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Abstract Ulleung Island is a Quaternary volcanic island lo-
cated in the mid-western part of the East Sea (Sea of Japan)
back-arc basin, which has erupted from the Pliocene until the
late Holocene. This study focuses on reconstructing the latest
eruptive history of the island by describing the sedimentolog-
ical and stratigraphic characteristics of the most recent,
trachytic/phonolitic pyroclastic sequence, named the Nari
Tephra Formation. This formation is preserved as a succession
of unwelded pyroclastic and epiclastic deposits within an
embayed margin of the Nari Caldera. The embayment acted
as a topographic trap for proximal pyroclastic deposits, and
contains a complete record of the past 19,000 years of eruption
history. The formation includes evidence for five separate
eruptive episodes (Member N-1 to N-5), with intervening
weathered and/or soil horizons indicating hundreds to thou-
sands of years of repose between each eruption. Eruption
styles and depositional mechanisms varied between and dur-
ing individual episodes, reflecting changing dynamics of the
magma plumbing system, magmatic gas coupling, and a

variable role of external water. Extra-caldera sequences show
that only a few of these eruptions generated sustained eruption
columns or pyroclastic density currents (PDCs) large enough
to overtop the caldera wall. Thus tephra sequences outside the
caldera provide an underestimate of eruption frequency, and
care needs to be taken in the interpretation and correlation to
distal tephra sequences recognized in marine and terrestrial
records. In addition, topographic effects of caldera structures
should be considered for the assessment of PDC-related haz-
ards in such moderately sized pyroclastic eruptions.

Keywords Caldera . Eruptive episode . Tephra . Ulleung
Island . Pyroclastic

Introduction

Ulleung Island, located in the northern margin of the Ulleung
Basin, the southwestern East Sea (Sea of Japan), is a
Quaternary volcanic island whose activity stretches into the
Holocene (<5.6 ka B.P.) (Kim 1985; Xu et al. 1998; Kim et al.
1999; Okuno et al. 2010) (Tables 1 and 2; Fig. 1). According
to previous studies, the emergent portion of the volcano com-
prises basaltic/trachybasaltic to trachytic/phonolitic lavas,
dikes, and volcaniclastic deposits which can be classified up
to six eruptive stages on the basis of petrological and geo-
chronological criteria (e.g., Yoon 1984; Yun 1986; Xu et al.
1998; Kim et al. 1999; Song et al. 1999) (Table 1). Although
the details of the classification are still debated, it is commonly
inferred that the latest one or two stages were the most explo-
sive and produced large plinian eruptions with pumiceous
tephras distributed throughout the East Sea and over the
Japanese Islands (Arai et al. 1981; Machida et al. 1984).

For the last three decades, intensive tephrochronological
studies on the latest explosive eruptions on Ulleung Island
have been made on the basis of marine sediment cores and on-
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land investigation around the East Sea. These studies
established the stratigraphic framework of the Ulleung tephras
together with the other tephras from various eruptive sources
around the eastern Eurasian margin (e.g., U-Oki ash from
Ulleung Island, Aira-Tn ash from the Aira Caldera, Kikai-
Akahoya ash from the Kikai Caldera, Baekdusan-Tm ash
from the Baekdusan Volcano) (c.f., Arai et al. 1981;
Machida et al. 1984; Miura et al. 1991; Domitsu et al.
2002). Owing to the distinctive trachytic/phonolitic chemical
composition, which is rare in the arc-related tephra records of
the Japanese Islands, the tephras from Ulleung Island are
readily distinguished from the other tephras sourced from
volcanoes in the Japanese Islands (e.g., AT and K-Ah ashes),
as well as from the Baekdusan Volcano in the north of the
Korean Peninsula (e.g., Baekdusan-Tm ash) (Machida et al.
1984; Chun et al. 1997; Park et al. 2007) (Fig. 1). The
individual tephra layers sourced from Ulleung Island show
uniform major oxide compositions of volcanic glass shards,
enabling detailed correlation of the marine tephras with prox-
imal terrestrial members, especially with the assistance of
radiocarbon ages (Shiihara et al. 2011). These extensive works
on the tephras provide an ever-improving tephrochronology
as well as a guide to understanding the recent volcanic history
of Ulleung Island.

Despite ongoing efforts to correlate these tephra layers, the
details of volcanic eruption styles and transport/depositional
mechanisms of the tephras on Ulleung Island are virtually
undescribed because marine and terrestrial tephras hitherto
studied are fragmentary, and correlation of medial–distal thin
fallout layers to proximal deposits has not been systematically
made. For these reasons, we report on a detailed study of the
proximal deposits of the most recent explosive eruptions of
Ulleung Island. We use this to examine aspects of the pyro-
clastic eruptions and their depositional mechanisms, leading
to new insights into future potential volcanic hazards from
Ulleung Island. We define the Nari Tephra Formation as a
succession of tephra that includes the latest phonolitic and
trachytic eruption products, deposited inside the caldera of
Ulleung Island. We present here a new comprehensive strati-
graphic framework for pyroclastic deposits inside and imme-
diately outside the caldera, as well as an evaluation of the
eruption styles and depositional processes for each eruptive
episode identified. This sequence also provides new informa-
tion on the range of topographic influences on pyroclastic
density current (PDC) sedimentation, particularly intra-
caldera deposition and re-deposition processes.

Geological setting

Ulleung Island is located within a Cenozoic volcanic field
along the northern margin of the Ulleung Basin (37°30′N,
130°52′E) in the southwestern part of the East Sea (Fig. 1).

Previous geological/geophysical studies suggest that multi-
axial back-arc extension caused deep subsidence of the sea
bed since the Early Oligocene (c. 32 Ma) in association with
vigorous multistage volcanic activities (Lallemand and Jolivet
1985; Jolivet 1986; Kimura and Tamaki 1986; Tamaki and
Honza 1991; Tamaki et al. 1992). Volcanism during the back-
arc evolution of the Ulleung Basin can be classified into three
stages based on volcano–stratigraphic relationships (Kim et al.
2011). The stage 1 volcanism included fissure-type eruptions
triggered by initial back-arc rifting during the Early Miocene
(c. 20Ma). This was followed by stage 2 eruptions sited along
an ENE–WSW trending chain of volcanic edifices during the
Middle Miocene (17–11 Ma). Stage 3 volcanism is character-
ized by multiple eruptions probably from the Late Miocene
through to the Holocene (11 Ma–5.6 ka B.P.), building volca-
nic seamounts and islands, i.e., Ulleung and Dok islands, the
Anyongbok Seamount, and the Shimheungtaek and Isabu
tablemounts (Fig. 1a). Previous dating studies using K-Ar
and radiocarbon methods on these volcanoes and stratigraphic
reconstructions made from seismic reflection studies on the
Ulleung Basin suggest that among these volcanoes Ulleung
Island is the youngest and has been active until at least the
mid-Holocene (c.f., Sohn and Park 1994; Okuno et al. 2010;
Kim et al. 2011; Im et al. 2012; Kim et al. 2013). Several
hypotheses have been proposed to explain the tectono-
volcanic origin of the island, including a mantle plume, dehy-
dration melting associated with subduction of the Pacific
Plate, and decompressional melting by back-arc extension
(Peng et al. 1986; Min et al. 1988; Basu et al. 1991;
Tatsumoto and Nakamura 1991; Kim et al. 2011).

The entire Ulleung volcanic edifice rises about 3,000m from
the seafloor, of which the emergent portion is 982 m in height
and 72.6 km2 in area. The island exposes a range of basaltic
lavas and related epiclastic deposits, through to trachytic domes
and flows. The most recent volcanism was concentrated within
the caldera of the volcano, named Nari Caldera. This 2.8-km-
diameter caldera has an amphitheater-like shape open to the
north and shows embayed topography in the south (Fig. 1). The
semicircular rim bordering the caldera rises <100 m above the
caldera floor in the north and reaches up to 600 m in the south
(Fig. 2). The northwestern part of the caldera is occupied by a
lava dome/tephra cone complex, Albong, which rises about
140 m from the caldera floor (Fig. 2).

