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ABSTRACT

The Kamchatka volcanic arc (NW Pacific) is one of the most productive arcs in the world, known for its
highly explosive activity. At the same time, the Kamchatkan record of late Pleistocene explosive erup-
tions has remained fragmentary. Here we present the first continuous record of Kamchatkan explosive
activity between ~12 and 30 ka, which includes ~70 eruptions and extends the earlier reconstructed
Holocene sequence for another 20 ka. Our record is based on geochemical correlations of “C-dated
tephras that represent all Kamchatka volcanic zones and are buried in lacustrine deposits along the
200 km stretch of the Central Kamchatka Depression (CKD). The accompanying geochemical database of
volcanic glass compositions includes 3104 new electron microprobe and 221 LA-ICP-MS analyses. The
data show that during the period under study, large silicic explosive eruptions peaked at 30—25 ka. Later
times were mostly associated with moderate activity from northern CKD volcanoes Shiveluch and Zar-
echny. Our tephra record provides the first tephrochronological model for dating and correlating Central
Kamchatka late Pleistocene deposits and gives us some insight into the timing of glacial advances in the
Kliuchevskoi volcanic group and volcanic response to the onset of the Last Glacial Maximum and glacial
unloading at its termination. In addition, studied sections of lacustrine deposits tightly linked by tephra
markers suggest the existence of a large lake system within the CKD for ~20 kyr until its final discharge at
~12 ka BP.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

and well dated eruptive records. For late Pleistocene times, well-
resolved terrestrial records are available for only some regions,

Research on temporal patterns in volcanic activity and its e.g., Chilean Lake District (Fontijn et al., 2016), Japan (Albert et al.,
interaction with paleoenvironmental changes requires continuous 2019), interior Alaska and Yukon (Davies et al., 2016). Here we
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present the first late Pleistocene tephra record for the Kamchatka
volcanic arc (NW Pacific), one of the most productive arcs in the
world, known for its highly explosive eruptions (Braitseva et al.,
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1995; Bindeman et al., 2010; Ponomareva et al., 2004, 2013a).
Kamchatka cryptotephras have been identified in North America
(Mackay et al., 2016), Greenland (Cook et al., 2018), and Svalbard
(van der Bilt et al., 2017), which demonstrates the hemispheric
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impact of the Kamchatka eruptions and highlights the importance
of Kamchatka tephra research. Numerous Holocene Kamchatkan
tephras have been described and dated (e.g., Braitseva et al., 1995,
1997; Bazanova et al., 2005; Kyle et al., 2011; Pevzner, 2015;
Pinegina et al., 2018, 2020; Ponomareva et al., 2004, 2013b, 2015,
2017), while older, pre-Holocene, tephra sequences were consid-
ered to have been largely eroded during the Pleistocene glaciations
(Braitseva et al., 1995). A few outcrops exhibiting fragmentary
Pleistocene tephra records were described in the central part of the
Central Kamchatka Depression (CKD; Braitseva et al., 1968;
Kuprina, 1970), however, only a few bulk tephras from these out-
crops have been analyzed for major element composition (Kirianov,
1981; Braitseva et al., 2005). As a result, our current understanding
of the scale and temporal patterns of the late Pleistocene explosive
eruptions in Kamchatka is based on a small number of dated ig-
nimbrites and on a few tephras of unknown stratigraphic order
(Braitseva et al., 1995, 2005; Bindeman et al., 2010). The first
continuous late Pleistocene record of the Kamchatka tephras has
been recently reported from the marine core ~400 km east of
Kamchatka (Derkachev et al., 2020). However, this record is poorly
resolved, about a half of its twenty one tephra layers have mixed
glass populations probably resulting from low sediment accumu-
lation rate that hampers the understanding of the eruption
sequence. A marine tephra record west of Kamchatka, in the
Okhotsk Sea, does not contain any late Pleistocene Kamchatka
tephras (Derkachev et al., 2016). A drill core from the Chukotka
El'gygytgyn Lake north of Kamchatka contains only one late Pleis-
tocene tephra (TO) provisionally assigned to a Kamchatkan volcano
(van den Bogaard et al., 2014).

Here we present the first continuous and detailed terrestrial late
Pleistocene tephra record for the Kamchatka Peninsula, which
starts from ~30 ka BP and extends to the Holocene. The record is
preserved in lacustrine deposits within the modern Kamchatka
River valley and its tributaries, and is exposed in a number of
natural outcrops and man-made excavations spanning a distance of
~200 km along the Central Kamchatka Depression (Fig. 1). We
geochemically fingerprint glass from ~70 tephras with ~3000
electron microprobe analyses for major and some volatile elements
and, additionally, glass from fifteen major marker tephras with 192
single-shard LA-ICP-MS analyses for trace elements. These efforts
have allowed us to correlate individual tephra layers among the
studied sections. The chronological framework for the tephra layers
is based on eleven '¥C dates and subsequent Bayesian age
modeling. The studied tephra sequences provide the first contin-
uous record of the Kamchatka explosive volcanism for this period
and allow us to consider the changes in the eruptive activity during
the times of glacial unloading. In addition, tephra correlations
among disparate lacustrine deposits over a large area in the Central
Kamchatka Depression allow us to preliminary hypothesize an
existence of a glacial lake system spanning ~20 Kkyr.

2. Study area

The Kamchatka Peninsula overlies the northwestern margin of
the subducting Pacific plate and is one of the most volcanically and
tectonically active regions in the world (e.g., Gorbatov et al., 1997).
The first-order elements of the present-day topography are the
CKD, and Sredinny and East Kamchatka Ranges bounding the CKD
from the west and east, respectively (Fig. 1). Kamchatka hosts about
30 active volcanoes and hundreds of monogenetic vents grouped
into two major volcanic belts running SW-NE along the peninsula:
the Eastern Volcanic Belt (EVB) and Sredinny Range (SR, Fig. 1).

EVB includes three segments: southern (51—53° N), central
(53—55° N), and northern (55-57.5° N). In the southern and central
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segments, the belt runs for ~500 km parallel to the trench. These
segments of EVB are often collectively referred to as the Eastern
Volcanic Front (EVF, e.g., Churikova et al.,, 2001). In this work,
following Portnyagin et al. (2020), we distinguish the volcanic front
(VF) and rear-arc (RA) volcanoes in these parts of the volcanic belt.
At 55° N, EVB deviates to the northwest to form the northern
segment, which includes the most voluminous volcanic cluster of
the Kamchatka arc, the Kliuchevskoi volcanic group, and Zarechny,
Kharchinsky, and Shiveluch volcanoes farther north (Figs. 1 and
2A), which collectively are known as the Central Kamchatka
Depression (CKD) volcanoes.

The Kliuchevskoi volcanic group consists of active Kliuchevskoi,
Bezymianny, Plosky Dalny (Ushkovsky), and Plosky Tolbachik vol-
canoes, as well as ten dormant or extinct large eruptive centers and
numerous small vents (Figs. 1 and 2A). All the high elevation (up to
~4850 m a.s.l.) volcanoes of Kliuchevskoi group were constructed
during the late Pleistocene or Holocene (Melekestsev et al., 1974;
Braitseva et al., 1995). Kharchinsky is a partly eroded extinct vol-
cano with the superimposed chain of late Pleistocene cinder cones
(Volynets et al., 1999a). Zarechny volcano sitting on the Kharchin-
sky southern slope, is a complex late Pleistocene edifice consisting
of a large cone (Zarechny I), which hosts a large collapse crater, a
smaller inner cone and lava dome (Zarechny II) estimated to have
formed during the Last Glacial Maximum (LGM) (Fig. 2B; Volynets
et al., 1999a). Shiveluch is a giant complex edifice consisting of the
Pleistocene Old Shiveluch volcano, destroyed by a collapse crater,
and the currently active Young Shiveluch (YSH) eruptive center
nested in the latter. Southwestern part of Old Shiveluch is known as
Baidarny Spur (Gorbach et al., 2013) with the activity extending
into the Late Glacial times (Pevzner et al., 2013). Most of the Kliu-
chevskoi group volcanic products are basalts - basaltic andesites
and trachyandesites with a subordinate amount of andesites.
Kharchinsky and Zarechny rocks are dominantly basalts with minor
andesites (Volynets et al., 1999b). Shiveluch rocks are predomi-
nantly andesites with subordinate amount of more mafic varieties
(Melekestsev et al., 1991b; Volynets et al., 1997; Gorbach et al.,
2013). No rhyolite rocks have ever been reported for the CKD
volcanoes.

Nowadays Kamchatka hosts about 500 small glaciers, covering a
total area of ~900 km? (Solomina et al., 2007), including the glaciers
on the highest CKD volcanoes (Fig. 1). Widely distributed moraine
and offshore ice-rafted debris (IRD) layers attest to former exis-
tence of extensive ice masses in Kamchatka (Fig. 2A; Braitseva et al.,
1968; Melekestsev et al., 1974; Bigg et al., 2008; Niirnberg et al.,
2011; Barr and Clark, 2012; Barr and Solomina, 2014). In our
study area, a large glacier originated in the debris-avalanche crater
of Shiveluch volcano and descended its southern slope for >50 km
to the foothills of the Kliuchevskoi group (Melekestsev et al., 1974)
(Fig. 2A and B). Glacial till and glaciofluvial deposits related to the
melting of this glacier are composed of typical Shiveluch material
and outcrop near Kliuchi village (Fig. 2B). Another large glacier
descended the Studenaya-Pakhcha river valley in the western part
of the Kliuchevskoi volcanc group (Fig. 2C). The study area is
drained by the Kamchatka River and its tributaries (Fig. 1). The river
valley is wide and, in addition to the main river channel, hosts
numerous lakes and minor branches (Fig. 2B and C).

