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ARTICLE INFO ABSTRACT
Article history: A tephrostratigraphic and petrological study of the Chikurachki (1816 m)-Tatarinov-Lomonosov volcanic
Available online 19 July 2011 chain (CTL volcanic chain) and Fuss (1772 m), located at the southern part of Paramushir Island in the

northern Kurile Islands, was carried out to reveal the explosive eruption history during the Holocene and the
temporal change of the magma systems of these active volcanoes. Tephra successions were described at 54
sites, and more than 20 major eruptive units were identified, consisting of pumice fall, scoria fall and ash fall
deposits, each of which are separated by paleosol or peat layers. The source volcano of each recognized
tephra layer was confirmed by correlation with proximal deposits of each eruption center with respect to
petrography and whole-rock and glass chemistry. The age of each layer was determined by radiocarbon
dating and the stratigraphic relationship with the dated, widespread tephra from Kamchatka according to
the thickness of paleosols bracketed between tephra layers. The Holocene activity in this region was initiated
by eruptions from the Tatarinov and Lomonosov volcanoes. After the eruptions, the Fuss and Chikurachki
volcanoes started their explosive activities at ca. 7.5 ka BP, soon after the deposition of widespread tephra
from the Kurile Lake caldera in southern Kamchatka. Compared with Fuss located on the back-arc side,
Chikurachki has frequent, repeated explosive and voluminous eruptions. Whole-rock compositions of the
rocks of the CTL volcanic chain and Fuss are classified into medium-K and high-K groups, respectively. These
suggest that magma systems beneath the CTL volcanic chain and Fuss differ from each other and have been
independently constructed. The rocks of the Chikurachki volcano are basalt-basaltic andesite and have
gradually evolved their chemical compositions; when graphed on a SiO,-oxide diagram, these form smooth
trends from mafic to more felsic. This suggests that the magma system evolved mainly by fractional crys-
tallization. In contrast, matrix glass chemistries for Fuss pumices are distinct for each eruption and show
different K»0 levels on a Si0,-K,0 diagram. This implies that the magma system of Fuss has been frequently
replaced. Both volcanoes have been active under the same subduction system. However, the Chikurachki
volcano will continue eruptive activity under a stable magma system with a higher magma discharge rate,
whereas Fuss may continue construction with an intermittent supply of distinct, small magma batches.

© 2011 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction the cluster (or chain) and geochemical data on erupted magma are
fundamental data needed to discuss the processes of subduction-

Volcanoes in an arc-trench system usually form a volcanic related magmatism. The powerful tools of tephrochronology,
cluster and/or chain (Tamura et al., 2002). Formation processes of combined with the geochemical fingerprinting of tephra layers, can
construct the eruptive history of a volcanic region (e.g., Braitseva
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proximal deposits of each volcanic center in a volcanic region can
be used to identify a tephra layer from each adjacent volcano (Bice,
1985; Kutterolf et al., 2007; Hasegawa et al., 2009). These studies
could reveal the temporal and spatial evolution of the volcanic
activity and magma system at each eruption center.

The Kurile Islands, the adjacent Kamchatka peninsula and
Japanese Islands make up one of the earth’s most active regions in
which subduction-related phenomena occur, including earth-
quakes and volcanic eruptions. More than 48 Holocene volcanoes
are situated in the Kurile Islands, 30 of which have erupted during
historical time with several occurrences of explosive eruptions
(more than VEI=4) (Gorshkov, 1970; Siebert and Simkin, 2002).
According to the core survey of marine sediments in Pacific Ocean,
frequent explosive eruptions have continued in the region at least
since the Pliocene (Cao et al., 1995; Prueher and Rea, 2001).
However, the correlation of each ash layer in the cores with the
source volcano and/or volcanic region in the islands has not been
adequately clarified. Although the general geological structure and
eruption history of each island has been already reviewed by
Ostapenko et al. (1967) and Gorshkov (1970), systematic and
extensive tephrostratigraphy and tephrochronology remain
unclear except for the studies focusing on recent explosive erup-
tions of extremely active volcanoes (Tyatya volcano (Fig. 1):
Nakagawa et al., 2002; Chikurachki volcano: Belousov et al., 2003).

This paper presents the Holocene tephrostratigraphy for the
southwestern part of Paramushir Island in the northern Kurile
Islands, where the Chikurachki, Fuss and several other active
volcanoes have exhibited repeated explosive eruptions and lava
effusion. In addition to field observations and the petrographical
description of each tephra layer, geochemical analyses of rock
samples and AMS radiocarbon analysis were performed to examine
the frequency of explosive eruptions and the evolution of magma
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systems at each volcanic center. Investigations revealed the
systematic temporal and spatial changes of the modes, scales and
frequencies of eruptions of each active volcano, in addition to the
temporal evolution of the magma systems.

2. General geology

Four active volcanoes, Chikurachki, Tatarinov, Lomonosov and
Fuss, are located on the southern part of Paramushir Island in the
northern Kurile Islands, where the westward subduction of the
Pacific plate under the North American Plate occurs. The former
three volcanoes form an NNE—SSW trending volcanic chain, (Chi-
kurachki-Tatarinov-Lomonosov (CTL) volcanic chain) at the north
end of the Karpinsky Ridge (Fig. 1, Fig. 2a). Fuss is a unique, isolated
peak, forming a distinct peninsula near the southwest coast of the
island (Fig. 2b). Neogene basement rocks, primarily composed of
volcanic rocks, are widely distributed on the southern and eastern
side of the volcanic area (Nemoto and Sasa, 1960). Holocene
eruptive deposits from these volcanoes cover the Pleistocene
volcanic rocks that are exposed at the foot of these volcanoes
(Fig. 3).

The Chikurachki volcano (1816 m) is the highest volcano on
Paramushir Island and the third highest in the Kurile Islands. The
volcano is a quite active, basaltic-andesitic stratovolcano that has
exhibited explosive eruptions more than 10 times since 1853
(Belousov et al., 2003; Gurenko et al., 2005; Girina et al., 2008).
These historical eruptions comprise two dominant eruptive styles:
plinian (1853 and 1986) and strombolian (others) (Ovsyannikov
and Muraviev, 1992; Belousov et al., 2003). The Tatarinov and
Lomonosov volcanoes, adjoining Chikurachki on the south, are also
stratovolcanoes with summit craters and lava domes (Fig. 3). These
edifices are slightly eroded compared with that of Chikurachki,
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Fig. 1. Index map showing the location of Paramushir Island, the distribution of Holocene volcanoes and the studied area.
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Fig. 2. Photographs of the Chikurachki and Fuss volcanoes from the base camp (BC), the location of which is shown in Fig. 3. (a) Easterly view of the erupting Chikurachki volcano
taken on 8 September 2007. The Tatarinov volcano is the highest peak of this photograph, 3 km south (right) from Chikurachki. (b) Westerly view of Fuss.

155'20' 00" E

| | point 0
‘ Belousov et al., 2003

155'30’ 00" E

50°20° 00" N 1

50°15" 00" N -

CTL Volcanic chain Fuss Volcano

I:l Alluvium and Talus deposits, Young Chikurachki
Peat land eruptive deposils @ Lava flow

Fan and Terrace deposits  Tatarinov eruptive deposits - Fuss eruptive deposits

[ | Lomonosov euptive deposits @ Crater

Holocene

Pleistocene

- Pleistocene volcanic eruptive deposits . Survey Point
° g BC
i * Base Cam
g 2 - Neogene Volcanic rocks P
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and sampling are also shown. In addition, Section 0 described by Belousov et al. (2003) is shown (see Fig. 15). The contour interval is 100 m.
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suggesting their ages date from the latest Pleistocene to the Holo-
cene. Lava flow from Lomonosov preserves its primary surface
morphology and extends more than 7 km westward from the crater
reaching the main river (Krasheninnikov River: Fig. 3). This lava
flow has been described by Gorshkov (1970) as a Holocene eruptive
product.

The Fuss peak (1772 m) is located about 17 km west at the back-
arc side of the CTL volcanic chain (Fig. 3). The volcano is an
andesitic-dacitic stratovolcano with numerous well-preserved lava
flows and summit craters. A high content of hornblende phenocryst
characterizes the rocks from the volcano, a feature uncommon to
the rocks of the CTL volcanic chain (Gorshkov, 1970). Only one
authentic (and strongly explosive) historical eruption took place in
1854 (Gorshkov, 1970).

3. Techniques and conventions
3.1. Field procedures

A geological survey was performed for 12 days over an area of
80 km? (Fig. 1), including both the western part of the CTL volcanic
chain and the eastern foot of Fuss (Fig. 3). Numerous stratified tephra
layers overlie the thick lahars and debris avalanche deposits that lie
at the base of sections along the Krasheninnikov River (Figs. 4c and
5). The Lomonosov lava is interbedded with these tephra layers. The
tephra succession, particularly the stratigraphic relationships and
tephra dispersals, was described at 54 outcrops in this area. As
a result, more than 40 units of volcaniclastic deposits including
pumice fall, scoria fall and ash fall deposits and products of small
phreatic eruption with accretionary lapilli and reworked deposits
were identified. These units vary in size, from a few centimeters to
several meters in thickness. The focus was on 27 units that are
widely distributed in the studied area. The following parameters
were measured for each eruptive unit: total thickness, average
diameter of the three largest clasts and grain size for ash layers
(grain-size divisions are those of Wentworth, 1922). Interbedded
paleosol or peat layers represent significant dormancy periods.

