2009). Other key
tie points are based on correlations of the sensitive climate lithological parameters trends of examined sediments to theMIS boundaries (Martinson et al., 1987;
Lisiecki and Raymo, 2005; Wang et al., 2008). The inset shows the main established age markers (see Figure 3; Table 1). Red-dashed lines show the
position of the tephra layers and lenses. (B) Tephrostratigraphic scheme of sediment from core Lv63-4-2. The isotope curve is given according to Lisiecki and
Raymo, 2005. The ages of the tephra layers are given according to our age model (see Figures 3, 4A; Table 1) at the bottom of the figure.
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TABLE 2 Average major element composition of volcanic glasses from tephra found in core Lv63-4-2 sediments. Notes. n—number of analyses. X—average values; δ—standard deviations. FeOt is total iron content in the FeO form.
All data normalized to 100%. All analyses were analyzed with a JEOL JXA 8200 electron microprobe at GEOMAR (Kiel, Germany). Complete set of the data can be found in the Supplementary Table S1.

Sample, interval _cm Tephra
index

SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 F SO3 Cl n

Lv63-4-2_198 D1 X 76.50 .23 12.99 1.62 .08 .21 1.35 4.75 2.04 .03 .05 .01 .15 16

δ .20 .03 .10 .11 .03 .04 .14 .21 .04 .02 .04 .02 .01

Lv63-4-2_249-250.5 D2-x1 X 64.14 1.28 15.01 5.98 .16 1.55 3.63 4.58 3.04 .48 .04 .02 .10 6

δ 1.83 .16 .47 1.23 .06 .36 .64 .25 .25 .11 .04 .01 .01

Lv63-4-2_249-250.5 D2-x2 X 71.07 .57 14.86 2.33 .08 .51 1.59 4.91 3.74 .07 .06 .04 .17 27

δ .21 .02 .13 .17 .03 .03 .06 .11 .08 .02 .05 .02 .01

Lv63-4-2_429-430 D4-x1 X 74.59 .39 13.83 1.97 .14 .44 2.02 5.04 1.31 .05 .03 .02 .17 10

δ .33 .02 .13 .09 .04 .05 .10 .15 .05 .02 .03 .01 .01

Lv63-4-2_429-430 D4-x2 X 77.41 .15 13.02 1.01 .10 .27 1.64 3.89 2.25 .04 .03 .02 .18 8

δ .15 .02 .12 .09 .06 .02 .04 .16 .03 .02 .03 .02 .01

Lv63-4-2_491-492 D5-x1 X 57.65 1.21 15.48 9.41 .20 3.21 7.33 3.58 1.28 .30 .05 .20 .12 13

δ 1.52 .04 .25 .90 .06 .38 .57 .20 .15 .04 .03 .04 .02

Lv63-4-2_491-492 D5-x2 X 62.34 1.16 15.01 7.31 .21 2.01 5.52 4.05 1.75 .34 .04 .10 .16 4

δ .67 .09 .31 .25 .04 .08 .39 .22 .04 .06 .02 .01 .02

Lv63-4-2_491-492 D5-x3 X 69.19 .66 14.29 4.64 .15 .65 3.04 4.64 2.37 .14 .04 .03 .18 4

δ 0.6 .13 .39 0.7 .06 0.2 .27 .63 .27 .04 .01 .03 .05

Lv63-4-2_491-492 D5-x4 X 70.49 .54 13.56 4.74 .13 .48 2.68 4.26 2.73 .11 .04 .03 .21 14

δ .67 .08 .38 .33 .05 .12 .21 .34 .20 .03 .03 .02 .03

Lv63-4-2_491-492 D5-x5 X 70.80 .58 15.10 2.23 .11 .54 1.54 5.40 3.36 .08 .07 .06 .14 5

δ 1.10 .07 .45 .18 .02 .12 .33 .14 .19 .02 .02 .03 .01

Lv63-4-2_529 DL1-x1 X 65.43 1.08 16.04 4.13 .15 1.44 3.44 5.15 2.59 .29 .04 .11 .11 2

δ 1.03 .07 .42 .06 .09 .15 .13 .29 .03 .06 .03 .06 .00

Lv63-4-2_529 DL1-x2 X 69.31 .69 15.47 2.74 .14 .71 2.08 5.41 3.05 .11 .07 .09 .13 3