Holocene volcanic and related debris fan deposits occupy the
slopes of active volcanoes (Fig. 1). All the terrain is mantled by the
Holocene soil-pyroclastic sequence composed of alternating tephra
and paleosol/silt layers. The cover is 2—3 m thick in the Kamchatka
River valley 30—50 km away from active volcanoes, and thickens up
to 12—20 m at a distance of 15 km. The Holocene cover in our study
area overlies glacial till and lacustrine deposits.
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Fig. 1. Location map showing study areas (highlighted in yellow), measured sections (red circles, key sites labeled in bold), and suggested extent of the CKD lake basin (blue outline
in the figure and blue shade in the inset). Modern glaciers are shown in turquoise, Holocene volcanic deposits including debris fans are in light brown, late Pleistocene volcanic
deposits are in dark brown. The white oval shows approximate dispersal of the Geys30 tephra. Inset shows distal tephra sites (red circles) and suggested minimum dispersal areas
for major tephra markers (colored ovals): red — tephra Ber, brown — Gor28; blue — WP2. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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(dark-blue outline; according to Barr and Clark, 2012, with additions from Braitseva
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3. Materials and methods
3.1. Sites and samples

Our sites, where most of the tephras were geochemically fin-
gerprinted, are located along the Kamchatka River valley, from the
Kharchinsky Lake in the north to Kitilgina River in the south (Fig. 1).
The sites are located in three major areas (from north to south):
Kliuchi area, Kozyrevsk area, and Kitilgina River area (Fig. 1). The
key sections of tephra-bearing lacustrine deposits extending down
to ~28—30 ka are KamPlen and K18-8 in the Kliuchi area (Fig. 2B),
K16-1 (=K16-18) in the Kozyrevsk area (Figs. 2C), and 937 in the
Kitilgina River area (Fig. 1). In twelve additional excavations, only
the upper parts of lacustrine deposits were unearthed and selective
tephras analyzed. Additionally, we analyzed tephras in four more
sites in Kliuchi town and across the Kamchatka River, at Zarechny
slope (Figs. 1 and 2B). The sections were measured and sampled in
2013—2019. Major stratigraphic sections are provided in Figs. 3 and
4; photos of selected key sections in Figs. 5—6, and the details of
tephra stratigraphy, grainsize, and color in each of the sections are
provided in Supplement 1. Additional photos and descriptions of
the tephra-bearing deposits as well as tephra sample IDs are pro-
vided in Supplement 2. All visible tephra layers in each of the
sections were labeled consecutively from top to bottom (site prefix-
serial number) (Figs. 3 and 4; Supplements 1—4).

3.2. Geochemical and mineralogical studies

Geochemical and mineralogical studies included electron
microprobe (EMP) and laser ablation inductively coupled mass
spectrometric (LA-ICP-MS) analyses of volcanic glass and exami-
nation of KamPlen tephras with an optical microscope. We ob-
tained major element geochemistry from 155 tephra samples
collected in 23 sections (Supplement 3). In addition, 128 more glass
analyses from our database were used for tracing selected major
tephras beyond the study area; these earlier unpublished reference
analyses are also included in Supplement 3. EMP analyses were
performed at GEOMAR (Kiel, Germany) during 36 analytical ses-
sions between 2008 and 2020. Volcanic glass was analyzed using
the JEOL JXA 8200 wavelength dispersive electron microprobe. The
analytical conditions for glasses were 15 kV accelerating voltage,
6 nA current and 5 pm electron beam size. Details of the analytical
technique are provided by Portnyagin et al. (2020). Data on EMP
reference materials obtained in the course of this study are listed in
Supplement 3.

LA-ICP-MS analyses of major and trace elements in marker
tephras and some reference glasses used for distal correlations
were carried out at the Institute of Geosciences at Kiel University
(Kiel, Germany). The analyses were obtained using a Coherent
Geolas HD ArF 193 nm excimer LA system coupled with
quadrupole-based ICP-MS Agilent 7500s (2010—2016) and Agilent
7900 (2017—2020). The majority of the analyses were obtained
using the high sensitivity Agilent 7900 instrument, laser spot size
of 24 um, pulse frequency of 10 Hz, and fluence of 5 J cm~. These
recent analyses included all major elements (Si, Ti, Al, Fe, Mn, Mg,
Ca, Na, K, P), and the data were quantified by adjusting the sum of
major elements to 100 wt¥%, allowing direct comparison with EPMA

Kliuchi and Kozyrevsk study areas are shown in red rectangles. B and C. Kliuchi and
Kozyrevsk study areas, respectively. Measured sections are shown with red squares,
key sites KamPlen and K18-8 (in B) and K16-1 (in C) - with larger ones. Western
outlines of glaciofluvial deposits and the till related to the Shiveluch glacier, as well as
the moraine field in the Pakhcha valley, are shown with light-blue dotted lines and
labeled; Fg - glaciofluvial. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Graphic representation of sections through the lacustrine and glacial deposits in the Pakhcha valley. Tephra labels as in Fig. 3. Deposits are labeled following Kraevaya and
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glaciofluvial deposits and glacial till of stage II of the late Pleistocene glaciation, respectively. Other captions as in Fig. 3.

data, and easy identification and rejection of analyses contami-
nated by mineral phases. Detailed description of the analytical
setup, procedures of data quantification and quality control are
provided by Portnyagin et al. (2020). The data for tephra glasses and
reference materials obtained during the same analytical sessions
are provided in Supplement 4.

For identification and correlation of tephras we compared our
dataset to the database of glass compositions from the Kamchatka
proximal pyroclastic deposits (Portnyagin et al., 2020); to available
dataset for the submarine distal tephra from the NW Pacific
(Derkachev et al., 2020); and to other analyses from our unpub-
lished database.

Selected tephras from the proximitity of CKD volcanoes were
studied under optical microscope to characterize their mineralog-
ical assemblage and estimate semi-quantitative proportions of
phenocrysts (Supplement 1). The mineralogical data were used for
discrimination of tephras with very similar glass compositions
originated from Shiveluch and Zarechny volcanoes, using previ-
ously published data on petrographic rock types from these vol-
canoes (Gorbach et al., 2013, 2018). To geochemically characterize
lava from Kliuchi and Kozyrevsk we obtained three bulk rock an-
alyses by X-ray fluorescence method in the Vinogradov Institute of

Geochemistry SB RAS, Irkutsk, Russia, and compared those to the
earlier published data (Supplement 5).

3.3. Chronology and stratigraphy

The age estimates for tephra layers are based on eleven AMS
radiocarbon age measurements conducted at Beta Analytic Inc.
(Miami): ten from the KamPlen section and one from the Kliuchi
quarry (Table 1). All age measurements were performed on the
organic fraction of bulk lacustrine sediments consisting primarily of
pollen, spores, and organic residue from the abundant fossil diatom
flora. The organic fraction was concentrated through sieving and
mineral acid digestion. The C dates were calibrated during age
modeling using INTCAL13 curve (Reimer et al., 2013). The date for
the pumice near Gorely volcano (source of one of the tephras in the
study area) was obtained in the MCHRONO Center of Queen’s
University Belfast. An upper boundary for age modeling was set at
the widespread KHG tephra from Khangar volcano, which was
identified in Greenland and dated at 7872 + 50 BP by Greenland Ice
Core Chronology GICCO5 (Cook et al., 2018). We report all radio-
carbon ages as calendar ages (cal BP) or millennia (ka) before 1950
CE unless otherwise stated.



V. Ponomareva, LE. Pendea, E. Zelenin et al.

o
c
)
o
)
e
e

Mafic package

Quaternary Science Reviews 257 (2021) 106838

Fig. 5. Photos of key sections through the lacustrine deposits in the Kliuchi study area. A. Kliuchi quarry (site K18-8). Major marker tephras are labeled: KHG — marker tephra from
Khangar volcano; Ber, Gor28 and Geys30 — marker tephra triad described in the text. Position of the radiocarbon sample and the obtained date are shown in red. Dark-brown and
black layers at the bottom of the sequence are mafic cindery tephra. B. The upper part of the KamPlen section. Marker tephras are labeled as in Table 2 and Fig. 3. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

To provide a comprehensive chronologic tool for the study, we
constructed a reference Bayesian age-depth model for the KamPlen
section based on eleven C dates (Supplement 6). After major
tephra layers were geochemically correlated among the key sec-
tions and to KamPlen, we were able to transfer their KamPlen age
estimates to other studied sections and to model the ages of major
tephras sandwiched between those dated in KamPlen (Fig. 7).

KamPlen age model was calculated in Bacon software following
the approach of Blaauw and Christen (2011): sediments were
considered as a sequence of small subsections with accumulation
rate stochastically inherited from preceding subsections. The
resulting age-depth model was averaged by many runs of Monte
Carlo Markov chain of such subsections. Instantaneous ash-falls
sharply differ from the continuously accumulating lake sedi-
ments, so we subtracted ash layers from model (“Slump” function
in Bacon). The output of the modeling is a set of mean, median and
95% confidence range for ages of each centimeter in the section
(Supplement 6). For the aims of this study, tephra ages were picked
out of the dataset. Modeled tephra ages with 95% (2 sigma) error
are provided in Table 2 and Supplement 1; in text and figures we
use mean age values. On the basis of KamPlen age-depth model, we
calculated a graph of accumulation rate probability versus age us-
ing Bacon package (Blaauw and Christen, 2011) (Fig. 8).

Upon the correlation of marker tephras from KamPlen to other
sites, we were able to model the ages of marker tephras absent in
KamPlen (Figs. 7 and 8). The studied sections, except for KamPlen,
have few age references, which hampers accurate sedimentation
rate modeling. These four sections (1—4 on Fig. 7) were modeled in
OxCal software (Bronk Ramsey 2009). For Kharchinsky Lake (site
K18-13) and Pakhcha (site K16-1) sections, we considered strati-
graphical order with no assumptions on sedimentation rate and its
variability. For Berezovy Yar (site 937), KamPlen reference model
provided sufficient amount of age tie-points for rough extrapola-
tion some 15 kyr below KamPlen model using Poisson

sedimentation model (Bronk Ramsey 2008) with parameter k
varying within two orders of magnitude (Bronk Ramsey and Lee
2013). The mean k from Berezovy Yar was utilized for Kliuchi
Quarry (site K18-8), where only four age tie-points bracket undated
tephra layer.

4. Results
4.1. Tephra sequences

4.1.1. General structure of the sections

All sections in the study area are topped with the Holocene soil-
pyroclastic cover similar to that described by Braitseva et al. (1997)
and Pevzner et al. (2006). The set of marker tephras partly varies
between the northern and southern parts of our study area, but
everywhere contains two major markers: KS; tephra from Ksudach
volcano, and KHG from Khangar volcano. The cover is exclusively
subaerial; its well-expressed layering is explained by alternating
tephra and paleosol horizons. The overall color of the Holocene
soil-pyroclastic sequence is brown with several light-colored
tephra layers (Fig. 5A and B).