Tephra correlations are based on lithofacies (e.g., types of
juvenile materials, sedimentary structures), stratigraphic positions
and thickness, modal and chemical compositions of juvenile
materials and radiocarbon dates. To determine the source volca-
noes of these tephra layers, the correlations between the distal
tephra layers and proximal deposits (tephra and lava) from each
volcano were investigated on the basis of petrological features,
such as mineral assemblage and whole-rock and matrix glass
chemistry. Minimum approximate volumes of air-fall deposits were
estimated from the single isopach using the method of Legros
(2000). Volumes of lava and pyroclastic flow deposits were also
calculated from their estimated minimum distribution areas and
average thicknesses.

3.2. Laboratory procedures

Microscopic observations and modal analyses (approximately
2000 points on a thin section) of juvenile materials in each unit
were completed. Glass compositions of selected thin sections were
determined by the SEM-EDS system (JEOL JSM-T330A + LINK ISIS).
Operating parameters were set at 15 kV for the accelerating voltage
with beam diameter of 5 um and count rate of 2.0 kcps for 180 s.
Some scoria samples with microlite-rich matrix were analyzed by
broad 10—50 pm beam. Corrections of the analyses were made
according to the ZAF method. Five to ten glass composition analyses
per sample were performed. Whole-rock compositions of major
and trace elements were determined by X-ray fluorescence (XRF),
using PANalytical Magix Pro. Washed and dried rock samples were

powdered using an agate mill. In the case of units containing small-
sized pumice or scoria, several clasts (>1cm in diameter) were
combined to make rock powder for a glass bead. A XRF analysis of
the fine-grained layer (<1 cm in diameter) was not performed. In
the following part, water-free and normalized major element
chemistry of glass shards and whole-rock was used.

New radiocarbon dating using accelerator mass spectrometry
(AMS) was performed at the Institute of Accelerator Analysis Ltd,
Japan. Seven peat and brown soil samples below or above volca-
niclastic products were processed. The resulting radiocarbon ages
(BP) were also calibrated into calendar years before present (cal BP)
using the Calib 5.0 program (Stuiver et al., 2005). The calibrated
ages are shown in Table 4.

4. Tephrostratigraphy
4.1. Descriptions of each layer

On the basis of lithofacies and petrographic features, the
observed tephra units can be divided into four series in the field as
follows: Olivine-pyroxene scoria (OSC), Hornblende pumice (HPM),
Pyroxene pumice (PPM), and distal fine ash layers. Eleven OSC
layers (OSC1—11, in descending order), eight HPM layers (HPM1-8),
three PPM layers (PPM1—3), and two distal ash layers (yellowish
ash, YA, and greenish ash, GA) were identified. These tephras are all
air-fall deposits except for PPM1. The PPM layers were recognized
beneath the Lomonosov lava, whereas the OSC and HPM ones are
commonly located above the lava flow. In general, the lower part of
the outcrops is rich in HPM layers, whereas OSC layers gradually
dominate towards the top (Fig. 5). The detailed facies of each layer
are described below.

4.1.1. Tephra layers

4.1.1.1. Olivine-pyroxene scoria layers (OSC layers). Observed at the
sections close to Chikurachki, olivine-pyroxene scoria layers
(0SC1—11) are blackish, well-sorted and mantle-bedding pyro-
clastic fall deposits composed of clast-supported scoriae. Juvenile
materials (scoria) are poorly vesiculated, angular to sub-rounded in
shape and characterized by the presence of olivine and clinopyr-
oxene phenocrysts. The maximum grain size and total thickness of
the OSCs increases towards Chikurachki. Very thin (<1 or 2 centi-
meters thick), poorly continuous scoria fall layers showing the
same lithological feature as OSCs were also frequently recognized
at the site closer to Chikurachki.

At Section C04, located approximately 9 km southwest of the
Chikurachki summit crater, successive scoria fall layers of OSC1—5
separated by very thin soil layers were preserved between horn-
blende pumice layers (HPM1 and 2, described below) in the upper
part of the section (Figs. 4 and 5). Their thicknesses are 2—6 cm and
the sizes of the scoria lapilli are as large as 10 mm (Table 1). OSC3 is
the largest in thickness and grain size. At several sections farther
than C04 from the summit of Chikurachki (e.g., B15), each scoria
layer of OSC1—5 between HPM1 and 2 could not be defined and
were observed as a single scoria layer showing various vertical
gradings of grain-size. 0SC6—10 are located between the HPM2 and
4 at Sections A08, C04, B15 and B10. Thin (<1 or 2 cm) paleosol
layers also intercalated with each fall deposit. Among them, OSC6
can be observed between HPM4 and 3 at B15. The scoria layers
observed at A0S, one of the sections nearest to the Chikurachki
summit, are clearly thicker than those at the other localities. The
thicknesses and maximum grain sizes of each layer of OSC6—10 are
up to 4cm and 2 mm at AO8, respectively. Scoria fall deposits of
0SC11 were widely observed below HPMS (e.g., AO8, C04 and B15).
The thickness of the layer is 10 cm, and the maximum grain size is
over 10 mm at Section A08. At the flank of Fuss (e.g., Section B14),
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Fig. 4. Photographs of key sections. The locations of the sections are shown in Fig. 3. (a) Each of 0SC1-5, 0SC6—10 and numerous scoria layers can be recognized at C04. The scale is
80 cm long. (b) A08 section exposing from HPM6 to uppermost HPM2. The scale is 2 m long. (c) Pile of tephra layers overlying a thick volcanic lahar deposit with a man for scale at
B14. (d) YA and GA below the HPM6. Many locally recognized phreatic eruption and cross-laminated reworked deposits can be found at the B15. The scale is 1 m.

the OSC layers are very well sorted and more finely grained. Some
of the OSC6—10 layers cannot be observed here.

4.1.1.2. Hornblende pumice layers (HPM layers). Eight, white to
yellowish white-colored pumiceous layers (HPM1—8) were found
at the sections along the Krasheninnikov River and at the flank of
Fuss. Their maximum grain size, thickness and number of layers
increase towards Fuss (Fig. 5). Several layers of these, such as HPM1,
2, 5 and 6, are widely distributed in this area with eastward
dispersal axes. These juvenile pumices are characterized by the
presence of hornblende phenocrysts with small amounts of
pyroxene phenocrysts.

HPM1, the uppermost major tephra unit in this area, was
generally observed 10—15 cm beneath the surface. The tephra is

widely distributed and was also found at the slope of Chikurachki.
HPMT1 is preserved as a well-sorted and normal-grading pumice fall
layer at section A32 and A36 along the east cost of Fuss. However, at
other sections, the layer often consists of a poor-sorted mixture of
white and banded pumice, lithic fragments and adhering fine ash.
HPM4 is also a poor-to-well-sorted pyroclastic deposit composed of
cohesive ash, white-colored pumice lapilli and lithic fragments. The
maximum grain size of this layer is larger than those of the other
HPM layers (80 mm at B15 and 40 mm at A08). These moderately
sorted HPM4 and HPM1 layers are not considered to be pyroclastic
flow deposits but as a coeval deposit of phreatoplinian ash and
pumice fall (e.g.,, Smith and Houghton, 1995), judging from the
cohesive matrix with angular pumices and uniform thicknesses in
each observed section.
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Fig. 5. Columnar sections between the Chikurachki and Fuss volcanoes. The localities of the sections are shown in Fig. 3. Arrows indicate the radiocarbon date of soil or peat layers.

HPMB6 consists of a thick pumice fall deposit accompanied with
a thin gray ash layer at the bottom. The thickness and maximum
grain size of the fall deposit are approximately 40 cm and up to
20 mm at Section B15, respectively. The gray ash layer is approxi-
mately 1 cm thick. Although the deposit predominantly consists of
white pumice, approximately 10 vol.% of banded and gray pumices
appeared. HPM6 can be easily identified in the field due to its
characteristic facies (gray ash, banded pumice and large-thickness),
and it is useful as a key bed in this area. At Section B15, HPM2 and
HPMS5 contain white and gray pumice and are 16 cm and 4 cm thick
with maximum grain sizes of 20 mm and 10 mm, respectively. The
relatively small-scale pumice fall deposits, HPM3, 7 and 8, were
observed only on the slope of Fuss. At Section B14, their thicknesses
are 2—8 cm and maximum grain size are up to 20 mm. Fig. 6
displays the lateral variation of thicknesses for HPM1, 2, 4, 5 and 6.