δ .03 .02 .09 .16 .02 .01 .08 .03 .03 .01 .06 .01 .00

Lv63-4-2_529 DL1-x3 X 71.36 .53 14.84 2.16 .12 .45 1.36 5.32 3.53 .07 .06 .05 .15 12

δ .29 .03 .18 .15 .05 .06 .07 .13 .13 .02 .05 .02 .01

Lv63-4-2_529 DL1-x4 X 75.98 .32 12.93 2.01 .09 .33 1.76 4.30 2.00 .04 .04 .01 .19 3

(Continued on following page)
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TABLE 2 (Continued) Average major element composition of volcanic glasses from tephra found in core Lv63-4-2 sediments. Notes. n—number of analyses. X—average values; δ—standard deviations. FeOt is total iron content in
the FeO form. All data normalized to 100%. All analyses were analyzed with a JEOL JXA 8200 electron microprobe at GEOMAR (Kiel, Germany). Complete set of the data can be found in the Supplementary Table S1.

Sample, interval _cm Tephra
index

SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 F SO3 Cl n

δ 1.23 .01 .76 .11 .01 .07 .08 .04 .44 .01 .04 .02 .02

Lv63-4-2_576-577 D6 X 74.27 .22 14.40 1.00 .08 .18 .96 4.33 4.35 .02 .04 .04 .10 19

δ .19 .02 .11 .10 .03 .03 .03 .16 .09 .02 .04 .02 .02

LV63-4-2_593 DL2-x1 X 78.14 .12 12.39 .61 .08 .09 .53 3.84 4.06 .01 .03 .02 .10 16

δ .39 .01 .25 .09 .03 .01 .07 .18 .13 .01 .03 .01 .01

LV63-4-2_593 DL2-x2 X 77.24 .15 13.34 .77 .04 .15 1.41 4.19 2.56 .02 .02 .02 .09 3

δ 1.21 .04 1.30 .42 .04 .09 .29 .54 .40 .03 .02 .01 .07

LV63-4-2_642.5 D7-x1 X 76.94 .32 12.35 1.98 .11 .28 1.76 4.24 1.69 .04 .08 .01 .19 5

δ .18 .02 .17 .12 .05 .02 0.8 0.6 .03 .02 .07 .02 .01

LV63-4-2_642.5 D7-x2 X 76.98 .16 13.29 .95 .06 .23 1.33 4.0 2.85 .02 .02 .02 .01 15

δ .19 .02 .08 .09 .04 .02 .03 .12 .05 .02 .03 .02 .01

Lv63-4-2_641.5B DL3 X 61.88 1.12 15.46 7.15 .17 2.19 4.91 4.39 2.13 .37 .07 .05 .11 6

δ .52 .03 .44 .43 .03 .40 .26 .28 .11 .02 .06 .03 .02

Lv63-4-2_663.5 D8-x1 X 58.26 1.25 15.45 9.64 .23 3.29 7.02 3.50 .91 .25 .06 .07 .08 16

δ 1.77 .19 1.02 1.12 .07 .57 .89 .44 .32 .07 .05 .06 .02

Lv63-4-2_663.5 D8-x2 X 73.08 .49 13.87 2.71 .11 .45 1.86 4.98 2.21 .06 .03 .02 .13 16

δ .24 .02 .14 .11 .05 .03 .05 .17 .04 .02 .03 .01 .01

Lv63-4-2_663.5 D8-x3 X 74.03 .38 13.98 1.9 .12 .39 1.73 4.59 2.63 .04 .03 .02 .17 6

δ 0.2 .05 .14 0.2 .06 .02 .06 .24 0.1 .02 .04 .02 .01
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types and colors [from transparent colorless grains (types B and C) to
dark brown (type A)]. This lens contains a significant admixture of
terrigenous minerals. Lens DL2 is located at the horizon of
587–591 cm, mainly as colorless glass of types B and C. Light
brown glass is present as an impurity. The gray DL3 lens (at a
depth of 641.5 cm) lies above the oblique tephra D7, mainly
composed of B type glass with a significant admixture of dark
brown A type glass.