The island consists of basaltic/trachybasaltic to trachytic/
phonolitic lavas and volcaniclastic deposits, which have been
subdivided into three to six stages with different stratigraphic
classifications and petrochemical descriptions in previous
works (Table 1). K-Ar dated stages included the following:
2.7±0.9 to 1.37±0.04 Ma basaltic lavas and basaltic agglom-
erates, 1.05±0.02 Ma trachytic agglomerate, 0.83±0.01 to
0.60±0.01 Ma lower trachyte, 0.58±0.01 to 0.24±0.01 Ma
upper trachyte, and <0.01 Ma trachyandesite (Min et al. 1988;
Xu et al. 1998; Kim et al. 1999; Song et al. 2006). Radiocarbon
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ages of the latest volcanic activity were first reported to date
between c. 9.3 to 6.3 ka B.P. on the basis of marine sediment
cores from the East Sea (Arai et al. 1981; Machida et al. 1984).
Recently, Okuno et al. (2010) reported radiocarbon dates of c.
11, 9, and 5.6 ka B.P. for a series of extra-caldera tephra layers
using charcoal and pumiceous soil samples. Meanwhile, Im
et al. (2012) reported 14C dates of ~19, 8.5, and 8.4–7 ka B.P.
for a series of intra-caldera pyroclastic deposits.

Review of Ulleung tephrostratigraphy

Several workers have attempted to establish correlations between
the terrestrial and marine tephra layers that are found on Ulleung
Island, below the East Sea, and throughout the Japanese Islands
on the basis of radiocarbon ages and chemical compositions
(Arai et al. 1981; Machida et al. 1984; Kitagawa et al. 1995;
Chun et al. 1997; Domitsu et al. 2002; Nagahashi et al. 2004;
Higashino et al. 2005; Okuno et al. 2010; Shiihara et al. 2011; Im
et al. 2012) (Tables 2 and 3). Machida et al. (1984) defined seven
tephra layers (U-1 to U-7 in descending order) from the extra-
caldera sites on Ulleung Island and constrained their ages based

on two time-marker tephra layers, i.e., the Aira-Tn ash (21–22 ka
B.P.) and the Kikai-Akahoya ash (6.3 ka B.P.). Later, Okuno
et al. (2010) and Shihara et al. (2011) revised the
tephrostratigraphy based on radiocarbon ages and geochemical
analyses of volcanic ash, thereby defining the ages of the U-4 as
~11 ka B.P., U-3 as 8.3 to 9 ka B.P., and U-2 as 5.6 ka B.P.

The U-4, U-3, and U-2 tephras, found at many extra-caldera
sites in the eastern to southern part of the island, mainly
comprise trachytic or phonolitic pumice and contain amphi-
bole, clinopyroxene, and alkali feldspar as common pheno-
crysts (Shiihara et al. 2011). All these tephras have the charac-
teristics of fall deposits, of which the details are described by
Okuno et al. (2010). The U-4 tephra is 0.8 to 1.0 m thick in
total, comprising a normally graded, grayish white pumice
along with lithic fragments in the lower part (unit U-4a) and a
gray layer of lithic and scoria lapilli in the upper part (unit
U-4b). The U-3 tephra is 0.7 to 1.1 m thick in total, comprising
grayish brown to white ash and fine pumice deposit at the base
(unit U-3a), grayish white accretionary lapilli-bearing tuff in the
middle (unit U-3b), and a bed of normally graded, grayish
white pumice and lithic lapilli at the top (unit U-3c). The U-2
tephra is 0.3 to 1.1 m thick in total, comprising grayish yellow
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Fig. 2 aDEM showing the topography of the Nari Caldera and study locations. Inset illustrates the distribution of sediment/rock types inside the caldera
(modified after Machida et al. 1984). b Aerial photograph of study area showing the sites of outcrop measurement
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to white accretionary lapilli-bearing tuff in the lower part (unit
U-2a) and normally graded, gray to white beds of pumice and
lithic lapilli in the upper part, which are overlain by black soil.

Shiihara et al. (2011) proposed an integrated stratigraphic
framework for Ulleung tephras on the basis of eruption ages
and petrographic characteristics. The U-4 tephra was correlated
to the U-Oki tephra from several sites in the East Sea and on land
in Japan. This marker tephra has been reported in many studies
with different codes (e.g., Ulleung-II, TRG2 and Hane Pumice
and BT-5) (Chun et al. 1997; Domitsu et al. 2002; Nagahashi
et al. 2004). Tephras correlated with theU-3 andU-2 deposits are
occasionally reported as indistinct layers of scattered pumice and/
or volcanic glass-rich ash outside the island. The TRG1, BT-4,
and Hm-2 tephras are regarded as correlatives of the U-3 tephra,
and the Ulleung-1 tephra as a correlative of the U-2 tephra
(Chun et al. 1997; Chun et al. 1998; Domitsu et al. 2002;
Nagahashi et al. 2004; Higashino et al. 2005).

Materials and methods

Detailed field observations and sedimentary logs of the Nari
Tephra Formation were collected both inside and outside the

caldera (Figs. 1 and 2). The sedimentary logs were measured at
a scale of 1:20 to include bed thickness, grain size, texture,
sedimentary structure, and componentry. For petrological and
geochemical analysis, pumice samples were collected from
each eruptive member of the Nari Tephra Formation exposed
in both intra- and extra-caldera sites (Figs. 1 and 2). For
radiocarbon dating, charcoal samples were collected from the
lowermost eruptive member of the intra-caldera tephra forma-
tion. The charcoal samples were analyzed using the Accelerator
Mass Spectrometer (AMS) technique in the National Center for
Inter-University Research Facilities, Seoul National University.

Characteristics of the intra-caldera Nari Tephra
Formation

A succession of the Nari Tephra Formation, about 70 m thick,
is exposed along a valley incised roughly parallel to the
southern inner wall of the Nari Caldera (Fig. 2). The formation
can be divided into five members, N-5 to N-1 in ascending
order. Each unit is bounded by either a prominent erosion
surface or soil horizon indicative of a significant hiatus be-
tween eruptions (Fig. 3). The members comprise pumiceous

Table 3 Results of AMS 14C dating

Sampling site Stratigraphic
position

Material δ13C
(‰)

14C date
(BP)

Lab nr
[sample ID]

Age range (cal BP)
[2σ, probability %]

Intra-caldera site
(Im et al. 2012 and this study)

N37°37′18″
E130°51′55″

In N-5 Charcoal –22.91 16,460±110 SNU12-R108 19,493–19,933 [95.4]

–23.5 15,560±100 [C1] 18,690–18,990 [95]

–22.6 15,880±60 [C2] 18,960–19,150 [95]

N37°29′50″
E130°51′58″

In N-3 Charcoal –24.1 7,600±40 [C3] 8,360–8,440 [95]

N37°29′50″
E130°51′58″

In N-3 Charcoal –23.7 7,660±40 [C4] 8,390–8,540 [95]

Extra-caldera site
(Okuno et al. 2010)

N37°32′17″
E130°54′6″

In U-2 Charcoal –25.4
–25.5
–23.9
–23.8

4,910±35
4,965±35
4,945±35
4,940±35

5494
5495
5496
5497

5,590–5,666 [85.39]
5,604–5,749 [97.01]
5,602–5,738 [100]
5,600–5,734 [100]

N37°31′6″
E130°54′10″

Beneath U-2 Soil –27.0 4,710±30 7730 5,323–5,417 [52.11]

N37°31′54″
E130°56′13″

Beneath U-3 Soil –28.1 7,525±35 6755 8,301–8,405 [92.14]

N37°31′6″
E130°54′10″

Beneath U-3 Soil –25.1 8,030±35 6756 8,846–9017 [70.93]

N37°31′54″
E130°56′13″

Beneath U-4 Soil –27.5 9,786±35 6752 11,177–11,126 [100]

N37°31′6″
E130°54′10″

Beneath U-4 Soil –24.5
–27.5

12,165±40
11,840±45

6754
7309

13,890–14,141 [100]
13,581–13,816 [100]

N37°31′54″
E130°56′13″

Beneath U-4 Charcoal –27.0
–26.5
–26.5

12,030±40
12,090±40
12,095±40

6764
6765
6766

13,781–13,996 [100]
13,819–14,051 [100]
13,822–14,056 [100]
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N-
1

N-2A
Mantle-bedded accretionary lapilli-bearing tuff with intercalated massive pumice lapilli layers

Index:      ash-accretion texture;             pumice lens/bed;                      lithic lens/bed;                       pumice/lithic-mixed lens/bed;                x-stratified tuff/lapilli tuff
            megaripple bedded tuf f/lapilli tuff;           framework-supported pumice;           parallel-stratified tuff;              erosional top
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Soil
Specific
texture

N-2C
Black, openwork-textured, lithic-rich, massive pumice lapilli bed showing agglutinated pumice 
texture; paleosol with truncated top

sT/slLT/dblLT

mpLo, S

dbpLT, sT/xT/spLT

mT/mTacc, 
mpL/mpLo

wpLT, xT/sT/sLT, 
dbpLT, S 

dbpLT

mLT/ ,
dbpLT/dblLT/dbTBr,  
sT/xT/slLT/spLT

mTBr

mpLo, mTBr

Br, M/gM, S

mLT/mTBr,
dbpLT/dblLT, 
sT/xT, 
mTacc/mLTacc, 

mLT/mTBr

dbpLT, sT/xT

mTacc, dbpLT

Br, M/gM

Comp.

