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Abstract 

 In this thesis, I present results of my studies concerning Cenozoic tectonic 

and volcanic history of the Ulleung Basin region. The thesis comprises three 

chapters, which cover issues of multi-channel seismic reflection studies on (1) 

tecto-magmatic origin of the Ulleung Basin in the East Sea and (2) 

paleogeographic reconstruction based on wave-planation surfaces and a 

sedimentological and tephro-stratigraphic study on (3) the latest eruptive 

history of Ulleung Island, a volcanic island in the northern Ulleung Basin.  

Chapter 1 includes contents for the style of crustal extension in the Ulleung 

Basin. In this chapter, I provide evidences for variable asymmetric features of 

the basin, such as north-biased magmatism, unidirectional fault pattern, and 

apparent asymmetries in basement topography and Moho geometry. The 

evidences all together indicate that the Cenozoic back-arc opening in the 

Ulleung Basin was not achieved in a typical pure-shear-style crustal extension, 

but rather made in a mode of simple shear where most probably a north-

dipping crustal detachment was a main control for variable asymmetries in 

basin configuration. 

Chapter 2 focuses on the subsidence history and paleogeographic evolution 

of the South Korea Plateau and the northern Ulleung Basin regions. In this 

section, I trace the paleo-sea level based on a concept of wave-planation 

which resulted in flattening and beveling of subaerially exposed basement and 

volcanic edifices before their deep submergence below sea level by tectonic 

subsidence. I provide formative models of all available types of wave 

planation surfaces, and estimate spatio-temporal variation of subsidence rate 

on varying types of substratum. Based on the information of subsidence rate, I 

lastly reconstruct the paleogeographic evolution of this region. 

Chapter 3 presents fieldwork-based results on pyroclastic deposits in the 

Ulleung Island, entitled Nari Tephra Formation, originating from the latest 

explosive eruptions in the Nari Caldera since 19ka B.P. In this chapter, I 
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define 5 eruption episodes in the tephra formation, and unravel the style of 

pyroclastic transport-deposition process in conjunction with the eruption style 

of each episode. The chapter lastly provides reconstruction of regional-scale 

Ulleung tephro-stratigraphy with a review for the relationship between tephra-

transport mechanism and geomorphic and meteorological effects. 
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Chapter 1 

Insight into asymmetric development of back-arc and tecto-

magmatic evidences from the Ulleung Basin, East Sea 

 

Abstract 

   The interplay between tectonic and magmatic processes in extensional 

basin is the key to understanding many of its important geological issues. 

Here we present a new insight into the development of back-arc basin from 

recent analyses of the Ulleung Basin in the East Sea (Japan Sea), which has 

been known to represent a rifted-continent end member among a range of 

back-arc basin types. Our study shows that asymmetry may be a crucial factor 

in the development of the back-arc basin. In the case of the Ulleung Basin, 

features resulting from asymmetry include: (1) the concentration of volcanism 

to the north, (2) presence of northward-dipping syn-extensional listric normal 

faults, (3) difference in fault pattern between northern and southern conjugate 

margins, and (4) a slight bias of mantle gravity anomaly high toward north. In 

the light of these evidences, we argue that the Ulleung Basin initially 

developed as terrestrial rift basin around 20 Ma, during which the volcanic 

activities also prevailed over much of the proto-Korea Plateau. However, as 

the basin widened, the upwelling center of magma experienced difficulty in 

keeping up with the migration of extension to the south, and subsequently, the 

widening of the basin occurred more or less amagmatically in the south where 

the extension was accommodated by listric faulting and crustal detachment. 

The final modification happened around 12 Ma when the tectonic regime of 

the Ulleung Basin inverted from extension to compression, and preferential 

sediment loading from the Japanese arc in the south further enhanced the 

apparent asymmetry. 
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1.1. Introduction 

    Marginal basins along the borders of continent and ocean are considered 

as sites of great scientific and social significances as they hold the potential 

for seismic and volcanic risks as well as valuable hydrocarbon resources. 

Back-arc basins, produced as a result of interaction between overriding and 

down-going plates during subduction, represent one of the important key 

members of marginal basins. Through decades, a great deal of 

geological/geophysical efforts has been devoted to unravel the tectonic and 

magmatic controls on the back-arc basins, and as a result, various geodynamic 

and kinematic models have been proposed (Karig, 1971; Hilde et al., 1977; 

Taylor and Natland, 1995; Christie et al., 2006). However, there are still a lot 

of gaps and uncertainties in our knowledge, due mainly to their inherent 

structural complexity compounded by thick sedimentary piles which hinders 

the probe into deep underlying sections that may hold the key to the basin’s 

early development. 

    The Ulleung Basin, one of the three major basins with distinct features, 

located on the southwestern part of the East Sea (Japan Sea) back-arc opening 

system (Fig. 1.1). Unlike the Japan Basin which in many aspects is similar to 

mid-ocean ridge, it represents a rifted-continent end member of back-arc basin 

types. Although the question as to how different tectonic and magmatic styles 

of basins are revealed within a single marginal sea (East Sea) may be 

interesting, in this study, we focus on the development of continent-rift-

dominated system.  

    The Ulleung Basin started opening in the Early Miocene (around 20 Ma), 

and maintained rapid extension with vigorous volcanism till the time when the 

tectonic regime changed from extension to compression in the Middle 

Miocene (around 12 Ma) (Yoon and Chough, 1996). It is thought that the 

extension of the basin was mainly accommodated by a rhombic pull-apart 

tectonic movement with accompanied normal faulting on the northern and 

southern conjugate margins and large-offset strike-slip movement along the 
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western escarpment (Yoon and Chough, 1996). The observation that the 

Ulleung Basin is quite different from mid-ocean-ridge-like system (Japan 

Basin) where new oceanic crust is systematically generated by a stable 

spreading axis can be argued from the lack of organized magnetic anomaly 

patterns on the seafloor (Isezaki, 1986). 

   Back-arc basins, despite their diversity, are often compared with mid-

ocean ridges (Taylor and Martinez, 2003; Christie et al., 2006). Both systems 

involve magmatic upwelling as a consequence of lateral motions of the 

solidified crustal lid. An obvious difference is that while global mid-ocean 

ridges operate in a long-term, steady-state fashion, back-arc basins are much 

more ephemeral and transient as evident from their small dimensions.  

   A simple thought experiment will show that the maintenance of tectonic 

spreading center over upwelling region is not automatically guaranteed in the 

case of developing back-arc basins. In mid-ocean ridges, because the amount 

of newly generated crust is balanced by equal amount of consumption by 

distant subduction zones at both sides of the spreading axis, upwelling regions 

in the mantle in general has no trouble staying right beneath the spreading 

axis. However, in back-arc basins, the rapid growth of the basin (either as a 

result of trench rollback or motions of neighboring plates) would cause the 

spreading center to move away from the initial point of magma upwelling 

when viewed from the fixed-mantle or -continent reference frame. Hence, it is 

not so clear how two centers (magmatic and tectonic) are constantly in 

connection throughout basin development. The difficulty of maintaining two 

centers may explain why the back-arc basins are relatively short-lived. 

