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LATE PLEISTOCENE-HOLOCENE CALDERA-FORMING EXPLOSIVE
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Caldera-forming explosive volcanism is the most dangerous natural hazard, which has
catastrophic consequences to the life, humans and their economic activities. The paper
presents a summary of published and original data on the late Pleistocene-Holocene
caldera-forming volcanism within the Great Kuril Arc (GKA) available to the recent times.
The published data reveal that formation of explosive calderas occurred throughout all
GKA segments in the late Pleistocene and Holocene. Most frequent it was in the Southern
and Central segments of GKA, where it meets the back arc Kuril Basin. The majority of
the studied calderas appeared in the late Pleistocene 50—12 Ka and early Holocene 8—6 Ka.
Intensive caldera-forming volcanism in GKA could be contemporaneous to similar events
in the East-Kamchatka Volcanic Belt and Southern Kamchatka. Caldera eruptions of GKA
in the late Pleistocene and early Holocene were linked to evolution of large reservoirs of
predominantly dacitic magmas, which were generated by partial melting of metabasitic
protholiths in the shallow crust (3—12 km) at 810-930°C. Rhyolitic melts of these magmas
were saturated with H,O, CO,, sulfur compounds, and probably other gaseous species.
This caused shallow degassing at the pre-eruptive stages of the magma reservoir evolution.
The study rises problems, which solution would provide a basis for effective prediction of

catastrophic volcano explosions and monitoring of active GKA caldera volcanoes.

Caldera, volcano, explosive volcanism, magmatism, Great Kuril Arc

INTRODUCTION

Explosive caldera-forming volcanism is believed to be
one of the most dangerous natural phenomena with cata-
strophic consequences for wildlife, humans and their
economic activities. It includes powerful explosive erup-
tions, accompanied by massive release of colossal
amounts of magma (from the first tens to thousands of
cubic km) and fragments of host rocks in the form of
clastic avalanches, pyroclastic flows and tephra; from
geological viewpoint they instantly (for hours or days)
form thick pyroclastic deposits. Input of new magma do
not compensate any more pressure drop due to rapid dis-
charge of magma chamber. As a result, the roof and/or
walls collapse inside the emptied space and a large de-
pression appears at the earth’s surface (Fig. 1). These de-
pressions are commonly referred to as explosive calde-
ras. They are contrasted with effusive calderas, which
formation are not related to explosions. Instead, it occurs
due to a lateral magma migration from the reservoir
[Cole et al., 2005]. The term ‘caldera’ has been actively
debated for a long time. By the present time, researchers,
who study this type of volcanism, accept the definition
given by H. Williams [Williams, 1941], who defined cal-

deras as large collapse depressions, more or less circular
or cirque-like in form, the diameter of which is many
times greater than any included vent [Leonov and Grib,
2004; Cole et al., 2005]. However, this definition leaves
the problem of the difference between caldera and large
crater unresolved. The boundary between them is recog-
nized as conditional and by different researchers is re-
garded by the lesser depression diameter, which varies
from about 1.6 to 2.5 km [Leonov and Grib, 2004].

The explosive calderas are concentrated predominant-
ly within the Pacific ‘Ring of Fire’. The Kuril-Kamchatka
Island Arc System is a part of it, including the Great Ku-
ril Arc (GKA), a chain of volcanic islands, stretching for
1200 km from the Kamchatka Peninsula, to the northern
margin of Hokkaido Island (Japan).

The development of the Russian Far Eastern regions
requires continuous operation of transport network, en-
suring rapid economic growth, and exploration of natural
resources. However, the active Kuril-Kamchatka Island
Arc System poses a threat of natural hazard on the is-
lands and unfavorable conditions for economic activity
across the Far Eastern region. In its northern part, in the
Kamchatka Peninsula, volcanic processes and phenome-
na are the subject of extensive multidisciplinary studies,

1



RUSSIAN GEOLOGY AND GEOPHYSICS, 2025, p. 1-19

a— . ——
Kipyaschee L.

o liherc bl

Dozomyiilsthmus:

Prevost Peak Vol.

IKoltceVoe)™

Fig. 1. Examples of the Great Kuril Arc calderas: a — the Go-
lovnin Caldera (Kunashir Island); b — the Lvinaya Past Caldera
(Iturup Island) (photo by L.A. Kirillova); ¢ — the Zavaritsky
Caldera Complex (Simushir Island) (photo by T.A. Kotenko);
d — the Tao-Rusyr Caldera (Onekotan Island).

volcanic and seismic activity is monitored using modern
instruments and methodology. The Holocene volcanism
of Kamchatka has been studied in sufficient detail, the
activity history of most eruptive volcanoes has been de-
ciphered, including those volcanoes which contain large
collapse calderas in their edifices (hereinafter we will
call them caldera volcanoes). The Kuril Islands are much
worse studied in this regard: after systematic geological
and geophysical work at the beginning of the second half
of the 20th century, the research activity has sharply re-
duced. In subsequent years, despite rapid development of
geochemical and geochronological methodology, the
geological investigations were extremely limited and car-
ried out not systematically. It should be noted that the
most powerful eruptions with the caldera collapses oc-
curred in the nearest geological past in the southern,
most populated and economically developed part of the
island archipelago. This is not far from economic centers
of the Russian Far East — Petropavlovsk-Kamchatsky and
Yuzhno-Sakhalinsk, as well as Vanino transportation
hub. Vladivostok, Nikolaevsk-on-Amur, Komsomolsk-
on-Amur are located at a distance of 1000—-1100 km from
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GKA caldera volcanoes. They may also suffer from ash-
falls produced by the most powerful (VEI > 5) eruptive
events. Air transportation routes connecting the coun-
tries of Southeast Asia with North America and various
regions of the Russian Far East run to the east and west
in vicinity of the Kuril Islands. Even moderately strong
explosive eruptions interfere with air traffic, while pow-
erful caldera-forming events can completely stop it. This
confirms the relevance of comprehensive study of the
Kuril Island Arc caldera volcanism.

Despite the high risk of catastrophic events, the Qua-
ternary caldera-forming volcanism in the Kuril Islands
and related phenomena were among the least covered by
scientific research and the attention of scientists. The
purpose of this work is to systematize and summarize the
data published in different years on the Quaternary cal-
dera-forming volcanism of the Kuril Island Arc, supple-
menting them with our scientific results obtained recent-
ly, as well as to demonstrate to the scientific community
the scale and relevance of the catastrophic explosive vol-
canism related problems in the region.

HISTORY OF STUDY OF CALDERA VOLCANISM
OF THE GREAT KURIL ARC

In the late 18th century, the Russian government sent
to the Kuril Islands the first volcanologic expedition to
document the impact of 1778 explosive eruption of Rai-
koke Volcano, which claimed the lives of 15 Russian fur
traders [Gorshkov, 1967]. The first volcanological survey
of the entire Kuril Island chain was conducted 100 years
later by a British volcanologist J. Milne [1878] during his
service for the Japanese Empire [Milne, 1879]. System-
atic studies of the Kuril volcanoes began in 1946, after
the Kuril Islands returned under the USSR control [Gor-
shkov, 1958; 1967]. During these years, the volcanoes
were described in general [Korsunskaya, 1956; Markh-
inin, 1959; Gorshkov, 1960; Ostapenko, 1970] and in
some cases — the products of their eruptions as well [Gor-
shkov, 1961; Ostapenko et al., 1967].