N-
5

N-
4

N-
3

N-
2

N-1
Dark gray, diffusely stratified, llithic lapilli tuff succession, showing complex normal and inverse 
grading; subordinate lithic blocks in the lower part of the member 

N-2B
Diffusely bedded, pumiceous lapilli tuff, showing change in pumice color (white-brown-black); 
diffuse bedding defined by clast-supported pumice lenses and trains intercalated with cross-
stratified tuff 

N-3C
Wavy-bedded pumiceous lapilli tuff with subordinate lithic blocks; variable deposition structures, 
i.e., upslope-migrating megaripples, flutes and obstacle scours with upslope-oriented fine-grained  
tails, and downslope-dipping backset stratification; scoured upper contact with dm-thick paleosol

N-3B
Diffusely bedded, coarse-grained pumiceous lapilli tuff containing dm-thick low-angle pumice 
lenses; common inverse or inverse-to-normal grading in the pumice lenses 

N-3A
Massive accretionary lapilli-bearing tuff, mantling high-gradient scour surface; repetitive normal 
grading; low-angle truncation at the top

N-4R
Disorganized lithic breccia, infilling high-gradient incised valley; paleosol at the top

N-4B
Fines-depleted, openwork-textured pumice lapilli deposit containing variable lithic contents showing 
scattered distribution; lenticular tuff breccia interval  showing in the middle of the subunit
amalgamated contact with openwork pumice

N-5R
Upper: subparallel-bedded gravelly mud, marked by intercalated gravel and mud lenses; upward 
increase mud/gravel ratio

Lower: Disorganized (or slightly imbricated) incision-fill lithic breccia showing large thickness 
variation; variable lithic breccia component

N-5D
Intercalated accretionary lapilli-bearing tuff, massive lapilli tuff, and tuff breccia beds, showing 
variable pumice/lithic ratio and ash-accretion textures; high-gradient incision surface at the top

N-5C
Massive, fines-rich, pumiceous lapilli tuff or tuff breccia succession showing undulating contact; 
huge lithic boulders with polygonal weathering cracks scattered in the succession 

N-5B
Diffusely bedded  lapilli tuff including dm-thick, low-angle pumice lenses; low-angle truncation at the 
base; micro-vesicular, dense, phonolitic juvenile lapilli with subordinate trachyte  blocks showing 
polygonal weathering cracks; dm-thick low-angle cross-stratified tuff layers at the top, with 
obstacle-scour and upslope oriented pumice tail

N-5A
Intercalated mantle-bedded accretionary lapilli-bearing tuff and  lenses of clast-supported pumice 
lapilli

Pre-Nari Breccia
Irregular accumulation of disorganized lithic breccia showing variable support textures; intervening 
dm-thick mud layers (or lenses) with poor continuity; paleosol development in upper portion

Facies description Facies code

mTacc/mT

N-4A
Fines-rich pumiceous lapilli tuff showing  lithic blocks within pinch-and-swelling laminae; abundant
impact sags at the base

spLT, mpLo

??

N-4C
Massive or diffusely bedded pumice lapilli tuff and tuff breccia succession with intercalated cross-
stratified tuff layers; variable pumice/lithic ratio in each beds; general coarse tail inverse-to-normal 
grading in massive lapilli tuff and tuff breccia beds; cross-stratified tuff showing amalgamated 
contact at the base and sharp contact at the top

Br, S

Fig. 3 Sedimentary log of the Nari Tephra Formation from intra-caldera sites IC1 to IC6
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lapilli tuff mostly of phonolitic composition with subordinate
lithic clasts of variable origins. A total of 19 lithofacies are
defined and summarized in Table 4. Grain size terminology
used here follows White and Houghton (2000).

Pre-Nari Breccia

Description

The Nari Tephra Formation is underlain by an irregular stack
of lithic breccia beds (Br), characterized by variable bed
geometries, clast support fabrics, and clast orientations
(Fig. 4). Individual breccia beds commonly have a discontin-
uous wedge geometry (2 to 4 m in max. thickness) and are
intercalated with decimeter-thick gravel-bearing mud lenses.
Breccias are generally composed of coarse lapilli to block-
sized trachyte clasts which are overall angular, but slightly
rounded along their edges. The matrix comprises poorly
sorted gravel-bearing sandy mud with reddish to brownish
coloration due to diagenesis. The top of the breccia succession
is marked by irregular truncation (Fig. 4).

Interpretation

In the geological map of the Nari Caldera (inset of Fig. 2a),
along-strike distribution of thick breccia successions on the
slope face of the inner caldera wall and ubiquitous alluvium
near the base of slope suggest that the Nari Caldera was
subjected to continual slope failure in association with spo-
radic centripetal drainage process. The irregular stack of brec-
cia wedges of the Pre-Nari Breccia is, likewise, attributed to
repetitive accumulation of debris upon screes fringing the
inner caldera wall during a long repose period of volcanic
eruption. Gravel-rich mud layers, draping the breccia wedges,
are interpreted as deposits of water-laid epiclastic mud and
gravel transported by temporary overland flows on the screes
mostly in response to heavy rainfall and/or snowmelt events.

Member N-5

Description

The lowermost member of the Nari Tephra Formation is
marked by a variety of lithofacies, and divided into five units:
N-5A to N-5D and N-5R in ascending order (Fig. 3). The
member comprises medium lapilli to block-sized trachytic
pumice with accidental trachyte blocks. Juvenile pumice clasts
are characterized by very low vesicularity and abundant acic-
ular feldspar microphenocrysts in the groundmass (Fig. 5).

Unit N-5A is 1 to 1.5 m thick and composed of massive
accretionary lapilli-bearing tuff (mTacc) with intercalated
lenses or mounds of diffusely bedded pumiceous lapilli tuff
(dbpLT). The accretionary lapilli-bearing tuff beds are 5–

50 cm thick, and mantle the irregular top of the underlying
Pre-Nari Breccia and diffusely bedded pumiceous lapilli tuff
beds (Fig. 4b).

Unit N-5B consists of diffusely bedded pumiceous lapilli
tuff (dbpLT) which includes decimeter-thick lenses of clast-
supported lapilli and blocks (Fig. 4c). The unit has a low-angle
truncating relationship with the underlying unit and shows
wide thickness variation due to subsequent erosion. Juvenile
lapilli and blocks are phonolitic in composition (Brenna et al.
2014), commonly angular in shape, light gray to dark gray in
color, and marked by bimodal vesicularity distribution be-
tween micro-vesicular (commonly <1 mm in vesicle diameter
lacking bubble wall texture) and non-vesicular (Fig. 5). The
unit contains subordinate trachyte blocks as an accidental
lithic component. The lapilli tuff is transitionally overlain by
5- to 30-cm-thick, low-angle cross-stratified tuff (sT/xT)
(Fig. 4c).