   This study presents a new insight into the style of opening and 

magmatism of the Ulleung back-arc basin through the analyses of deep crustal 

data. We especially focus on the relationship between magmatic process and 

crustal extension by examining the distribution of volcanic features, the 

patterns of fault and structures within sedimentary sequence, as well as 

gravity data for constraining the variations in Moho depth. As a part of the 
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investigation, the study re-examined of over 35,000 line-km of multi-channel 

seismic reflection data, together with re-interpretation of the structural 

relationship between volcanics and sedimentary strata. We hope that our new 

interpretation of the data from the Ulleung Basin will contribute to a better 

understanding of other marginal basins where rifting, mantle upwelling, 

extension and sediment loading played an important role. 

 

1.2. Regional Background 

   The geological development of the Ulleung Basin can be described in the 

context of the tectonic evolution of the East Sea (Japan Sea) which comprises 

of three major basins of distinct character. The tectonic reconstruction 

estimates that the sea started its opening around 32 Ma within the proto-Japan 

arc, where, following the initial crustal thinning, the breakup of lithosphere 

began on the eastern margin of the juvenile sea with associated the strike-slip 

movements of eastern bounding fault system (Tamaki et al., 1992). Crustal 

rifting and subsequent seafloor spreading continued to propagate 

southwestward until 18 Ma to form typical oceanic crust in the Japan Basin. 

This scenario is supported by lineation of magnetic anomalies in the Japan 

Basin and heat-flow and basement depth data based on standard plate-cooling 

model, as well as isotopic ages of recovered basalts (Kaneoka et al., 1990; 

Tamaki et al., 1992).  

   Following the earlier opening in the north, the Ulleung and Yamato basins 

started to open in the Early Miocene (around 20 Ma). Compared with the 

Japan Basin, the Ulleung and Yamato basins are marked by abnormally large 

crustal thickness (Hirata et al., 1989) and the lack of magnetic lineation 

(Isezaki, 1986). In general, it appears that the overall influence of the 

continental geology tends to increase from east to west in the East Sea on the 

basis of a formation style.  

   In the Ulleung Basin, extensive multichannel seismic investigation was 
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first conducted in 1988 by the Korea National Oil Corporation (KNOC), from 

which over 2,300 km of 60-fold, migrated seismic reflection profiles were 

acquired. This data set serves as the basis of much of our present-day 

understanding including the nature of basement, sedimentary sequence and 

volcanic activities within the basin (Chough and Lee, 1992; Lee et al., 1999; 

Lee et al., 2001). In recent years, new seismic data have been additionally 

acquired in the region by Korea Institute of Geosciences and Mineral 

Resources (KIGAM). These seismic reflection data enabled high-resolution 

mapping and stratigraphic correlation of volcanic groups and acoustic 

basement around the northern part of the Ulleung Basin and South Korea 

Plateau (Kim et al., 2011). 

   In addition to multi-channel seismic reflection studies, wide-angle seismic 

refraction experiments have been conducted by Korean and Japanese 

scientists. In 1991, seismic refraction survey was conducted for the first time 

in the Ulleung Basin by the Korea Ocean Research and Development Institute 

(Kim et al., 1998) followed by a Japanese joint research in 2000 (Sato et al., 

2006). The experiment was quite limited in terms of coverage, number of 

instruments and volume of air-gun source. However, according to Kim et al. 

(1998), the basal area comprises of about 10-km-thick crust. On the basis of 

velocity structure, this crust is considered as that similar to an oceanic crust 

formed at mid-ocean ridge. Furthermore, to explain the presence of such 

anomalous feature within the continent-dominated setting, a term “embryonic 

or incipient oceanic crust” was suggested (Lee et al., 1999).    

   Unfortunately, since then much of the debate has been centered on the 

crustal type of the Ulleung Basin. However, considering the overwhelming 

lines of observation that point towards the region as a basin formed by 

continental rifting (including lack of magnetic lineations and internal structure 

of sediment and basement revealed by seismic studies), the recent oceanic-

crust argument needs to be validated beyond the simple comparison of 

velocity structure alone. Furthermore, recent studies find that the velocity 
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structure within so-called typical oceanic crust in fact represents change in the 

depth of alteration/porosity boundary as oppose to variations in lithological 

layers (Detrick et al., 1994; Christeson et al., 2007). Thus, the oceanic-crust 

argument requires further scrutiny. 

1.3. Basin Configuration 

   This section summarizes the geological features of the Ulleung Basin that 

are relevant to our understanding of the deep structure and basin development. 

In particular, we describe: (1) the topography and reflection characters of 

acoustic basement, (2) depositional structures of sedimentary sequences, (3) 

spatial and temporal variation of volcanic activities, (4) geometry of syn-

extensional faults, and (5) geophysical properties including gravity anomaly 

(Table 1.1). The term "crust" in this paper refers to the purely crystalline crust 

and thus do not include the sedimentary layer and products of volcanic 

outflow above it.  

 

1.3.1. Acoustic Basement 

    An important question in the Ulleung Basin is the definition and 

determination of acoustic basement (Fig. 1.2). The definition is difficult 

because some parts of the basin have very thick sediment. Also, in the 

Ulleung Basin, coherent definition of acoustic basement is often hindered by 

highly reflective volcanic extrusives that are emplaced over the crust. In this 

study, the acoustic basement is determined as time-transgressive surfaces 

(denoted as B1 and B2 in Figs. 1.3–1.5), below which reflected seismic 

energy return is markedly low.  

   According to our analysis, the acoustic basement (B1) is characterized by 

a gently undulated reflection surface occurring below 4.0 s (twt) in the central 

to southern parts of the basin. The acoustic basement B1 displays two 

basement lows (> 50 km in width) in the north and south, demarcated by an 



 

13 

ENE-trending medial basement high (Fig. 1.2). Of the two basement lows, the 

southern one is wider (~ 90 km) and deeper (> 7.0 s twt bsl) compared with 

the north (~ 50 km and ~5.25 s twt bsl).  

   Reflection from B1 becomes ambiguous in the northern basement low. 

Here the acoustic basement is obscured by strong reflections from volcanic 

seamounts, cones and mounds, denoted as B2 (Figs. 1.3–1.5). These ENE-

trending volcanic features are considered to be a product of extension during 

the Middle Miocene and post-extensional activities during the Pliocene and 

Holocene (Kim et al., 2011). 

 

1.3.2. Sedimentary Sequence 

   The Ulleung Basin is filled with Neogene to Quaternary sediment. A deep 

borehole (Dolgorae I site) was drilled in the southwestern margin (Fig 1.1). 

The geochronological data from this borehole [KIER [Korea Institute of 

Energy and Resources], 1982; Chough and Barg, 1987] were used for dividing 

the deposits into different tectonic regimes.  