Following the works by G.S. Gorshkov [1958, 1960],
the next comprehensive description of the Kuril volca-
noes was given by [Erlich, 1986]. This work contains in-
formation about 27 calderas, but the author admitted that
original data were taken from the early catalogues, such
as [Gorshkov, 1958]. Following these publications, a de-
scription of active caldera volcanoes of the Kuril Islands
appeared in [Newhall and Dzurizin, 1988], which pro-
vided characteristics of only 11 calderas. These research-
ers also based mostly on the previous works of G.S. Gor-
shkov and E.N. Ehrlich. The most recent review on the
Kuril Islands volcanoes, including caldera volcanoes, is
presented in [Laverov, 2005]. Extensive studies of the
Kuril caldera volcanoes, as it will be shown below, were
conducted at the end of the 20th century. They were pre-
dominantly focused on the geothermal energy sources.
The works of [Erlich and Melekessev, 1974; Fedorchenko
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et al., 1989] summarized the key results on felsic volca-
nism, including temporal distribution of eruptive activity
in the Kuril Islands, deep structure beneath the centers of
felsic volcanism, chemistry and petrogenesis of magmas
involved. However, the region’s inaccessibility and sparse
population have hindered comprehensive studies of ac-
tive volcanism in the GKA. Consequently, fundamental
aspects of volcanic history, tectonic controls, and deep
magmatic processes associated with caldera-forming
eruptions remain poorly constrained. These research
gaps were further aggravated by the political and eco-
nomic challenges faced by the country during the late
20th and early 21st centuries.

AGE AND DISTRIBUTION OF THE QUATERNARY
CALDERAS OF THE KURIL ISLANDS

As evidenced by historical review, different researchers
have identified between 11 and 27 calderas within the
GKA. The latest published reviews on Kuril volcanoes
[Bazanova et al., 2016; Laverov, 2005] demonstrate that
single or nested calderas are the main morphostructural
elements in 21 volcanoes on the Kuril Islands. Fig. 2—4
show 18 volcanoes where calderas are clearly expressed in
the topography and/or their presence confirmed by an ap-
propriate pyroclastic deposits. A summary on these calde-
ras is provided in the Electronic Appendix, Table S1.

Traditionally, GKA is divided into three segments: the
Northern, which includes the islands between the First
Kuril Strait and the Kruzenshtern Strait; the Central —
between the Kruzenshtern and Bussol straits and the
Southern — between the Bussol and [zmeny straits [Gor-
shkov, 1967; Fedorchenko et al., 1989].

The Quaternary caldera volcanoes were identified in
all GKA segments, but they are unevenly distributed.
They are most abundant in the Southern segment (Fig. 2).
Here, seven calderas are clearly expressed on Kunashir
Island (Mendeleev and Golovnin calderas) (Fig. 1a) and
Iturup Island (Lvinaya Past (Fig. 15), Urbich, Tsirk, Ka-
mui, Medvezhya). According to [Bazanova et al., 2016],
the Medvezhiya caldera (10 x 9.5 km) is the largest sub-
aerial caldera of GKA. Iturup Island is the absolute lead-
er among the GKA islands in the number of subaerial
Quaternary calderas. A similar large submarine object is
the Gorshkov Caldera (9-p6.11 according to [Avdeiko et
al., 1992]), discovered in the area of the Chyornye Bratya
Islands. According to [Bazanova et al., 2016], its diame-
ter is 14 x 11 km. However, the study of Kuril Island Arc
submarine volcanoes indicates in this place two nested
calderas 15 x 20 and 7.5 x 11.5 km [Avdeiko et al., 1992;
Bondarenko and Rashidov, 2003]. A large submarine cal-
dera (15 x 9 km) supposedly is associated with Brough-
ton Island [Bazanova et al., 2016; Laverov, 2005].

The oldest dated GKA caldera is the Medvezhiya Cal-
dera on Iturup Island, 0.41 = 0.1 Ma [Ermakov and Stein-
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berg, 1999], (Ar-Ar). All other ages of such eruptions date
back to the end of the late Pleistocene (41-12.4 (*4C) Ka).
Outcrops of pumice tuffs reaching about 264 m in
thickness are known to the west of the Vetrovoy Isthmus
on Iturup Island [Laverov, 2005; Smirnov et al., 2019].
These rocks have been formed between 38,500 £+ 500 and
5,350 £ 50 y.a. (*C dating, after [Bulgakov, 2018]) or
42,400 £+ 700 and 6,120 + 80 cal. y.a., respectively (here-
inafter we give the values of the calendar age (cal. y.a.)
obtained by calibrating the radiocarbon age according to
[Bronk Ramsey, 1995] using OxCal v. 4.4.4 software (cl4.
arch.ox.ac.uk/oxcal.html) More accurate radiocarbon
dates of the eruption are not available. According to ther-
moluminescence dating, the eruption occurred 20,000 +
6,000 y.a. [Bulgakov, 2018]. With an estimated eruptive
volume (~ 100 km?, after [Melekestsev et al., 1988]), these
pyroclastic deposits correspond to the event, which is
comparable in magnitude to the most powerful explosive
eruptions of the Kuril-Kamchatka Volcanic System. Re-
cent finding of a dacitic pumice layer of 2,056 = 60 and
2,064 + 237 cal. y. a. [Bergal-Kuvikas et al., 2023] con-
firms the late Holocene activity of this volcanic center.
Caldera of Lvinaya Past Volcano on Iturup Island is one
of the youngest in the Southern segment. According to
[Melekestsev, 1974; Braitseva et al., 1995] it was formed
in the Holocene 9,400C y.a. (10,650 cal. y.a.). The recent
data by [Degterev et al., 2015], however, provides more
ancient ages — 12,260 + 220 and 12,360 + 170 cal. y. a.,
corresponding to the end of the late Pleistocene.
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While the land area in the Central segment of GKA is
substantially smaller than the Southern segment (Fig. 3),
both regions host comparable number of caldera volca-
noes. There are three subaerial calderas and 1 caldera
complex in Simushir, Rashua and Matua islands. The
largest of them are the calderas of Simushir Island with
diameters of about 67 km (Fig. 1c). A large submarine
caldera is supposed to exist in the area of Ushishir Is-
lands 8 x 6 km by [Laverov, 2005; Bazanova et al., 2016]
or ~5 km by [Bondarenko and Rashidov, 2018]. It is sug-
gested that the Central segment concentrates the maxi-
mum volume of erupted rocks when compared to other
GKA segments [Bergal-Kuvikas, 2015].