3.2 Chemical composition of volcanic glasses

One of the most important diagnostic features of tephra is the glass
geochemical composition. The average composition of each tephra
layer is reported in Table 2. The petrographic typification of volcanic
glasses is given in accordance with the recommendations (Igneous
Rocks and Le Maitre, 2002) with supplements (Petrographic Code of
Russia, 2008).

In terms of chemical composition, the volcanic glasses of the
tephra are predominantly of normal (6< (Na2O+K2O) <8) alkaline
rhyolites (tephra D1, D7, DL2, and D4) and, less frequently,
moderately [8< (Na2O+K2O) <10] alkaline rhyolites (tephra D6) of
the calc-alkaline volcanic rocks series (Petrographic Code of Russia,

2008) (Table 2). Tephra D1 and partially D7 and D4 are characterized
by a predominance of Na2O over K2O by an average of 2.3–3.8-fold
(Table 2). Volcanic glass from tephra D7 is approximately
homogeneous in silica content, but varies in terms of other oxide
concentrations. For instance, tephra D7-x1 is characterized by higher
TiO2 and FeO contents (averages of .32 and 1.98 wt %, respectively)
and lower K2O contents (1.69% on average) compared to tephra D7-
x2 (average TiO2, FeO, and K2O contents are .16, .95 and 2.85 wt %,
respectively) (Table 2).

We note that the volcanic glass with a rhyolite composition in
tephra D4 can be divided into two subtypes (D4-x1 and D4-x2), based
on the different silica content (average SiO2 contents are 74.6 and
77.4 wt %, respectively). For these volcanic glasses, sharp differences in
the contents of the other oxides were also observed. The subtype (D4-
x1) is characterized by a significant predominance of Na2O over K2O
(3.8-fold higher on average); higher contents of MgO, CaO, TiO2, and
FeO (from 1.2 to 2.1-fold higher, on average, for each oxide).
Moreover, the glass in this subtype belongs to the low-potassium
series of rocks (Table 2; Figure 5).

Highly siliceous volcanic glass with a rhyolite composition from
tephra DL2 (SiO2 content of 78.1 wt % on average) belongs to the
high-K group of rocks with a K2O content of 4.06% and a low Na2O/
K2O ratio (.85–1.07, average of .94-fold higher). Rare grains from this
tephra (subtype DL2-x2) are characterized by significantly lower K2O
contents (~2.56 wt %), respectively, with a predominance of sodium
over potassium (1.64-fold higher) (Table 2). Volcanic glass from
tephra D6 has a rather homogeneous composition and belongs to
high-potassium (K2O of 4.35 wt %) rhyolites from the moderately
alkaline series of rocks, with an approximately equal Na/K ratio
(.94–1.07, average of 1.0).

Glasses from tephra D2 and DL1 belong to the moderately alkaline
trachy-rhyolites of the calc-alkaline series, with a relatively high K
content (up to 3.53–3.74 wt % K2O, on average) (Table 2; Figure 5).
The Na2O/K2O ratio for these glasses varies, on average, from 1.31 to
1.51. The tephra in this study are characterized by a clear linear trend
in the distribution of the volcanic glass compositions: frommoderately
alkaline trachyandesites to trachydacites and trachyrhyolites (subtypes
D2-x1–D2-x2; DL1-x1–DL1-x2–DL1-x3) (Table 2). Tephra
D2 contains rare grains of volcanic glass of andesite-basaltic
composition while tephra DL1 contains an admixture of grains
characterized as normal alkaline rhyolite (subtype DL1-x4).

Tephra with volcanic glasses of a more basic composition,
belonging to andesite-basalts and andesites (subtypes D5-x1, D5-
x2, D8-x1, and DL3), are less widespread in the sediments from
the core. Tephra D5 is characterized by a heterogeneous
composition in the volcanic glass; in addition to the andesite-
basaltic and andesite glass, it contains a large amount of glass with
a dacite composition (subtypes D5-x2 and D5-x3) (Table 2).
According to the classification diagrams for SiO2-Na2O + K2O and
SiO2-K2O, they belong to the moderate-potassium rocks of the
normal-alkaline series (K2O = 1.75–2.73 wt. %) (Table 2; Figure 5).