Contact of the Holocene cover with the underlying tephra-
bearing lacustrine deposits is often sharp, with dramatic change
of sediment color from brown to pale-gray (Fig. 5B). However, in
most cases the contact is graded, without signs of an erosional
discontinuity. Lacustrine deposits at different sites display a variety
of structures, grain sizes, and textures largely dependent on prox-
imity to the sediment source (Supplement 2, Figs. S2-S6). In the
eastern part of the Kliuchi area, a layer of glaciofluvial deposits
comprised of Shiveluch-sourced andesitic material, lies in the up-
per part of the lacustrine deposits and thickens to the east (Fig. 3
and Supplement 2, Fig. S7). On Shiveluch slope, glacial till and
glaciofluvial deposits form a complex succession, which in places
includes lenses of Shiveluch pumice or layers of fine ash.
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Fig. 6. General view (A) and detail (B) of the key outcrop in the Pakhcha valley (site
K16-1 (K16-18)). Marker tephras are labeled as in Table 2 and Fig. 3. In A, a person in a
red oval in the lower left part of the photo provides the scale. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

4.1.2. Kliuchi area

Our major section, labeled KamPlen, was measured in a ~10 m-
high natural outcrop at the Kliuchevskoe Lake shore (Figs. 2B and
3). It exhibits 7.5 m thick tephra-bearing lacustrine deposits
(Fig. 5B and Supplement 2, Fig. S2) overlain by 2.8 m of Holocene
subaerial soil-pyroclastic sequence (Figs. 2B and 5B). For this study,
we measured KamPlen section for 8.5 m down from the KHG tephra
dated at 7872 + 50 BP in Greenland ice (Cook et al., 2018), obtained
ten radiocarbon dates for this interval (Table 1), and sampled and

Table 1
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analyzed 45 tephra layers (Fig. 3; Supplement 1). The second key
site in this area is a quarry in Kliuchi town (site K18-8, Figs. 2B and
3), where we measured a similar section of lacustrine deposits
(Fig. 5A and Supplement 2, Fig. S4) and obtained a radiocarbon date
and geochemical data on 21 tephra samples. In addition, we
examined eight shorter sections in the area, including a natural
outcrop at the Kharchinsky Lake (sites K18-12 and —13), a road cut
near Kliuchi pier (in different years labeled as K13-02, —20; and
K15-8), a trench K13-04, and quarry sites 7582 and K18-7 (Fig. 2B
and Supplement 2, Figs. S3 and S7). From these sections, we ob-
tained geochemical data on 28 more tephra samples.

A prominent feature of the longest tephra sequences in the
Kliuchi area (K18—8 and K13-20) is the presence of three brightly
colored marker tephra layers at the very bottom of the outcrops
(Figs. 5A and 9A). Distinct colors (from top to bottom: white, bright
yellow, and pale-beige) make this tephra triad easily recognizable
in the field. The lowermost tephra directly overlies mega-
plagiophyric basaltic trachyandesite lavas from the regional fissure
zone superimposed on the Plosky volcanic massif (Figs. 5A and 9A;
Supplement 5; Flerov et al., 2017). Two more sections in the area
feature only the two upper tephras from this group due to the
incomplete excavation of the bottom sediments (Fig. 3). Another
interesting feature of the Kliuchi area sections is the presence of a
distinct package of dark-gray cindery tephra layers stratigraphically
positioned above this marker tephra triad (Figs. 3 and 5A).

4.1.3. Kozyrevsk area

In the Kozyrevsk area, our key site (K16-1 aka K16-18) is a
natural outcrop in the Pakhcha River valley, an artificially dammed
channel of Studenaya River, now filled with water during spring
snowmelt or heavy rainfalls but dry at other times (Figs. 1, 2B and 4,
and 6). In this valley, Kraevaya (1977) and Kraevaya and Kuralenko
(1983) described up to 32 m-high outcrops, which exhibit packages
of lacustrine sediments interlayered with two glacial tills and
related glaciofluvial deposits. These outcrops are located only
25—35 km away from the Tolbachik and Ushkovsky volcanic mas-
sifs and at similar distance from the terminal parts of modern
glaciers (Fig. 1). The 27 m high outcrop on the left bank of the valley
(key site K16-1 aka K16-18) contains two lacustrine packages
(lower, 5 m thick “lim1” and upper, 7 m thick “lim2”, labeled ac-
cording to Kraevaya and Kuralenko, 1983) separated by a 13 m thick
glaciofluvial package (fg1) (Figs. 4 and 6). We analyzed 22 tephra
samples from both lacustrine and glaciofluvial deposits; the most
prominent of them is a snow-white partly reworked fine ash in the
middle of the glaciofluvial package fg1 (Fig. 6A).

The other sampled sections in the Pakhcha valley are located
along its right bank, 1, 2.6, and 5.6 km upstream from site K16-1
(Figs. 2C and 4). The first one (K16-2) exposes two glacial tills

Radiocarbon age measurements and associated calendar age ranges calculated as highest probability density (HPD) at 95% (Bronk Ramsey, 2009).

Location Sample name Lab ID Depth (cm) Material Radiocarbon age (yrs BP) 95% HPD range (cal yrs BP)
Kliuchevskoe Lake KamPlen 101 Beta-478709 101 organo-mineral sediment 9990 + 30 11613-11285
ut KamPlen 175 Beta-539402 175 organo-mineral sediment 12150 + 40 14120-13960
- KamPlen 267 Beta-478707 267 organo-mineral sediment 14300 + 40 17595-17229
e KamPlen 336 Beta-478708 336 organo-mineral sediment 15440 + 40 18810—-18590
“t KamPlen 447 Beta-433775 447 organo-mineral sediment 17530 + 60 21360—-20995
- KamPlen 591 Beta-478705 591 organo-mineral sediment 19090 + 50 23273-22772
u KamPlen 655 Beta-478706 655 organo-mineral sediment 20060 + 60 24336-23912
“t KamPlen 802 Beta-432011 802 organo-mineral sediment 24010 + 100 28255-27835
ut KamPlen 823 Beta-405620 823 organo-mineral sediment 24420 + 90 28655-28295
- KamPlen 835 Beta-471112 835 organo-mineral sediment 23710 + 80 27954-27622
Kliuchi quarry K18-8-A Beta-529664 - organo-mineral sediment 25880 + 90 30522-29702
Mutnovsky volcano, K12-02-6 UBA-23700 — organo-mineral sediment 29841 + 234 33566—34386

Opasny Canyon
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Fig. 7. A schematic representation of age models for late Pleistocene sedimentary
records in the Central Kamchatka Depression. Individual sections are labeled, gold
background is for Bacon age-depth model, red background - for OxCal Sequence (1, 2)
and P_Sequence (3, 4) models. The age models go down from Khangar tephra (KHG)
dated by Greenland Ice Core Chronology (GICC05) (Cook et al., 2018). KHG-E — another
Khangar tephra close in time to KHG (Zelenin et al., 2020). Other tephra labels as in
Figs. 3 and 8. Arrows indicate dates transferred to the Pakhcha-Kitilgina age model. See
text for additional explanations. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

(M1 and M2 in Kraevaya and Kuralenko, 1983) separated by a
tephra-bearing lacustrine package (Fig. 4 and Supplement 2,
Fig. S8), the next one (K16-3) exposes a complex combination of
glacial till (M1), glaciofluvial and lacustrine deposits (Fig. 4 and
Supplement 2, Fig. S9), and the uppermost one exposes two tills
separated with 0.5—2 m thick thinly stratified lacustrine deposits.
We sampled ten major tephra layers from these outcrops in order to
correlate those to K16-1 (Fig. 4). In addition, we sampled a tephra
layer from a lacustrine package positioned between the Holocene
sequence and the lower glacial till (M1) in the main channel of the
Studenaia River, 3.5 km south of K16-1 (Fig. 2C). Kraevaya and
Kuralenko (1983) reported a finding of a mammoth skull within
the lacustrine deposits lim2, with three C dates from the skull
yielding an average age of ~25.6 ka BP after calibration with
IntCal13.

In addition, in the Kozyrevsk area we examined tephras in the
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upper part of the lacustrine sediments in Kozyrevsk town (sites
K15—22 and K18-2), Ushki archaeological excavation (site K9—U5)
(Dikov, 2003; Goebel et al., 2003; Goebel et al., 2010) and at the
Sredinny Range slope across the Kamchatka river from Kozyrevsk
(site K18-6) (Fig. 2C).

4.1.4. Kitilgina River

A key site in the Kitilgina River valley is Berezovy Yar (site 937),
~120 km south of the Kozyrevsk area. This 15 m-high natural bluff
exhibits seventeen tephra layers buried within lacustrine deposits,
which overlies a 0.3 m thick layer of laminar sand underlain by a 3-
m thick matrix-rich gravel layer (Figs. 1 and 9B; Supplement 2,
Fig. S5). Fifteen tephras are light- or (rarely) dark-colored pumi-
ceous ash and two are dark-gray cindery ash. The most prominent
layers are a white thick ash in the middle of the section and three
closely spaced tephra layers close to its bottom (Figs. 3 and 9B). In
addition, we sampled two light-colored tephra layers in the outcrop
at the Kamchatka River bank (site K16-8), 15 km WNW from the
Kitilgina site.

4.2. Tephra composition and correlations

4.2.1. Two major groups of tephra

Examination of tephra samples under optical microscope and by
back-scattered electron imaging has allowed us to identify two
groups of tephras: (1) dominantly vitric distal ash with inflated
highly vesicular glass shards, and (2) crystal-rich ash likely from
local volcanoes (Fig. 10). Tephras from these two groups also differ
in appearance: those from the first “distal” group are white, tan or
bright yellow, while most of the "local" tephras are dull-gray to
black, and a few are white with black speckles (“salt-and-pepper”
color). Vitric tephras dominate the southernmost sites while the
majority of mineral-laden tephras are found in the KamPlen and
other northern sites. On the geochemical bi-plots glass from most
of the vitric tephras form tight clusters or trends in the rhyolitic
field (Fig. 11). The majority of these glasses fall into either high-K or
medium-to-low-K fields. Mineral-rich tephras also contain mostly
rhyolitic glass with some basaltic to andesitic glass in cinders. These
glasses fall mainly in the medium- or high-K compositional fields.