4.1.1.3. Pyroxene pumice layers (PPM layers). Clinopyroxene-
Orthopyroxene pumice deposits (PPM1—3) were observed below
the Lomonosov lava at Section CO1 about 7 km southwest of Chi-
kurachki. They consist of two well-sorted pumice fall deposits
(PPM2 and 3) with overlying pyroclastic flow deposits (PPM1)
(Figs. 5, 7). Between these three layers, thin (2—5 cm thick) pale-
osols were recognized. PPM1 is structureless, brownish white,
composed of pumice clasts and a fine-to-medium sand-sized ash
matrix. The thickness is more than 60 cm, and the upper third is
weakly oxidized. The maximum grain size of the white pumice (the
main juvenile material) is approximately 3 cm. In addition to the
white pumice, gray pumice and lithic fragments of altered rocks
were also included. A yellowish-brown colored lithic layer, sand-
wiched by grayish, thin (1-2 cm thick) ashes, was recognized

directly beneath PPM1. PPM2 and 3 are located under PPM1,
interbedded by paleosol layers. PPM2 and 3 are composed of
angular to sub-rounded pumice clasts and with 10—20% of each
being lithic fragments. The thicknesses of these two layers are both
approximately 8 cm. The maximum sizes of the pumice clasts are 2
and 2.5cm, respectively, and layers of lithic fragments are
approximately 1.5 cm in diameter. At the base of PPM2, a grayish
fine ash layer (1 cm in thickness) was observed. Pumices in PPM1
and 3 are white and well vesiculated. The juvenile materials of
these PPM layers contain clinopyroxene and orthopyroxene
phenocrysts without hornblende phenocrysts. PPM2 contains
moderately vesiculated pumice that contains clinopyroxene and
orthopyroxene phenocrysts with a minor amount of olivine.

4.1.14. Distal ash layers. Two structureless ash layers (YA and GA)
displaying characteristic colors were found at some localities
(Figs. 4 and 5). YA is a very well-sorted (very fine sand to medium-
sized sand), yellowish white-colored ash (YA). The thickness is
constant at 7—10 cm. YA was observed below OSC11 intercalated
by a 2 cm thick peaty layer at Section B11. GA is a very well sorted
(very fine sand to fine sand), greenish gray-colored ash layer of
3—6 cm in thickness. GA was recognized 50 cm below YA. The
types of volcanic glass and mineral assemblages of YA and GA
were determined based on microscopic identification. Glass
shards of YA consist of 90% of bubble wall type and 10% of pumice
type. The mineral assemblage of YA is plagioclase, pyroxenes,
magnetite and hornblende. Although the type of glass shards of
GA is primarily the same as that of YA, some of the bubble wall
type exhibits a brownish color. The mineral assemblage of GA is
plagioclase, pyroxenes and magnetite. Between the two ash layers,
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Table 1

Characteristics of the major deposits in this study.
Unit Facies '“C age Infered age Juvenile Phenocryst Thickness Maximum grain size Locality Voll13me

(BP) (ka BP) Type PI Ol Cpx Opx Hb Bt Qz (em) (mm) (k)
HPM1 pfa 0.7 WP > BP WP ++ - + - ++ + - 16 40 A32 2x1072
0SC1 sfa >1.6 SC Ne ++ + + tr - - 3 10 Co4 3x1072
0sc2 sfa Ne 1 2 C04 1x1072
0SC3 sfa SC 6 20 Co4 6x 1072
0sc4 sfa Ne 5 6 Co4 5x 1072
0SC5 sfa 32 Ne 2 8 Co4 2x1072
HPM2 pfa 3320 +40 WP > GP WP ++ - + tr ++ - - 22 60 B14 1x1072
0SC6 sfa SC Ne + o+ + - - - = 4 4 A08 2x107!
0SC7 sfa 3.7 Ne Ne ++ + ++ + - - = 4 10 A08 3%x1072
HPM3 pfa 3.8 WP > GP WP ++ — + - 4+ - = 2 20 B14 2x107%
0SC8 sfa 3.9 Ne Ne + 4+ fr - - - - 7 2 A08 1x10°"
0SC9 sfa 4 Ne Ne + o+ + - - - - 7 2 A08 7 %1072
0SC10 sfa 4 SC SC 5 2 AO8 1x107"
HPM4 pfa(?) 5.1 WP WP ++ + - ++ tr — 22 120 B14 1x1072
HPM5 pfa 5.8 WP > GP WP 17 25 B14 3x1073
HPM6 pfa 6350+ 30 WP > BP,GP WP ++ tr + — ++ — — 45 40 B14 2x107?
HPM7 pfa 6.8 WP > GP WP 2 7 B14 3x107%
HPM8 pfa 7.2 WP WP ++ - - - ++ - - 8 15 B14 1x1073
0SC11 sfa 7430 + 40 Ne e + o+ + - - - - 10 10 A08 2x 107!
YA afa 7.6% ash  ++ - + + + - - 10 - BO6
GA afa 8540 + 40 ash  ++ - + + - - - 6 - BO6
Lomonosov lava 8.5-9.5 Lava LV ++ + ++ - — tr >30m A01 2x107!
PPM1 pfl 9.5 WP > Gp WP ++ - + + - - - >60 3 Co1 4%x1073
PPM2 pfa 9900 + 50 WP WP ++ tr + + - - - 8 2 Co1 4x10°3
PPM3 pfa 10.5 WP WP ++ - + + - - - 8 25 C01 4x1073
Tatarinov proximal pfa WP>BP>SC WP ++ - ++ ++ - — — >3m 300 Al4
WP +  + + - - - =
SC ++ T ++ 4 - - -

Facies: afa, ash fall deposit; pfa, pumice fall deposit; pfl, pyroclastic flow deposit; sfa, scoria fall deposit. Type: WP, white pumice; BP, banded pumice; GP, gray pumice; SC,

scoria and LV-lava. Phenocryst relative volumes: ++ > + > — > tr, trace.
@ Data from Ponomareva et al., (2004).

locally deposited ashes and several laminated reworked layers
were interbedded. YA and GA ash layers are useful key beds
because of their colors and uniform grain sizes and thicknesses in
this area.

4.1.2. Lava flows and proximal deposits

4.1.2.1. Lava flows. The Lomonosov lava (Fig. 3) is covered by YA
tephra intercalated by thick reworked deposits at Section BO5 and
overlies the PPM deposits at Section CO1 (Fig. 5). In Section CO1,
more than 10 m of structureless lava flow with a clinker at the
bottom (3 m thick) was recognized (Fig. 7). At the proximal area of
Lomonosov, more than 3 m thick agglutinates were observed
(Section C03), whose lithologies are the same as that of the
Lomonosov lava. The majority of Lomonosov lava showed gray,
pyroxene andesitic facies, occasionally including mafic enclaves
about 2—5 cm in diameter. The phenocryst content is over 30 vol. %
crystals, consisting of clinopyroxene, orthopyroxene and a very
small amount of quartz and olivine.

On the slope of Fuss, three lava flows occurring at B12 and B13
are porphyritic and contain phenocrysts of plagioclase, hornblende,
clinopyroxene, olivine and magnetite, with or without orthopyr-
oxene. Stratigraphic relationships between these lavas and tephra
layers were not observed.

4.1.2.2. Proximal deposits of the Tatarinov volcano. The moderately
sorted pumice fall deposits, with thickness greater than 3 m, were
preserved at the top of the Tatarinov summit crater wall, located
about 3 km SSW of the Chikurachki summit (A14: Fig. 3). It consists
of white pumice, banded pumice and small amount of scoria, up to
30 cm in diameter. White pumice and the white part of the banded
pumice include pyroxene phenocrysts and plagioclase megacrysts
(as large as 1 cm) with inclusions of olivine. Scoria and the darker

part of the banded pumice include olivine and clinopyroxene
phenocrysts without orthopyroxene.

4.2. Correlation of tephra layers

Correlations of tephra layers were performed on the basis of
combinations of geological and petrological data. HPM6, YA and GA
can be considered as useful key beds for stratigraphic correlations
in fieldwork. In addition, all tephra layers and selected organics-
bearing layers were sampled at six type localities (A08, B14, B10,
B15, CO1 and C04) to determine their chemical signatures and
radiocarbon dates, respectively. The petrological characteristics of
each tephra are different, especially concerning glass chemistry
(Tables 2 and 3). For example, the glass compositions of each tephra
unit among the HPM series are clearly distinct in a K;0—SiO;
diagram (Fig. 12: see later discussion). These petrological features
and additional radiocarbon dates allowed identification of each
tephra layer at each site and determination of their correlations
among different sites. Study confirmed the good continuity of many
layers, including HPM1, 2 and 5 and OSC1-5 and 11 (Fig. 5).