Volcanic glasses with a normal alkaline rhyolite composition
are also present in heterogeneous tephra D8 (Figure 5). Glasses of
subtype D8-x2 and D8-x3 form the compact fields in Figure 5. In
terms of the Na2O and K2O content, they slightly varied in each
sample: for the former, sodium was higher than potassium while in
the second sample this was the opposite (2.26 and 1.75,
respectively) (Table 2). Heterogeneous tephra D8 contains
grains of volcanic glass related to andesite-basalts and andesites.

FIGURE 5
Classification diagrams for the glass from tephra layers found in
core Lv63-4-2. (A) Classification TAS diagrams. Compositional fields
according to Igneous Rocks and Le Maitre, (2002). (B) SiO2-K2O
classification diagrams. Boundaries of high, moderate, and low-K
rocks according to Gill (1981). The ovals highlight distinct glass
populations, where average values are given in the Table 2;
Supplementary Table S1. Different glass populations in heterogeneous
tephra are shown with indices (x1, x2, etc).
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TABLE 3 Comparison of the average values of the chemical composition of the volcanic glasses from tephra layers in core Lv63-4-2 and in the deposits of the Kamchatka
and the northwest Pacific.

Sample# Tephra
Index

SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 F SO3 Cl Na2O+
K2O

Lv63-4-2_198 D1 76.50 .23 12.99 1.62 .08 .21 1.35 4.75 2.04 .03 .05 .01 .15 6.79

SO201-2-
40 _114-117

WP2 76.60 .23 12.97 1.62 .07 .20 1.32 4.72 2.08 .03 .00 .01 .15 6.79

Lv63-32_ 57 Cr5 76.49 .21 12.98 1.66 .08 .19 1.36 4.70 2.08 .02 .06 .02 .15 6.78

SO201-2-9-Pilot_16 - 75.71 .23 13.40 1.72 .08 .21 1.59 4.72 2.14 .02 .04 .01 .15 6.86

Kamchatka EVF2 74.36 .26 13.63 2.31 .10 .30 1.90 4.92 1.96 .05 .06 .02 .15 6.88

Kamchatka EVF2 76.10 .21 13.04 1.83 .08 .21 1.56 4.72 2.09 .02 .05 .01 .15 6.81

Lv63-4-2_249-
250.5

D2-x2 71.07 .57 14.86 2.33 .08 .51 1.59 4.91 3.74 .07 .06 .04 .17 8.65

SO201-2-40_
164-166

Wp4 71.10 .58 14.93 2.28 .08 .52 1.65 4.82 3.78 .08 .00 .03 .17 8.60

GC-36 _290-291 3V.1 70.78 .58 14.90 2.33 .07 .51 1.68 5.05 3.78 .07 .07 .02 .17 8.83

Lv76-21_464-468 P21c-d 69.88 .58 15.28 2.32 .09 .57 1.73 5.43 3.76 .09 .07 .03 .16 9.19

Lv63-4-2_491-492 D5-x1 57.65 1.21 15.48 9.41 .20 3.21 7.33 3.58 1.28 .30 .05 .20 .12 4.86

MD01-2416 _1075 Dt2-x1 57.63 1.20 15.30 9.72 .20 3.27 7.25 3.62 1.31 .26 .00 .13 .11 4.93

Lv63-4-2_491-492 D5-x3 69.19 .66 14.29 4.64 .15 .65 3.04 4.64 2.37 .14 .04 .03 .18 7.00

Lv63-4-2_491-492 D5-x4 70.49 .54 13.56 4.74 .13 .48 2.68 4.26 2.73 .11 .04 .03 .21 6.99

MD01-2416 _1075 Dt2-x2 70.32 .54 13.48 4.84 .15 .48 2.70 4.38 2.76 .11 .00 .03 .22 7.14

Lv63-4-2_529 DL1-x1 65.43 1.08 16.04 4.13 .15 1.44 3.44 5.15 2.59 .29 .04 .11 .11 7.74

MD01-2416 _1228-
1229

Dt3-x1 66.07 .99 15.76 4.05 .18 1.19 3.26 5.22 2.71 .31 .06 .09 .11 7.94

Lv76-12_136-138 65.90 1.04 15.74 4.14 .14 1.33 3.35 5.14 2.67 .27 .03 .15 .11 7.81