Unit N-5C is a c. 3-m-thick, fines-rich massive pumiceous
lapilli tuff (mLT) or tuff with a low-angle truncation surface at
the base (Fig. 4d). Large portion of pumice clasts are severely
altered to show an orange/deep brown color. Accidental large
trachyte and tuff blocks, often exceeding 50 cm in diameter,
are scattered within the deposit and show accompanying
asymmetric bedding sags near the base (Fig. 4a, d). In the
middle to upper part of the unit, diffusely stratified lapilli tuff
locally infills troughs with upslope-dipping stratification
(Fig. 4d).

Unit N-5D is a c. 6-m-thick succession, comprisingmantle-
bedded accretionary lapilli-bearing tuff (mTacc), massive pu-
miceous lapilli tuff showing variable ash-accretion textures
(mLTacc), and massive lithic and pumiceous lapilli tuff or tuff
breccia with subtle horizontal clast orientation (mLT/mTBr)
(Fig. 4d). Avariety of ash-accretion textures occur in different
beds, including accretionary lapilli and ash pellets (Fig. 4e),
armored lapilli (Fig. 4f), and vesiculated lapilli tuff (Fig. 4g).
The unit is truncated by a high-gradient and high-relief inci-
sion surface incising through the entire stack of underlying
units (Fig. 4h).

Unit N-5R is a chaotic succession of lithic breccias (Br)
overlying the incision surface (Fig. 4h). The breccias are com-
monly poorly sorted, and either clast- or matrix-supported with
indistinct imbrication. The upper portion of the unit is marked
by intercalation of 10- to 30-cm-thick, commonly lenticular,
mud and gravelly mud layers (M/gM) (Fig. 4i).

Interpretation

The accretionary lapilli-bearing tuff, intercalated with pumice
lapilli beds in unit N-5A, suggests that the eruption initiated
with fluctuating phreatomagmatic explosions that generated
steam-rich eruption clouds and unsteady pulses of PDCs. The
poorly vesicular and micro-vesicular juvenile lapilli and
blocks, comprising the major component of unit N-5B,
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Fig. 4 Outcrop photographs showing the deposit features of Member
N-5 at site IC2. a Overview of Pre-Nari Breccia. Person in white
rectangle gives the scale. b Basal part of Member N-5 marked by
alternating massive pumiceous lapilli tuff and accretionary lapilli-bearing
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suggest extremely low magmatic gas expansion and
inefficient magmatic fragmentation during the eruption,
which may not fall under the realm of either magmatic or
phreatomagmatic fragmentation process. The micro-vesicular
and microlite-rich juvenile clasts suggest that the source
magma of Member N-5 was probably emplaced as an
endogeneous dome or cryptodome or a shallow conduit fill,
which experienced over-pressurization in response to
microlite crystallization prior to the explosive eruptions
(Sparks 1997; Hammer et al. 1999). The accidental trachyte
blocks are interpreted to have derived from the earlier tra-
chytes comprising the summit of the volcano. This trachyte,
which probably had been capping the endogeneous dome or
cryptodome, was probably disintegrated and transported over
the inner caldera wall either ballistically or by high-
concentration PDCs during phreatomagmatic eruptions or
sudden explosive disintegration of the over-pressurized dome
(Sparks 1997). It is inferred that the bimodal vesicularity
distribution of juvenile clasts is due to non-uniform volatile
loss from an initially homogeneous magma (c.f., Hoblitt and
Harmon 1993). The clast-supported lapilli lenses in this unit
suggests segregation of dense basal layers of coarse lapilli and
blocks from a PDC that fluctuated in current intensity or
competence (Branney and Kokelaar 2002).

The massive lapilli tuff containing large lithic blocks
(N-5C) is interpreted as deposits of dense and laminar PDCs
accompanied by ballistically transported lithic blocks that
were probably derived from the conduit or vent wall. The
trough-filling lapilli tuff with diffuse upslope-dipping stratifi-
cation (Fig. 4d) is attributed to syn-depositional remobiliza-
tion or down-slope slippage of unconsolidated deposits on
steep slope. Several massive tuff beds in unit N-5D showing

a range of ash-accretion textures suggest variable physical
properties and water contents of the PDCs that originated from
sporadic phreatomagmatic activities (c.f., Schumacher and
Schmincke 1991; Rosi 1992; Houghton et al. 2000)
(Fig. 4e–g). The massive lapilli tuff or tuff breccia beds in this
unit may have partly resulted from syn-eruptive reworking
processes. The amalgamated transitional contacts between
tuff, lapilli tuff, and tuff breccia beds suggest continuous
aggradation of these beds without significant depositional
hiatus.

The high-gradient erosional surface incising into the un-
derlying units (N-5D to N-5A) suggests a prolonged eruptive
hiatus after the cessation of the eruption. The breccia beds of
unit N-5R are interpreted as the deposits of debris flows or
debris falls that originated from caldera-wall collapse and
remobilization of loose volcaniclastic materials. The mud-
rich upper part of the unit is interpreted to have formed by
draping of water-laid mud and gravel in the later stage of
incision fill.

Member N-4

Description

Member N-4 is a c. 23-m-thick succession of pumice lapilli,
lapilli tuff, tuff, and tuff breccia that can be divided into four
units: N-4A to N-4C and N-4R in ascending order (Table 4;
Figs. 3, 6). Pumice clasts in this member have tubular vesicles
with thin vesicle walls (Fig. 5).

The lowermost unit N-4A is a succession of c. 1-m-thick,
pumiceous lapilli tuff, marked by gradual facies change from
lithic-rich pumiceous lapilli tuff showing diffuse pinch-and-

N-2B N-2C U-4 U-3 U-2

N-5 N-4 N-3 N-2A

5 mmNari Tephra Formation Extra-caldera sequence

Fig. 5 Scanned thin-section images of juvenile lithic and pumice clasts from intra- and extra-caldera tephra sequences. Note that the pumices from
Member N-4, N3, and N-2A have identical vesicle textures to those of U-4, U-3, and U-2 tephras
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swelling stratification near the base (spLT) to massive, open-
work pumice lapilli deposit (mpLo) in the upper part. Huge
lithic blocks, often exceeding 1 m in diameter, produced deep
impact sags below them (Fig. 6b).

Unit N-4B is a c. 8-m-thick, crudely bedded, openwork
pumice lapilli deposit (mpLo) (Fig. 6c), which is overall fines-
poor and consists mainly of medium lapilli-sized pumice
clasts and scattered lithics of variable lithologies (e.g., tra-
chytes, syenites, sedimentary rocks, metamorphic rocks, and
etc.) (Fig. 6d). Discontinuous and poorly sorted tuff breccia
(mTBr) occurs in the middle part of the unit, showing diffuse
lower and upper contacts (Fig. 6e).

Unit N-4C is a ~13-m-thick, lithic block-rich and matrix-
supported pumiceous lapilli tuff succession, having a sharp
but non-erosional contact with the underlying N-4B (Fig. 6a).
It comprises a stack of 1 to 2 m-thick, massive or diffusely
bedded, lithic-rich lapilli tuff and/or tuff breccia beds (mLT/
dbpLT/dblLT/dbTBr/mTBr), interlayered with 10 to 20 cm
thick stratified or cross-stratified tuff or lapilli tuff layers (sT/
xT/spLT/slLT) (Figs. 3, 7). The lapilli tuff and tuff breccia
facies generally coexist within a single bed due to lateral
variations in clast contents, sorting, and ratios of pumice/
lithic clasts (Fig. 7b). The diffuse stratification of lapilli tuff

and tuff breccia beds is generally defined by trains or lenses of
lithic or pumice clasts (Fig. 7a, b). In several massive tuff
breccia beds, coarse lithic blocks are concentrated in the
middle or upper part of the beds, showing inverse or
inverse-to-normal grading (Fig. 7a, b). The cross-stratified
tuff commonly overlies underlying lapilli tuff beds with tran-
sitional contacts (Fig. 7b, c). The beds of this unit as a whole
are characterized by onlapping stratal geometry upon the
inclined depositional surface with the overall beds thinning
and terminating upslope (Fig. 7a). Relatively fine-grained
parts of beds show stoss-erosional to stoss-depositional
dune-like structures and climbing megaripples that apparently
migrate upslope (Fig. 7b, c). This unit is capped by a 10- to 20-
cm-thick paleosol at the top (Fig. 7a) and is overlain by lithic
breccias (N-4R) with a high-relief incision surface in between.