5. Tephrochronology

AMS radiocarbon age determinations for peaty materials from
seven stratigraphic levels at type localities were performed. Erup-
tion ages of the HPM2, HPM6, OSC11 and PPM2 were directly
obtained as 3320 440, 6350 + 30, 7430 + 40, and 9900 + 50 BP,
respectively, using the peat and soil sampled directly beneath them
(Table 4, Fig. 8). Although peat material was collected below the
HPM1, originating from the youngest major eruption in this area,
age data could not be obtained due to the presence of modern
carbon. Beneath the HPM1, a locally recognized thin ash layer (Local



T. Hasegawa et al. / Quaternary International 246 (2011) 278—297

HPM1

Sea of Okhotsk

°
A08

0 4 km

'Chikurachki

Lomonosov

HPM2

Chikurachki

ol

Tatarinov

Sea of Okhotsk

Lomonosov

0 4 km

HPM4

Sea of Okhotsk

0 4 km

'Chikurachki

Tatarinov

Lomonosov

HPM5
Chikurachki

Sea of Okhotsk

Tatarinov

L]
B1504 "
Fuss B1Z co4 °
A o7 10 em
0
o A8 5cm
\5._‘___/»
Lomonosov

0 4 km

HPM6

Sea of Okhotsk

Chikurachki

Tatarinov

0OSC11

Sea of Okhotsk Chikurachki

Tatarinov

Fuss

10 cm

Lomonosov

L]
B15@ °8/5 6/ °
8/4 °
Fuss B14 o, co4 °
A e10/1+
v .
A08

10/3® oo 9/
10/

0 4 km

'Chikurachki

Tatarinov

Lomonosov

285

Fig. 6. Isopach maps of major eruptive units (HPM1, 2,4, 5,6, 0SC11, and YA/GA). Directions of the summit of Chikurachki, Tatarinov and Lomonosov peaks are indicated by solid arrows.
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Fig. 7. Field occurrence of Lomonosov lava and underlying PPM series at CO1. The
scales of both photos are 1 m long.

ash-1) was recognized at B15. Dating of peat material below the
Local ash-1 yielded 1650 + 30 BP, indicating that the HPM1 is
younger than 1650 BP. Based on the ages of the Local ash-1 and
HPM2, the deposition age of OSC1-5 is estimated to be between
1650+ 30 and 3320 + 40 BP. The age of OSC6—10 ranges from
3320 + 40 and 4700 + 30 BP, using the soil layer above the HPM4 as
dating material. Using the ages of HPM6 (6350 +30) and OSC11
(7430 4+ 40), the ages of HPM4—5 and 7—8 can be estimated to
range from 4700+30 to 6350+ 30BP and from 6350+30 to
7430 + 40 BP (0SC11), respectively. The deposition age of the fine
ash layer, GA, was newly dated at 8540 4 40 BP from peat material
directly below the layer. The Lomonosov lava, described as Holo-
cene effusive deposits by Gorshkov (1970), might have been effused
between 9900 + 50 and 8540 + 40 BP (Fig. 8).

6. Petrography and major elements chemistry

The Holocene eruptive deposits from this volcanic area can be
petrographically divided into two main groups, the Hornblende-
bearing Group (HPM series and Fuss lava) and the Hornblende-
free Group (other tephra series and lavas of the CTL volcanic
chain) (Table 5). The two groups also show different chemical
variations. The whole-rock chemistry of Hornblende-free Group,
including Pleistocene lavas sampled from the western foot of the
volcanic chain, was classified as medium-K andesite according to
Gill (1981) (Fig. 9). On the other hand, the Hornblende-bearing
Group plotted near the field of high-K andesite in the SiO,—K,0
diagram. General petrological features of the two groups and two
distal ash layers (YA and GA) are described here.

6.1. Hornblende-free group

The phenocryst content of juvenile materials of this group
ranges from 19.6 to 36.1 vol.% (Table 5). Common phenocrysts of the
group include plagioclase, clinopyroxene, orthopyroxene and opa-
que minerals. In addition, quartz phenocrysts showing resorption
textures were recognized in Lomonosov lava and in scoria of the
0OSC series as a minor component. Olivine phenocrysts are common
in the OSC scoria.

The whole-rock compositions of PPM and Tatarinov proximal
ejecta range from 53 to 63 wt.% SiO,, and that of Lomonosov lava is
60—63 wt.% SiO, (mafic inclusions in the lava are about 54 wt.%
SiO,). In contrast, the scoria of OSC1—11 show more mafic
composition of basaltic to basaltic andesite (49—55 wt.% SiO5).
Although these samples show a single liner trend in SiO,—Kj30,
Si0,—Ca0, SiO,—Rb and SiO,—Zr diagrams when graphed, they
indicate clearly different trends on SiO,—MgO and Sr—Ba/Rb
diagrams (Figs. 9 and 10). In the SiO,—MgO diagram, the rocks of
each series (OSC, PPM and Lomonosov lava) form three distinct
trends. The rocks of OSC show the lowest MgO values in the
diagram at a similar SiO, content. In addition, OSC was classified as
a tholeiitic series by Miyashiro (1974), whereas those of the
Lomonosov lava were classified as a calc-alkaline series. The PPM
and Tatarinov proximal ejecta were plotted along the boundary
between two rock series (Fig. 9).

The glass compositions of scoria of the OSC series are andesitic,
ranging from 55 to 62 wt.% SiO,. On the other hand, PPM and
Tatarinov proximal ejecta show a wide range from 58 wt.%
to 80 wt.% SiO,. Their compositions form a single liner trend in
the Si0,—K,0 diagram, but they display different trends in the
FeO—Al,03 diagram (Fig. 11).

6.2. Hornblende-bearing group

The phenocryst contents of the rocks of this group are
13—19 vol.% in pumice and up to 34 vol.% in lava (Table 5). The
common phenocryst assemblage of these rocks is plagioclase,
hornblende, clinopyroxene and opaque minerals. Orthopyroxene
phenocrysts are rarely contained in some of the pumice, and biotite
phenocrysts are characteristically recognized in HPM1 and HPM4
pumice (Tables 1 and 5). Among the group, lava samples show
various SiO, contents (52—61 wt.%), whereas white pumices are
clustered more on the felsic side (SiO, > 58 wt.%) (Fig. 9).

The rocks of the group were classified into the calc-alkaline
andesite series on the SiO,—FeO/MgO diagram (Miyashiro, 1974).
Compared with the rocks of the Hornblende-free group, these rocks
are also richer in incompatible trace elements (when at similar SiO,
content), such as Zr, Rb and Ba (Fig. 10). In addition, the glass
composition of the HPM series is characterized by higher K0 and
lower FeO* contents (Fig. 11). Gray pumices contained in the HPM
series show lower silica contents (<70 wt.% SiO; in glass compo-
sition) than white pumice of the same layer. Compositional fields of
glass chemistries for white pumices of each HPM were distin-
guished on the K,0—SiO, diagram (Fig. 12). Pumice samples in
HPM3 show relatively low silica (69—71 wt.%) and high-K,0
contents (5.1-5.6 wt.%) at a given SiO, among the HPM series. K;0
contents of HPM1 and HPM4, which are characterized by contain-
ing biotite phenocrysts, are also higher (HPM1: 4.8—5.5 wt.%;
HPM4: 5.7—6.3 wt.%), and HPM4 is particularly the most felsic
(Si0y = 74—77 wt.%). On the other hand, the K,0 value of HPM2 is
the lowest (SiO;=72—-74wt%, K;0=3.7—4.2wt%). Although
compositions of older sequential units of HPM6—8 overlap, this
cluster shows individual field. HPM5 is also identifiable because of
the unique compositional field (SiO;=74—76 wt.%; K,0=4.3—
4.7 wt.%) near the fields of HPM2 and HPM6-S8.



Table 2

Major element compositions of volcanic glass for selected samples.