Lv76-15_154-155 66.00 1.06 15.61 4.01 .15 1.23 3.14 5.45 2.79 .27 .07 .13 0.1 8.24

Lv76-18_428-430 66.58 .98 15.41 4.02 .15 1.20 3.12 5.25 2.73 .24 .09 .13 .11 7.98

Lv63-4-2_529 DL1-x3 71.36 .53 14.84 2.16 .12 .45 1.36 5.32 3.53 .07 .06 .05 .15 8.84

Lv76-12_136-138 71.28 .55 14.72 2.19 .10 .50 1.47 5.43 3.43 .08 .07 .04 .14 8.86

Lv76-15_154-155 71.23 .55 14.78 2.11 .12 .46 1.40 5.48 3.48 .10 .09 .05 .14 8.97

Lv76-18_428-430 71.50 .56 14.67 2.15 .12 .49 1.46 5.30 3.42 .07 .08 .05 .13 8.72

MD01-2416_1228-
1229

Dt3-x2 71.28 .55 14.97 2.19 .09 .46 1.46 5.16 3.44 .08 .05 .04 .13 8.60

Lv63-4-2_529 DL1-x4 75.98 .32 12.93 2.01 .09 .33 1.76 4.30 2.00 .04 .04 .01 .19 6.30

MD01-2416_1228-
1229

Dt3-x3 74.68 .40 13.65 1.76 .06 .31 1.55 4.51 2.85 .07 .00 .00 .17 7.37

LV63-4-2_576-577 D6-x2 74.27 .22 14.40 1.00 .08 .18 .96 4.33 4.35 .02 .04 .04 .10 8.68

SO201-2-85_1654 SRL3 74.23 .22 14.41 1.00 .07 .19 .99 4.35 4.40 .03 .00 .01 .09 8.75

Lv63-4-2_642.5 D7-x1 76.98 .16 13.29 .95 .06 .23 1.33 4.00 2.85 .02 .02 .02 .10 6.85

SO201-2-
40_846-850

WP17 x 77.18 .16 13.20 .96 .08 .22 1.33 3.89 2.85 .03 .00 .01 .10 6.73

Lv63-4-2_663.5 D8-x1 58.26 1.25 15.45 9.64 .23 3.29 7.02 3.50 .91 .25 .06 .07 .08 4.41

MD01-2416_1710 Dt16-x1 58.00 1.12 15.81 9.34 .27 3.25 7.05 3.96 .72 .27 .05 .08 .08 4.67

Lv63-4-2_663.5 D8-x2 73.08 .49 13.87 2.71 .11 .45 1.86 4.98 2.21 .06 .03 .02 .13 7.18

(Continued on following page)
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In terms of the K2O content, they belong to the moderate-
potassium and low-potassium series of rocks.

4 Discussion

The identification of distal tephra and correlation with large
volcanic eruptions on adjacent continental areas is of great
importance for enhancing our understanding of the evolution of
explosive volcanism in the region (Shane, 2000; Kutterolf et al.,
2008). Our comprehensive studies, including the determination of
the chemical composition of the main petrogenic elements in volcanic
glasses, allowed us to identify several key tephra markers in core Lv63-
4-2, analogs of which were reported in sedimentary archives from the
northwestern part of the Imperial Ridge and adjacent regions of
Kamchatka. An important element of these tephra layers is the
determination of their age and possible correlations to their
corresponding volcanic sources. Among the examined tephra
(8 visible layers and 3 lenses) only tephra D1, D2, D5, D6, D7, D8,
and DL1 can be correlated and thus considered as horizon markers.
The estimation of the stratigraphic position of the sediments enclosing
the tephra layers, as well as the age of the tephra were determined
based on our age models (Figures 3, 4). Unfortunately, for most of the
tephra studied by us, the source of volcanic explosions on land is
unknown.