   One of the apparent features of the Ulleung Basin is that the sedimentary 

layers tend to thicken toward south. In the southern margin, the thickness 

reaches up to 10 km [Lee et al., 2001], and this is a consequence of greater 

amount of sediment supply from the south than north. Several tectonic events 

contributed to the variations in sediment thickness. For instance, as a result of 

the rapid submergence of the Korea Plateau around 18 Ma [Kim et al., 2013], 

the supply of sediment from the north was reduced dramatically. On the other 

hand, continued mountain build-up and erosion of the Japanese arc served as 

an important source of sediment into the basin. The greater amount of 

sediment loading in the south caused the lithosphere to deflect downward 

until it became isostatically balanced.  

   A careful analysis of sedimentary succession may tell us about tectonic 
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event such as change in the regime from extension to compression. In the 

Ulleung Basin, the deposit can be divided into two sequences with respect to a 

horizon denoted as "TIB" (tectonic inversion boundary) (Figs. 1.3–1.6). On 

the southern flank, the TIB marks a boundary between (1) the subparallel-

stratified lower sequence (syn-extension sequence) which experienced post-

depositional anticlinal folding (Dolgorae Thrust Belt) and (2) the non-

deformed upper sequence (post-extension sequence) which consists of 

sigmoid progradational parasequences infilling topography (Fig. 1.3). The 

prominent contrast across the TIB suggests that the inversion of tectonic force 

from extension to compression occurred quite abruptly.    

   Unlike the southern margin, in the basin center, the syn-extensional 

sequence exhibits divergent- or progradational-fill geometry over the 

topographic relief of acoustic basement without significant compressional 

folding (Figs. 1.3–1.5). The post-extensional sequence exhibits concordant 

parallel stratal pattern, implying no significant fault-induced subsidence 

thereafter. According to fossil age from the Dolgorae-I site [KIER, 1982], the 

inversion occurred around 12.5 Ma.  

 

1.3.3. Volcanic Activities 

   Among several lines of evidence that point towards asymmetric 

development of the Ulleung Basin, the distribution of volcanic features is 

perhaps the most apparent (Fig. 1.2). In this study, we carefully analyzed 

seismic sections acquired by the KNOC and KIGAM to delineate the 

reflection characteristics of volcanic extrusives within the sedimentary 

sequence. The resulting features can be categorized in terms volcanic 

activities during the first two stages of the basin development (Kim et al., 

2011) (Table 1.1).  

   The volcanic feature of the first stage is characterized by volcanic 

sills/flows/sediments complex (Type-1), whereas the second stage is by 
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seamount-like volcanic construct (Type-2). Type-1 appears more or less 

planar and is found in the lowermost part of the syn-extensional sequence, 

whereas Type-2 extends into the middle and upper part of the sequence. The 

top surface of the large volcanic edifice is considered as coeval to the TIB 

(Figs. 1.3–1.5).  

   Also, the lowermost volcanic structure (Type-1) is marked by high-

amplitude, discontinuous reflectors which are interlayered with chaotic, 

mound-shape reflection units (Fig. 1.3b). Type-1 volcanic structure generally 

fills the fault-controlled grabens and half grabens on the crustal acoustic 

basement (B1) and is thought to have erupted through fissures during the 

initial continental rifting stage, interlaced by slumps slides. In the Ulleung 

Basin, such features are encountered in other seismic sections such as the 

Korea Plateau, especially near the basement [Kwon et al., 2009], and thus are 

thought to represent the early basin development.  

   In the upper part of the syn-extensional sequence (units 2 and 3), the 

volcanic event (Type-2) is marked by scattered volcanic edifices with varying 

forms and sizes (Figs. 1.2–1.5). The vertically-stacked structure of volcanic 

aprons is often dubbed as the Christmas tree (Figs. 1.3–1.5). The structure 

suggests that Type-2 volcanism occurred over multiple eruptive activities with 

short eruption breaks over a stationary source.  

   Considering the shape and distribution of Type-2 volcanism, it appears 

that the eruptions continued well after the syn-extensional development. 

However, the opening then came to an abrupt halt about the time when the 

tectonic regime changed from extension to compression. It is worth noting 

that the Type-2 volcanic edifices are only found in the northern margin of the 

basin. As mentioned earlier, they form an ENE-trending linear volcanic 

cluster (Fig. 1.2). The asymmetric distribution of volcanic features suggests 

that magmatism lasted in the northern margin of the Ulleung Basin even 

towards the final stages of extension. 
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1.3.4. Syn-Extensional Fault Patterns 

   Although little attention has been given to the fault patterns near the 

acoustic basement of the Ulleung Basin, our analysis shows a clear presence 

of grabens and half grabens in this region (Figs. 1.3–1.6). The deformation of 

the basement is marked by predominant north-dipping listric normal faults 

with associated subsidiary synthetic/antithetic faults (Figs. 1.3–1.6). The 

north-dipping listric fault system extends northward about 150 km from the 

southern margin of the basin where fault blocks slide over a single, large-

offset, curvy-linear master fault (Fig. 1.6). The fault system shows more than 

80 % of aerial coverage in the basinal area (an area between dashed and solid 

lines in Fig. 2). Opposing these faults is a set of south-dipping high-angle 

block faults in the north (Figs. 1.3–1.5), but the occurrence is much less than 

their counterpart (Fig. 1.2). The overwhelming presence of north-dipping 

faults suggests that the extension may have not occurred in a simple, 

symmetric manner. Instead, it was asymmetric by the one-sided growth of 

listric normal faults on the southern margin. 

    A detailed structural reconstruction reveals that the development of 

grabens and half-grabens on the acoustic basement appears to have occurred 

with the growth and successive new generation of north-dipping listric faults 

(Fig. 1.7). In some sites of basement lows, the early syn-extensional units 

(units 1 and 2) exhibit additional deformation structure made by secondary 

normal faulting (Figs. 1.4b, 1.5b). Considering this feature, it is unlike that all 

the northward-dipping listric faults were formed synchronously from the 

beginning of the basin opening, but rather were progressively increased in 

population by ubiquitous spawning of secondary synthetic faults over 

generations (Fig. 1.7). The continuous development of the secondary listric 

faults may have caused the depocenters to relocate and split (Fig. 1.7).   
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1.3.5. Crustal Structure 

   The deep structure and its relation with shallow crustal features are 

fundamental for understanding the tecto-magmatic processes in back-arc basin. 

The analysis of gravity data can provide constraints on the structure of density 

interface between mantle and crust. However, the interpretation of gravity 

anomaly alone can be ambiguous and is thus often accompanied by other 

information such as deep seismic measurement. 

   According to Park et al. (2009) who recently investigated the deep crustal 

structure of the Ulleung Basin using satellite gravity data, a residual mantle 

Bouguer anomaly high exists in the area near the northern margin of the basin 

(36°30'–37°50'N, 130°20'–132°20'E). They interpret this NE-trending 

anomaly as a result of crustal thinning. Comparison with other features 

including basement morphology clearly shows that the gravity anomaly high 

is biased to the north of the basin (Fig. 1.8a).  