Sample no. A08-01-01 B14-06a A08-11 B14-01A B14-04 B15-20 B14-10B A08-16 B14-13 B14-14 B14-15 A14-01 A14-04° A14-05 C01-01B C01-04 CO01-05 B15-52 B15-61
Unit 0SC1-5 0SC6 0SC9 HPM1 HPM2 HPM3 HPM4 HPM5 HPM6 HPM7 HPM8 Ta.Tephra Ta.Tephra Ta.Tephra PPM1 PPM2 PPM3 YA GA
Type SC Ne SC WP wp WP WP WP WP wp WP wp SC GP wpP wp WP ash ash
Locality A08 B14 A08 B14 B14 B15 B15 A08 B14 B14 B14 Al4 Al4 Al4 Co1 Co1 Co1 B15 B15
Source Ck Ck Ck Fu Fu Fu Fu Fu Fu Fu Fu Ta Ta Ta TaorLo TaorLo Taorlo KO ??
Average wt.%
SiO; 60.31 58.90 59.98 72.99 72.73 70.04 75.24 74.36 73.49 73.24 73.31 76.10 59.84 68.30 78.48 62.52 69.75 77.26 74.14
TiO, 1.20 1.36 1.53 0.27 0.27 0.46 034 0.26 0.27 0.26 0.14 0.42 0.89 0.79 0.48 093 0.72 0.24 043
Al,03 16.19 15.69 14.24 14.49 14.78 15.47 12.96 13.97 14.56 14.64 14.87 12.64 17.43 14.82 11.03 16.50 13.85 13.07 13.41
Fe,03 8.66 9.75 9.77 1.57 1.85 229 1.24 1.44 1.35 1.44 1.22 1.99 6.68 4.93 1.67 6.49 441 1.46 3.81
MnO 0.19 0.16 0.18 0.12 0.12 0.12 0.11 0.12 0.09 0.14 0.06 0.07 0.24 0.12 0.02 0.14 0.11 0.07 0.13
MgO 220 3.00 2.02 0.40 0.51 0.64 035 034 0.28 0.29 0.18 0.40 2.87 1.36 0.21 222 1.07 0.31 0.65
Ca0o 6.16 6.81 5.63 1.51 1.90 1.74 0.83 1.38 1.61 1.65 1.72 1.47 5.50 3.52 0.75 5.49 3.45 1.42 2.64
Na,0 3.46 3.02 5.02 343 3.87 3.83 3.00 3.70 3.77 3.77 3.92 3.57 4.21 3.60 3.09 3.74 3.72 4.07 3.86
K;0 1.64 1.32 1.64 5.21 3.96 5.41 5.94 4.44 4.60 4,58 4,58 3.34 2.34 2.57 4,28 1.97 2.92 2.09 0.93
n 16 20 13 20 15 10 14 8 10 10 10 10 10 9 10 10 10 10 10
St. dev.
SiO, 0.91 1.21 0.73 0.96 0.36 0.19 0.49 0.65 0.16 0.72 0.54 0.30 0.55 0.42 0.63 1.73 0.25 0.31 0.46
TiO, 0.19 0.28 0.14 0.08 0.07 0.06 0.05 0.07 0.07 0.10 0.11 0.06 0.09 0.10 0.08 0.18 0.10 0.05 0.09
Aly03 1.69 2.06 1.24 0.36 0.27 0.08 0.36 0.27 0.08 0.52 0.54 0.11 047 0.23 0.48 2.31 0.32 0.13 0.12
Fe,03 1.34 1.33 1.03 0.25 0.11 0.16 0.20 0.15 0.15 0.14 0.13 0.16 0.60 0.22 0.12 1.10 0.29 0.21 0.14
MnO 0.15 0.11 0.11 0.08 0.09 0.10 0.11 0.12 0.07 0.06 0.07 0.11 0.14 0.09 0.10 0.10 0.14 0.07 0.09
MgO 0.68 0.55 0.21 0.12 0.07 0.06 0.14 0.06 0.05 0.06 0.06 0.04 0.42 0.10 0.07 0.76 0.09 0.03 0.04
Cao 0.82 0.74 0.52 0.21 0.09 0.09 0.16 0.17 0.06 0.21 0.17 0.09 0.25 0.14 0.28 0.96 0.18 0.07 0.09
Na,O 0.22 0.40 036 0.17 0.15 0.09 0.12 0.06 0.06 0.18 0.20 0.09 0.11 0.12 0.09 0.28 0.11 0.08 023
K20 0.23 0.27 0.15 0.18 0.11 0.09 0.16 0.10 0.10 0.19 0.19 0.04 0.12 0.13 0.25 0.37 0.07 0.14 0.06

Ck, Chikurachki; Fu, Fuss; Lo, Lomonosov; Ta, Tatarinov; and KO, Kurile Lake caldera; n, number of analysis; st. dev., standard deviation. See the caption of Table 1 for the other abbreviations.
¢ Broad beam analysis (probe dimensions = 10—50 pm).
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Table 3
Whole-rock compositions of major and trace elements.
Sample no. A08-01A* A08-08A® B15-03C B15-15B* B15-20B® B15-35% B15-43B* B12 B13-01 A30-01 A01 Cco3 C02-01 A14-01 A14-04 A14-05 A15 AO5  Al1 A17  A22-03
Unit 0SC1-5 0SC7 HPM1 HPM2 HPM3 HPM4 HPM6 Fu.L1 Fu.l2 Fu.BA Lo.L1 Lo.Ag. Lo.Dome Ta.Tephra Ta. Tephra Ta. Tephra Ta. Tephra AO5L A11L A17L A2213
Occurrence Scoria Scoria WP WP WP WP WP Lava Lava Lavablock Lava Ag Lava block WP Scoria GP Lava block Lava Lava Lava Lava
Locality A08 A08 B15 B15 B15 B15 B15 B12 B13 A30 AO01 Cco3 Cco2 Al4 Al4 Al4 A15 A05 All A17 A22
Source Ck Ck Fu Fu Fu Fu Fu Fu Fu Fu Lo Lo Lo Ta Ta Ta Ta Oc Oc Oc Oc
wt.%
SiO; 52.02 51.27 59.90 58.17 57.25 60.76  60.18 55.15 56.02 60.29 60.19 62.09 60.56 62.30 55.26 57.15 54.50 5741 62.72 5321 53.84
TiO, 0.81 0.92 0.55 0.55 0.65 0.52 0.53 0.70 0.67 0.50 0.61 060 0.63 0.63 0.87 0.76 0.74 072 075 0.76 079
Al,05 20.94 20.11 17.61 18.08 17.47 17.72 17.98 17.62 17.60 17.49 16.21 16.60 16.37 16.86 17.93 17.78 18.42 17.64 17.47 2154 19.17
Fe,03 9.70 11.01 6.65 7.09 7.32 5.21 6.32 8.08 7.85 6.04 728 6.61 691 6.36 9.48 8.89 9.14 857 639 831 948
MnO 0.17 0.21 0.17 0.20 0.18 0.17 0.20 017 0.17 0.17 0.17 015 0.16 0.17 0.20 0.18 0.18 019 019 017 019
MgO 417 4.62 2.77 2.90 3.01 241 243 460 447 231 401 282 282 2.33 4.14 3.81 4.71 363 199 315 421
Cao 9.72 10.13 6.94 7.26 7.00 6.91 6.58 9.33 8.69 6.72 740 659 6.83 6.17 8.79 8.15 8.98 787 555 1023 9.16
Na,0 2.60 2.70 343 3.48 3.38 347 3.64 298 3.02 3.52 3.08 332 330 3.68 3.20 3.14 292 319 447 305 285
K;0 0.74 0.47 2.72 1.99 2.71 2.82 2.39 205 217 2.80 1.66 179 181 1.72 1.13 1.19 0.97 1.29 141 077 0.62
P,0s5 0.18 0.17 0.24 0.30 0.18 0.29 0.30 025 027 0.28 0.14 0.16 0.16 0.19 0.19 0.17 0.16 0.18 034 020 0.18
Total 101.03 101.61 100.97 100.03 99.13 100.27 100.55 100.92 100.92 100.13 100.75 100.73 99.54 100.41 101.19 101.23 100.71 100.69 101.27 101.37 100.47
ppm
Sc 26 35 16 17 19 12 14 30 24 12 25 20 21 21 33 31 26 23 18 25 22
v 274 336 181 166 207 152 166 299 252 149 209 181 191 162 354 285 283 221 103 245 252
Cr 9 8 9 8 5 6 4 51 43 3 56 17 11 5 9 7 17 10 2 7 6
Co 28 32 20 20 22 15 18 25 25 18 23 20 20 19 30 28 30 26 17 26 27
Ni 9 8 7 6 5 4 4 20 22 4 30 11 7 3 6 6 20 8 3 6 5
Cu 92 113 49 27 43 30 18 67 64 41 55 56 50 46 107 110 84 72 31 108 52
Rb 15 10 75 51 71 78 62 49 52 76 34 37 36 36 24 26 18 27 26 16 10
Zn 63 78 79 87 78 71 84 71 69 74 64 61 63 65 85 73 69 68 68 71 52
Sr 499 494 552 661 542 582 648 526 536 586 406 405 403 423 469 437 451 478 501 527 566
Y 22 21 20 23 20 24 22 19 20 22 25 26 27 30 26 24 21 26 38 22 21
Zr 61 47 118 100 124 125 112 87 92 122 100 112 107 109 72 81 65 78 97 57 43
Nb 2 2 2 2 2 3 2 2 2 2 3 3 2 3 2 2 2 2 3 2 1
Ba 199 145 553 556 572 578 684 435 454 602 373 413 437 426 278 305 229 317 403 240 233
Pb 5 4 8 8 7 7 6 5 7 7 6 7 9 9 5 7 7 4 7 4 5
Th 3 3 9 9 7 8 8 9 11 8 6 2 2 3 1 2 1 2 2 2 1
Ga 17 18 19 19 17 16 20 14 18 19 16 14 15 16 20 19 13 17 15 18 14
La 5 3 15 14 11 20 15 10 9 18 10 10 7 11 3 6 4 9 14 8 8
Ce 15 14 39 38 35 46 42 29 29 40 28 33 30 32 24 24 18 22 33 15 10