Based on its geochemical composition, tephra D1 can be
correlated to tephra WP2 from core So201-2-40, located about
350 km to the north along the Meiji Rise (Derkachev et al., 2020).
Volcanic glasses of similar composition were also found in cores from
the continental slope of Kamchatka, off the coast of the Kronotsky
Peninsula, i.e., in core Lv63-32 (tephra at 57 cm-depth) and in pilot
core So201-2-9P (as an impurity in the cryptotephra at a depth of
16 cm) (Figure 1). Generally, the volcanic glasses of the correlated
tephra are characterized by a homogeneous composition, which
corresponds to moderately alkaline rhyolites (average SiO2 content
of approximately 76.5%), with similar compositions for the main
petrogenic oxides (Table 3; Figures 5A, B). Tephra D1 is highly similar
in chemical composition to proximal tephra EVF2 (Table 3; Figures
6A, B), found in eastern Kamchatka in the Pakhacha and Kitilgina
river basins (Ponomareva et al., 2021). The average values for the
chemical composition of the glasses from this tephra slightly differ
from the composition of the glasses from tephra D1, but these
differences were not statistically significant (Table 3). This tephra
was most likely sourced by an eruption that occurred along the Eastern
Volcanic Front of Kamchatka (EVF) (Portnyagin et al., 2020).
According to Ponomareva et al. (2021), the age of this tephra is ca.
26,000 years. This is analogous in composition to the tephra (WP2)

found on the Meiji Rise in the northern part of the Imperial Ridge
(station So201-2-40) with a similar age (ca. 28,000 years) (Derkachev
et al., 2020). Considering the location of the sites in which this tephra
was found, the ashfall of the volcanic eruption that produced this
tephra extended in a southeast direction (Figure 1). Unfortunately, we
cannot currently correlate this tephra to a specific volcanic center in
Kamchatka.

Tephra D2 can be taken as the next tephrostratigraphic marker,
characterized by a heterogeneous volcanic glass composition. Most of
the volcanic glasses (subtype D2-x2) belong to moderately alkaline
trachy-rhyolites with a relatively increased K content (up to 3.74 wt.%
K2O) (Table 3; Figures 6C, D). Light brown grains of trachyandesite-
trachydacite composition (subtype D2-x1) are also present as
impurities. In terms of these petrological and geochemical
characteristics, this tephra is highly similar to tephra WP4 from
station So201-2-40 and tephra 3V1 from station GC36 and Lv76-
21 (Table 3; Figures 6C, D). Both tephra are consistent with the late
Pleistocene tephra (ca. 39,000 years) from the explosive eruption of
Gorely volcano in Kamchatka (Derkachev et al., 2020). According to
our age model for core Lv63-4-2, the age and stratigraphic position of
tephra D2 are in agreement with the age proposed in the literature,
supporting the proposed correlation (Table 1; Figure 4).

Tephra D5 is also a good tephrostratigraphic marker,
characterized by a heterogeneous volcanic glass composition, which
have a distinct trend in their composition from moderate K andesite-
basalts and andesites to dacite-rhyodacites (subtypes D5-x1–D5-x4)
(Table 2; Figure 5A). We examined volcanic glasses of similar
composition from core MD01-2416 (tephra Dt2) at the top of the
Detroit Rise (Figure 1). Tephra Dt2, found in this core at a depth of
1,075 cm, is also distinguished by a heterogeneous volcanic glass
composition with the same trend in the distribution of the main
elements (Figures 6E, F). We point out that the average chemical
compositions of the glasses from these tephra (D5 and Dt2) are highly
similar (Table 3; Figures 6E, F). This is clearly observable in a number
of subtypes (e.g., D5-x1 and D5-x4). The stratigraphic position of
tephra Dt2 in core MD01-2416 occurs during substage MIS 5.5
(Termination II), which is characterized by increased abundances
of the remains of planktonic organisms (foraminifera and
coccolithophorids) with a carbonate skeleton (Gebhardt et al.,
2008). According to our data for core Lv63-4-2, the position of
tephra D5 also occurs within the horizon enriched in carbonate
detritus (Figure 2); the age model indicates that it belongs to MIS
5.5 (Figure 3). Thus, the age for D5 tephra can be estimated at ca.
123 ka.

Tephra DL1 occurs in core Lv63-4-2 as a large lens at a depth of
529 cm near the stratigraphic unconformity, expressed in the form of
textural features of the core (i.e., oblique bedding and sediment

TABLE 3 (Continued) Comparison of the average values of the chemical composition of the volcanic glasses from tephra layers in core Lv63-4-2 and in the deposits of
the Kamchatka and the northwest Pacific.