There are very few absolute dates on caldera-forming
eruptions in the Central GKA segment. According to
geomorphological evidence, most of them likely formed
during the late Pleistocene [Melekestsev, 1974; Bazanova
et al., 2016]. The Zavaritsky IV Caldera eruption on Si-
mushir Island has been assigned a Holocene age based on
its geomorphological features [Bazanova et al., 2016].
This estimate is consistent with ages obtained for tephra
from this eruption defined in distal soil profiles, which
range between 8.5 and 6.8 “C Ka (9,500-7,650 cal. y.a.)
[Nakagawa et al., 2008; Dirksen and Rybin, 2020]. The
Matua caldera of 3.5 x 5 km size was formed at the end
of late Pleistocene, about 11,500—12,000 y.a., by a partial
collapse of the pre-caldera volcanic edifice [Degterev et
al., 2012; Rybin et al., 2017].
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The Northern GKA segment (Fig. 4) differs from the
Southern and Central by the smallest number of late
Pleistocene-Holocene calderas. They represent the main
centers of the Quaternary volcanism on Onekotan Island.
Judging by geomorphology, the most ancient of them is
the Kryzhanovsky Caldera, which is no older than the
late Pleistocene [Laverov, 2005]. The latest caldera-form-
ing eruption of the Nemo caldera complex, called Nemo
I1, occurred at 24,500-25,000“C Ka (28,700 + 600 cal.
y.a.) [Melekestsev et al., 1997]. The youngest event on
Oneckotan is associated with the island’s largest volcanic
center — the Tao-Rusyr Caldera (Fig. 1d), 7,500 + 80 #*C
y. a. (8,400 cal. y.a.) [Melekestsev et al., 1974; Braitseva
et al., 1995].

Several publications declare calderas at multiple Kuril
sites — including Ketoy Island, the Grozny Ridge, At-
sonupuri Volcano, Chirip Peninsula’s volcano-tectonic
depression (Iturup), Kuntomintar and Sinarka (Shiashko-
tan), Kharimkotan Island, and Tyatya Volcano (Kunashir)
[Erlich, 1986; Rybin et al., 2015]. We do not discuss them
here because of their small sizes or because many identi-
fications remain morphologically or geologically unsub-
stantiated.

GEOLOGY OF CALDERAS

Detailed data on the structure and geologic setting of
Pleistocene and Holocene calderas on GKA islands are
much sparser than for the Eastern and Southern Kam-

chatka calderas. Currently, the most comprehensive in-
formation, including detailed geological maps and dia-
grams, as well as description of pyroclastic deposits, is
available for only two of them: the Nemo Caldera (One-
kotan Island) [Melekestsev et al., 1997] and the Med-
vezhiya Caldera (Iturup Island) [Ostapenko, 1970; Erma-
kov and Semakin, 1996; Ermakov and Steinberg, 1999].
However, scientific interest in the Medvezhiya Caldera
stems less from its formation mechanisms than from its
post-caldera evolution, particularly linked to the ore min-
eralization within Kudryavy Volcano’s crater and the oc-
currence of high-Mg basalts [Marynov et al., 2023; Kuz-
min et al., 2023].

The geologic architecture of caldera volcanoes typi-
cally comprises three principal elements: (1) pre-caldera
basement formations, (2) syn-caldera morphostructures
and deposits, and (3) post-caldera volcanic formations.

According to the position of relatively earlier volcanic
edifices (pre-caldera formations), the collapse calderas
related to eruption of intermediate and felsic magmas is
divided into those confined to the preceding volcanic
edifice or structure (Group B?) and those cutting different

! Calderas are classified after [Leonov and Grib, 2004]: Group A — cal-
deras of basalt volcanoes, Groups B—D — calderas of volcanoes of in-
termediate and felsic composition: B (in original Cyrillic version B) —
confined to one volcanic structure, C (in original Cyrillic version B) —
cutting several volcanic edifices, D (in original Cyrillic version I') —
calderas in areas where volcanism was absent or insignificant at the
pre-caldera stages.
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pre-existing volcanic structures (Group C) [Erlich, 1986;
Leonov and Grib, 2004].

The vast majority of GKA calderas belong to Group B.
They exclusively develop atop large single shield volca-
noes and stratovolcanoes, which represent pre-caldera
basement formations. The most prominent example of
these calderas is the Tao-Rusyr Caldera (Onekotan).
Group C includes large calderas, e.g. Medvezhiya (Itu-
rup), Mendeleev (Kunashir), Nemo (Onekotan). Typically,
they develop on erosion surfaces of the Neogene to Qua-
ternary volcanic edifices. In both cases, caldera formation
may be separated from preceding volcanism by prolonged
hiatus periods. For the Nemo Caldera complex, this peri-
od is estimated at ~ of 650 Ka [Melekestsev et al., 1997].
Comparable temporal gap (~ 600 Ka) supposedly sepa-
rates the last lava flows of pre-caldera shield volcano and
Medvezhiya Caldera formation [Ermakov and Steinberg,
1999]. Golovnin Caldera on Kunashir Island is probably
another representative of Group C calderas.

The Vetrovoy Isthmus (Iturup) holds a unique position
among the centers of caldera-forming eruptions in GKA.
Current interpretations suggest that the eruption produc-
ing thick pumice deposits in this area occurred within the
coastal paleoenvironment of the late Pleistocene shallow
marine strait, which separated ancestral islands corre-
sponding to the present-day Grozny Range and the Med-
vezhiy Peninsula [Afanasev et al., 2020]. Volcanic edi-
fices that can be attributed to the pre-caldera stage, ac-
cording to [Kovtunovich et al., 2002], presumably have
Pliocene-Pleistocene ages. Thus, significant temporal
gap separates them from the pyroclastic deposits. The
absence of distinct morphological features of caldera,
e.g. circular scarps, rounded or oval depression, etc., de-
spite a sufficiently large erupted volume, represents an
anomalous characteristic of this volcanic formation. This
is why the position of the eruptive center has not been
located yet. Various researchers place it either in the cen-
ter of the Vertovoy Isthmus [Gorshkov, 1967], or into the
Prostor Bay [Avdeiko et al., 1992; Laverov, 2005].

Available data indicate that both single calderas and
complexes including several nested calderas exist on
GKA islands. Examples of single calderas include the
Golovnin (Kunashir), Tao-Rusyr (Onekotan), Broughton
(Simushir) calderas. The complexes of the Nemo (Nemo I,
Nemo II and Nemo III) and Zavaritsky (Zavaritsky I, Za-
varitsky 1I, Zavaritsky III, Zavaritsky IV) volcanoes ex-
emplify the nested calderas [Laverov, 2005; Bazanova et
al., 2016]. Seismoacoustic and stratigraphic data show
that Lvinaya Past Volcano on Iturup Island also consists
of two nested calderas [Bondarenko, 1991; Degterev et
al., 2015].

During major explosive island eruptions, the majority
of pyroclastic material is deposited into marine environ-
ments, while terrestrial preservation tends to be fragmen-
tary and highly susceptible to erosion [Melekesysev et al.,
1997]. Caldera-forming eruptions generate eruptive mate-
rial comprising both proximal deposits (including mas-
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sive tuff and ignimbrite sequences, debris avalanche de-
posits, and ballistic ejecta) and distal tephra deposits, the
latter typically constituting a substantial proportion of the
total erupted volume. Thick proximal deposits are known
from Golovnin, Mendeleev, Lvinaya Past, Medvezhiya,
and Nemo III calderas. The thicknesses of proximal de-
posits can reach several tens or even hundreds of meters.
For example, in the Vetrovoy Isthmus (Iturup), the tuff
thickness reaches maximum elevations of about 260 m,
while their base remains below sea level.