4.2.2. Major marker layers

Correlations of tephra layers between sections were constrained
by their stratigraphic positions (Figs. 3, 4 and 8) and geochemical
compositions of glass (Figs. 12—14). Table 2 shows major marker
layers, which provide correlations between the study areas. In
addition, it includes several potential tephra markers, which were
found in only one section/study area but based on their composi-
tion and dominance of vitric glass shards may serve as distal
markers once more sections are described in adjacent areas. Major
tephras occurring in two and more areas were assigned individual
codes (Figs. 3, 4 and 8; Table 2).

A remarkable triad of silicic marker tephras found at the bottom
of the northern Kliuchi sections K18—8 and K13-20 correlates to
three prominent tephra layers positioned close to the bottom of the
southernmost site 937 in Kitilgina area (Figs. 1, 3 and 8). In addition,
in Kliuchi area, the upper two of these tephras were found also in
KamPlen, where springs prevented a deeper excavation, and in
section K13-04 (Fig. 2B). In Pakhcha (section K16-18), glass shards
from these three tephras are scattered through the lowermost
2.5 m of the sediments with no well-expressed peaks of each
tephra and a large admixture of compositionally different glasses
(Figs. 8, 9C and 12A). This suggests reworking of these tephras in
the fast accumulating sediments rich in reworked cinder particles;
the original fallout layers may be somewhat lower in the covered
part of the sediments, which is supported by correlation of




V. Ponomareva, LE. Pendea, E. Zelenin et al.

Table 2

Major distal marker tephra layers in the late Pleistocene deposits in the Central Kamchatka depression.
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Tephra ID Source

Source volcano

Age - min (mean) max (cal

Glass composition/Mineralogy

Tephra IDs in individual sections

zone BP) Kliuchi area Kozyrevsk Kitilgina
area R.
SH #61a  CKD Shiveluch 11572 (11984) 12517 Med- to high-K/PI > Hbl + Px KamPlen1, KP1, KH1 U1 -
SVK-1 SR ? 14041 (14401) 14915 High-K rhyolite/vitric KamPlen6, KQ2? SR1 -
OSH-1 CKD Shiveluch 18464 (18648) 18807 Med-K rhyolite/Pl > Hbl + Px KamPlen20, KQ7 PH1 —
ZR-1 CKD Zarechny 18970 (19324) 19738 Med-K rhyolite/ KamPlen25, KQ8 PH2 BY1
Hbl > Cpx + Opx + Ol > PI
ZR-2 CKD Zarechny 19257 (19679) 20132 Med-K rhyolite/ KamPlen26 BY2
Hbl > Cpx + Opx + Ol > PI
SVK-2 SR ? 20591 (20984) 21244 High-K rhyolite/vitric KamPlen31 - -
ZR-3 CKD Zarechny 20980 (21384) 21730 Med-K rhyolite/ KamPlen33, KQ10?  PH3 -
Hbl > Cpx + Opx + Ol > PI
OSH-2 CKD Shiveluch 21177 (21591) 21965 Med-K rhyolite/Pl > Hbl + Px KamPlen34 PH4 —
KamPlen36 VF ? 24008 (24281) 24794 Low- to med-K rhyolitic trend/vitric KamPlen36 - -
EVF-1 VF ? 24729 (25288) 25917 Low- to med-K rhyolite/vitric KamPlen37 - BY3
EVF-2 VF ? 25481 (25785) 26089* Low- to med-K rhyolitic trend/vitric - PH5 BY4
PH6 VF ? 25608 (25963) 26339* Low- to med-K rhyolite/vitric - PH6 -
OSH-3 CKD Shiveluch 25519 (26153) 26770 Med-K rhyolite/Pl > Hbl + Px KamPlen38, KP2 PH8 -
OSH-4 CKD Shiveluch 25918 (26322) 26734 Med-K rhyolite/Pl > Hbl + Px KamPlen40, KP3, PH9 —
KQ12
BY5 SR ? 25732 (26362) 27053 High-K rhyolite/vitric — — BY5
EVF-3 VF ? 25985 (26488) 26930* Low- to med-K rhyolitic trend/vitric — PH10 BY6
KQ14 VF ? 26743 (27343) 27906* Low-K rhyolite/vitric KQ14 - -
Ber SR Spokoiny volcano area 27768 (28204) 28494 High-K rhyolite/vitric KamPlen43, KP5, - BY8
KQ18
Gor28 RA Gorely 27856 (28316) 28623 High-K rhyolite/vitric KamPlen44, KP6, — BY9
KQ19
BY10 ? ? 28126 (28739) 29881* Low-K dacitic trend/Mineral-rich - - BY10
Geys30 VF Geysernaya 29533 (29949) 30385* Low- to med-K rhyolitic trend/vitric KP8, KQ21 — BY11
BY13 CKD Bolshaya 29530 (30031) 30567* Med-K rhyolitic trend/mineral-rich - - BY13
Udina
BY14 VF ? 29536 (30083) 30698* Low- to med-K rhyolite/vitric - - BY14
BY15 VF Karymsky volcanic 29540 (30123) 30800* Med-K dacite/vitric - - BY15
center
BY16 SR ? 29560 (30174) 30917* High-K rhyolite/vitric - - BY16

Note: The table includes major marker tephra layers identified in the study area. Modeled tephra ages are given with 95% (2 sigma) error. Most of age estimates are based on
the KamPlen age-depth model. Ages marked with an asterisk are calculated within local models and thus have larger error.

reworked cinders to those from the Kliuchi cindery package (Fig. 3).

Comparison of the glass composition from these three major
marker tephras to our TephraKam database of glasses from prox-
imal Kamchatka pyroclastic deposits (Portnyagin et al., 2020) per-
mits their following identification.

The lowermost tephra in the triad (Geys30) contains glass of
medium-K rhyolite composition close to the boundary between the
medium- and low-K fields (Fig. 12A). The relatively K,O-poor
composition as well as low Nb/Y and La/Y ratios (Fig. 13) testify the
VF provenance. The major and trace elements in this tephra match
closely the composition of pumice lapilli presumably originated
from the Geysernaya caldera (Figs. 1, 12A and 14A). This tephra is
fine to medium-sand in Kliuchi and coarse ash with pumice lapilli
up to 2.5 cm in Kitilgina area (Fig. 9A and B). The spatial variations
of the grain size are also consistent with the identification of the
Geysernaya caldera as the tephra source (Fig. 1). Geysernaya tephra
may be an important marker for the region based on its wide
dispersal and thickness, including in the most northern sites
(Supplement 1; Fig. 1). Based on our age model, this tephra has an
age of ~30 ka, and therefore it was labeled as Geys30 (Table 2). The
Geys30 tephra provides an age estimate for the bottom of the
Kliuchi sections and for the underlying lava (Figs. 3, 8 and 9A).

The middle tephra of the marker triad (Gor28) has matrix glass
of high-K relatively low-SiO; (~70 wt%) composition that together
with elevated Nb/Y (~0.26) and moderately high La/Y (~0.6) points
to its origin from a rear-arc volcano (Figs. 12A and 13). The tephra
geochemically matches pumice from the Gorely eruptive center in
the South Kamchatka rear-arc (Portnyagin et al., 2020), and was
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likely derived from its most recent caldera-forming eruption
(“dacite pumice” in Selyangin and Ponomareva, 1999) (Figs. 12A and
14B). Distal tephra from this eruption was earlier reported north
and east from the caldera: from the city of Petropavlovsk-
Kamchatsky (Melekestsev et al., 1992) and from marine core
S0201-2-40 on the Meiji Seamount (Derkachev et al., 2020) (Fig. 1).
Based on bulk composition, a Gorely origin was also suggested for a
distal tephra found in the Ledovy Bluff outcrop in Chukotka,
~1600 km NNE from the source (Fig. 1, inset; Melekestsev et al.,
1991a). Our data for this distal ash (Figs. 12A and 14B, Supple-
ments 3 and 4) confirm this identification. In addition, our
geochemical data on a tephra from the marine core ODP145-883D
described by Bigg et al. (2008) ~700 km SSE of the Gorely also
suggests derivation from this volcano (Figs. 12A and 14B; Supple-
ments 3 and 4). Terrestrial Gorely tephra sites suggest dominantly
northern dispersal of this tephra (Fig. 1, inset), while two marine
sites point to an eastern dispersal. Glass compositions from the
northern and eastern lobes are identical (Figs. 12A and 14B).

Our age estimate for Gor28 tephra according to the KamPlen
age-depth model is 28.3 ka (Table 2). In addition, the date under
Gor28 tephra obtained in the Kliuchi quarry (Table 1, Figs. 3 and 9A)
also suggests that this tephra is younger than ~30 ka. Published age
estimates for this tephra vary between ~37.8 (36168—39515) north
and ~39.4 or ~39 ka east of the caldera (Melekestsev et al., 1992;
Bigg et al., 2008; Derkachev et al., 2020). The first age estimate was
obtained on a thick organic-poor paleosol underlying the tephra so
it is likely somewhat older than the ash deposition. Marine age
estimates have unspecified errors, which might reach +5 ka
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(Derkachev et al., 2020). In Chukotka, the Gorely tephra age was
roughly estimated at ~42 (40418—43762) ka (calibrated from the
original ™C date of 38000 + 1000; Kotov et al., 1989). However, the
tephra layer was found only in one part of the outcrop and its exact
position relative to the dated level remains unclear (Kotov et al.,
1989; Melekestsev et al., 1991a).

To resolve the discrepancy between the available age estimates
we attempted to date the proximal pumice of this eruption. The
only site where we were able to find some organic matter suitable
for dating was located east of the Gorely caldera, i.e. in the direction
towards marine cores. The organic material was extracted from a
silt layer not immediately from under this tephra but ~130 cm
below it, from under an underlying and compositionally different
pumice unit. The obtained date (Table 1) suggests that the Gorely
tephra was deposited sometime later than ~33.9 ka, which is closer
to our age estimate of 28.3 ka rather than to ~40 ka estimate from
the marine cores. The reasons for such a large array of age estimates
need further investigation and may suggest two compositionally
similar but separate Gorely eruptions: the 28 ka tephra went to the
north and the ~40 ka tephra — to the east, towards cores SO201-2-
40 and ODP145-883 (Fig. 1, inset). However, our proximal date was
obtained east of the volcano. Therefore, if an earlier eruption
occurred, the deposits of that event must have been eroded from
this section.