Sample# Tephra
Index

SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 F SO3 Cl Na2O+
K2O

MD01-2416_1710 Dt16-x3 73.17 .48 13.75 2.60 .12 .45 1.95 5.12 2.08 .08 .05 .02 .14 7.20

Lv63-4-2_663.5 D8-x3 74.03 .38 13.98 1.90 .12 .39 1.73 4.59 2.63 .04 .03 .02 .17 7.22

MD01-2416_1710 Dt16-x4 74.22 .36 13.72 1.84 .04 .38 1.72 4.89 2.55 .04 .07 .01 .16 7.44

Note. The values for the marker tephras from the core Lv63-4-2 are in bold font, the values for the correlated tephras are shown in italic font.
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composition) (Figure 2). The tephra contains a mixture of volcanic
glasses of different morphological types and colors (from
transparent to dark brown). Most of the volcanic glasses belong
to high-K rhyolites (subtype DL1-x3) (Tables 2, 3; Figure 5). This
lens also contains a significant admixture of terrigenous minerals
such as epidote and hornblende. Such a variegated composition
indicates the process of redeposition of detrital particles from the
underlying sediments with an older age. Volcanic glasses of
heterogeneous composition, which are comparable in chemical
composition with glasses from tephra DL1, were examined from

core MD01-2416 at the top of the Detroit Rise at a depth of
1,228 cm (tephra Dt3), as well as in cores Lv76-12 (at a depth of
136–138 cm), Lv76-15 (at a depth of 154–155 cm), and Lv76-18 (at
a depth of 428–430 cm) at the Tenzi Rise (Figures 1, 6G, H; Table 3;
Supplementary Table S2). Tephra Dt3 is stratigraphically located in
deposits of MIS 6.4, with an estimated age of 155–160 ka (Gebhardt
et al., 2008). Tephra from the cores at Tenij Rise, according to our
age models, have the same age (155–160 ka).

Based on the location of these tephra, we identified a discrepancy
between their stratigraphic positions. Tephra DL1 (in core Lv63-4-2)

FIGURE 6
Comparison of the volcanic glass compositions from different tephra (SiO2-K2O and TiO2-K2O diagrams). (A,B)Comparison of glass from tephra D1 with
glasses from tephra WP2 (So201-2-40, So201-2-9P, Lv63-32, and Lv76-21) and from the proximal tephra EVF2 (Kamchatka) (Ponomareva et al., 2021); (C,D)
Comparison of glass from tephra D2 with glass from distal tephra WP4, 3V1 and Lv76-21 (Gorely volcano) (Derkachev et al., 2020); (E,F) Comparison of glass
compositions from tephra D5 with tephra Dt2 (MD2416); (G,H) Comparison of glass compositions from tephra DL1 with tephra Dt3 (MD2416) and st.
Lv76-12, Lv76-15, and Lv76-18. The reference data for the samples are provided in Supplementary Table S2.
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is younger than tephra Dt3. We estimated the age of tephra DL1 at
ca. 138 ka (Table 1; Figures 3, 4). We speculate that such a
discrepancy in the age estimate is connected to the above-
mentioned processes of destruction and redeposition of
sedimentary matter in core Lv63-4-2.

Tephra D6 can serve as another chronostratigraphic marker for
the northwestern Pacific Ocean, which is characterized by a
homogeneous chemical volcanic glass composition, belonging to
moderate alkaline rhyolites, with an average alkali sums of 8.68 wt
% (Table 2; Figure 5). According to our proposed age model, the age of
this tephra can be estimated at 161,000 years. It is unusual that
volcanic glasses of similar composition occur several hundred
kilometers to the north in deposits from Shirshov Ridge in the
Bering Sea. These are volcanic glasses from tephra SRL3, which has
a large lens in core So201-2-85 at a depth of 1,654 cm (Dullo et al.,
2009; Derkachev et al., 2018). The compared tephra have similar
geochemical compositions, as summarized in Table 3 and shown in
Figures 7A, B.

The source of the explosive eruption for tephra SRL3 has not been
identified.