Distal tephra from caldera eruptions can cover vast
areas exceeding tens and hundreds of millions of square
kilometers, creating widespread tephrostratigraphic
marker horizons both in terrestrial and marine sedimen-
tary records [Ponomareva et al., 2015]. However, for
GKA calderas, documented tephra findings in terrestrial
soils and deep-sea drilling cores remain limited to iso-
lated occurrences.

The distal tephra, compositionally similar to eruptive
products of the Zavaritsky Caldera (Simushir Island), has
been identified both in marine sediments from the central
Sea of Okhotsk [Derkachev et al., 2016] and terrestrial
soil deposits on the islands to the north of Simushir
[Dirksen and Rybin, 2018, 2020; Nakagawa et al., 2008].
This demonstrates tephra dispersal over a distance up to
700 km from the source. This tephra was supposedly also
found on Kamchatka [Dirksen and Rybin, 2020]. Distal
tephra of a major (VEI 4-5) eruption near Vetrovoy Isth-
mus (~2,000 y.a.) has been identified in the soil deposits
across the islands of the Southern and Central segments
of the archipelago [Bergal-Kuvikas et al., 2023]. This
tephra forms the distinctive CKr marker horizon, demon-
strating a dispersal range extending up to 400 km from
its eruptive source [Nakagawa et al., 2008]. The Nemo
Caldera tephra has been found in marine sediments of
the Sea of Okhotsk [Derkachev and Portnyagin, 2013].
Deep-sea drilling cores both from the Sea of Okhotsk
and in the Detroit seamount (Emperor Seamount Chain,
NW Pacific) contain ashes presumably related to the oth-
er Kuril Island Arc volcanoes [Ponomareva et al., 2023].

Extrusive domes formed by eruption of residual de-
gassed magma typically localized along ring faults, may
also belong to the syncaldera stage. The Mendeleev Cal-
dera exemplifies this process with more than 20 syncal-
dera domes extruding through its pumiceous pyroclastic
deposits [Kotov et al., 2023]. However, understanding of
extrusive syncaldera volcanism across the Kuril Island
Arc remains fragmentary and requires further detailed
geologic studies.

Post-caldera volcanism characterizes nearly all con-
sidered eruptive centers, with notable exceptions of the
Lvinaya Past, Urbich and Tsirk calderas on Iturup Island.
Following Leonov and Grib [2004] we consider the nest-
ed caldera formation as a part of the caldera-forming
stage. However, the final caldera (IV) formation at Zava-
ritsky Volcano (Simushir Island) resulted from the col-
lapse of a post-caldera edifice [Laverov, 2005]. Most
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GKA post-caldera volcanoes developed during the late
Pleistocene to Holocene (Electronic Appendix, Table SI),
with many remaining active today.

Post-caldera volcanic activity manifests through the
formation of stratovolcanoes and extrusive domes. All of
them are confined ether in the intracaldera depressions or
along the caldera rim structures. In the Medvezhiya and
Gorshkov calderas, this activity has produced complex
volcanic edifices that form mountain ranges within the
caldera depressions. The relatively small calderas on
Rasshua and Matua islands are barely distinguished in
the island topography due to being largely obscured by
the post-caldera edifices of Rasshua and Peak Sarychev
volcanoes.

MAGMA CHEMISTRY AND MAGMA STORAGE
CONDITIONS

Currently, it is a common knowledge that large-vol-
ume caldera-forming eruptions typically originate from
reservoirs containing highly evolved, volatile-rich silicic
magmas with elevated viscosity [Bachmann and Ber-
gantz, 2008]. The scales of caldera eruptions presume
that these reservoirs might contain from first to several
thousand cubic kilometers of such magmas. Consequent-
ly, pre-eruptive magmatic processes preceding caldera
formation should operate at substantial spatial and tem-
poral scales.

Compared to the geologic structure and eruptive chro-
nology of GKA calderas, their magma storage character-
istics and petrogenetic evolution remain significantly un-
derstudied. In their first review Erlich and Melekestsev
[1973] proposed, based on petrochemical evidence, that
felsic magmas in GKA calderas separate directly from
parental mantle-derived magmas at depths exceeding
15 km, thus excluding the crustal partial melting, as a
possible generation mechanism. This view has not been
questioned for a long time, since petrological and geo-
physical studies of GKA were limited. Advanced ana-
lytical techniques developed over past two decades yield-
ed new data inspiring a comprehensive reassessment of
felsic magma petrogenesis at the GKA.

The whole rock pumice and ignimbrite compositions
from the late Pleistocene—Holocene GKA caldera-form-
ing eruptions and electron-microprobe analyses (EMPA)
of their groundmass glasses are compiled in Electronic
Appendix, Tables S2 and S3. Currently, comprehensive
petrographic and geochemical data for the products of
GKA caldera-forming eruptions are available only for a
limited number of volcanic centers, notably the Men-
deleev Caldera [Kotov et al., 2023], the Lvinaya Past [Os-
tapenko et al., 1967; Smirnov et al., 2017], the Vetrovoy
Isthmus [Ostapenko, 1967; Smirnov et al., 2019], the
Medvezhiya Caldera [Ostapenko, 1970; Ostapenko et al.,
1967; Marynov et al., 2023)], the Zavaritsky Caldera [Os-
tapenko et al., 1967] and the Nemo III Caldera [Me-
lekestsev et al., 1997].

Deposits of caldera-forming eruptions are represented
by ignimbrites, as well as pumice, lapilli and ash tuffs.
Foreign researchers usually call any deposits of pumice
pyroclastic flows as ignimbrites, regardless of the degree
of their welding [Sparks et al., 1973; Giordano and Cas,
2021], thus giving the term a genetic sense. Nevertheless,
in this paper we will adhere to the division of pyroclastic
rocks into tuffs, which are characterized by a low weld-
ing degree, and ignimbrites — welded pyroclastic rocks
with fiamme structures [Luchitsky, 1971], giving the
term a more petrographic meaning. Ignimbrites are found
in sections of proximal pyroclastic deposits of the Med-
vezhiya, Zavaritsky and Nemo III calderas [Ostapenko,
1970; Ostapenko et al., 1967; Ermakov and Steinberg,
1999; Melekestsev et al., 1997]. Pumice tuffs are present
in all pyroclastic deposits without exception. Relation-
ship to caldera formation of intracaldera deposits of rhyo-
lithic pumice associated with the Menshyi Brat post-cal-
dera volcano in the Medvezhiya Caldera is uncertain.
However, since they are texturally, structurally and geo-
chemically close to pumice of caldera eruptions from
other GKA volcanoes, we will consider them together.

Fig. 5, 6 show whole-rock compositions of pumices
and ignimbrites from the Quaternary caldera-forming
eruptions in the GKA. We consider that pumice composi-
tions are better proxy for a magma chemistry, unlike ig-
nimbrites, which often contain a mixture of magmatic
(juvenile) and clastic (resurgent) components. The pre-
sented rocks exhibit a broad range from basalts to rhyo-
lites, with dacitic and rhyodacitic compositions predomi-
nating (average SiO, = 67 wt. %). Ignimbrites consistent-
ly show the lower silica contents, while pumices are more
silicic. The highest silica contents, according to available
data, occur in intracaldera pumices from Menshiy Brat
Volcano (Fig. 5). Notably dacitic tuffs of Golovnin Cal-
dera contain horizons of banded pumice featuring anor-
thite megacrystals and large olivine-anorthite inter-
growths. These pumices correspond to basalts and basal-
tic andesites — the most mafic samples in the available
dataset.