The upper tephra in the marker triad (Ber) is a white ash with
high-K and high-Nb composition (Figs. 12A and 13), which suggests
eruption from a SR volcano (Portnyagin et al., 2020). The source
volcano of this tephra cannot be precisely identified using the
presently available data. In the TephraKam database (Portnyagin
et al., 2020), the Ber composition is close to sample of welded tuff
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#487-5 sourced from the Spokoiny volcano area in SR (Figs. 1, 2A
and 14C). In comparison with this sample, Ber glass has higher Sr
and Eu contents and can be produced by smaller degree of frac-
tionation than #487-5, but originate from the same source.
Rhyolite glasses from Khangar volcano (e.g., Cook et al., 2018) are
also similar to Ber, but they have systematically lower Pb/Ce and Cs/
Rb ratios.

The Ber tephra thickness is greater in the southernmost Kitilgina
area (site 937), while the grain size is larger in Kliuchi (Supplement
1). The age estimate for this tephra is ~28.2 ka in KamPlen section
(Table 2). Search in our database has allowed us to identify a visible
layer of compositionally identical ash in cores SO201-2-114 (Bering
Sea) and SO201-2-9-pilot (Pacific Ocean), and similar glass in a
sediment layer in core SO201-2-85 (Bering Sea) (Fig. 1, inset; Dullo
et al., 2009; for depths of submarine tephras see Supplement 3). In
core SO201-2-85, these glasses are spread in the interval corre-
sponding to ~42—46 ka (Riethdorf et al., 2013), which is 14—18 ka
older than our estimate. This discrepancy resembles Gorely case
and can be resolved when more dates for this tephra are available.
Based on its wide dispersal, this tephra, which we labeled Ber, also
can serve as a marker for the terrestrial and marine late Pleistocene
deposits.

Four other vitric tephra markers provide more correlations be-
tween at least two of the study areas (Table 2; Figs. 8, 12B and 14D-
F).

(1) SVK-1 tephra links Kliuchi and Kozyrevsk areas, however, in
both areas it is < 1 cm-thick suggesting either a medium-size
eruption or an eruption from a distant source. This tephra is
characterized by high-K and high-Nb glass composition
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Fig. 9. Bottoms of the key sections in Kliuchi (A), Kitilgina (B), and Pakhcha (C) study areas. Major marker tephras are labeled as in Table 2 and Figs. 3 and 8. In A: position of the
radiocarbon date is shown in red; black layer above Geys30 ash is cindery tephra. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

typical for Sredinny Range volcanoes (Figs. 12B and 13) and
strikingly resembling tephra from the Holocene Svetly Kliuch
crater on the eastern slope of the Sredinny Range (Fig. 1) as
well as some of the Holocene eruptives from Ichinsky vol-
cano (Fig. 14D; Pevzner, 2015; Portnyagin et al., 2020). Based
on this resemblance, we provisionally assign it to either one
of the late Pleistocene monogenetic vents located in the
Svetly Kliuch area (Fig. 1; Ogorodov et al., 1972) or to Ichin-
sky. Based on the age model for KamPlen this tephra was
deposited ~14.4 ka BP.

(2) EVF-1 tephra links Kliuchi area with Kitilgina sites (Fig. 8). It
is thicker (2 cm) in Kitilgina than in KamPlen (1 cm). Based
on its rhyolitic and relatively K;O-poor composition close to
the boundary between low- and medium-K fields (Fig. 12B),
and low Nb/Y and La/Y similar to Geys30 tephra (Fig. 13E), it
was derived from a frontal volcano (Volynets et al., 1994;
Portnyagin et al., 2020). EVF-1 is compositionally similar to
the Kuril Lake tephra (KO), particularly for highly incom-
patible trace elements in the left part of the normalized
patterns (Fig. 14E). Its modeled age is ~25.3 ka (Table 2).

(3) EVF-2 tephra links Kozyrevsk area (Pakhcha) to Kitilgina. This
is the most prominent tephra in Pakhcha and Kitilgina valleys
(Figs. 3, 4 and 6A). Its original thickness in Pakhcha is likely

10—15 cm. In Kitilgina area it varies from 4 to 40 cm and is
~10 cm on average. Glass from EVF-2 tephra forms a trend in
the rhyolitic field from 73 to 77 wt% SiO, close to the
boundary between low- and medium-K compositions
(Fig. 12B). This compositional feature as well as low Nb/Y
(Fig. 13) suggest derivation of this tephra from a source in the
volcanic front (Volynets et al., 1994; Portnyagin et al., 2020).
In most major and trace elements this tephra is similar to the
Geysernaya caldera glasses (Figs. 1, 12 and 134F), but has
larger range of SiO; and lower MgO and TiO; in comparison
with the latter. The most SiO,-rich glasses from EVF-2 tephra
have similar major element compositions with WP2 tephra
in core SO201-2-40 on Meiji Seamount (Derkachev et al.,
2020) (Figs. 1 and 14F). Average trace element composi-
tions of these tephras are slightly different, but the difference
is statistically insignificant. The age estimate for WP2 tephra
(~28 ka) (Derkachev et al., 2020) is close to our estimate of
~26 ka (Table 2). Thus, WP2 tephra can be likely a distal
analog of the EVF-2 tephra.

(4) EVF-3 also links Kozyrevsk area (Pakhcha) to Kitilgina. This

tephra is compositionally very close to the previous one
falling into the low-Si part of the EVF-2 trend (Figs. 12B, 13
and 14F), which very likely suggests the same source in the
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Proximal crystal-rich tephra

Fig. 10. Back-scattered electron images of representative tephras. Left column, distal vitric tephra: A — Ber (sample K18-8-29), B — Gor28 (K18-8-30), C- Geys30 (K18-8-33). Right
column, typical crystal-rich local tephra in the northern part of the study area: D — Baidarny, E — Zarechny, F — Shiveluch.

volcanic front. However, it is only 2 cm thick in both areas,
which may suggest a smaller eruption or a different ash fall
axis. Its modeled age is ~26.5 ka (Table 2). Based on close age
estimates and very close trace element composition it might
be an alternative correlative for distal WP2 tephra, but in our
study area it has significantly lower SiO, contents (Fig. 12B).

4.2.3. Potential distal tephra markers
Several vitric tephras occur only in one of the study areas.
However, based on their appearance and geochemical

13

characteristics, they might occur in other areas as well. In Kliuchi
area, these are the high-K SVK-2 tephra compositionally close to
SVK-1, but exhibiting a larger range of SiO, contents from 75 to
78 wt%, and the low-K KQ14 tephra, likely derived from the volcanic
front and very close to the Ksudach caldera products (Figs. 1, 1 and
32B, 13, 14D and G). KamPlen36 layer has mixed composition: in
addition to a scatter of background medium-K local glasses (Sup-
plement 3) it contains rhyolitic glass shards forming a trend close to
the boundary between low to medium-K fields (Fig. 12B, Table 2),
which likely represent a distal tephra and be useful as a marker
once more sections are measured in the area. In Kozyrevsk area
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Fig. 11. Composition of volcanic glass from all the analyzed tephra samples. Glasses
from vitric marker tephras are shown in yellow; glasses from mineral-rich tephras are
in brown. Solid lines divide fields of low-K,0 (LK), medium-K,0 (MK), and high-K,0
(HK) basalts (B), basaltic andesites (BA), andesites (A), dacites (D), and rhyolites (R) at
Na;0 = 5 wt% following Le Maitre et al. (2002). Dashed line divides the field of
medium-K compositions into the upper and lower ranges for more convenient
description of glass compositions. Oxide concentrations are given in wt%. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 12. Composition of glass from marker tephra. A. Composition of volcanic glass
from the major marker tephra triad (Ber, Gor28, and Geys30) sampled in different study
areas against reference compositions for proximal Gorely and Geysernaya pumice
(Portnyagin et al., 2020). Red dots show mixed glass from the bottom of the Pakhcha
section K18-16 with distinct populations of glasses from Ber, Gor28, and Geys30
tephras. Dark-blue circles show Ber and Gor28 glasses in the Bering Sea and Pacific
cores (Derkachev et al., 2020; and unpublished authors’ data). Turquoise circles show
glass from Gor28 tephra in the Ledovy Bluff (Chukotka). B. Composition of volcanic
glass from all marker tephras (dark-brown transparent small circles). Glasses from
individual tephras are shown with colored shading with matching tephra labels.
Glasses from the marker tephra triad (Ber, Gor28, and Geys30) and WP2 from core
S0201-2-40 (Derkachev et al., 2020) are shown with red ovals. Solid lines divide fields
of low-K;0 (LK), medium-K,0 (MK), and high-K,0 (HK) glasses following Le Maitre
et al. (2002). Oxide concentrations are given in wt%. . (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 13. Nb/Y—La/Y discrimination diagram for glass from marker tephras. Fields of
different volcanic zones are after Portnyagin et al. (2020). VF — volcanic front, RA —
rear-arc, CKD — Central Kamchatka Depression, SR — Sredinny Range. Error bars are 2
standard deviation of the mean ratios. Tephra codes correspond to those in Table 2 and
Figs. 3 and 8.

(Pakhcha valley), tephra PH-6 is also close to the same trend,
however, it lies distinctly lower in the section sandwiched between
EVF-2 and OSH-3 marker tephras (Figs. 8 and 12B).

In Kitilgina area, two potential marker tephras, BY5 and BY10,
are sandwiched between EVF-2 and EVF-3, and Gor28 and Geys30,
respectively. The rest four tephras, BY13-BY16, are stratigraphically
positioned below Geys30 tephra, so they have not been found in
other sections as all of those feature only younger deposits. Tephras
BY5 and BY16 have very similar compositions and based on their
high-K and high-Nb/Y values originate from same source in the
Sredinny Range (Figs. 12B and 13). In many trace elements the BY5
and BY16 glasses are similar to Khangar tephras but have higher Ti,
Zr and Hf, as well as concentrations of the most incompatible ele-
ments (e.g., B, Cs, Rb) (Fig. 14H), so their source remains unclear.
BY10 layer is characterized by low-K glass similar to tephra from
Ksudach volcano (Fig. 12B). However, this sample has distinctively
high Nb/La and low Th/La in comparison with known Ksudach
tephras, as well as all other tephras from Kamchatka (Figs. 13 and
14G). Thus, BY10 has an exotic composition and could have been
derived from another arc.