Oc, old lava from the Chikurachki group; Ag, agglutinate; BA, block and ash flow deposit. See the caption of Tables 1 and 2 for the other abbreviations.
¢ Multi-grain analysis.
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Table 4
Sample information and analytical results of radiocarbon dating.
Sample Stratigraphic position Loc. Lab. Code Method Material 14C age (BP) 613C (permil) Calender age 1 sigma range
B11-02 Just below HPM1 B11 IAAA-72596 AMS Peat Modern —-29.0
B15-09 10 cm above OSC 1 B15 1AAA-72947 AMS Peat 1650 +30 -21.74 345—-370 AD (13.1%)
375—430 AD (55.1%)
B10-05 Just below HPM 2 B10 IAAA-72594 AMS Peat 3320 +40 —26.6 1660—1650 BC (1.0%)
1640—1520 BC (67.2%)
B15-32 5 cm above HPM 4 B15 IAAA-72948 AMS Peat 4700 + 30 -21.82 3630—3600 BC (7.5%)
3530—-3490 BC (16.1%)
3450—-3370 BC (44.6%)
B15-44 Just below HPM 6 B15 IAAA-72597 AMS Peat 6350 + 30 —23.5 5365—5305 BC (68.2%)
B10-22 Just below 0OSC11 B10 IAAA-72595 AMS Peat 7430 +40 —254 6370—6240 BC (68.2%)
B15-62 Just below GA B15 IAAA-72598 AMS Peat 8540 + 40 —25.1 7595—7550 BC (68.2%)
C01-06 Just below PPM 2 Cco1 IAAA-72599 AMS Soil 9900 + 50 -27.5 9440-9430 BC (2.0%)
9400—-9280 BC (66.2%)

Error ranges of '4C age are 2 sigma.

modern (B11-02)

HPM1
Local ash1 1650+30 BP (B15-09)
0SC1~5
HPM2
332040 BP (B10-05)
0OsC6
HPM3
0OSC7~10
4700£30 BP (B15-32)
HPM4
HPM5
HPM6
6350+30 BP (B15-44)
HPM7
oscr1
YA (KO tephra) 7430£40 BP (B10-22)
oA 8540+40 BP (B15-62)
LLLLLL
LLLLLL
Lomonoso
LLLLLL ] Y
ava
LLLLLL
LLLLLL
PaE e
h A -A-A-AH
ATATAYA
PPM1 DRI
hrAAAN
AN AT A
hoA-A-A-N
e
ziﬂi i 4@ 990050 BP (C01-06)
. 0-0 17
. 7
LS
p .
o,
LS
N A

AAAAAAAG
AAAAAAD
AAAAaAa
AAAAAAA

lava
pumice with ash matrix

pumice

scoria

vitric ash

ash (without glass shrads)

Lahar deposit

peat/soil

Fig. 8. Summary section of major tephra layers in the studied area.



290 T. Hasegawa et al. / Quaternary International 246 (2011) 278—297

Table 5

Modal compositions of volcanic rocks from each eruption unit.
Sample no. Unit Type Locality Crystal content Gm Pl ol Cpx Opx Hb Bt Qz Opq
B14-01B HPM1 White pumice B14 139 86.1 9.1 — 0.6 — 34 0.3 — 04
B14-04 HPM2 White pumice B14 18.6 81.4 10.5 - 1.0 Trace 5.8 - - 13
B14-13 HPM6 White pumice B14 17.8 82.2 120 Trace 0.2 - 4.9 - - 0.7
B13-01 Fuss Lava B13 34.0 66.0 25.5 0.1 49 1.2 0.5 — — 1.7
B15-10B 0SC1-5 Scoria B15 27.7 723 26.5 0.7 0.1 Trace - - Trace 0.2
A08-08 0sc7 Scoria A08 19.6 80.4 133 1.0 4.1 0.2 — - - 0.9
A14-03 Tatarinov Scoria (proximal) Al4 25.6 744 216 Trace 2.5 0.8 — — — 0.6
A14-08 Tatarinov Pumice (proximal) Al4 21.0 79.0 14.7 — 1.8 3.6 — — — 0.9
A01 Lomonosov Lava A01 36.1 63.9 24.1 0.2 7.9 2.8 — — Trace 1.0
AO03 Lomonosov Lava AO03 333 66.7 26.9 — 35 13 - — Trace 1.5

6.3. Distal ash layers

Although the mineral assemblage of the two fine ash layers (YA
and GA) is the same as that of the Hornblende-bearing Group, the
glass chemistry of YA and GA is clearly distinct from that of the
Hornblende-bearing and Hornblende-free Groups. At a similar SiO,
content, the K;O contents of YA and GA were lower than those of
the other tephra layers (Fig. 11). GA displays the lowest K,0 content
(0.8—1.1 wt.% K0 and 73—75 wt.% SiO;), whereas YA was plotted in
the intermediate field (1.8—2.4 wt.% K,0, and 76—78 wt.% SiO,)
between GA and Tatarinov ejecta in the SiO,—K,0 diagram.

7. Discussion
7.1. Correlation between tephra units and source volcano

7.1.1. OSC, HPM and PPM layers

Four lithological tephra series were described in this area. The
thicknesses of pumice fall deposits of the HPM series (HPM1, 2, 4, 5
and 6) increases remarkably towards the Fuss peak (Fig. 5). In
particular, isopach maps of HPM2, 5 and 6 clearly indicate eastern
dispersal axes extending from the Fuss peak (Fig. 6). Other pumice
fall deposits of HPM series (HPM3, 7 and 8) were found only at the
eastern periphery of Fuss. These geological data suggest that the
HPM tephras were derived from Fuss and deposited on the eastern
side by westerly winds. The previously reported petrography and
whole-rock composition of pumiceous andesite bomb, sampled at
Fuss peak (Gorshkov, 1970), are the same as those of the HPM
tephras with respect to their hornblende-rich phenocryst assem-
blage and high-K;O content within andesitic composition
(K20 =1.5—-3.2 wt.%, Si0 = 52—63 wt.%: Fig. 13). In addition, lava
flows sampled at the edifice of Fuss in this study also show the
same characteristics (hornblende-rich and high potassium
composition) as those of HPM tephras. These petrological data also
strongly indicate that HPM tephras were from Fuss rather than the
CTL volcanic chain, which has issued hornblende-free, medium-K
basaltic to andesitic magmas (e.g., Gorshkov, 1970, Bailey et al.,
1989).

Although both of the OSC and PPM series were considered to be
emitted from the CTL volcanic chain when based on the field
evidence, the petrological difference between the two series could
indicate their distinct source volcanoes in the volcanic chain.
Maximum grain size, thickness and the number of layers of other
OSC series increase towards the CTL volcanic chain (Fig. 5). The
isopach map of 0SC11 suggests that it might be from Chikurachki or
Tatarinov (Fig. 6). The chemical trends of glass shards and whole-
rock of the OSC series, showing relatively mafic compositions
(Si0 =55-62 wt.% and FeO*=4-13 wt.% in glass chemistry;
Si0, =49-53 wt.% in whole-rock chemistry), are inconsistent with
those of Tatarinov proximal ejecta and Lomonosov lava but were
consistent with the historical and prehistorical (that is ancient)

scoria fall deposits from Chikurachki reported by Gurenko et al.
(2005) and Belousov et al. (2003) (Figs. 11, 13, and 16). The repor-
ted petrography of Chikurachki scoria (Gorshkov, 1970; Gurenko
et al. 2005) characterized by olivine phenocrysts (uncommon in
Tatarinov and Lomonosov) is also consistent with the OSC mineral
assemblages.

On the other hand, the glass chemistry of proximal ejecta of the
Tatarinov summit crater rim (A14) overlap well with those of the
PPM tephra series on the diagrams (Fig. 11). In addition, the
chemical composition of whole-rock samples of the Tatarinov
proximal ejecta and Lomonosov lava also overlap with those of the
PPM series. The phenocryst assemblages comprising clino- and
orthopyroxene + olivine are similar among the Tatarinov proximal
ejecta, Lomonosov lava and PPM tephras. These petrological
correlations suggest that PPM tephra series are the products of
Tatarinov or Lomonosov rather than of Fuss or Chikurachki.

7.1.2. Distal ash layers

Field occurrences of the two ash layers (YA and GA), including
fine-grained facies and uniformity in their thickness, strongly
indicate that YA and GA are widespread tephras from distal
volcanoes. The chemical compositions of the glass shards of the two
layers also differ from the eruptive products of volcanoes in this
volcanic area, particularly in the SiO,—K;0 diagram. This also
suggests distal source volcanoes for YA and GA.

The glass composition and phenocryst assemblage of YA
(plagioclase, clinopyroxene, orthopyroxene and hornblende) are
the same as those of the “KO tephra”, which has unique petrological
features in common with other Kamchatkan volcanoes (Braitseva
et al,, 1995; Ponomareva et al., 2004). The tephra erupted from
the Kurile Lake caldera in southern Kamchatka (Zaretskaia et al.,
2001; Ponomareva et al., 2004). The obtained C age for peat
layers bracketing YA (Fig. 8) (7430 + 40 BP, from below OSC11 at
B10; 8540 + 40 BP, from below GA at B15; Table 4) agree with the
age of the KO tephra (7.6 ka BP: Zaretskaia et al., 2001; Ponomareva
et al., 2004). Furthermore, the thickness of YA in this studied area,
approximately 10 cm, is consistent with the reported isopach map
of the KO tephra drawn by Ponomareva et al. (2004). This evidence
suggests that YA can be correlated with the KO tephra from the
Kurile Lake caldera. Although GA might be generated from the
other caldera-forming eruption, it is difficult to determine the
source volcano because of inadequacy of the tephra-stratigraphic
and petrologic studies for the volcanoes in the Kurile Islands.
However, the two layers including GA could be good time markers
of the early Holocene in the Kurile Islands and Kamchatka.