Interpretation

Unit N-4A, with a fine ash-rich matrix and low-angle, swell-
ing laminae, can be interpreted as the deposit from a pyroclas-
tic surge occurring during the opening stage of the Member
N-4 eruption. Abundant large lithic blocks and a gradual
facies change into fines-poor openwork pumice lapilli deposit
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Fig. 6 Outcrop photographs
showing the deposit features of
Member N-4 at site IC3. aOverall
view of Member N-4 and the
uppermost part of Member N-5,
showing the stratigraphic
relationships between
depositional units. bBasal contact
between Member N-5 and N-4
showing huge lithic blocks in an
impact sag. c View of very
crudely bedded unit N-4B. d
Photograph showing the
openwork texture of pumice and
lithic clasts in unit N-4B. e
Massive tuff breccia bed in the
middle part of unit N-4B
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suggests rapid widening of the vent and wet-to-dry transition
of eruption style (Houghton et al. 2000). Unit N-4B lacks any
features related to traction sedimentation, thus suggesting
rapid aggradation of pumice fallout from a plinian eruption

cloud, fromwhich fine ash was efficiently winnowed bywind.
The abundance of lithic clasts of variable lithologies suggests
that wall rocks were commonly plucked from various levels of
the conduit, which were subsequently transported as ballistic
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c’c’cc

1 m

b’b’

bb

Upslope

Upslope

sT/xT
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Fig. 7 a Photograph and line drawing of unit N-4C at site IC4, showing
onlapping stratal geometry upon the inclined depositional surface with
the overall beds thinning and terminating upslope. b Photograph and
outcrop sketch of unit N-4C showing stoss-erosional to stoss-

depositional dune-like structures. Inverse-to-normal grading is prominent
in the bed at center. c Photograph and sketch of stratified tuff in unit N-4C
showing climbing megaripples migrating upslope
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projectiles (Wilson and Walker 1985; Allen 2001). The inter-
vening massive tuff breccia in the unit is interpreted to have
been transported by a highly concentrated, energetic PDC,
representing partial collapse of plinian eruption column or a
conduit-widening eruptive event. Subtle clast size variation in
this unit is attributed to temporal variation of eruption
intensity.

The lapilli tuff and tuff breccia beds of unit N-4C are
interpreted as deposits of highly concentrated and block-rich
PDCs followed by dilute and finer grained tails of the currents.
The diffuse stratification, defined by lithic/pumice lenses or
trains, suggests fluctuation of flow competence in a single
PDC, in which coarse lithic or pumice clasts were segregated
and concentrated. The subtle inverse or inverse-to-normal
grading identified in several massive tuff breccia beds might
have been caused by dispersive pressure in the high-
concentration basal portion of PDCs. Lateral variation of
grading pattern, stratification, and lithic clast contents in a
single massive bed is attributed to non-uniformity of the
current. The cross-stratified tuff showing diffuse contact with
the underlying lapilli tuff/tuff breccia beds are interpreted as
tractional deposits from more dilute PDCs that mark the
waning phases of the PDC pulses. An abundance of coarse
lapilli- to block-sized lithic clasts are interpreted as vent- or
conduit-derived lithic ejecta entrained in energetic PDCs. The
overall upslope-onlapping stratal termination together with
upslope-migrating dunes or megaripples suggests gradual fill-
ing of the slope by the PDCs advancing toward the caldera
wall. The capping paleosol layer and high-gradient incision
surface at the top of the unit indicate a significant repose
period with valley re-incision following the eruption.

Member N-3

Description

Member N-3 is a succession of 8- to 16-m-thick pumiceous
lapilli tuff that can be divided into three units: N-3A to N-3C,
based on their facies associations (Table 4; Figs. 3, 8). The
pumice clasts in this member are characterized by elliptical,
slightly stretched vesicles with thin vesicle walls (Fig. 5).

The lowermost unit N-3A is a 30- to 40-cm-thick accre-
tionary lapilli-bearing tuff bed (mTacc), mantling the high-
gradient incision surface above Member N-4. It was severely
eroded before deposition of unit N-3B (Fig. 8b). The unit is
well-sorted and shows multiple repeated pattern of normal
grading which defines crude stratification.

Unit N-3B is a diffusely bedded pumiceous lapilli tuff
containing decimeter-thick clast-supported pumice lenses
(dbpLT) (Fig. 8a, c). This unit has a valley-filling geometry
with onlap stratal termination against the high-gradient inci-
sion surface above Member N-4. Individual pumice lenses are
composed of well-sorted, subangular pumice lapilli and

blocks with subordinate accidental trachyte and syenite clasts,
showing inverse or inverse-to-normal grading (Fig. 8c). Some
stacks of pumice lenses have dune-like geometry with a
retrograding stacking pattern (Fig. 8d).

Unit N-3C is a wavy- or megaripple-bedded pumiceous
lapilli tuff (wpLT), of which the maximum thickness is c. 8 m
(Figs. 2, 8a). This unit is mainly composed of coarse ash- to
lapilli-grade, subrounded to rounded pumice clasts with sub-
ordinate lithic clasts, some of which form impact sags
(Fig. 8e). Diverse structures are found in the unit including
upslope-migratingmegaripple bedforms, backset stratification
that dips upslope relative to the bedding plane, and flute and
obstacle scour marks with upslope-oriented fine-grained pum-
ice tails (Fig. 8a, e).

Interpretation

Deep incision and soil development on the top of Member N-4
suggests a significant repose period before the eruption of
Member N-3. Mantle-bedded accretionary lapilli-bearing tuff at
the unit’s base is interpreted to be a tephra fall deposit from initial
vapor-rich phreatomagmatic activity. This was followed by a
brief pause in eruption, inferred from the eroded top of the unit.

We interpret the diffusely bedded lapilli tuff of unit N-3B as
a deposit from density-stratified PDCs, from which granular
underflows were selectively deposited under fluctuating current
competence. Upslope-stacking of pumice lenses suggests de-
position from uphill-traveling PDCs, in which concentrated
basal portions comprising large pumice/lithic clasts bothmoved
upslope and avalanched locally downslope (Jeon et al. 2011).

The wavy-bedded lapilli tuff of unit N-3C by contrast was
probably deposited from turbulent pyroclastic surges, which
exerted strong shear stress on the bed to result in both depo-
sitional and erosional structures. Irregular bed thickness and
grain size variation are attributed to the unsteadiness and non-
uniformity of the pyroclastic surges. The migration directions
of dunes, megaripples, flutes, and obstacle scours (Fig. 8a, d,
e) suggest that the current moved overall upslope.

Member N-2

Description

Member N-2 is a succession of ~15-m-thick, diffusely bedded
and/or massive pumiceous lapilli tuff units characterized by
distinct changes of pumice colors from white, brown, to black
(Figs. 3, 9). The member can be divided into four units, i.e.,
N-2A to N-2D, depending on the lithofacies association
(Fig. 3). Pumice clasts show inflated bubble wall-type vesicle
textures (N-2A and 2B) and micro-vesicular textures, as well
as including abundant feldspar glomerocrysts (N-2C) (Fig. 5).

The lowermost unit N-2A is a ~2-m-thick succession
marked by alternation between massive accretionary lapilli-
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bearing tuff (mT/mTacc) and fines-poor pumice lapilli (mpL)
layers including subordinate accidental lithic lapilli (trachytes
and phonolites) (Figs. 2, 9b). The intercalating layers show
upwards increases in the abundance and clast size of pumice
lapilli, which pass into massive deposits of openwork pumice
lapilli (mpLo) (Fig. 9b). These alternating layers show man-
tling bed geometry and extensive lateral continuity with uni-
form bed thickness (Fig. 9b).

Unit N-2B is composed of decimeter-thick diffusely bed-
ded pumiceous lapilli tuff (dbpLT), including clast-supported
pumice lenses or trains with intervening uniform-thick (5 to
10 cm) tuff layers. The unit is characterized by distinctive
color changes of pumice, from white, brown, to black in the
lower, middle, and upper parts, respectively (Fig. 9a). In spite

of the abrupt color change, the contacts between units are
diffuse and transitional (Fig. 9a).