Tephra BY13 has medium-K composition and relatively high Nb/
Y and La/Y ratios suggesting volcanic source in the Central Kam-
chatka Depression (Fig. 13). In the TephraKam database (Portnyagin
et al., 2020), the closest analog of BY13 is a proximal pumice from
the Bolshaya Udina volcano (Fig. 141). Tephra BY14 forms a cluster in
a densely populated low-to medium-K field. Glass in tephra BY15
has dacitic medium-K compositions. Both BY14 and BY15 have
relatively low Nb/Y and were likely derived from the volcanic front
(Figs. 12B and 13). BY14 exhibits some similarity with EVF-1 tephra,
and may originate from the same source (Fig. 13E). BY15 has similar
concentrations of immobile major and trace elements to the sam-
ples #158—35 and #200—75 of welded tuffs from the middle
Pleistocene Stena-Sobolinaya caldera (Fig. 13]). Variable enrich-
ment of the welded tuffs in Rb, K and Li is a typical alteration
feature (Portnyagin et al., 2020). Thus, BY15 could originate from a
younger eruption in the Karymsky volcanic center, comprising a
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Fig. 14. Normalized trace element compositions of volcanic glass from marker tephras. Data on reference proximal samples of pumices and welded tuffs from Kamchatka from
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number of nested calderas, including Stena-Sobolinaya caldera.
One more vitric tephra, K15-19, was found within the eroded
lacustrine deposits only 2—3 km away from major Pakhcha sites
(Fig. 2C). It is very close in most of the major elements to EVF-2, but
has higher TiO, and MgO contents so might represent an individual
tephra not found in any other Pakhcha site.

4.2.4. Local tephra

Mineral-rich tephras occur mostly in the northern part of the
study area and predominate in the KamPlen section (Figs. 3 and 5B).
These tephras likely have a local provenance and they belong to two
main groups: (1) black or dark-gray cinders with glasses ranging
from 51 to 63% SiO,, and (2) grayish or salt-and-pepper-colored
sandy tephras with glasses within 63—81% SiO, range (Fig. 11). A
characteristic feature of these tephras is that their glasses
commonly form clusters or trends surrounded with large "halos" of
scattered compositions (Fig. 11). In this study, we have tried to
identify source volcanoes for distinct glass populations of the local
tephras rather than for single shards.

The cindery tephras occur only in the lower part of the sections
(Figs. 3 and 8). Glasses from these cinders ("local mafic glasses™) fall
mainly into the andesitic field with very few basaltic andesites
(mostly tephra PH7 and scattered shards at the bottom of K16-1 and
KamPlen sections). Our reference compositions for mafic glasses
include mostly Holocene tephras (Portnyagin et al., 2020), so we are
not able to find exact matches for our late Pleistocene tephras in the
proximal volcanic record. However, we identify four groups of
mafic glasses, three of which resemble those from the Kliuchevskoi
group volcanoes:

(1) PH7 tephra from the Pakhcha valley is characterized by
basaltic andesite, high-K, -Ti, and -P glass composition
similar to that in the Holocene Tolbachik lava field cinders
(Fig. 15A and B).

(2) Predominantly andesitic high-K, -Ti, and -P glasses are
compositionally close to the Ushkovsky (Plosky) ones.

(3) Andesitic glasses with lower K and P contents fall into the
Kliuchevskaoi field.

(4) One more cluster of glasses with basaltic andesite to andesite
high-K, -Ti, and —P compositions, which is most clearly
defined by the SiO,—P,05 bi-plot (Fig. 15B). The glasses do
not have matches in our database and seem to extend the
trend formed by the medium-K Tolbachik glasses.

Glasses of group (1) are the youngest and occur only in the
Pakhcha area; glasses of group (3) are most common in the cindery
package at the bottom of the Kliuchi and KamPlen sections and are
scattered in the sediments at the bottom of Pakhcha key site K16-
18. Glasses from groups (2) and (4) are the oldest, and occur
either at the very bottom of the cindery package or between Gor28
and Geys30 marker tephras. In the Kitilgina area, we found only two
highly crystallized mafic tephras (BY7 and BY12) with no pockets of
fresh glass.

Glasses with Si0°63% from mineral-rich tephras ("local silicic
glasses") have scattered low-to high-K compositions, but mostly
falling in the medium-K field (Figs. 11 and 16A). Comparison to our
database predictably suggests that these glasses are composition-
ally similar to known glasses from closely positioned Shiveluch
(Young Shiveluch and Baidarny) and Zarechny volcanoes (Figs. 1, 2A
and 16). However, the compositions of reference glass from Bai-
darny and Zarechny overlap and do not permit unique identifica-
tion of tephra from each of these sources in our sections. To
discriminate these tephras, we examined their phenocryst assem-
blages, glass morphology, and crystallinity (Supplement 1; Fig. 10).

Local silicic tephras in the KamPlen section exhibit the following
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Fig. 15. Composition of mafic (Si0,<63 wt%) glass from local mineral-rich tephras.
Comparison of glasses from cindery mafic tephras from Kliuchi and Kozyrevsk study
areas (red dots) with reference compositions for the Kliuchevskoi group volcanoes
Tolbachik monogenetic lava field (gray), Ushkovsky (yellow) and Kliuchevskoi (green
dots). The reference data is from TephraKam database (Portnyagin et al., 2020). 14 —
four glass groups identified in the study area (see explanations in the text). Oxide
concentrations are given in wt%. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

mineral associations: (1) amphibole-plagioclase with rare pyrox-
enes (Pl > Amph + Px), (2) two-pyroxene-plagioclase with rare
olivine (Pl > Cpx + Opx + Ol), and (3) two-pyroxene-amphibole
with rare olivine and plagioclase (Amph > Cpx + Opx + Ol > PI)
(Supplement 1).

(1) The presence of the first mineral association
(Pl > Amph + Px) and highly vesicular pumice shards
(Fig. 10F) permits the confident identification of Young
Shiveluch-type tephras (Figs. 3, 4 and 8). These characteris-
tics are typical both for its Holocene (Ponomareva et al.,
2015) and late Pleistocene activity (Gorbach et al., 2013).

(2) PI > Cpx + Opx =+ Ol association lacking amphibole is typical
for the basaltic andesites of the Baidarny Spur and permits
the identification of related tephras (Volynets et al., 1999;
Gorbach et al., 2013).

(3) Tephras with high predominance of dark minerals (amphi-
bole and pyroxenes) over plagioclase
(Amph > Cpx + Opx + Ol > PI) are petrographically close to
andesites of Zarechny volcano (Volynets et al., 1999b;
Gorbach et al., 2018). In some very fine ash samples such as
KamPlen12 and KamPlen14 (Fig. 3), plagioclase dominates
over the dark minerals. However, the presence of amphibole
allows us to distinguish these tephras from the Baidarny
ones, and the large proportion of pyroxenes from the Shi-
veluch ones. In addition, a specific feature of Zarechny
tephras is the presence of crystallized lithics petrographically
identical to lavas of this volcano.
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(see explanations in the text). Oxide concentrations are given in wt%.

Discrimination of the Young Shiveluch-type, Baidarny, and
Zarechny tephras based on their mineral assemblage permitted us
to identify some distinctive features of their glass chemistry. Bai-
darny glasses have distinctively low Al,O3 at given SiO; or FeO
(Fig. 16B and C). Zarechny and Young Shiveluch-type glasses partly
overlap on all diagrams, but many presumably Zarechny glasses
have lower SiO, and higher FeO in comparison with Shivelich
glasses from the KamPlen section.

An interesting group of biotite-bearing Shiveluch tephras occurs
only within the glacial package (Fig. 3 and Supplement 2, Fig. S7).
Their glasses are lower in K;0, TiO,, and Cl, and higher in CaO and
AlO3 than those from typical Young Shiveluch tephra (Fig. 16).
However, they match proximal intra-glacial pumices (Portnyagin
et al., 2020), as well as distal tephras found east of the volcano
directly below post-LGM fluvial deposits (Ponomareva et al., 2017).
As such tephras do not occur in a well-resolved KamPlen or any
other section southwest of the volcano, they cannot be precisely
dated at this time. Absence of such tephras in the sections south-
west of the volcano may be explained by dominantly eastern tephra
dispersal at this time, as was, for example, the case of the YSH early
Holocene tephras, which spread mostly to the east (Ponomareva
et al.,, 2015).

Four Shiveluch (OSH-1 — OSH-4) and two or three Zarechny (ZR-
1 - ZR-3) tephras were found in both Kliuchi and Kozyrevsk areas
(Figs. 1, 3 and 86C). In Kitilgina, two compositionally identical
Zarechny tephras occur in the upper part of the section (Fig. 3), and
may represent either individual layers or a single layer duplicated
due to redisposition. The wide dispersal of these tephras suggests
that they can also be used as markers for Kliuchevskoi group and
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beyond (Table 2).
5. Discussion
5.1. Volcanological implications

Our tephra sequence combined from sixteen individual sections,
linked through geochemically characterized marker layers, pre-
sents the first continuous pre-Holocene terrestrial record of
explosive activity in Kamchatka spanning ~20 ka. Our sections
capture tephras from all the Kamchatka volcanic zones (EVF, CKD,
and SR), and even if they do not provide a complete tephra record
for this time (as some of tephras might have been dispersed in
other directions), they provide an important insight into the pat-
terns of the late Pleistocene explosive activity in this region and
tephrochronological framework for further studies.

5.1.1. Late Pleistocene record of large explosive eruptions in
Kamchatka

Vitric tephras that occur both in Kliuchi-Kozyrevsk and Kitilgina
areas — EVF-1, EVF-2, and EVF-3, and the marker triad composed of
Ber, Gor28, and Geys30 tephras (Table 2) — were likely produced by
large eruptions. Indeed, the correlation of Gor28 tephra to its
proximal counterparts, Gorely caldera pumice, and to Ledovy Bluff
in Chukotka (Fig. 1, inset), suggests its minimum volume estimate of
~40 km? (here and further on tephra volumes are based on single-
isopach method by Legros, 2000), which corresponds to the erup-
tion magnitude (M) ~6.5 (calculated according to Pyle et al., 1995).
The other eruptions parental to vitric tephras yielded smaller
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volumes of 7—20 km? although these estimates clearly may in-
crease once their tephras are found farther afield. Our record shows
that the large silicic explosive eruptions peaked starting from at
least 30 ka to 25 ka (Fig. 8), however, as we do not have sediments
older than ~30 ka, the start time of this eruptive peak remains
unknown. Three large eruptions, which produced Ber, Gor28, and
Geys30 tephras occurred between 28.2 and 30 ka within a period of
~1.8 ka.