The ignimbrites and pumices from caldera eruptions
shown in Fig. 5b correspond to low- and medium-K se-
ries and cluster near the magnesian-ferroan boundary in
Fig. 5c. Samples from Iturup Island and the Nemo III
Caldera (Onekotan) plot near the low/medium-K transi-
tion (average K,O = 1.2 wt.%), while those from the Ku-
nashir Islands and Zavaritsky calderas (Simushir), ex-
hibit low-K characteristics (average K,O = 0.79 wt.%). In
all studied compositions sodium consistently dominates
among the main alkali metals (Na,O/K,0 > 2.4).

The most pronounced variations appear in Na,O and
particularly K,O contents. Samples from Kunashir and
Iturup islands display the lowest total alkali contents,
plotting within low-alkalinity field (Fig. 5@). In contrast,
ignimbrites of the Nemo III Caldera (Onekotan Island)
contain slightly higher alkali concentrations, placing
them in the lower portion of normal alkalinity field
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Fig. 5. Compositions of pumice and ignimbrites bulk rocks and groundmass glasses from GKA caldera eruptions (wt. %). Iturup
Island: 7 — pumice of the Vetrovoy Isthmus; 2 — pumice and ignimbrites of the Medvezhiya Caldera; 3 — pumice of Menshyi Brat
Volcano; 4 — pumice of the Lvinaya Past Caldera. Kunashir Island: 5 — pumice of the Golovnin Caldera; 6 — pumice of the Men-
deleev Caldera. Onekotan Island: 7 — pumice and ignimbrites of the Nemo III Caldera. Simushir Island: § — pumice of the Holo-
cene caldera eruption of the Zavaritsky Complex. a — whole rock compositions; b — groundmass glass compositions. Symbols: a:
I — basalt, II — basaltic andesite, III — andesite, IV — dacite, V — rhyodacite, VI — rhyolite, VII — low-alkaline dacite, VIII — low-
alkaline rhyodacite, IX — low-alkaline rhyolite; b: I — low-potassium series, II — medium-potassium series, II1I — high-potassium
series, IV — ultra-potassium series; /i TON — tonalite, TRD — trondhjemite, GD — granodiorite, GR — granite. Classification dia-
grams, according to the Petrographic Code [2009] (@), Rickwood [1989] (), Frost [2001] (c), Shand [1943] (d), Frost [2001] (e),
Barker [1979] (f).
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(Fig. 5a). Rocks from GKA caldera-forming eruptions
are enriched with CaO (averaging ~ 4 wt.%) at normal
and low total alkali contents, and therefore their compo-
sitions are classified as calcareous (Fig. Se).

The vast majority of compositions fall within the met-
aluminous field or cluster near the metaluminous-peralu-
minous boundary, with an average A/CNK ratio of 0.95
(Fig. 5d). Only a minor part of ignimbrites and pumices
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from the Zavaritsky, Golovnin and Medvezhyia calderas
exhibit peraluminous characteristics. As silica content
increases, the products of caldera-forming eruptions
(their compositions are shown in Fig. 6) are depleted in
FeO, MgO, CaO, Al,O; and enriched in K,0O, Na,O.

The chemical characteristics of ignimbrites and pum-
ices described above demonstrate that juvenile material
from caldera eruptions is compositionally similar to is-
land-arc and ophiolitic plagiogranites. These rocks cor-
respond to M-type granitoids [White, 1979] (Fig. 4f) that
typically form through melting of metabasic crustal sub-
strates.

The phenocryst assemblages in pumices consist pre-
dominantly of plagioclase (its composition varies over a
wide range, An,,_s), clinopyroxene (augite-diopside), or-
thopyroxene (hypersthene) and titanomagnetite. Ilmenite
is present occasionally. Quartz occurs only in the most
siliceous pumices. Amphibole phenocrysts — low-alumina
magnesian hornblende, were found in pumices from the
Lvinaya Past [Smirnov et al., 2017], the Matua (oral pre-
sentation by A.V. Rybin) and the Rashua [Gorshkov, 1967]
calderas. Relics of high-alumina magnesian hornblende,
tschermakite, and magnesiohastingsite were also identi-
fied within clino- and orthopyroxenes from the Vertovoy
Isthmus (Iturup) [Smirnov et al., 2019] and the Mendeleev
Caldera (Kunashir) pumices [Kotov et al., 2023]).

Bulk compositions of volcanic rocks offer preliminary
insight into magma chemistry. Pyroclastic rocks of ex-
plosive eruptions incorporate not only juvenile material
but also xenoliths of rocks through which magma as-
cends to the surface, and clastic debris derived from
fragmentation of the conduit walls and volcanic edifices.
Analysis of fresh groundmass glass and phenocryst-host-
ed melt inclusions, which preserve direct records of melt
compositions, are necessary for more precise constraints
on magma chemistry.

Recent studies have provided new melt inclusion data
from pumices of the late Pleistocene large caldera-form-
ing eruptions across GKA islands. They include analyses
from the Mendeleev (Kunashir Island) [Kotov et al.,
2023], Lvinaya Past (Iturup Island) [Smirnov et al., 2017]
calderas and dacitic pumice deposits in the Vetrovoy
Isthmus (Iturup Island) [Smirnov et al., 2019]. Published
groundmass glass compositions of caldera-forming erup-
tion rocks remain limited, encompassing dacitic pumice
from the Vetrovoy Isthmus and Lvinaya Past Volcano, as
well as intracaldera rhyolite pumice of the Medvezhiya
Caldera [Bergal-Kuvikas et al., 2023]. Individual ground-
mass glass analyses are also available for eruptive rocks
from Nemo III, Golovnin and Mendeleev calderas [Me-
lekestsev et al., 1997; Razzhigaeva et al., 2016].

Compositional data for naturally quenched vitreous
melt inclusions in pumice minerals of caldera eruptions
of the Southern GKA segment are summarized in the
Electronic Appendix, Table S4. Despite rapid quenching
conditions, melt inclusion glasses may exhibit composi-
tional deviations from the parental melts due to post-en-
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trapment crystallization onto inclusion walls. Fig. 7, 8
demonstrate significant compositional overlap between
groundmass and melt inclusion glasses, indicating con-
sistency between these two melt proxies. This suggests
minimal impact of post-entrapment crystallization on
compositions of melt inclusions, supporting their repre-
sentability for the mineral-forming melt chemistry (de-
tailed description of methodologies are presented in
[Smirnov et al., 2017; 2019; Kotov et al., 2021; 2023]). At
the same time, compositions of melt inclusions and
groundmass glasses substantially differ from bulk rock
compositions. In some cases, they belong to the evolu-
tionary trend with bulk rock compositions, but more of-
ten fall aside. The K,0-SiO, diagram in Fig. 9 shows a
comparison of groundmass glass compositions of the late
Pleistocene-Holocene GKA caldera eruption pumice and
ignimbrites with those from Hokkaido Island and ash
particles from the Sea of Okhotsk sediments [Razzhigae-
va et al., 2016; Derkachev et al., 2016].