Unit N-2C consists of a ~3-m-thick massive, fines-depleted
and black pumiceous lapilli deposit, containing common lithic
clasts (more than seen in underlying units) (Fig. 9a). The unit
shows an openwork deposit texture with pumice and obsidian
clasts being partly agglutinated or welded (Fig. 9c). The
topmost part of the unit is characterized by pale brown pumice
lapilli, bounded by undulated erosional surface (Fig. 9d).

Interpretation

Alternation of accretionary lapilli-bearing tuff and fine-
grained pumiceous tuff beds at the base of the member (unit
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N-2A) suggests that the initial eruption fluctuated between
phreatomagmatic and magmatic styles. The uniform thickness
and mantling geometry of the tuff beds suggests fallout from a
plinian eruption cloud. The diffusely bedded pumiceous lapilli
tuff in unit N-2B, marked by interlayering clast-supported
pumice lenses and stratified tuff, is interpreted to record more
or less sustained but unsteady PDCs, in which basal granular
underflow was segregated from dilute upper surges.

The different-colored pumices of this member have been
shown to have identical chemical composition (Im et al.
2011), which implies that they do not represent different
magmatic zones. The conspicuous pumice color change from
white to black may instead reflect variations in oxidation of
iron in the erupting pumice, and/or variations in the thickness

of vesicle walls, and glass microlite content (Paulick and
Franz 1997; Wilson and Houghton 2000). The agglutinated
black pumice and obsidian clasts of unit N-2C suggest fallout
of partially molten and degassed lapilli probably from a lava
fountaining phase of eruption in the later stages of the episode
(Wilson and Houghton 2000). The pale brown pumice color
of the uppermost part of the member suggests pedogenic
alteration of black pumice with accompanying erosional pro-
cesses during a long depositional hiatus.

Member N-1

The uppermost member of the Nari Tephra Formation is up to
7 m thick at the study location (Figs 3, 9e). This member
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consists of coarse ash- to medium lapilli-grade black vesicular
juvenile clasts and lithic clasts of variable lithologies. The unit
shows thin, continuous, diffuse, subparallel stratification (sT/
sLT) defined by superposition of variably graded thin layers
(Fig. 9f). This stratified tuff onlaps against the irregular eroded
top of the black pumice deposits of Member N-2 (Fig. 9d).
The juvenile clasts of Member N-1 are marked by abundant
plagioclase and hornblende phenocrysts in a devitrified vesic-
ular groundmass.

Interpretation

The high fine ash content of this unit along with crude but thin
and continuous stratification defined by alternating normal
and inverse-graded layers suggest traction-carpet deposition
from more or less dilute, pulsating PDCs (Sohn 1997). Onlap
stratal termination upon the black pumice deposit of Member
N-2 with an erosional contact shows that there was a consid-
erable time gap between the eruptions of the two members,
during which loose volcaniclastic materials of unit N-2 were
resedimented and pedogenically altered.

Characteristics of extra-caldera tephra layers

A 12-m-thick tephra succession was artificially exposed at the
site EC1 (37°32′07″N, 130°54′24″E; Fig. 1b), which is locat-
ed c. 2.4 km northeast from the present caldera rim. The lower
9 m of the succession is highly weathered, hampering sedi-
mentological observations and geochemical analysis, whereas
the upper 4 m comprises fairly fresh juvenile pumice. The
uppermost 2.5 m could be divided into three tephra inter-
vals by intervening soil layers and correlated with the U-4,
U-3, and U-2 tephras of the previous tephrostratigraphic
framework and with Member N-4, N-3, and N-2 of the Nari
Tephra Formation, respectively (Fig. 10).

U-4 tephra (Unit N-4B)

Description

U-4 tephra is a c. 0.8-m-thick (locally several meters thick at
other sites) succession of openwork pumice lapilli overlain by
weathered pumiceous lapilli tuff (Figs. 10 and 11). The un-
weathered lower part of the tephra comprises coarse lapilli- to
block-size pumice and lithic clasts with accompanying impact
sags near the base (Fig. 11d). The weathered upper part
consists of massive tuff including diffuse lenses of pumice
lapilli with an eroded top. Pumice clasts in this tephra are
commonly angular in shape, and characterized by contorted
and tubular vesicle textures (Fig. 5). Lithic clasts have variable
lithologies probably of different origins, i.e., vent wall-derived
trachytes and subvolcanic syenites or monzonites (Fig. 11f).

Interpretation

The fines-depleted, openwork texture and the abundance of
deep conduit-derived lithic clasts (syenite and monzonite
clasts) suggest fallout of pumice from a plinian column, along
with impact of ballistic lithic ejecta. This distinctive deposit
character and clast lithology of U-4 tephra is identical to that
of unit N-4B of the Nari Tephra Formation, implying that
these tephra units inside and outside the caldera originated
from same eruption event. The absence of the stratigraphic
equivalent of unit N-4C at this site suggests that the block-
rich PDCs, which followed the initial plinian pumice-fall,
could not transport tephra beyond the caldera rim.

Radiocarbon dating and stratigraphic relationships with
several marker tephras, which originated from Japanese
Islands (e.g., AT and K-Ah ashes), suggest that the U-4 tephra
(unit N-4B of the Nari Tephra Formation) is a stratigraphic
equivalent of the U-Oki tephra in the East Sea and Japanese
Islands (Machida et al. 1984; Shiihara et al. 2011) (Table 2).
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The U-Oki tephra occurs extensively with remarkable thick-
ness (>5 cm) and shows densely populated openwork deposit
texture of pumice lapilli identical to that of the
stratigraphically equivalent terrestrial tephra. This feature sug-
gests that the eruption was strong enough to sustain an exten-
sive plinian eruption column, depositing a large volume of
pumiceous tephra throughout the sea and over the Japanese
Islands.

U-3 tephra (Unit N-3A and N-3C)

Description

U-3 tephra is a 1-m-thick tephra succession, comprising a lower
accretionary lapilli-bearing tuff and an upper massive pumi-
ceous lapilli tuff (Figs. 10 and 11). The lower part of the tephra
is 0.3 m thick, showing parallel bedding defined by variations
in the abundance and/or grain size of accretionary lapilli
(Fig. 11g). The upper part of the tephra comprises subrounded
to rounded, fine pumice lapilli and subordinate lithic lapilli,
showing indistinctive grain size variation (Fig. 11h). The top of
this tephra is locally scoured at low angle and overlain by
matrix-supported lithic breccia containing rip-up clasts.
Pumice clasts in this tephra are characterized by slightly
stretched elliptical vesicles with thin vesicle walls (Fig. 5).

Interpretation

The accretionary lapilli-bearing tuff in the lower part, which
shows very low lateral thickness variation, can be interpreted
as a fallout deposit from a moist-rich ash cloud. The variation
of grain size and/or abundance of the accretionary lapilli
reflect pulsation of the eruption, accompanied by fluctuation
of eruption intensity and water content in the ash cloud. The
abrupt facies change up to the pumiceous lapilli tuff suggests a
transition in eruption style from wet to dry. The high round-
ness of pumice clasts in the upper pumice-rich interval implies
that the lapilli were significantly abraded during trans-
port, which may indicate that the lapilli were initially
transported within a PDC inside the caldera, and then
deposited by fallout from a phoenix cloud that spilled
out of the caldera rim (Branney and Kokelaar 1997;
Branney and Kokelaar 2002).

The distinctive lithofacies such as the basal accretionary
lapilli-bearing tuff and an overlying co-ignimbrite plume de-
posit, together with the existing radiocarbon ages (ranging
from 8.3 to 9.0 ka B.P.; Okuno et al. 2010), suggest that U-3
tephra is equivalent to the intra-caldera Member N-3 (c. 8.3 ka
B.P.; Im et al. 2012) (Table 3; Fig. 12). The basal accretionary
lapilli-bearing tuff matches closely unit N-3A of the Nari
Tephra Formation. It is inferred that the upper pumice-rich
interval of U-3 is correlated with unit N-3C of the Nari Tephra
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Formation, considering the fine grain size and rounded shapes
of pumice lapilli.