7.2. Estimation of eruption age and volume
7.2.1. Eruption age

The eruption ages of the tephra layers also were determined by
using the accumulation rate of the peat and/or soil layers bracketed
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by '“C dated horizons (e.g., Clark et al., 2006). The regression line
between the dated age and cumulative thicknesses of soil/peat
shows good linearity during 8—2 ka BP at Sites B10 and B15
(Fig. 14). This implies that the depositional rate of soil/peat was
constant at the same location during 8—2 ka BP. The accumulation
rates at B10 and B15 are about 35 cm/ky and 8 cm/Kky, respectively.
The high rate at B10 is possibly due to the marshy condition. These
rates enable estimation of the eruption age for HPM5 (shown in

Fig. 14a) and HPM3, 4, 5 and 8 (shown in Fig. 14b). In this way, the
ages of OSC1—10 described at B15 can also be estimated. The
regression line between the stratigraphic levels of GA and the Local
ash-1 could not be extrapolated towards the modern age (Fig. 14a).
This reflects the change of depositional conditions and/or an
inadequate compaction after 2 ka BP, and so the measurement for
the peat below HPM1 does not indicate the age. According to the
line between the Local ash-1 and the surface, the age of HPM1 is
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Fig. 10. Harker diagrams of whole-rock chemistry for trace elements.

0.7 ka BP. As a consequence, the eruption
layers identified in the studied area could

The area of the tephra sections is located on the leeward side of
Fuss or the windward side of the CTL volcanic chain. Thus, the

eruptive volume of each eruption from Fuss could be obtained by
isopach maps of each tephra. In the case of HPM2, 5 and 6, these
isopach maps (shown in Fig. 6) were extrapolated to calculate each
eruptive minimum volume using the method of Legros (2000).
Calculated volumes of HPM2, 5 and 6 are about 0.014, 0.0035 and
0.021 km?, respectively. Although isopach maps of other tephra
layers from Fuss have not been obtained, the volume of each of



T. Hasegawa et al. / Quaternary International 246 (2011) 278—297 293

K,O wt%

Gray pumice

n EHH

55 60 65 70 75 80
Si0, wt%

14

FeO* wt%

10 12 14 16 18 20 22

ALO, wt%

Olivine-pyroxene scoria (OSC)
Hornblende pumice (HPM)
Pyroxene pumice (PPM)
Tatarinov proximal ejecta
Yellow ash (YA)

Green ash (GA)

¢ KO tephra (Ponomareva et al., 2004)
® Chikurachki scoria (Gurenko et al., 2005)

I + B = > O

Fig. 11. Selected variation diagrams (K;0—SiO, and FeO-—Al,03) for glass composition
of juvenile materials and glass shards from tephra layers. Referenced data of the KO
tephra (Ponomareva et al., 2004) and Chikurachki scoria (Gurenko et al., 2005) are
shown for correlation.

these layers can be roughly estimated by using the thickness ratio
to the volume determined layer (HPM2, 5 and 6) at the same
locality as follows: HPM1=0.02km? HPMS3 =0.0002 km?>,
HPM4 =0.01 km>?, HPM7 =0.0003 km®> and HPMS8 =0.001 km?>.
These estimations could indicate the VEI (Volcano Explosive Index
by Newhall and Self, 1982) <3 for each eruption.
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In contrast, tephra from the CTL volcanic chain would usually be
distributed at the eastern flank of the chain. Thus, the studies at the
western flank of the volcano would miss many of eruptive deposits
of the volcano. For example, only five thin volcanic sand layers
(0SC1-5) were identified in the southwestern flank of Chikurachki
volcano during the latest 3320 years, and no recent eruptive
deposits of the volcano were found, including the 1853 and 1986
eruptions noted by Belousov et al. (2003) (Fig. 15). Belousov et al.
(2003) described the recent tephra sections at the eastern-
southeastern flank of Chikurachki, in which more than 10 tephra
layers occur, including those from the 1853 and 1986 eruptions and
many thick and coarse scoria fall deposits (Fig. 15). The volumes of
the 1853 and 1986 major historical eruptions were estimated to be
0.09 and 0.12 km? respectively (Belousov et al., 2003), using the
method of Fierstein and Nathenson (1992). The reported volume of
1853 tephra (0.09km?®) was recalculated at approximately
0.06 km?, using the Legros (2000) method from the Belousov et al.
(2003) isopach without changing order. They did not, however,
estimate the age of the lower layers recognized at each section. At
Section 0 of Belousov et al. (2003), located 5.4 km NE from the
Chikurachki summit (star in Fig. 3), they identified a soil layer
(5 cm) between the 1853 layer and the underlying layers (Fig. 15).
The underlying layer was considered slightly older than AD 1793.
Assuming a major historic eruption (AD 1793) produced the
underlying layer before AD 1853, the soil accumulation rate
between the above two layers was calculated as less than 50 cm/ky.
Considering the total thickness (more than 1 m in Fig. 15) and
compaction of soil layers, the deposition age of the lowermost
tephra (Tephral in Fig. 15) at Section 0, defined as the “ancient
tephra” by Belousov et al. (2003), was estimated as older than 2 ka
BP. The estimated soil accumulation rate must be overestimated,
suggesting that the lowermost tephra is much older and is around
2—4 ka BP. This indicates that the recognized lowermost layer at the
eastern flank of the volcano may be correlated with one of 0SC1-5
at the western flank.

The MgO content of the Chikurachki scoria decreased tempo-
rally with slightly increasing SiO, content (Fig. 16). The Tephral
scoria (Fig. 15) have similar SiO, and MgO contents as those of the
0SC1-5 (Fig. 16) that were effused during 3.3—1.6 ka BP. By
combining the age constraint and this temporal chemical change,
the Tephral could be correlated to one of the layers of OSC1-5.
Tephral was considered comparable to or larger in size than the
1853 tephra (0.09 km?) because the thickness and grain size of
Tephral is as large as those of the 1853 tephra at the eastern flank



294 T. Hasegawa et al. / Quaternary International 246 (2011) 278—297

Whole-rock chemistry

K,O wt%

/%A@?%
/

’ e Ey.ﬁ@

o

a_—

-
1 o\Qg_M E%f

0
48 50 52 54 56 58 60 62 64
SiO, wt%
100
Rb ppm
A
E
60 N
At AN
40 o L ~—a
FE X
20 [ [[im) il ——
,,l.ﬁl;‘..a‘.} x
P T CoY P wx
350 400 450 500 550 600 650 700

Sr ppm

O Olivine-pyroxene scoria (OSC)
A Hornblende pumice (HPM)

4 Fuss lava

B Pyroxene pumice (PPM)

[ Tatarinov proximal ejecta

gn Lomonosov lava

x Pleistocene lava

@ Chikurachki scoria
(Belousov et al., 2003)

A Pumiceous pyroxene-hornblende
andesite bomb sampled at Fuss Peak
(Gorshkov, 1970)

Fig. 13. Whole-rock compositions (K,0—SiO, and Rb—Sr variations) of tephras and
lavas. The reported analytical data of the Chikurachki scoria (Belousov et al., 2003) and
the Fuss pumiceous bomb (Gorshkov, 1970) are also plotted for correlation.

(Fig.15; Belousov et al., 2003). Considering the difference of volume
estimation methods between Belousov et al. (2003) and this study,
the volume of Tephral could be estimated to be about 0.06 km?>. If
Tephral could be correlated with OSC3, the thickest (0.06 m thick)
among OSC1-5 (Table 1), the volume of each of the other OSC
tephra layers would be roughly determined using thickness ratio to
the OSC3 at the same locality (CO4: Table 1; Fig. 5) as follows:
0SC1=0.03 km>, 0SC2 = 0.01 km?, 0SC4 = 0.05 km?, 0SC5 = 0.02

km?, 0SC6=0.15km3, 0SC7 =0.03 km?, 0SC8=0.10 km?, 0SC9

=0.07 km?, 0SC10=0.10km> and 0SC11=0.18 km>. Although
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these estimated values are uncertain, they indicate the order of
eruptive volume (that is VEI > 3) of each tephra layer.