With noticeable variations in pumice whole-rock com-
positions, the melt compositions of the Lvinaya Past Cal-
dera, the Vetrovoy Isthmus and rhyolite pumice of Men-
shyi Brat Volcano (Medvezhiya Caldera) vary in a very
narrow range of silica contents (Fig. 5), (SiO, ranges from
77.8 to 78.9 wt. %). Consistently with a wider range of
pumice compositional variations, this range is somewhat
wider for melts from the Mendeleev and Golovnin calde-
ras. Groundmass glass compositions of the Golovnin Cal-
dera pumice in Fig. 5 are divided into two groups; one of
them is similar in SiO, content to melt compositions from
Iturup Island and the Mendeleev Caldera eruptions, while
the other is much depleted in silica. The latter corresponds
to basaltic pumice from a pyroclastic profile on the south-
eastern outer slope of the caldera.

Comparative analysis of melt inclusions glasses, pum-
ice groundmass, and bulk rock chemistry reveals signifi-
cant enrichment in SiO, and alkalis (Na,O + K,0), cou-
pled with sharp depletion in CaO, Al,O;, MgO and FeO
in the melt relative to bulk rock data (Fig. 7).

The parental melts for silicic pumice phenocrysts cor-
respond compositionally to low- medium-K calcareous
rhyolites (plagioriolites) (Fig. 7). Among these, the Men-
deleev and Golovnin calderas melts demonstrate the most
K,O-depleted signatures. Iturup Island melts contain
systematically higher K,O contents than their Kunashir
counterparts. Among calderas of Iturup Island, the Ve-
trovoy Isthmus melts are the most K,O depleted, while
Lvinaya Past and Medvezhiya caldera melts demonstrate
K,O enrichment.

The findings of combined inclusions in magnesian py-
roxenes, represented by rhyolitic glass and amphibole
relics, along with significant compositional differences
between bulk-rock and melt inclusion glasses, as well as
low variability in FeO, MgO, and (in some cases) CaO
contents, led to an important conclusion. The formation
of melt prior to eruptions in the Vetrovoy Isthmus (Iturup
Island) and the Mendeleev Caldera (Kunashir Island) is
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likely associated with the peritectic reaction of amphi-
bole decomposition. This process resulted in the forma-
tion of peraluminous aluminous plagiorhyolitic melt, a
‘gabbro-noritic’ restite (composed of high-calcium pla-
gioclase, clinopyroxene, orthopyroxene, and magnetite),
and subsequent crystallization of the Ca-rich plagioclase
[Smirnov et al., 2019; Kotov et al., 2023].

The peritectic breakdown of amphibole is characteris-
tic of crustal melting during felsic magma formation.
The dacitic composition of caldera-forming magmas
(e.g., Vetrovoy Isthmus, Mendeleev Volcano Caldera, and
other late Pleistocene volcanoes) likely results from melt
mixing with restite minerals.

Estimates of partial melting conditions indicate that
these felsic magmas were generated in the upper island-
arc crust (depths <12 km) at temperatures of 810-930 °C
[Kotov et al., 2023].

Quartz and plagioclase crystallization tempertures are
estimated in the ranges that are similar to the estimates
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of partial melting at 830—890° C and < 2-3 kbar [Smirnov
et al., 2019; Kotov et al., 2023], i.e. within the depths
where the partial melting likely took place.

One of the most important factors contributing to the
development of powerful caldera-forming eruptions is the
fluid regime of the magmas involved in these processes.
The term ‘fluid regime’ refers to the conditions allowing
volatile components and fluid phases to exist and interact
within magmas. This includes pressure-temperature (P-T)
conditions, volatile speciation in the magma, and physical
states of fluid phases. The most detailed data shedding
light on the fluid regime of GKA caldera-forming erup-
tion magmas are reported in papers on eruptions in the
Vetrovoy Isthmus and in the Mendeleev Caldera [Smirnov
et al., 2019; Kotov et al., 2023]. The melts were volatile-
rich, dominated by H,O (up to 7.2 wt.%) and CI (up to
0.4 wt.%), while CO, and S occurred only in trace amounts
(less than 17 ppm and less than 179 ppm, respectively ac-
cording to [Kotov et al., 2023]).
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The presence of gas-rich fluid inclusions in plagio-
clase phenocrysts, less often in pyroxenes, indicates the
saturation of melts with fluid. These inclusions were co-
entrapped with melt inclusions and contain at room tem-
perature a diluted aqueous solution and low-density CO,
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gas, sometimes with small amounts of H,S. Detailed
studies of these inclusions [Smirnov et al., 2019] yield a
degassing pressure of ~0.9 kbar, corresponding to ~3 km
depth in the eruption source.
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The data indicate that both magma generation and res-
ervoir emplacement occurred within the upper island-arc
crust, with the storage zone situated immediately above
and in close proximity to the generation domain. These
shallow magma reservoirs hosted H,0-CO,-saturated
melts coexisting with a free fluid phase.

THE LATE PLEISTOCENE-HOLOCENE
CALDERA VOLCANISM OF GKA AND ITS
COMPARISON WITH CALDERA FORMATION
IN OTHER REGIONS OF THE WORLD

Geologic conditions of explosive caldera formation.
The most powerful explosive caldera-forming eruptions
of the recent geologic past are predominantly associated
with active continental margins (ACM) [Bachmann et
al., 2002 (Fish Canyon); Anderson et al., 2000 (Bishop
Tuff); De Silva, 1989 (Altiplano-Puna)]. To a lesser ex-
tent, they are also typical for volcanic island arcs. The
most powerful events occurred within the arcs with ma-
ture continental crust (ensialic arcs) [Hughes and Ma-
hood, 2008]. We define ‘mature’ continental crust as
earth’s crust comprising sedimentary rocks, metapelitic
and metabasitic regionally metamorphosed rocks and in-
termediate to felsic intrusive bodies [Vitte, 1981]. Exam-
ples of explosive calderas in ensialic volcanic arcs are the
Toba Caldera in Sumatra [Chesner, 2012] about 74 Ka the
Aira Caldera in Kyushu Island 22 Ka. [Aramaki, 1984]
and calderas in the Taupd volcanic zone in New Zealand

26.5 Ka [Wilson et al., 1984]. Comparably colossal events
in Russia took place in the Pleistocene — Holocene in the
Eastern and Southern Kamchatka volcanic zones [Le-
onov and Grib, 2004; Leonov and Rogozin, 2007; Voly-
nets et al., 1999; Ponomareva et al., 2004].

Volcanic arcs developing on oceanic crust (ensimatic
arcs) typically lack the substrates required to generate
large volumes of felsic magmas. Nevertheless, calderas
5-10 km in diameter occur in both subaerial and subma-
rine settings across numerous ensimatic arcs [Leat and
Larter, 2003; Stern, 2010]. For example, nine Quaternary
calderas were identified along the Izu-Ogasawara ensi-
matic Arc [Lizasa et al., 1999]. Numerous calderas form
in other similar island arcs. An example is the submarine
Hunga Tonga-Hunga Ha’apai Caldera (Tonga Arc), which
hosted the 21st century most powerful explosive but non-
caldera forming eruption (VEI ~ 6) [Poli and Shapiro,
2022]. This demonstrates that caldera volcanism may
commonly develop in arcs without continental crust.