   Park et al. (2009) suggests that the crust thinned as much as 50 % (from 

25 km to 13 km). However, considering that such variation occurred over a 

distance of about 100 km, the exact amount of crustal thickness change can be 

argued. For instance, there is no evidence of such large amount of thinning in 

previous seismic experiments that detected the Moho, even when controlling 

the disparity of sediment thickness between northern and southern margins. 

According to Sato et al. (2006), the difference in the crustal thickness between 

northern and southern part of the Ulleung Basin is only about 3 km (Fig. 1.8b).  

   The exact amount of crustal thinning needed to explain the gravity 

anomaly depends on the average depth of Moho that was used in the modeling. 

For instance, the amount of thinning can be reduced by placing the Moho at a 

shallower depth. Although the exact amount may be controversial, the 

argument that the center gravity anomaly is biased to the north is still valid. 

The distribution of gravity anomaly of the Ulleung Basin is thus one of the 

strong evidences that asymmetry is deep crustal in nature. 
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1.4. Styles of Extension and Magmatism 

   On the basis of various features and evidences mentioned above, we can 

construct a new tectonic and magmatic model of the Ulleung Basin. A key 

finding of this study is the asymmetric pattern that was observed in various 

features including the magmatic activity which occurred as a result of 

extension, the gravity anomaly from which undulations in Moho can be 

inferred, and the distribution of faults near the basement. 

   It appears that the development of asymmetry was achieved in three steps 

(Fig. 1.9). (1) The opening of the Ulleung Basin began by stretching the 

existing continental block such as the Proto-Korea Plateau. Like many initial 

riftings of the continent, tectonic structures may not have been asymmetric. 

The initial rifting caused mantle to upwell rapidly which led magma to erupt 

along the zone of extension. Note that the basin was not wide at this stage and 

the loci of magmatism and tectonic extension more or less lied on the top of 

each other (Fig. 1.9a).  

   (2) As the basin widened, it became increasingly difficult for the center of 

magmatic activity to stay beneath the zone of initial extension. However, 

unlike initial mantle upwelling which is fixed in reference to the Eurasian 

continent, the widening caused extensional zone in the upper crust to migrate 

to the south, causing the loci of magmatic emplacement and extension to 

separate (Fig. 1.9b).  

   (3) Additional asymmetric development took place during the post-

extensional period. A greater amount of sediment supply in the south from the 

Japanese arc caused the lithosphere to deflect down deeper as a result of 

sedimentary loading. Also, the tectonic regime changed from extension to 

compression in the south, causing thrust folds to develop (Fig. 1.9c). 

   It is quite likely that the extension of the crust in the Ulleung Basin was 
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sustained by a large detachment fault. The argument is circumstantial at the 

moment because such crust-cutting detachment faults are quite difficult to 

observe directly. The general asymmetry and the distribution of listic faults 

near the basement suggest that a simple-shear-style deformation was more 

probable than pure shear. In any case, the discovery of detachment fault by 

future seismic experiments would serve as an important clue for our model of 

asymmetric development. 

 

1.5. Discussion 

1.5.1. Implications for Detachment Faulting 

   In general, the style of extension can be divided into simple shear 

(Wernicke, 1981) or pure shear (McKenzie, 1987). In the absence of evidence 

otherwise, the latter is considered as the general mechanism because it is 

simpler. In the Ulleung Basin, however, we argue that the asymmetry during 

the syn-extensional stage was caused by a large simple-shear deformation in 

the form of detachment fault. Detachment faulting is not uncommon 

phenomena in extensional basins, and has been recognized by a single or an 

array of reflectors, so-called S-reflector, from deep crustal seismic 

investigations (Reston et al., 1996; Ranero and Pérez-Gussinyé, 2010). 

   Unfortunately, as mentioned above, there is no direct evidence for large 

detachment fault that cuts through the entire crust. Our arguments for 

detachment fault are thus circumstantial based on collection of evidences and 

observations. In addition to the asymmetric pattern of volcanism, topography 

and gravity, the style and distribution of near-basement listric faults can be 

viewed as supporting observations. Detachment may explain difference in 

crustal thickness. According to Sato et al. (2006), the southern section appears 

to be about 3 km thicker than the north (Fig. 1.8).  

   The asymmetry that was developed during the syn-extensional stage was 
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enhanced during the post-extensional stage by sediment loading in the south. 

The difference in sediment thickness between northern and southern parts of 

the basin is about 6 km (Lee et al., 2001). According to Lee et al. (2003), who 

used sediment loading to explain the observed gravity anomaly, the effective 

elastic thickness of the Ulleung Basin was about 8–12 km, which is roughly 

consistent with the thermal state of young or re-heated crust. However, this 

study assumes pure shear and thus may need to be reexamined from simple-

shear point of view and model, although the expected difference is not 

thought to be large.  

   A lot can be learned by careful examination of detachment faults near the 

basement. Lister and Davis (1989) examined the formation of secondary 

synthetic faults as a function of increasing displacement. It appears that the 

development of detachment fault in the Ulleung Basin occurred accordingly. 

The curvilinear southern bounding fault (Fig. 1.6) was the first to develop (Fig. 

1.9a). As this master detachment continued to grow and extend to the north, it 

transected the crust sub-horizontally, perhaps along the boundary between the 

brittle and ductile sections of the crust (Fig. 1.9b). The growth of detachment 

fault led to the development of the north-dipping synthetic listric faults in the 

shallow crustal level, which is thought to have occurred in a sequential 

manner.  

 

1.5.2. Style of Magmatism 

   Precise resolution of the history of magmatic activity in marginal basins 

can be quite complicated. In regions like the Ulleung Basin, the intensity, 

timing and spatial distribution of volcanic activities can be highly variable 

depending on factors such as the mode and level of crustal stretching. One 

needs to examine the petrochemical data of volcanic rocks to see if they are 

consistent or at least not in opposition with our arguments. 

   Unfortunately, almost all volcanic edifices except for the latest group 
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(Stage-3) are buried deeply under the thick basin-fill sediments. Recent 

petrochemical studies found OIB-like trace-element signature, from which 

they suggest that the source magma contains EMI (enriched mantle type-1) 

component with hints of DMM (depleted asthenospheric mantle) and EMII 

(enriched mantle type-2) components (Tatsumoto and Nakamura, 1991; Choi 

et al., 2006; Lee et al., 2011).  

   The enriched OIB-like trace-element signature implies that the rocks are 

quite different from those of the mid-ocean ridge basalts (MORB) dominated 

by DMM. Moreover, it appears that a smaller degree of partial melting and 

melting at deeper depth were involved in the Ulleung Basin compared with 

those of MORB. In addition, the presence of the three different melt sources 

mentioned above (DMM, EMI and EMII) implies that the melting involved 

two-stage mixing: (1) mixing between N-MORB-like depleted mantle by 

cratonic EMI mantle and (2) contamination of the asthenospheric mantle by 

crust-derived EMII-rich component (Lee et al., 2011). Hence, the observed 

geochemical data is not inconsistent with our model. 