Tephra D7 also is a marker, expressed as an oblique lamina of
small thickness in the lower part of core Lv63-4-2 (Figure 2),
represented by volcanic glasses of two subtypes (D7-x1 and D7-
x2), which differ quite distinctly in their quantitative composition
of a number of elements (Table 2; Figures 5, 6G, H). Volcanic glasses of
subtype D7-x2 dominate in this tephra. In terms of the geochemical
features, the volcanic glasses from tephra D7 are comparable with
tephra WP17 from station So201-2-40 on the Meiji Rise (Table 3;
Figures 7C, D) (Derkachev et al., 2020). The difference manifests
itself only in the absence of the low-K type volcanic glasses in
tephra WP17, which are present in subtype D7-x1. However, this
type of volcanic glass may have not been analyzed in tephra WP17.
In core So201-2-40, tephra WP17 is located in deposits of the MIS
7.5 (ca. 220 ka), enriched in siliceous biogenic detritus (mainly
diatoms) (Derkachev et al., 2020). A similar composition is also
characteristic of the deposits hosting tephra D7 (Figure 2).

FIGURE 7
Comparison of volcanic glass compositions from different tephra (SiO2-K2O and TiO2-K2O diagrams). (A,B) Comparison of glass from tephra D6 with
glass from distal tephra SRL3 (Bering Sea) (Derkachev et al., 2018); (C,D) Comparison of glass from tephra D7 with glass from distal tephra WP17 (Derkachev
et al., 2020); (E,F) Comparison of glass compositions from tephra D8 with tephra Dt16 (MD2416). The reference data for the samples are provided in
Supplementary Table S2.
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According to the age model for core Lv63-4-2 (Figure 4), the age of
deposition of the D7 tephra layer can be estimated at ca. 218 ka.
This is consistent with the age of the tephra with the same
geochemical features in core So201-2-40.

Tephra D8 is another stratigraphic marker found at the base of
core Lv63-4-2 (Table 1). This tephra is characterized by a
heterogeneous composition of volcanic glasses: from low-K and
moderately potassium andesite-basalts and andesites (subtype D8-
x1) to moderately potassium rhyolite (subtypes D8-x2 and D8-x3)
(Table 2; Figure 5). Geochemically similar volcanic glasses, also of
heterogeneous composition, were found in core MD01-2416 at a
horizon of 1,705–1,710 cm (tephra Dt16). We note a good
comparability of the compositions for all types of glasses in the
tephra, with the exception of glasses of dacite composition in
tephra Dt16 (subtype Dt16-x2) (Table 3; Figures 7E, F). In
agreement with the age model for station MD01-2416, tephra
Dt16 is confined to deposits of the MIS 8.2 (Gebhardt et al.,
2008). According to our age model, tephra D8 is also located in
the deposits of MIS 8.2 with an estimated age of ca. 245 ka (Table 1;
Figures 3, 4).

5 Summary

Fourteen visible layers and lenses of volcanic ash (tephra)
discovered in Pleistocene sediments with ages up to 245 ka have
been identified and studied on the eastern slope of the Detroit Rise
(in the northwestern part of the Imperial Ridge off the Kamchatka
Peninsula, Pacific Ocean). The age of these tephra was determined
using the age model the age model built by the Authors and
presented in this manuscript. The seven tephra studied represent
marker horizons, and equivalent tephra were found in the
sediments of the northwestern Pacific Ocean, the Bering Sea,
and adjacent areas of Kamchatka. Their ages were estimated at
28 ka (tephra D1), 39 ka (tephra D2), 123 ka (tephra D5), 161 ka
(tephra D6), 138 ka (tephra DL1), 210 ka (tephra D7), and 245 ka
(tephra D8). Tephra D1 and D2 are identified with distal tephra
from explosive volcanic eruptions of the Eastern Volcanic Belt
(EVB) of Kamchatka. Tephra D1 is comparable to tephra
EVF2 found in the Pakhacha and Kitilgina river basins
(eastern Kamchatka), while tephra D2 is similar in
composition and age to the products of the Gorely volcano
eruption in eastern Kamchatka.

The data obtained make it possible to fill the existing gap in the
knowledge of the evolution and scale of explosive catastrophic
volcanism in the adjacent land. The results of the conducted
investigations will certainly contribute to the creation of a general
tephrochronological model of the northwestern part of the Pacific
Ocean and adjacent seas.
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