Explosive caldera volcanism in the Pleistocene — Ho-
locene was typical for the entire GKA. Reliable correla-
tions between caldera distribution and crustal structure
remain limited by sparse data on the region’s deep struc-
ture and intrusive magmatism. Although crustal thick-
ness estimates [Proshkina et al., 2017] and exposed felsic
intrusions indicate continental crust both in Northern
and Southern segments, the distribution of Quaternary
explosion calderas shows striking asymmetry: abundant
in the Southern segment, but sparse in the Northern.
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Nevertheless, a significant number of explosion calderas
are concentrated in the Central GKA segment, where
continental crust is presumably absent. Therefore, any
direct correlation of explosive caldera formation and the
arc crust type remains questionable. Current models sug-
gest that ensimatic volcanic arc crust evolves composi-
tionally from initially oceanic-type characteristics to-
ward continental-type properties during arc maturation
- essentially forming distinct island-arc crust [Stern,
2010]. The development of felsic explosive volcanism in
the GKA provides a key evidence that it is a mature is-
land-arc. The composition and structure of its crust ex-
hibit transitional characteristics between the oceanic and
continental endmembers [Plechov, 2010].

Notably, the centers of caldera eruptions coincide with
the areas of the earth’s crust thickening along the eastern
margin of the Kuril back-arc basin. This could imply the
connection of the late Pleistocene caldera formation with
the development of the back-arc basin. Its activity ceased
approximately 16—17 Ma [Baranov et al., 2002]. Never-
theless, the spatial distribution of volcanism compared
with slab parameters across different GKA segments,
along with the magma geochemistry, suggests that these
processes continued to affect volcanism and caldera for-
mation in the Southern GKA and Hokkaido Island, even
during the Quaternary [Martynov et al., 2015; Bergal-
Kuvikas et al., 2024].

The development of dacitic explosive caldera volca-
nism at the end of the late Pleistocene and Holocene in
the Central GKA sector requires further detailed study,
taking into account that this part of the arc is anomalous.
The Earth’s crust in this region is thinner, with rift-like
structures transverse to the arc strike observed in the
Bussol Strait graben. Seismic structure of the earth crust
in the Central segment along with sporadic high-magni-
tude earthquakes despite its overall lower seismic activi-
ty compared to the Northern and Southern sectors may
potentially be linked to mantle diapir dynamics [Zlobin
et al., 2008; Bergal-Kuvikas et al., 2024]. Thus, in the
Central GKA segment, extensional conditions favorable
for explosive caldera-forming volcanism could develop,
as demonstrated by Leonov and Grib [2004] for the East
Kamchatka Volcanic Belt.

While available geochronological data indicate that
most Quaternary explosive calderas across GKA formed
in the late Pleistocene (<50 Ka), the sparse dating cover-
age prevents us from confirming this interval as the de-
finitive peak of explosive caldera-forming activity. The
older age obtained for the Medvezhiya Caldera indicates
that these events may date back to the mid-late Pleisto-
cene, consistent with geomorphology of caldera volca-
noes. Nevertheless, it is highly probable that the period of
active caldera formation in the GKA was contemporane-
ous with the peak caldera-forming activity in the East
Kamchatka Volcanic Belt and Southern Kamchatka. It is
noteworthy that Holocene explosive caldera formation
both in Kamchatka and GKA, e.g Tao-Rusyr Caldera in
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Onekotan Island [Melekestsev et al., 1998] and, the last
calderas of the Zavaritsky Complex in Simushir Island
occurred nearly simultancous, with ages clustering at
8—6 Ka.

The persistence of late Holocene to recent volcanic ac-
tivity within some GKA calderas indicates that their
magmatic systems remain active today. This necessitates
enhanced monitoring employing integrated geophysical,
geochemical, and satellite-based approaches.

Composition of magmas, conditions of their gener-
ation and storage. Our analysis of magma storage con-
ditions of the southern GKA caldera-forming eruptions
shows close similarities to well-documented systems in-
cluding Toba (74 Ka), Santorini (3.6 Ka), Katmai (1912
AD), and Pinatubo (1991 AD). These systems share up-
per-crustal storage depths (3—10 km) and temperatures
(750-1,000 °C) [Hammer et al., 2002; Borisova et al.,
2005; Chesner and Luhr, 2010; Cadoux et al., 2014; Geshi
et al., 2020]. Petrologic evidence confirms that some cal-
dera-forming eruptions were triggered by hotter mafic or
andesitic recharge of felsic magma reservoirs [Sparks et
al., 1977; Simon et al., 2014].

Modern local seismic tomography of Pleistocene-Ho-
locene calderas at convergent margins typically reveals
small shallow magma reservoirs at depths of 2—15 km
[Huang et al., 2015, 2018; Kasatkina et al., 2022; Koula-
kov et al., 2023; Giacomuzzi et al., 2024]. Most of them
represent either remnant chambers from caldera-forming
events, or newly formed reservoirs beneath post-caldera
stratovolcanoes. Notable exceptions include large, poten-
tially active systems like Yellowstone and Campi Flegrei,
where seismic tomography detects voluminous melt ac-
cumulations capable of future caldera-scale eruptions
[Huang et al., 2015; Giacomuzzi et al., 2024].

Felsic magmas generating caldera-forming eruptions
are typically enriched in water, with melts containing
from 2 to 8 wt.% of H,O, which, along with the above-
mentioned estimates of the storage depth and pressures,
suggest a nearly aqueous fluid saturated state. Elevated
water contents and presence of a fluid phase in the calde-
ra-forming eruption magmas were repeatedly confirmed
by fluid and melt inclusion studies [Plechov et al., 2010;
Borisova et al., 2014; Smirnov et al., 2019]. Shallow (~
3km) magma degassing may become an independent cal-
dera eruption trigger. The released fluid expands dramati-
cally, generating overpressure at the reservoir roof. This
result in a roof rupture and initiates runaway decompres-
sion degassing, violent magma fragmentation and the
catastrophic expulsion of a fluidized mixture of magmatic
melt, crystals and shattered host rocks through multiple
vents and ring faults. Data on fluid regime of GKA calde-
ra-forming eruptions could form the basis for a predictive
scientific framework for this type of events. Our research
demonstrates that even eruptions with comparable mag-
ma reservoirs (Lvinaya Past Caldera and Vetrovoy Isth-
mus, Iturup Island) can diverge radically in water dynam-
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ics, challenging assumptions about uniform pre-eruptive
volatile behavior [Smirnov et al., 2017, 2019].

Caldera formation at convergent plate boundaries is
nearly universally linked to eruptions of felsic magmas —
specifically of dacitic, rhyodacitic and rhyolitic composi-
tions [Bergal-Kuvikas et al., 2019]. Moreover, the vol-
umes of eruptions suggest batholith sized reservoir vol-
umes [Annen, 2009].

Fractionation of more primitive, frequently mafic
magmas, variably modified by crustal assimilation [Gill,
1981; Gertisser and Keller, 2005; Volynets et al., 1999],
and partial melting of crustal rocks [Laube and Springer,
1998; Beard and Lofgren, 1991; Atherton and Petford,
1993; Haraguchi et al., 2017] are regarded as the domi-
nant mechanisms generating felsic magmas. Fraction-
ation of mafic and intermediate magmas seems to be pre-
dominant, since volcanoes at convergent plate boundaries
erupt generally andesitic and basaltic lavas and pyroclas-
tics. Nevertheless, generating evolved silicic melts in arc
settings would demand an implausibly high degree (70—
85%) of fractional crystallization from primitive parent
magma [Kawamoto, 1996; Nandedkar et al., 2014]. Large
volumes of felsic caldera-forming eruptions, thus, chal-
lenge in many cases geological viability of fractional
crystallization, even if it involves a crustal rock assimila-
tion, as a sole petrogenetic mechanism.