U-2 tephra (Unit N-2A)

Description

U-2 tephra is a 1-m-thick tephra succession showing vertical
facies change. The lower part is characterized by alternating,
centimeter-thick accretionary lapilli-bearing tuff and pumi-
ceous lapilli tuff layers showing mantling bed geometry
(Fig. 11d, i). The upper part of the tephra consists of fine to
coarse, angular pumice lapilli and subordinate lithic lapilli,
showing openwork deposit texture (Fig. 11j). Pumice clasts in
this tephra member show inflated bubble wall-type vesicle
textures (Fig. 5).

Interpretation

Alternating accretionary lapilli-bearing tuff and openwork
pumice lapilli layers in the lower part of U-2 tephra suggest
fluctuations between phreatomagmatic and magmatic eruptions
during the incipient eruption phase. The absence of accretionary
lapilli tuff in the upper part of the unit shows that magma–water
interaction was less important in the later phase of eruption. The
angular clast shapes, openwork textures of pumice lapilli beds,
and the mantling bed geometry of all units suggest deposition
from a plinian eruption column. This facies association is
identical to that of the lowermost unit of Member N-2 in
the Nari Tephra Formation (unit N-2A), suggesting that
Member N-2 and U-2 tephra are stratigraphically equivalent
(Fig. 12).

Implication for transport/deposition processes of tephras
beyond the Nari Caldera

Isopachs of the extra-caldera tephras equivalent toMember N-2
of the Nari Tephra Formation were mapped by Machida and
Arai (1983) and suggest that the majority of the tephras from
Ulleung Island were transported eastward or southeastward by
the prevailing westerlies of this region (Fig. 12). However, the
detailed field observation of the Nari Tephra Formation reveals
that transport/deposition processes of the tephras were far more
complicated than expected, suggesting roles of variable con-
trolling factors besides the atmospheric winds.

Intra-caldera sites (IC1–IC6) preserve a more complete
record of complex PDC and tephra-fall events associated with
each eruptive phase, whereas extra-caldera sites preserve only
a condensed record of either PDC or fall units depending on
localities (Fig. 12). Most tephra deposits to the north of the
caldera site (site 82.7-5) were deposited by PDCs, while the
tephras to the eastern to southeastern parts (sites EC1, ST8,
and 81.8-11) were deposited almost solely by fallout process

(Fig. 12). This distribution suggests that both wind direction
and also the morphology of the caldera were important con-
trols of tephra dispersal beyond the caldera wall.

It is inferred that the eruption centers of individual tephra
members as well as the sites of PDC generation due to erup-
tion column collapse or fountaining eruption were confined
inside the caldera. Thus, the PDCs could most readily flow out
of the caldera only via its northern opening (Fig. 2a). On the
other hand, the caldera rim is several hundred meters high in
the eastern, western, and southern sectors, and was an effec-
tive topographic trap for the PDCs. The PDCs, upon climbing
the lofty caldera walls, might have readily lost their inertia to
escape the caldera, and also lost large portions of their particle
load via deposition on the wall.

The double, overlapping semicircular rims in the south and
the north of the Nari Caldera suggest successive formation of
two collapsed depressions in different loci within the present
extent of the caldera (Fig. 2). The restricted preservation of the
Nari Tephra Formation in the southern embayment of the
caldera suggests that the northern wall formed later, possibly
in association with the latest set of eruptions. By repetitive
caldera collapse in the north, the caldera as a whole gradually
attained its present asymmetric geometry open to the north,
which hindered tephra preservation in the northern
depression.

Eruption history

The intra-caldera Nari Tephra Formation provides a new
opportunity to reconstruct the eruptive history of Ulleung
Island during the last 19,000 years, which has remained ob-
scure in spite of a number of studies of marine and terrestrial
tephras on the island, East Sea floor, and Japanese Islands.
This study provides a detailed account of the eruptive pro-
cesses and transport/deposition mechanisms of tephras, as
well as of the geomorphic evolution of the caldera (Fig. 13).

Phreatomagmatic eruption associated with cryptodome
disintegration (Member N-5)

The breccia succession beneath the Nari Tephra Formation
suggests a long period of quiescence in the Nari Caldera,
during which screes accumulated against the old caldera wall.
After the quiescence, the volcano reawakened around 19 ka
B.P. due to the interaction between ascending magma and
ground or surface water to generate steam-rich eruption clouds
in association with pulsating PDCs (N-5; Fig. 13a). The initial
phreatomagmatic volcanism evolved into a magmatic explo-
sive eruption (unit N-5B) that marks the climactic stage of the
episode (Fig. 13b). Poor-vesicular and microlite-rich juvenile
clasts in unit N-5B suggest that the climactic event was
triggered by decompressional fragmentation of cryptodome
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Fig. 13 Reconstruction of eruptive activities in Ulleung Island during the
last 19,000 years. Each conceptual model illustrates eruption style, erup-
tion intensity, and transport/deposition process of tephra. a, b The earliest
eruption marked by initial phreatomagmatic eruptions followed by
cryptodome disintegration at around 19 ka (Member N-5). c, d The
strongest plinian eruption at around 11 ka followed by rapid vent

widening and caldera collapse (Member N-4). e, f A sustained
fountaining eruption in a subplinian column with precursory
phreatomagmatic activities at around 9 ka (Member N-3). g, h A
subplinian eruption gradually changing from wet to dry eruption at
around 5.6 ka (Member N-2). i, j The final phreatomagmatic activity
(Member N-1) followed by strombolian eruption and lava dome extrusion
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or magma within the shallow conduit as the initial
phreatomagmatic explosions. It is inferred that the partly
degassed and crystal-rich viscous magma could not be subject
to pure magmatic fragmentation, but was emplaced as an
endogenous dome or a cryptodome infilling part of the calde-
ra. We postulate that the initial phreatomagmatic eruption was
caused by the interaction between cryptodome magma and
external water infiltrating via surficial fractures, which subse-
quently triggered collapse and disintegration of the hot and
gas-pressurized cryptodome (Heiken and Wohletz 1987;
Hoblitt and Harmon 1993; Alidibirov 1995; Alidibirov et al.
1997; Alidibirov and Dingwell 2000).

The distinct phonolitic juvenile composition of the
Member N-5 tephra suggests that it was erupted as a new
phase distinguished from the earlier trachytic eruptions that
formed the summit of Ulleung Island and stubby lava flows
around the island (Brenna et al. 2014). The northern caldera
wall probably began to collapse during this N-5 eruption, in
part due to cryptodome emplacement near the northernmargin
of the pre-Nari Formation caldera (Figs. 13a, b). The disinte-
gration of the cryptodome likely generated lateral blasts and
block-rich PDCs southward, which piled up coarse lapilli tuff
of unit N-5B on the southern inner walls of the caldera.
Following the N-5B climactic stage, magma–water interaction
resumed and resulted in repetitive deposition of tuff or lapilli
tuff beds with variable ash-accretion textures through the
upper part of Member N-5 (Fig. 13b). The repetitive
phreatomagmatic eruptions in the later stage of the N-5 epi-
sode suggest the existence of a ready source of external water
within the Nari Caldera, possibly a caldera lake, with similar-
ities to the hydrovolcanic eruption at Taal caldera lake in 1991
(Delmelle and Bernard 2000), hydromagmatic eruption of
Kilauea Volcano in 1970 (Mastin 1997), and Holocene explo-
sive eruptions of Witori and Dakataua Caldera volcanoes
(Machida et al. 1996), among others.

Plinian eruption followed by rejuvenated caldera collapse
(Member N-4)

After the eruption of Member N-5, the volcano remained
quiescent for almost 10,000 years. During this period,
reworking of loosely consolidated pyroclastics and deposition
of screes occurred on the caldera wall slopes. At around 8.3 ka
B.P., the N-4 eruptive episode began, which was the largest
and most explosive eruption recorded in the Nari Tephra
Formation.

Initially, the eruption most likely involved short-lived
phreatomagmatic activity, and deposited fine ash-rich lapilli
tuff via PDCs that produced pinch-and-swell strata (unit
N-4A). Afterward, the mass flux of the ascending magma
increased dramatically, leading to a highly explosive magmat-
ic eruption forming a plinian eruption column and widespread
umbrella cloud (unit N-3B) (Fig. 13c). This produced rapid

aggradation of coarse pumice lapilli, along with ballistic pro-
jectiles of vent- or conduit-derived lithic blocks. The com-
monly contorted tubular vesicle texture of the pumice clasts
evidences strong applied shear during vesicle growth within
the conduit due to rapid magma ascent rates along with still
ductile melt (Cashman et al. 2000; Polacci et al. 2003).