Our data show that the large late Pleistocene eruptions occurred
nearly contemporaneously in the Eastern Volcanic Belt and Sre-
dinny Range in Kamchatka. This is particularly well expressed by
the triad of Geis30, Gor28 and Ber tephras, which were erupted from
VE, RA and SR, respectively. In comparison with the Holocene
explosive activity including only one large eruption from SR vol-
canoes (Khangar eruption; Braitseva et al., 1997), late Pleistocene
large eruptions from SR are more frequent (Table 2). These tephras
were likely derived from the presently dormant volcanoes. This
correlates with the overall waning volcanic activity in SR in the
Holocene time (Ponomareva et al., 2007).

The tephra BY10 has an exotic composition for Kamchatka
(Figs. 14 and 15). Its distinctive features are low-K dacitic compo-
sition, low La/Y ~0.25, both typical for VF tephras, and relative
enrichment in Nb (and Ta) so that the compositions have anoma-
lously high Nb/Y ~0.15 and Nb/La ~0.6, which are significantly
higher than typical values for the EVB magmas though all Pleisto-
cene and Holocene (Fig. 14). Such high Nb/La are only known for SR
magmas, which are however more enriched in all highly incom-
patible elements (i.e., LREE, Th, U, Ba, Rb). These geochemical fea-
tures imply a relatively Nb—Ta undepleted magma source similar to
primitive mantle (McDonough and Sun, 1995) and small contri-
bution of high-Th/La and high-Th/Nb subducted sediments to the
magma source (e.g. Plank, 2005; Duggen et al., 2007). Given the
unusual composition, we have to assume that the BY10 tephra
comes either from previously unsampled Kamchatka volcano with
atypical magma composition or from another arc, e.g. from the
Western Aleutian Arc, where magmas originate at the conditions of
highly oblique subduction and small sediment flux into the mantle
wedge (e.g. Kelemen et al., 2003; Yogodzinski et al., 2015).

Our results provide another example of the earlier recognized
clustering of the Kamchatka explosive eruptions during the Holo-
cene time with a greater tendency to clustering for the largest
events (Gusev et al., 2003), the pattern also seen in the Holocene
global dataset (Gusev, 2008).

5.1.2. Late Pleistocene CKD volcanism

Tephra sequences in the northern part of our study area permit
us to constrain the periods of explosive activity from Baidarny,
Zarechny, Shiveluch and Bolshaya Udina volcanoes as well as ac-
tivity of local mafic volcanoes (Figs. 1 and 2). In addition, they
permit the dating of extensive megaplagiophyric basaltic tra-
chyandesite lava flows outcropping along the Kamchatka River,
which were produced from numerous monogenetic vents of the
regional fissure zone superimposed on the Plosky volcanic massif
(Supplement 4; Flerov et al., 2017). In Kliuchi sections, these lava
flows are directly overlain by Geys30 tephra so their age can be
estimated at ~30 ka, which is close to an earlier estimate of 30—40
ka by Melekestsev et al. (1974) based on fresh topography of the
lava surface and its relation with the LGM moraines. In the Pakhcha
valley, lava flows of similar composition are overlain by both glacial
tills or by lake deposits containing abundant glass shards from the
marker tephra triad. In Pakhcha, the contact of tephra sequence and
lava flows is not exposed, however, lava hummocks described in the
Pakhcha riverbed (Kushev and Liverovsky, 1940) suggest the same
young age of lava flows from the southern segment of the same
fissure zone as in Kliuchi (Fig. 1).
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Eruptions from Shiveluch volcano with tephra glasses compo-
sitionally similar to those from Young Shiveluch (presumably active
from ~12.7 ka to present, Pevzner et al., 2013; Ponomareva et al.,
2015) took place between ~27 and 17.5 ka (Fig. 8). This suggests
that the Young Shiveluch-type melts were typical for Shiveluch in
late Pleistocene as well, and thus what was thought to be the onset
of Young Shiveluch activity was in fact a renewal of Shiveluch ac-
tivity after a ~4.5 ka-long repose. The existence of a late Pleistocene
eruptive vent now obscured by the younger deposits was suggested
by Pevzner et al. (2018). The largest eruptions of the YSH-type
tephras with volumes of ~0.3 km? took place at 18.6, 21.6, 26.2,
and 26.3 ka (Fig. 8). Those were close to most of the Holocene YSH
tephras in tephra volumes and dispersal distance suggesting a
similar type of eruptive activity.

A specific low-K type of glasses from biotite-bearing Shiveluch
tephras associated with its glacial deposits matches middle Pleis-
tocene tephra WP11 (141158 ka) found in the Bering Sea deposits
(Derkachev et al., 2020), which suggests persistence of such melts
in the Shiveluch history. Similar to our late Pleistocene tephra, the
middle Pleistocene ash was also ejected during a cold marine
isotope stage (MIS6) suggesting a possible link between this type of
melts and glacial loading.

Late Pleistocene YSH-type of activity was succeeded by explo-
sive activity from Baidarny vents, which persisted between ~17 and
11 ka and likely lasted intermittently into the Holocene
(Ponomareva et al., 2015) or stopped at around 11.3 ka (Tolstykh
et al.,, 2015). This age estimate is close to an earlier estimate of
16—11.3 ka (Pevzner et al., 2013). This is the only continuous
episode of Baidarny activity since 30 ka BP, which might suggest
this timing for its formation on the slope of Old Shiveluch volcano
(Gorbach et al., 2013). Based on the dispersal of their tephras for
<120 km (Figs. 3 and 8), Baidarny eruptions had moderate size with
tephra volumes of <0.1 km?>.

The latest explosive activity from Zarechny volcano took place
between 21.5 and 17 ka along with the YSH-type eruptions (Fig. 8)
and was associated with Zarechny II volcano positioned in the
collapse crater of the older Zarechny I edifice. Our age estimate
significantly narrows an earlier suggested LGM age for Zarechny II
activity (Volynets et al., 1999a). Most of Zarechny eruptions had
moderate size with tephra volumes of <0.1 km>. Only one or two
Zarechny eruptions (ZR-1 and -2) were larger and dispersed tephra
to distances of ~190 km suggesting tephra volumes of ~0.2 km?>.

While Zarechny and YSH-type explosive activities are partly
overlapping in time (between 21.5 and 17.5 ka), Baidarny activity
succeeds both of them and is intercepted with only one distal SVK-1
tephra from Sredinny Range (Fig. 8). Only four Shiveluch eruptions
took place earlier than 25 ka BP, within the time interval dominated
by silicic VF and SR tephras. This might suggest asynchronous ac-
tivity from the CKD - and VF and SR volcanic zones.

All mafic tephras in the study area occur between 26 and 30 ka
BP (Fig. 8). In Kliuchi and Kozyrevsk areas, they record the eruptions
from at least four eruptive centers from local volcanoes (Fig. 15).
The oldest cinders below Gor28 likely record eruptions from the
regional fissure zone superimposed on the Plosky volcanic massif
and are probably related to the same eruptive episode as the lava
flows in Kliuchi and Kozyrevsk areas (type 2 glass in Fig. 15A and B).
Cindery package is composed mainly by Kliuchevskoi-type tephras
(type 3); as Kliuchevskoi is believed to form in Holocene (Braitseva
et al., 1995), this package suggests activity lasting for a few hundred
years from an unknown volcano with similar glass compositions. In
addition, glass types 1 and 4 likely record eruptions from Tolbachik
eruptive centers.

BY13 tephra in Kitilgina area likely records a large eruption from
Bolshaya Udina volcano at ~30 ka BP (Table 2; Fig. 8). This is the first
age estimate for the activity of this volcano.



V. Ponomareva, LE. Pendea, E. Zelenin et al.
5.2. Paleogeographic implications

Global warming at the late Pleistocene and Holocene boundary
caused dramatic and often rapid environmental changes. Abrupt
climatic changes of this time are strongly pronounced in polar ice
cores and marine sediments, but their effects in many terrestrial
environments are still insufficiently understood due to scarcity of
uninterrupted terrestrial records (e.g., Shakun and Carlson, 2010).
For example, the extent and dynamics of the last glaciation in
northeast Asia and the consequences of its decay for both land and
adjacent waters are debatable (e.g., Gualtieri et al., 2000; Grosswald
and Hughes, 2002; 2005; Brigham-Grette et al., 2003; Bigg et al.,
2008). Northwest Pacific marine sediments around Kamchatka
contain abundant ice-rafted debris (IRD) layers indicating large-
scale glaciation (e.g., Bigg et al., 2008; Niirnberg et al., 2011;
McCarron et al.,, 2020), as well as the evidence of repeated fresh
water pulses, presumably associated with the Kamchatka glaciers
decay (Gorbarenko et al., 2019). At the same time, terrestrial sedi-
ments that would provide a continuous and well-dated record of
Pleistocene-Holocene environmental changes, are quite rare, which
precludes the existence of a unified, consistent record of the dra-
matic environmental change during this time. Most existing studies
of late Pleistocene glacial fluctuations in Kamchatka reconstruct
two glacial stages (Braitseva et al., 1968; Melekestsev et al., 1974;
Barr and Clark, 2012; Barr and Solomina, 2014) during the last 75 ka
(Braitseva et al., 1995) or ~50 ka (Barr and Solomina, 2014). How-
ever, no robust age control for the terrestrial glacial deposits is
available. Our study provides the first chronological control for
glaciation-related deposits in the Central Kamchatka Depression
(Figs. 1, 2 and 4).

5.2.1. Tephrochronological controls on glacial deposits

In our study area, we encountered two different groups of glacial
deposits (Fig. 2B and C). The northern one is related to a large
glacier originating from the Shiveluch collapse crater and extend-
ing for ~50 km down its southern slope across the modern Kam-
chatka River valley (Melekestsev et al., 1974, 1991b). Kliuchi area is
located immediately southwest of its preserved moraine (Fig. 2B).
Glaciofluvial deposits in Kliuchi contain exclusively andesitic ma-
terial of Shiveluch affinity, reach thickness of >3 m and quickly
pinch out westwards (Fig. 3 and Supplement 2, Fig. S7). The
lowermost tephra layer on the top of these deposits is SH#61a
(Ponomareva et al., 2015) with a KamPlen-modeled age of ~12 Kka,
which provides an upper limit for these deposits (Figs. 3 and 8). The
lake deposits below the glaciofluvial package have been differen-
tially eroded so the youngest of the preserved underlying tephras -
SVK-1 (~14.4 ka, Fig. 3) — might be somewhat older than the
meltwater pulse.