7.3. Holocene eruptive history

The age of the lowermost eruptive unit, PPM3, is estimated to be
around 10,000 BP because the directly overlying peat layer indi-
cates a date of 9900+ 50 BP. This implies that the pyroclastic
eruptions from the CTL volcanic chain and Fuss described by our
research all belong to the Holocene. New radiocarbon data and
estimated age from the soil thickness determined the possible age
of each explosive eruption and the Lomonosov lava flow as shown
in Fig. 17. The Holocene activity in this region was initiated by PPM
eruptions from Tatarinov (or Lomonosov), followed by the effusion
of Lomonosov lava after the subordinate lahar and debris avalanche
depositions. After the Tatarinov and Lomonosov eruptions, the
eruptive center of the CTL volcanic chain shifted to the north, and
two volcanoes, Chikurachki and Fuss, started their explosive
activity. During the last 7500 years, more than 30 explosive
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eruptions of both Fuss and Chikurachki have been recorded without
long dormancies for more than one thousand years (Belousov et al.,
2003 and this study). Eight layers (HPM ones) of those were derived
from Fuss, whereas all of the other layers are from Chikurachki. The
Fuss summit may have been filled by a crater lake prior to the HPM4
and HPM1 eruptions, resulting in phreatoplinian deposits.
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The volume of each explosive Fuss eruption was less than
0.02 km? (Fig. 17). This suggests that the fieldwork at the eastern
flank of Fuss could cover almost all of its explosive eruptions larger
than VEI = 2 because this area is located on the leeward side of the
volcano. In contrast, all the explosive Chikurachki eruptions ranged
from VEI>3 (Fig. 17), but many of the explosive Chikurachki
eruptions with the relatively smaller scale (VEI=2) could not be
identified. Considering a number of missing eruptions of Chikur-
achki after 2 ka BP in this studied area, Chikurachki has repeated
explosive eruptions more frequently than Fuss. In addition, some of
these Chikurachki eruptions were relatively large (VEI=3). In
conclusion, after the effusion of the Lomonosov lava (after 9 ka BP),
the magma discharge rate of Chikurachki was much higher during
the Holocene in comparison to other volcanic centers in this area,
a feature consistent with Chikurachki being the highest edifice in
this region at present.

7.4. Temporal evolution of magma system

The Kurile arc extending from the Kamchatka-Kurile Islands to
Hokkaido is considered to be a typical arc-trench system, in which
volcanic rocks show obvious across-arc compositional variations
(Popolitov and Volynets, 1982; Avdeiko et al., 1991; Ishikawa and
Tera, 1997; Bindeman and Bailey, 1999; Nakagawa, 1999;
Nakagawa et al., 2002). Volcanic rocks from the CTL volcanic
chain show medium-K compositions, whereas those from Fuss are
high-K (Fig. 9). This is consistent with the location of these volca-
noes: the CTL chain and Fuss are located at the frontal and back-arc
sides of the northern Kurile Islands, respectively (Fig. 1). The same



296 T. Hasegawa et al. / Quaternary International 246 (2011) 278—297

relationship is also recognized in the case of other incompatible
elements, such as Rb and Ba (Fig. 10). Although both the Chikur-
achki (CTL volcanic chain) and Fuss volcanoes have simultaneously
continued eruptive activity, each magma system of the two volca-
noes was distinct and has been independently constructed.

The eruptive rocks of Chikurachki are basalt and basaltic
andesite. Their SiO, and MgO contents gradually increase and
decrease with time, respectively (Fig. 16), whereas their KO
contents increase with increasing SiO, content to form a single
trend (Fig. 13). During the 7500 years since the OSC11 eruption, no
obvious evidence has suggested the input of different magmas into
the pre-existed magma system beneath the volcano because
whole-rock and matrix glass K;O contents have not largely
changed, in accordance with the SiO; content (Figs. 9 and 11). These
trends strongly suggest that the magma system composed of
basaltic magma was voluminous, and changed its chemistry due to
fractional crystallization.

On the other hand, gray and banded pumice were found in
almost all the tephra layers of Fuss, indicating that the injection of
mafic magma into the felsic system had occurred during each
eruption. Thus, the Fuss magma plumbing system was composed of
two types of magma: mafic and felsic. The compositional fields of
glass chemistries for Fuss pumices are distinct between each
eruption unit on the K,0—SiO; diagram and can be divided into five
clusters that show different K5O levels at the similar SiO, contents
(Fig.12). These indicate that the felsic magma system of the volcano
was short lived and has been replaced by distinct, small felsic
magma batches before almost all major eruptions.

On the other hand, the gray pumices show similar K;O levels
(K20 =3.5—4.5 wt.%) among the eruptions at SiO; =65—70 wt.%.
This suggests that the mafic magma could not be a parental magma
that produced all of the felsic magmas with variable KO contents,
ranging from 3.7 to 6.2 wt.% at SiO, = 69—77 wt.%. Thus, the felsic
magma batches beneath Fuss were produced either by fractional
crystallization of distinct parental mafic magma or the melting of
different crustal materials. To discuss the origin of the magma
system beneath the volcano, more geochemical data, such as
isotope ratios, would be needed.

The frequent replacement of the magma batch under a poly-
genetic composite volcano such as Fuss has been reported in other
volcanoes (Nakagawa et al., 1999; Hobden et al., 1999, 2002). In the
case of Chikurachki, however, frequent changes in the magma
system have not been observed during the last 7500 years. This is
due to the large scale of the magma system beneath the volcano,
which was composed of voluminous basaltic magma. Even if
a smaller magma batch of other basaltic magma had been injected
into the system, it would be hard to detect the chemical shift of
eruptive materials. The magma production system of the Chikur-
achki volcano could produce a similar basaltic magma continuously
supplied to the pre-existing system. In Fuss, by contrast, the magma
injected into the shallower magma system was recognized by
evidence of magma mixing because the shallower system has been
small.

Both the Chikurachki and Fuss volcanoes were active under the
same subduction system, but the volcano with the higher magma
discharge rate, Chikurachki, would continue eruptive activity under
a large, stable magma system, whereas the volcano characterized
by a lower magma discharge rate, Fuss, could be constructed by an
intermittent supply of distinct, small magma batches.

7.5. Evaluation of Holocene eruptive activity of the Chikurachki and
Fuss volcanoes

According to the temporal and spatial shift of eruption centers
and the scale of eruption (Fig. 17), active periods of explosive

eruptions have alternated between Fuss and Chikurachki. Although
this study could not detect any explosive eruptions of the Chikur-
achki volcano from 7 to 5ka BP, Fuss had repeated explosive
eruptions during this period. The Chikurachki volcano may have
changed its mode of eruption to be effusive during this period.
Since approximately 4 ka BP, the activity of Chikurachki has
increased to a considerable scale of repeated explosive eruption,
although the explosive activity of Fuss has decreased. This also
suggests that Fuss changed its mode of eruption to effusive. From
2 ka BP to several hundred years ago, no remarkable tephra layers
from the Chikurachki volcano occurred in this studied area, but
scoria fall deposits on the same horizon have been recognized on
the eastern flank of the volcano (Fig. 15), indicating that the scale of
each eruption or the magma discharge rate decreased during this
time. A relatively larger plinian eruption occurred at Fuss during
this period (HPM1). During the last 200 years, Chikurachki had
frequent repeated explosive eruptions and was one of the most
active volcanoes in the Kurile arc. Only one small eruption has been
recorded in Fuss during the last 200 or 300 years (Gorshkov, 1970).

The harmonic change of eruptive activity described above,
including the temporal change in either eruption frequency or
mode, explosive or effusive, suggests that the magma plumbing and
transport systems reaching the surface affect each other. However,
as mentioned before, the magma systems of both volcanoes have
been isolated and were derived from a distinct source. A similar
case is reported in eastern Hokkaido, the southern end of the Kurile
arc (Hasegawa et al., 2009). In this region, two volcanoes located
10 km apart, Mashu and Atosanupuri, have continued eruptive
activity for over 35,000 years. During this period, however, one
volcano repeated explosive eruptions, whereas the other effused
lavas. In the southern Paramushir Island and eastern Hokkaido
cases, the harmonic eruptive activity of the neighboring two
volcanoes may be affected not by the relationship of magma
generation and storage systems but by change of the local stress
field of the volcanic region. If one of the volcanoes in the region
started eruptions, magma discharge through the crust could reflect
the local stress field.

8. Conclusions

The tephrostratigraphical, tephrochronological and petrological
analyses of four volcanoes on the southern part of Paramushir
Island are summarized, as follows:

1. More than 40 tephra units have been described, all of which are
separated by paleosols or peat layers. Twenty-seven of these
units were distributed widely in the studied area, and each
layer was correlated by petrography and whole-rock and glass
chemistry.

2. In addition to the units mentioned above, two widespread ash
layers, dated at 8.5 ka and 7.6 ka BP, were found in this region.
The upper ash was derived from the Kurile Lake caldera on the
Kamchatka peninsula.

3. The rocks from the CTL volcanic chain, including Chikurachki,
are medium-K, and those from Fuss are high-K. The whole-rock
chemical compositions of the rocks of the CTL chain were also
distinguished among each center, suggesting a distinct magma
system for each. These petrological differences enable deter-
mination of the source volcano of each tephra unit.

4. Eruptions of the Tatarinov and Lomonosov volcanoes in the
south of the CTL volcanic chain initiated the Holocene eruptive
activity in this region. After these activities, Chikurachki and
Fuss started their explosive activity at ca. 7.5 ka BP. Of the two
volcanoes, Chikurachki has erupted more frequently with
a higher magma discharge rate.
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5. Considering the temporal variations of juvenile materials
during the last 7500 years, Chikurachki has continued eruptive
activity with a stable, large magma system, in which the
basaltic magma has changed its chemistry primarily by frac-
tional crystallization. On the other hand, beneath Fuss, distinct
small magma batches have frequently replaced a smaller
magma system.

6. A harmonic change in the frequency and mode of eruption
might exist between the Chikurachki and Fuss volcanoes, likely
affected by changes in the local stress field caused by the
eruptive activity of each volcano.
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