In the studies of modern and ancient analogues of plinian or
subplinian eruptions, it is broadly recognized that the initial
sustained plinian columns begin to collapse in association
with rapid widening of the conduit-vent system, development
of pervasive permeable gas pathways in magma foams by
stretching and coalescence of vesicles, or due to caldera or
ring-fault collapse followed by depressurization of the magma
chamber (e.g., Druitt and Sparks 1984; Heiken and McCoy
1984; Wilson and Walker 1985; Cioni et al. 2000; Polacci
et al. 2003; Kawakami et al. 2007; Bear et al. 2009; Polacci
et al. 2009). The sharp facies transition, identified in Member
N-4 from a pumice lapilli fall unit (unit N-4B) to block-rich
lapilli tuff and tuff breccia (unit N-4C), marks the change in
eruption style from the column-sustaining eruptive phase to a
column-collapsing phase (Fig. 13d) that presumably accom-
panied instability of the conduit-vent system. The high lithic
content of the PDC deposits from this phase are consistent
with caldera-forming eruptions although a sensu stricto ig-
nimbrite lag deposit was not found. Considering that Member
N-4 is the largest and most widespread unit found in marine
(U-Oki tephra) and terrestrial tephra (U-4 tephra) records, it is
likely that this episode was responsible for the further step-
wise subsidence of the caldera in the north, overlapping the
older caldera structure.

The block-rich PDC deposits on the inner caldera wall,
deposited by upslope-moving currents, suggest a broad defla-
tion zone of collapsing eruption column, generating proximal
PDCs energetic enough to transport entrained large lithic
blocks up and over the caldera wall. Awide range of sorting,
pumice/lithic ratio, and grading pattern of unit N-4C is attrib-
uted to a highly fluctuating eruption that might have been
sourced from several locations around a ring-fault structure,
resulting in a range in PDC particle-concentration, steadiness,
and intensity, as well as variations in the lithology and size of
entrained country rock lithic blocks (Walker 1985; Branney
and Kokelaar 2002).

Sustained low-column fountaining eruption following
precursory phreatomagmatic activity (Member N-3)

After the cessation of the N-4 eruption, the volcano entered
again a long period of quiescence (unit N-4R) at around 9 ka
(Fig. 13e). The N-3 eruption episode started with a brief
phreatomagmatic eruption. Pervasive erosion of the accretion-
ary lapilli-bearing tuff (unit N-3A) suggests a significant
eruption break of at least a few days to weeks, during which
most of the friable ashfall deposits were reworked.
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After the pause, a “dry” explosive eruption began with
higher mass flux and a widening of the conduit-vent system.
The member as a whole lacks the characteristics of tephra-fall
deposition, which suggests a more or less sustained fountaining
or “boiling over” type of eruption producing PDCs that fluctu-
ated in steadiness and density (unit N-3B) (c.f., Taylor 1958)
(Fig. 13f). The eruption gradually shifted to a phase of individ-
ual explosions, possibly alongwith lower magmamass ejection
rates and possible return to magma–water interaction, generat-
ing dilute, turbulent-supported PDCs (unit N-3C).

PDCs traveling up the internal caldera wall during this
stage produced a variety of upslope-oriented depositional/
erosional structures (i.e., megaripples, dunes, flutes, and ob-
stacle scours). However, the density-stratified PDCs probably
also were accompanied by basal backflows separated from the
upslope-directed currents during their passage (Piper and
Normark 1983; Edwards et al. 1994; Jeon et al. 2011).
Coarse-grained basal backflows were most likely deposited
as fines-poor pumice lenses, whereas the fully dilute upper
portion of the PDCs detached and could surmount caldera
walls as a co-ignimbrite phoenix plume (Fig. 13f).

Transitional wet to dry eruption terminating with lava
fountaining event (Member N-2)

Following approximately 3,000 years of quiescence, the vol-
cano reawakened with explosive phreatomagmatic activity.
During this stage, fluctuations between wet and dry eruptions
deposited alternating pumice lapilli falls and accretionary
lapilli-bearing tuff layers on intra-caldera and medial extra-
caldera sites (Figs. 12 and 13g). The intermittent magma–
water interaction was gradually suppressed, before a brief
dry column-forming eruption that deposited coarse pumice
fall units. This eruption column soon began to collapse, gen-
erating quasi-steady PDCs that deposited diffuse-bedded pu-
miceous lapilli tuff beds (unit N-2B). Deposition of brown
and black pumice (the upper part of unit N-2B) was restricted
to the intra-caldera sites only, implying that PDCs were not
energetic enough to escape the caldera during the last phases.

At the final stage of the episode, eruption shifted to a
fountaining phase, depositing agglutinated black pumice and
obsidian clasts locally within the caldera. Considering the
localized deposition range of such fountaining eruptions, the
thick pile of agglutinated pumice on the southern slope of the
caldera indicates that the source vent of the N-2 eruption was
closer to the southern caldera than the vents of N-4 and N-3.
(Fig. 13h).

The latest phreatomagmatic activity and lava dome extrusion
(Member N-1 and Albong)

The last known eruptive episode of the Nari Tephra Formation
commenced with explosive phreatomagmatic activity,

generating dilute PDCs (Fig. 13i). The repetitive alternation
of normal and inverse grading in Member N-1 suggests that
the PDC fluctuated in current competence, causing stepwise
aggradation of traction carpet strata (Sohn 1997; Branney and
Kokelaar 2002). This tephra is not found outside the caldera,
implying that the PDCs were primarily low-runout and con-
fined by the caldera walls.

Younger pyroclastic deposits are not found above Member
N-1 in the intra-caldera sites IC1 to IC6. However, a lava
dome/tephra cone complex, Albong, located in the northern
part of the present caldera, suggests multiple repeated effusive
eruptions following the phreatomagmatic phase. Both the
Albong lava/tephra and the juvenile components of Member
N-1 have very similar plagioclase- and kaersutite-rich lithol-
ogy, which are distinctive in this sequence. This indicates that
their magma sources were highly likely to be similar. Thus,
the final eruptive episode within the Nari Caldera had two
eruptive phases, an earlier explosive phreatomagmatic erup-
tion depositing Member N-1 (Fig. 13i) culminating in an
effusive eruption, forming the tephra and lava dome complex
(Fig. 13j).

Conclusion

The Nari Tephra Formation is an intra-caldera tephra sequence
that records the most complete eruptive history during the last
19,000 years yet reported for the Ulleung Island volcano. Five
eruptive episodes are recognized during this period, with a
range of eruption styles and pyroclastic transport/deposition
processes exhibited. The eruption history can be reconstructed
as follows: (1) an eruption episode associated with
cryptodome disintegration at around 19 ka B.P. (N-5); (2)
the largest plinian eruption known from Ulleung at 11 ka
B.P., followed by rapid vent widening and caldera collapse
(N-4); (3) a sustained fountaining eruption with precursory
hydrovolcanic activity at around 9 ka B.P. (N-3); (4) a
subplinian eruption that gradually changed from wet to dry
eruption at around 5.6 ka B.P. (N-2); and (5) the final
hydrovolcanic activity (N-1) followed by strombolian-type
eruption and lava dome extrusion. The logging and strati-
graphic correlation of the Ulleung Island tephra reveal that
the transport and deposition of tephra were controlled by the
eruption style, locus of source vent, extent of deflation zone,
caldera geometry, and dominant wind directions. In most
column-collapsing and tephra-fountaining events, the defla-
tion zone developed inside the caldera rim, which caused the
majority of PDCs to be trapped within the caldera walls. Only
the major sustained eruption columns andminor co-ignimbrite
plume events deposited tephra beyond the caldera. In this
study, sedimentological findings from intra-caldera
tephra sequences complement the existing Ulleung
tephrostratigraphy, as well as provide a deeper understanding
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of eruption styles and controlling factors of tephra transport/
deposition processes. Our reconstruction of the most recent
eruptive history can aid evaluations of volcanic hazards at
Ulleung Island.
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