The southern group of glacial deposits is exposed along the
Pakhcha River and features two tills and two packages of glacio-
fluvial deposits (Figs. 2C, 4 and 6; Supplement 2, Figs S8 and S9;
Kraevaya and Kuralenko, 1983). To date, this is the only place in
Kamchatka where two late Pleistocene tills mapped by various
researchers (e.g., Melekestsev et al., 1974; Barr and Clark, 2012; Barr
and Solomina, 2014) are exposed in the same sections. M1 till is
more massive and thicker, and extends farther than M2 (Kraevaya
and Kuralenko, 1983). The youngest tephra underlying the
younger M2 till is OSH-1 dated at ~18.6 ka; this date provides a
maximum estimate for the overlying M2 till. This means that the
maximum advance of the younger Pakhcha glacier occurred
somewhat later than the global LGM (24—18 ka BP; Mix et al., 2001).

The use of tephras overlying a glacial till in determining the age
of glacial events might be problematic as their set may vary in
different places due to various depositional conditions on the top of
melting ice. However, we note that the oldest marker overlying the
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M1 till in section K16-2 (OSH-3, Fig. 4) also directly underlies gla-
ciofluvial deposits in section K16-1 so this tephra might mark the
waning of the M1 glacier at ~26.2 ka. Both M1 till and lacustrine
deposits of the site K16-1 (where till is not present) overlie lava,
however, their contact with lava is not exposed. Presence of the
marker tephra triad glasses at the bottom of the lacustrine deposits
suggests that the lava might be close in age to the Kliuchi one so the
M1 till might be somewhat younger than 30 ka.

Clearly, our considerations are reconnaissance in character and
the Pakhcha valley tills might reflect a local glacial story rather than
a regional glaciation trend, however, our study provides the first
ever attempt of the deciphering of late Pleistocene glacial history of
the Kamchatka Peninsula with the help of tephrochronology.

Unlike the Pakhcha valley, the KamPlen site is located farther
from glacier-filled paleovalleys (Fig. 2B). Changes in the KamPlen
sedimentation rate might reflect changing climate/vegetation
conditions in the basin rather than sediment input from an indi-
vidual tributary. Sedimentation rate peaked at 24—21 ka and then
at 19—17 ka (Fig. 8), probably reflecting increased erosion in cold
times with reduced vegetation cover. Sharp increase of sedimen-
tation rate at the bottom of the sequence is an artifact of modeling
due to scarcity of model runs reaching bottom subsections (Bacon
manual, Blaauw and Chrisen, http://www.chrono.qub.ac.uk/
blaauw/manualBacon_2.3.pdf).

5.2.2. Was there a large MIS 2 paleolake in the Central Kamchatka
Depression?

Previous studies described lacustrine deposits in different parts
of the CKD. West of Kliuchi, such deposits were mentioned by
Gushchenko (1965). In the Pakhcha valley, lacustrine deposits were
described by Kraevaya (1977) and Kraevaya and Kuralenko (1983),
who provided details of their structure, grain size, and mineral
composition. A large massive of lacustrine deposits in the central
part of CKD was described by Kushev and Liverovsky (1940) and
Kuprina (1970). The latter study provides detailed description of
the deposits as well as their grain size, mineral composition, and
diatom assemblages. However, all these deposits have never been
properly dated or correlated among the sites, which hampered the
understanding of the extension of the lake basin.

Our longest tephra records in the Kliuchi, Pakhcha, and Kitilgina
areas date back to 27—30 ka BP and are tightly linked by tephra
markers (Fig. 8). In all these key sections - as well as in many
shorter ones in our study - tephra-bearing deposits are mostly
lacustrine in origin (Supplement 2, Figs. S2-S5). In this paper, we
present only selected sites where most of the tephras have been
analyzed, however, there are far more similar outcrops, which gave
us an idea of continuity of the lacustrine deposits. For example,
tephra sequences quite similar to that described in Kitilgina are
(site 937) are exposed north of this site, along the Kitilgina River
valley; sequences similar to KamPlen are exposed in other outcrops
in the Kliuchi area; and the Pakhcha valley provides almost
continuous outcrops of lacustrine and glacial deposits (Kraeveya
and Kuralenko, 1983). This suggests that almost for 20 kyrs dur-
ing MIS 2 most of the CKD functioned as a large lacustrine basin.
The top of the highest lake deposits measured in our study has an
elevation of ~150 m (Supplement 1). A 150 m isoline (Fig. 1) shows
the minimum extent of the lake system. As there are no significant
topographic barriers within the bounds of the reconstructed lake
basin (Fig. 1), we suggest that, at least during some periods of the
MIS 2, the CKD hosted a large, more or less continuous lake surface.
Based on mapped configuration of Stage I glaciers (Fig. 2A), we
suggest that an ice-dam is the most likely explanation for the
paleolake formation. These MIS 2 ice bodies gained ground be-
tween 50 and 30 ka BP (Barr and Solomina, 2014) and extended
around the Kliuchevskoi group and further north during this time
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(Melekestsev et al., 1974, Fig. 2A).

The existence of a large glacial lake in the CKD is not surprising,
as the depression is flanked on all sides by mountain ranges and has
a quasi-closed nature. This is supported by the documentation of a
large lake body within the CKD during the Middle Pleistocene
(Braitseva et al.,, 1968, 2005). What is somewhat surprising is the
apparent longevity of the MIS 2 glacial lake system (~20 ka), given
that glacier-fed lakes tend to be short-lived (Ashley, 2002) and the
host basin is volcanically and tectonically dynamic. This longevity
might be explained by a specific geomorphology of the CKD
pointing to highly constrained basin margin (Fig. 1), which would
not allow frequent lake discharge and thus an ephemeral lake
status. While the detailed spatial patterns of the Late Glacial ice
margin retreat has yet to be resolved, the age of our terminal
lacustrine deposits suggests that the MIS 2 glacial lake system in
the Central Kamchatka Depression has lingered well into the Late
Glacial and drained after the deposition of the ~12 ka SH#61a
tephra.

5.2.3. Did melting of the LGM ice trigger enhanced silicic volcanism
in Kamchatka?

Many authors agree that island-arc volcanic activity and large
silicic eruptions, in particular, tend to peak few thousands years
after deglaciation (e.g., Huybers and Langmuir, 2009; Kutterolf
et al., 2013, 2019; Watt et al., 2013; Rawson et al., 2016). At the
same time, a lack of well-resolved post-glacial volcanic records
from different arcs hampers constraining global patterns in volca-
nic response to deglaciation (Watt et al., 2013).

Our detailed MIS 2 tephra record for Kamchatka explicitly shows
that large silicic explosive eruptions peaked starting from at least
30 ka to 25 ka while the post-LGM deglaciation might have trig-
gered only moderate Zarechny and minor basaltic andesite Bai-
darny activity (Fig. 8). One of the major explosive centers, Shiveluch
volcano was active from at least 26.5 ka through the entire studied
period - and into the Holocene times - with the periods of waning
activity or quiescence from ~26 to 21.5 ka and from ~17.5 to 12 ka.

No large silicic eruptions have been found in our records in post-
LGM time until an earlier documented peak of explosive silicic
activity that started at ~9 ka BP (calibrated from Braitseva et al.,
1995). The only large explosive eruption, which is known for the
Late Glacial-early Holocene time, is PL2 from Plosky volcano. This
eruption occurred at ~10.2 ka BP and produced basaltic andesite-
andesite cinders with andesite glasses (Ponomareva et al., 2013).

The spectacular cluster of large silicic eruptions at 30—25 ka
includes those from both major Kamchatka volcanic zones, EVB and
SR, originating from both the southern (Gor28), central (Geys30)
and northern (Ber) parts of the Kamchatka arc. This cluster - as well
as massive lava outpouring from the regional fissure zone and
cindery eruptions from at least four centers - occurred soon after
the suggested 50—31 ka glacial advance (Barr and Solomina, 2014).
However, as our record starts only at ~30 ka BP we do not know the
start time of this eruptive cluster and cannot firmly link it to
deglaciation.

6. Conclusions

This study presents the first continuous late Pleistocene teph-
rochronological record from Kamchatka Peninsula (Russian Far
East) and one of the longest and best dated terrestrial tephra re-
cords in the North Pacific. This tephrochronological framework
extends the existing continuous Holocene record of Kamchatka
eruptions for ~20 millennia through the Last Glacial Maximum and
the Late Glacial and has the potential to considerably enhance the
integration of terrestrial and marine paleoenvironmental archives
across the North Pacific, Beringia and beyond. The key findings of
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our research are summarized as follows:

1) The LGM-Late Glacial tephra record from Kamchatka Peninsula
contains over 70 ash layers classified into two main groups: (1)
dominantly vitric distal ashes representing large explosive
eruptions from all major volcanic zones in Kamchatka, and (2)
crystal-rich tephras largely from local volcanoes in the CKD,
from both Kliuchevskoi and Shiveluch volcanic groups.

2) The Late Pleistocene tephrochronological model presented here
is based on eleven AMS radiocarbon age measurements and
contains 25 major tephra markers with an enhanced potential
for regional and hemispheric correlations.

3) The tephrochronological framework allows valuable insights
into local glacial history in the Kliuchevskoi volcanic group since
30 ka BP suggesting two glacial advance phases, at ~30 ka BP and
after ~18 ka BP.

4) The most important landscape feature of this period is a newly
proposed large glacial lake system that occupied over
10,000 km? of lowland between the Eastern and Sredinny
Ranges of Kamchatka and deposited thick tephra-bearing
lacustrine deposits over a period of almost 20 millennia until
its final drainage around 12 ka BP.

5) The high quality geochemical and tephrochronological data
presented here provide direct evidence for a nuanced Late
Pleistocene eruptive history in one of the most active regions of
the Pacific Ring of Fire. These data suggest a phase of strong
explosive volcanism that started prior to 30 ka and ended ~25 ka
BP, and was followed by a relative eruptive quiescence from ~25
to 21.5 ka BP and a moderate recrudescence from ~17.5 to 12 ka
BP. The largest (M > 6.5) eruption within the 30—12 ka interval
is associated with the Gorely eruptive center.
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