In ACM settings, the presence of metapelites and pre-
existing felsic-intermediate intrusive rocks provides un-
questionable potential for generating significant volumes
of felsic melt through a crustal anatexis. However, in the
island arcs like GKA, producing voluminous silicic melts
appears geochemically difficult due to the dominantly
mafic, i.e. lower SiO,, Al,O;, Na,O and K,O contents,
compositions of the crustal rocks.

Mineralogical and fluid/melt inclusion studies of pum-
ice from powerful caldera-forming eruptions on Iturup
and Kunashir islands indicate that magma-generation in-
volved dehydration melting of amphibole-bearing me-
tabasic rocks in the upper part of arc crust, producing
plagiorhyolitic melts and ‘gabbronoritic’ restite. The evo-
lution of this magma involved subsequent crystallization
of new plagioclase from melt and late-stage quartz crys-
tallization. The consistency of these processes across di-
verse island-arc caldera systems implies that they may
constitute a universal mechanism for both generation and
subsequent evolution of large-volume silicic magmas in
island arc environments [Kotov et al., 2023].

However, assuming low felsic melt productivity (10—
20%) of metabasic rock anatexis [Beard and Lofgren,
1992; Gao et al., 2016], forming large magma reservoirs
requires long-lived thermal influence on the crustal rocks
to permit incremental accumulation of melts or existence
of massive melting domains to compensate low yield.
Thermomechanical modeling demonstrates that repeat-
ing injections of intermediate-composition dikes into the
arc crust can facilitate either incremental partial melt ac-
cumulation over multiple intrusion events [Annen and

Sparks, 2002], or thermal priming of lower crustal rocks,
enabling partial melting [Petford and Gallagher, 2001].
This should generate sufficiently large felsic melt vol-
umes at geologically viable timescales. The timescales
required for the formation of magma reservoirs beneath
GKA caldera volcanoes remain poorly constrained by
current data. Thermomechanical modeling suggests that
the development of a crustal magma reservoirs capable of
fueling large explosive eruption requires 10°-10¢ years
[Petford and Gallagher, 2001; Karakas and Dufek, 2015].
However, total active lifespans of magma reservoirs
feeding the caldera-forming eruption in the GKA remain
largely unknown. Recent findings from the Vertovoy
Isthmus reveal that the magma system, which was likely
responsible for formation of late Pleistocene pumice de-
posits, remained active as recently as ~2,000 years BP,
producing another powerful eruption (VEI about 4-5)
[Bergal-Kuvikas et al., 2023]. This necessitates assess-
ment of possible consequences of such eruptions and vol-
canic hazards associated with caldera volcanoes in the
Southern GKA sector. Furthermore, recent seismic to-
mography data reveals high Vp/Vs anomaly in the central
part of Iturup Island at a depth ~5 km. This anomaly may
represent remnants of magma and/or fluid accumulations
that likely fed both explosive eruptions in the Vetrovoy
Isthmus area [Koulakov et al., 2024].

CONCUSIONS

The review demonstrated that caldera-forming erup-
tions occurred throughout all GKA segments in the late
Pleistocene and Holocene. They were most frequent in
the Southern and Central segments — particularly where
the volcanic arc meets the back-arc Kuril Basin. Explo-
sive caldera volcanism was significantly weaker in the
Northern segment and entirely absent on Paramushir Is-
land (the region’s second largest island). The reasons of
this spatial variability remains unclear and require fur-
ther detailed study.

The currently available geochronological data are in-
sufficient to build a comprehensive timeline of GKA cal-
dera-forming eruptions during the Quaternary period.
However, they suggest that it could be divided into two
possible stages, similar to Quaternary calderas in East
and South Kamchatka volcanic belts: the most intense at
the late Pleistocene (50—12 Ka), and the less intense in
the early Holocene (8—6 Ka). The possible powerful cal-
dera-forming eruptions at earlier dates and prolonged
Holocene activity may have occurred but remain uncon-
firmed. To clarify the GKA caldera volcanism chronolo-
gy, expanded paleovolcanologic and geochronologic re-
search, including a detailed analysis of the proximal py-
roclastic deposits and correlation of distal tephra layers
in terrestrial and marine records around GKA islands,
are necessary.

Caldera-forming eruptions, even smaller ones, repre-
sent high-impact events with multi-scale environmental
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consequences. Proximal pyroclastic density currents and
massive ashfalls can completely obliterate existing eco-
systems, sometimes including the flora and fauna extinc-
tions. Distal impacts involve stratospheric volcanic ash
and aerosol loading, which may cause a global radiative
forcing ultimately decreasing average annual tempera-
tures (the effect of the ‘volcanic winter’). Systematic study
of the GK A caldera eruption impacts on ecosystems could
significantly refine modern volcanic risk models.

Recent advances in petrological research suggest that
the formation of GKA calderas in the late Pleistocene and
Holocene was linked to large felsic magma reservoirs de-
veloped in the upper island-arc crust (3—12 km). The dom-
inant dacitic compositions exhibit clear petrogenetic af-
finities to M-type granitoids [White, 1979], which form
primarily through partial melting of metabasitic upper
crustal rocks at temperatures below 950 °C. The mecha-
nisms and spatial-temporal scales of felsic magma gener-
ation in the upper GKA island-arc crust remain poorly
constrained and require further systematic study. This
process may be driven by prolonged (~1 Myr) repetitive
intrusions of high-temperature basic to intermediate mag-
mas into the arc crust. Detailed analysis of post-caldera
volcanic products could provide critical insights into
crustal melting triggers and melt extraction processes.

Existing data remains insufficient to characterize the
present-day state of magmatic systems capable of pro-
ducing catastrophic caldera-forming eruptions due to
sparse monitoring data. Establishing seismic monitoring
networks and advancing tomographic imaging tech-
niques on caldera volcanoes, creation seismic tomogra-
phy models of their feeding systems are prerequisite for
development effective early warning systems and miti-
gating risks associated with their potential reactivation.

Rhyolitic melts of dacitic magmas in caldera-forming
eruptions were typically saturated with H,O, CO,, sulfur
species and, likely, other volatile components. This vola-
tile enrichment promoted extensive degassing during
pre-eruptive magma evolution. Available constraints in-
dicate that these processes predominantly occurred at
shallow crustal depths (~3 km). However, some uncer-
tainties persist concerning influence of volatile compo-
nents on the entire process of preparing of catastrophic
eruptions. The early stage degassing in the magma reser-
voir could serve as an independent trigger for a powerful
explosive eruption and caldera collapse. There is also no
complete certainty in understanding the sources of vola-
tile components: dehydration partial melting of the crust-
al rocks or degassing of deep magmas. Resolving these
questions requires further detailed research in petrology
of GKA felsic magmas and fluid behavior in the magma
reservoirs of caldera-forming eruptions.
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