 

1.5.3. Implications for Crustal Development 

   Achieving important advances in the understanding back-arc basin 

development has been difficult to come by because of its diversity. In general, 

back-arc basins can be divided into two end-member types: one is the 

seafloor-spreading types such as the Shikoku-Parece-Vela Basin and the other 

is the continental-rifting types such as the Sulu Sea. Within single marginal 

seas, a wide range of varied styles may exist. 

   Back-arc basins are often compared with mid-ocean ridges in that both 

involve creation of new seafloor by drawing up magma from below [Taylor 

and Natland, 1995]. However, mid-ocean ridges are unique in a sense that the 

new seafloor is generated not only systematically and sequentially from the 

spreading axis, but also in that the process last over a long period of time. The 



 

22 

great effectiveness of crustal generation at mid-ocean ridges is clearly 

demonstrated by the production of magnetic anomaly patterns over vast 

regions of the globe. 

   In order to produce seafloor with symmetric magnetic anomaly pattern, 

the tectonic spreading axis must stay more or less on top of the magmatic 

upwelling center. In other words, the physical gap in the crust made by 

extension must be filled readily. This means that the zone of extension must 

stay in contact with the source region in the mantle. In the case of global mid-

ocean ridges, staying in contact with the source region is not very difficult 

because the subduction zones on both sides of the spreading axis constantly 

consume the old crust. On the other hand, back-arc basins are generally 

created by one-sided movement of the plate often referred to as trench 

rollback (Hall et al., 2003). In such case, maintaining the proximity between 

the spreading center and magmatic source is not so obvious nor guaranteed. In 

the case of back-arc basin, the more it develops and widens, the greater the 

distance between magmatic source and tectonic extension will be, unless the 

upwelling region migrates following the spreading axis. This conundrum may 

explain why back-arc basins are ephemeral and relatively small. 

   As mentioned earlier, the Ulleung Basin represents an important end 

member case of among the broad spectrum of back-arc basin types. During its 

development, at some points, it becomes difficult to maintain the proximity 

with the magmatic source region. When this critical point is reached, the 

development thereafter is accommodated more or less in non-magmatic 

manner which is unique and quite different from mid-ocean ridges or back-arc 

basins that resemble them. 

 

1.6. Conclusion 

   Understanding the exact nature of back-arc basin development and crustal 

deformation is important not only for addressing other geological issues, but 
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also for heat flow and subsidence history which are significant factors in 

hydrocarbon maturation and explorations. In this study, we investigated the 

development style of the Ulleung Basin based on recent evidences including 

volcanic features, sedimentary structure, fault pattern, and gravity anomaly. 

The following conclusions were derived.  

   1. The Ulleung Basin represents an asymmetric continental-rift end 

member among various styles of back-arc opening. The asymmetric features 

include the distribution of volcanism, pattern of near-basement faults, 

structure of sedimentary sequence, and configuration of Moho deduced from 

gravity anomaly.  

   2. Unlike mid-ocean-ridge-like style of opening where the spreading axis 

stays its position above mantle upwelling center over a long period of time, in 

the Ulleung Basin, the maintenance and connection between magmatic and 

tectonic locations are not automatically guaranteed, and as a result, continued 

widening of the basin results in the separation of two positions. 

   3. It appears that substantial amount of extensional development was 

achieved amagmatically by simple-shear-style lithospheric deformation. 

Unfortunately, the evidences for such deformation are circumstantial 

including various asymmetries that were noted and the distribution of listric 

faults near the basement. A further seismic investigation is needed to validate 

the presence of crustal detachment fault. In addition to syn-rift deformation, 

preferential sediment supply from the south pronounced the asymmetry (such 

as sediment thickness) that we see today. 
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1.8. Figures 

 

Figure 1.1. Location map of the study area. JB, YB and UB: Japan, Yamato 

and Ulleung basins, KP: Korea Plateau, OB: Oki Bank, YR: Yamato Rise, 

EKCM: Eastern Korean Continental Margin, UI and DI: Ulleung and Dok 

islands. Bathymetry in meters. Data grid of regional-scale seismic reflection 

surveys acquired by KIGAM (dotted lines) and KNOC (solid lines). 
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Figure 1.2. Map showing the topography of acoustic basement around the Ulleung 

Basin. Contours denote two-way travel time below the sea level in seconds. NBL: 

northern basement low, MBH: medial basement high, SBL: southern basement low. 
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Figure 1.6. Interpreted seismic reflection profile crossing the southeastern margin of 

the Ulleung Basin. The profile visualizes southern bounding fault (probably master 

detachment), over which listric fault blocks slid down. Original seismic reflection 

profile is shown in Sato et al. (2006). For profile location, see Fig. 1.1. 
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Figure 1.8. (a) Map showing the relationship between the configuration of Moho 

discontinuity (gray-scale contours), late syn-extensional volcanism (black triangles) 

and topographic high of acoustic basement. Note that both the regions of shallow 

Moho and Type-2 volcanism are biased northward with respect to the medial acoustic 

basement high.  Information about the depth of Moho discontinuity is from Park et al. 

(2009). Two solid lines with black circles represent seismic refraction survey lines 

and selected OBS positions for comparison of P-wave velocity structures. (b) 

Comparison of P-wave velocity structure of the crust (excluding sedimentary layer) 

between the northern and southern parts of the basin. 
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Figure 1.9. Tectonic reconstruction of Cenozoic back-arc evolution in the Ulleung 

Basin. (a) The incipient back-arc rifting in the Proto-Ulleung Basin region is depicted 

as faulting in a symmetric manner. During this period, fissure-type volcanism 

occurred over the Korea Plateau, Ulleung Basin and the northern margin of the 

Japanese Islands which formed volcanic/sediment complex (Type-1) within grabens 

and half grabens. (b) The initial rifting changed progressively to asymmetric manner 

as extension progressed. The asymmetric development is thought to have been caused 

by the separation of magmatic source and tectonic extension zone (see text). The fault 

patterns near the basement may provide additional clues regarding the nature of 

asymmetric development. (c) Around 12 Ma, the tectonic regime changed from 
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extension to compression. The extra amount of sediments supply by erosion of the 

Japanese arc caused the crust in the south to sag deeper below the sea level than the 

north until isostatic balance was achieved. The tectonic inversion caused the 

southwestern margin of the basin to uplift and developed thrust folding. Since then, 

there has been no more significant listric normal faulting in this region. However, 

some post-extensional volcanoes including Ulleung and Dok islands (see Fig. 1.2 for 

location) became active in the later period. 
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2.7. Table 

Table 1.1. Basic information of the Ulleung Basin 

 

 

 

 

 

 

Criteria for 
description 

Description 

Northern Ulleung Basin Southern Ulleung Basin 

Acoustic 

basement 

Time-transgressive surfaces marked by B1 

(crustal) and B2 (volcanic); about 6 sec twt 

(bsl) in maximum depth 

Single surface of B1; locally deeper than 7 

sec twt (bsl) 

Volcanism Two stages of syn-extensional volcanics 

comprising volcanic sills/flows/sediments 

complex (Stage-1) and ENE-trending volcanic 

cluster (Stage-2); Post-extensional volcanic 

group (Stage-3) including Ulleung and Dok 

islands* 

Volcanic sills and flows (Stage-1) in the 

earliest syn-extensional unit; no evidence 

for the late syn-extensional and post-

extensional volcanic activities* 

Fault 

character 

South-dipping, high-angle block fault set 

extending less than 50 km from the northern 

margin of the basin 

North-dipping, low-angle listric normal 

fault set extending more than 150 km 

from the southern margin of the basin; 

large-offset curvi-planar southern 

bounding fault 

Sedimentary 

character 

2-km-thick syn-extensional sedimentary 

sequence (interlayered with volcanic sills and 

flows), overlain by about 3-km-thick post 

extensional sequence  

About 5-km-thick syn-extensional 

sedimentary sequence subsequently 

deformed by post-extensional thrust 

folding; 3 to 5-km-thick post-extensional 

sequence showing progradational shelf-

margin facies 

Crustal 

structure 

About 4-km-thick upper crustal layer underlain 

by about 7-km-thick lower crustal layer 
§
 

About 6.5-km-thick upper crustal layer 

underlain by about 7-km-thick lower 

crustal layer 
#
 

Moho 

configuration 

ENE-trending zone of Moho upwarp (about 13 

km in minimum depth)
 †
 

Gradually deepening trend of Moho depth 

toward SSE (about 25 km around the 

southern margin)
 †
 

Note: Stage-1 and 2 volcanic groups* correspond respectively with Type-1 and 2 volcanics of this study  

*Volcani-stratigraphic classification is from Kim et al. (2011) 
§
Crustal P-wave velocity structure of the northern Ulleung Basin is from Kim et al. (1998) 

#
Crustal P-wave velocity structure of the southern Ulleung Basin is from Sato et al. (2006) 

†
Information of Moho depth is from Park et al. (2009) 
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Chapter 2 

Paleogeographic evolution and subsidence history of the 

southwestern East Sea 

 

Abstract 

This study focuses on revealing the origin of deep-marine wave planation 

surfaces and its geomorphic and tectonic implications for the back-arc 

evolution based on multi-channel seismic reflection profiles acquired from the 

mid-western East Sea (Sea of Japan). On seismic reflection profiles, the wave-

planation surfaces are recognized as continuous and high-amplitude single 

reflectors outlining the flattened top of submarine terraces or isolated 

topographic highs. The wave planation surfaces are classified into four types, 

depending on the geomorphic characteristics and origins of substratal 

landmasses, i.e., continental margin terrace (type-1), rifted continental 

fragment (type-2), volcanic edifices (type-3), and uplifted sedimentary 

successions (type-4), which have common origin of wave erosion near the sea 

level, but different subsidence history. The mean subsidence rate of wave-

planated substratum is calculated by dividing the maximum depth of a wave-

planation surface below modified datum sea level (D–E) by the time elapsed 

since the onset of subsidence (T). Information of local subsidence history 

enables reconstruction of paleogeographic evolution of mid-western East Sea 

during the Neogene–Quaternary time: (1) incipient continental rifting and 

onset of marine incursion (ca. 23–18 Ma); (2) progressive continental rifting 

and onset of wave planation (ca. 18–11 Ma); (3) final eruption of post-rift 

volcanoes (ca. 11 Ma); (4) uplifting of shelf-margin banks and onset of the 

Pliocene–Holocene volcanic activities (ca. 11–2.5 Ma); (5) change in the 

locus of volcanic eruption and cessation of contractile uplifting in the basin 

margin (ca. 2.5–0 Ma). 
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2.1. Introduction 

The East Sea (Sea of Japan) is one of the extensional back-arc basins 

fringing the northwestern Pacific margin, originating from the relative 

tectonic motion between the Eurasian, Pacific, and Philippine Sea plates 

during the Cenozoic (Fig. 2.1). The sea is characterized by complex spatial 

distribution of semi-isolated deep basins (i.e., Japan, Yamato, and Ulleung 

basins) demarcated by remnant continental fragments, which are the by-

product of multi-axial back-arc extension since the Early Oligocene (Tamaki, 

1988). Over the last three decades, substantial amount of geological and 

geophysical data have been recovered from the sea, providing vital evidence 

of the regional-scale geotectonic evolution of the sea (e.g., Lallemand and 

Jolivet, 1985; Tamaki, 1988; Ingle, 1992; Jolivet and Tamaki, 1992; Yoon and 

Chough, 1995). Nonetheless, there still remain many uncertainties as to the 

details of the geomorphic evolution and subsidence history of the sea, needing 

alternative methodological approach concerning micro- to meso-scale 

processes of oceanic basin evolution.  

One possible alternative for a meso-scale analysis of oceanic basin 

evolution is to use deep-submerged wave-planation surfaces tha allow the 

reconstruction of relative sea-level change as a result of basin submergence 

(Fig. 2.2). Genetic concept of the wave planation has long been discussed in 

previous studies of modern coastal environments, constraining controls and 

spatial extent of wave erosion during sea-level stillstand (Bradley, 1958; Dietz, 

1963; Bradley and Griggs, 1976; Trenhaile and Layzell, 1981; Trenhaile, 1987; 

Anderson et al., 1999). The near-sea-level occurrence of the wave erosion 

implies that the wave-cut surface, occurring far below sea level, is definitely a 

product of continuous relative sea-level rise by either tectonic subsidence or 

glacio-eustasy. In the East Sea, the ancient wave-planation surfaces often 

extend down to abyssal part of the continental margins and plateaus (N1,000 

m bsl), definitely below the range of eustatic sea-level change during the 

Neogene to Quaternary period (b120 m bsl with respect to present sea level) 
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(Zachos et al., 2001; Miller et al., 2005). Considering the geotectonic history 

of the East Sea as an extensional back-arc basin, deep submergence of wave-

planation surfaces is most likely due to tectonic and thermal subsidence of 

stretched back-arc lithosphere. 

In this study, we focus on the deep-submerged wave-planation surfaces 

identified in the multi-channel seismic reflection profiles acquired from the 

mid-western East Sea, covering the eastern Korean continental margin, the 

South Korea Plateau, and the northern Ulleung Basin (Fig. 2.1). By 

delineating seismic characters and geomorphic features of wave-planation 

surfaces, genetic models including relevant volcano-tectonic activities and 

interaction between marine and subsiding ground masses are established. 

Furthermore, local variability of back-arc subsidence history and 

paleogeographic evolution of the mid-western East Sea are revisited with 

broader implications of tectonic, volcanic, and sedimentological processes, 

which are applicable to the other deep-submerged oceanic basins. 

 

2.2. Tectonic setting 

The East Sea consists of three major sub-basins (i.e., Japan, Yamato, and 

Ulleung basins) and intervening fragments of rifted continental crust (i.e., 

Yamato Rise, Oki Bank, and Korea Plateau), originated from extensional 

motion between the Pacific and Eurasian plates since the Early Oligocene 

(Lallemand and Jolivet, 1985; Kimura and Tamaki, 1986). Of the three basins, 

the Japan Basin is widely accepted to have experienced sea-floor spreading. 

Recovered well data from the ODP Legs 127/128 and geomagnetic survey in 

the eastern Japan Basin reveal that the basement comprises calc-alkaline 

basalt and andesitic lava with a symmetric pattern of magnetic anomalies, 

indicating sea-floor spreading (Ludwig et al., 1975; Honza et al., 1978; 

Tamaki, 1988). On the other hand, the basement of the Yamato and Ulleung 

basins are characterized by abnormally low P-wave velocity in the upper 
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mantle (ca. 8.0 km/s) and by lack of symmetry in magnetic anomalies, 

suggestive of atypical oceanic crust or extended continental crust (Ludwig et 

al., 1975; Tamaki, 1988; Hirata et al., 1989). The Yamato Basin is floored 

with sediment and basaltic–doleritic sill complex (Chough et al., 2000), which 

is also different from the typical oceanic-crust lithology of the Japan Basin. 

According to the recovered exploratory well data, the back-arc opening of 

the Yamato and Ulleung basins initiated in the Late Oligocene (N23 Ma), 

much later than the opening of the Japan Basin (ca. 32 Ma) (Chough and Barg, 

1987; Tamaki et al., 1992). The structural reconstruction based on plate 

kinematics suggests that the basins experienced subsidence to the present 

depth (2–3 km) around 20–18 Ma under extensional stress field with vigorous 

basaltic extrusion and intrusion (Chough and Barg, 1987; Tamaki, 1988; Ingle, 

1992). Afterward, tectonic activity in the East Sea became localized and 

highly variable, resulting in differential subsidence histories of the sub-basins 

until ca. 15 Ma, when the SW Japan Arc initiated progressive clockwise 

rotation by the northward collision of the Philippine Sea Plate (Jolivet and 

Tamaki, 1992; Lee et al., 1999; Hall, 2002). Around 11 Ma, the tectonic 

regime of the East Sea was inverted (Ingle, 1992), resulting in reactivation of 

former extensional tectonic lines in an inverse sense. The tectonic inversion 

led to regional uplift with post-rift (or spreading) volcanism across the Yamato 

and Ulleung basins (Kaneoka et al., 1990; Jolivet and Tamaki, 1992; Kim et 

al., 2011). 

 

2.3. Materials and methods 

About 1100 line-km of multi-channel seismic data were obtained in 2001 

aboard the R/V Tamhae II in the shelf and slope regions of the eastern Korean 

Peninsula (western margin of the South Korea Plateau), using a 96-channel 

streamer and air-gun sources (dotted dark gray lines in Fig. 2.1B). In addition, 

about 31,000 line-km of multi-channel seismic data were obtained from 2001 
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to 2004 aboard the R/V Tamhae II in the South Korea Plateau, Ulleung 

Interplain Gap, northern Ulleung Basin, and the northwestern Oki Bank by the 

Korea Institute of Geoscience and Mineral Resources (dotted pale gray lines 

in Fig. 2.1B), using an 80-channel streamer and air-gun sources (924 and 

1254 cubic inches). The main processing modules applied to the seismic data 

are spherical divergence correction, deconvolution, and band-pass filtering for 

preprocessing. With preprocessed shot gathers, CDP sorting and NMO 

correction were conducted for final stack images. 

 

2.4. Basic concept of shallow-marine wave planation 

Previous studies of modern continental-margin platforms suggest that 

wave action near the sea level is a main factor of rigorous platform cutting, of 

which the vertical extent is limited to near sea level (e.g., storm currents, tidal 

currents, turbidity currents, and bioturbation). It is suggested that effective 

erosion is largely limited to, and distributed in a bimodal way within, the 

intertidal zone with much slower erosion extending to only 1–2 m below the 

low tidal level (Trenhaile and Layzell, 1981; Trenhaile, 1987, 2002a). Other 

processes such as storm currents, tidal currents, turbidity currents, and 

bioturbation are also important factors of shallow marine erosion. These 

processes are, however, spatially restricted and thus incapable of uniform 

erosion of bed rock over a broad area. 

In association with the erosion of protruded bed rocks, autochthonous 

sedimentation also plays a role in submarine planation. Deposition of erosion-

induced sediments on the adjacent rifted troughs, terrace (or platform) 

margins, and feet of cliffs often produce prograding (or aggradational)aprons 

and mounds (Dietz, 1963; Trenhaile, 2002b) (Fig. 2.3). The combination of 

the wave erosion and the autochthonous sedimentation processes can 

effectively decrease topographic irregularities, eventually attaining a state of 

static equilibrium. In this study, we use a concept of ‘wave planation’ to 
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describe the combined effect of waveinduced erosion and sedimentation in 

shallow-marine environments (Fig. 2.3). The detailed geomorphic features of 

thewave-planation surfaces are slightly varied, depending on inherent slope 

gradient, type of substratal landmass, tidal range, and eustatic/tectonic relative 

sea-level change (Trenhaile, 2002a). 

 

2.5. Seismic characteristics of wave planation surfaces 

In the mid-western East Sea, wave-planation surfaces are commonly 

recognized on the deeply submerged continental margin terraces and isolated 

crustal blocks and volcanic seamounts (Table 2.1; Fig. 2.2). In a few locations 

along the eastern Korean continental margin (37°10′–37°40′N, 129°20′–

129°40′E), the wave-planation surfaces occur on the uplifted sedimentary 

successions that experienced contractile deformation in the Late Miocene–

Pliocene period (Yoon and Chough, 1995) (Figs. 2.2B and 2.4B). The surfaces 

commonly occur shallower than 2.0 s twt bsl (sometimes deeper than 2.2 s twt 

bsl), and have gently sloping terrace-like or slightly convex-up domal 

geometries (Fig. 2.4). The average slope gradient of the wave-planation 

surfaces is varied depending on the locality and origin of wave-cut substrata, 

which measures ca. 2° at the top of continental margin terraces and rifted 

continental blocks, ca. 3° at the top of volcanic edifices, and less than 1° at the 

top of the shelf-margin bank (Fig. 2.4). The wave-planation surfaces 

commonly have coherent single reflectors with strong reflectivity, but are 

slightly varied in detailed acoustic characters and external forms depending on 

the origin of substratum. 

In the beveled margin of the wave-planation surfaces, the markers of the 

planation abruptly disappear, and the deeper surfaces show highly uneven 

geometry comprising irregularly overlapping hyperbolae (Figs. 2.5–2.8). This 

topographic boundary is interpreted as the lower limit of a wave-planation 

surface, below which the acoustic basement was unaffected by wave planation 
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(indicated by gray dotted lines in Figs. 2.5–2.8). The lower limit of wave 

planation indicates locus of the paleo-coastline at the onset of marine 

incursion on a specific substratum. The subsidence history of continental 

margin, rifted continental fragments, and volcanic islands since the marine 

invasion can therefore be quantified by tracing the maximum depths of the 

wave-planation surfaces atop diverse substrata. Moreover, the direction of 

marine incursion, the order of volcanic eruption, and the spatial variations of 

subsidence rate can be estimated on the basis of geochronological data 

reported from previous studies in this region (Chough and Lee, 1992; Park, 

1998; Kwon et al., 2009; Kim et al., 2011). 

 

2.5.1. WPSs in the eastern Korean continental margin 

The wave-planation surfaces, identified along the submerged eastern 

continental margin of the Korean Peninsula, are characterized by continuous 

and gently sloping marginal terraces or platforms. The surfaces commonly 

extend eastward more than 50 km from the present coastline (Figs. 2.2 and 

2.5). In this region, the planation surfaces are identified along two 

stratigraphic horizons: (1) acoustic basement (Figs. 2.2A, 2.4A, and 2.5) and 

(2) the truncation surface of the uplifted Tertiary sedimentary succession (Figs. 

2.2B, 2.4B, and 2.5A). 

The wave-planation surfaces, identified at the top of the continental 

margin terraces, are characterized by slightly inclined high-amplitude single 

reflectors. The subsurface reflection configuration is commonly transparent 

(or reflection-free) with acoustic reverberation, indicative of crystalline or 

highly consolidated sedimentary nature of substratal rocks (Fountain, 1986; 

McCarthy and Thompson, 1988; Coffin et al., 1990; Kim et al., 2011) (Figs. 

2.4A and 2.5). The planation surfaces occasionally extend over mound- or 

wedge-shape interstratified sedimentary units on the terrace margins or cliff 

feet, indicating marginal aprons or cliff-foot debris from constructive 
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planation processes (Trenhaile, 2002b) (Fig. 2.5A). Downslope limit of wave 

planation on the eastern Korean continental margin ranges in depth from 

1,120 to 1,700 m bsl with a tendency of northward deepening (Fig. 2.2A). 

The wave-planation surface on the uplifted Tertiary succession is 

characterized by strong flat-topped shelf-margin bank geometry, which 

measures in width between 6 and 8 km, and in maximum depth ca. 150 m bsl 

(Fig. 2.5A). The substratum of the shelf-margin bank is characterized by 

horizontal toplap or truncational termination of deformed strata, which differs 

from the transparent subsurface reflection configuration of the acoustic 

basement (Figs. 2.4B and 2.5A). At the eastern margin of the bank, the strata 

show an oblique-prograding pattern, similar to downslope-prograding delta 

foresets (Fig. 2.5A). 

 

2.5.2. WPSs in the South Korea Plateau 

In the South Korea Plateau, the wave-planation surfaces are identified at 

the tops of rifted continental fragments and a volcanic edifice (Fig. 2.6). 

Different from the highly continuous wave-planation surfaces on the 

continental margin terraces (Fig. 2.5), those on the plateau region are 

separated from one another by intervening fault-bounded valleys. The top of 

the isolated crustal fragments and volcanic edifices commonly have overall 

convex-up (more or less indented) geometry in vertical cross-section (outlined 

with dotted lines in Figs. 2.6B,C and 2.7A, B), indicative of beveling by 

multi-directional marine invasion.  

The western part of the South Korea Plateau is characterized by highly 

indented topography comprising fault-bounded subparallel ridges and troughs 

(Fig. 2.6A and B). The wave-planation surfaces are commonly isolated at the 

top of rifted horsts, and have gentle convex-up geometry with beveled edges 

in all directions. Below the planation surfaces, the substrata commonly 

display almost transparent reflection configuration with reverberation (Fig. 
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2.6B). The wave planation surfaces in the western part of the plateau range in 

width from 3 to 40 km, and in the maximum depth from 1280 to 1650 m with 

a tendency of northward deepening, and occupy ca. 30% of this region in 

horizontal extent (Table 2.1; Fig. 2.2A). 

The wave-planation surfaces in the relatively monotonous eastern South 

Korea Plateau are identified at the top of basement highs and syn-rift 

sedimentary successions with higher continuity than those in the western part 

(Fig. 2.2A). Protruded basement highs beneath the planation surfaces are 

characterized by internal transparency with reverberation, implying their 

crystalline nature (Fig. 2.7). Relatively shallow fault-bounded troughs are 

infilled with syn-rift and erosion-induced sedimentary units displaying 

subparallel to chaotic stratification (Fig. 2.7). The wave-planation surfaces in 

the eastern South Korea Plateau occur at relatively shallow depth (1125–1350 

m) compared to the western counterpart, and occupy ca. 60% of this region in 

horizontal extent (ca. 30 and 80 km wide in the short and long axes, 

respectively) (Figs. 2.2A and 2.7). Dating of shallow-marine shell fragments, 

recovered from the piston core site (M04-PC1A; 660 m deep below present 

sea level) in the eastern South Korea Plateau (Fig. 2.1B), reveals that the site 

has been still located near sea level until ca. 11 Ma (Kim et al., 2007).  

In the southern margin of the western South Korea Plateau, a wave-

planation surface is outlined at the top of the Kiminu Seamount. The 

seamount body is flat-topped and symmetrically cone shaped, of which the 

slope sides show outward decreasing slope gradient (Fig. 2.6C). The interior 

of the seamount shows seismic facies change from a transparent central part to 

a slumpy/chaotic marginal apron-slope (Fig. 2.6C). This facies change and 

overall geomorphic features correspond to those of typical volcanic edifices 

(e.g., Herzer, 1995; Morgan et al., 2000; Leslie et al., 2002; Kim et al., 2011). 

The wave-planation surface on the Kiminu Seamount is located at ca. 975 m 

bsl and ca. 1875 m above seafloor, and measures in width ca. 4 km (Figs. 

2.2A and 2.6C). 
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2.5.3. WPSs in the northern Ulleung Basin 

The Ulleung Basin is a deep back-arc basin (ca. 2000–2500 m in 

maximum depth) infilled with thick Neogene–Quaternary sedimentary 

successions (ca. 11 km in maximum thickness) (Chough et al., 2000; Lee et al., 

2001) (Fig. 2.1). Below the sedimentary succession, a vaguely outlined 

acoustic basement displays irregular topography with a crudely stratified or 

chaotic subsurface reflection configuration, indicating volcanic sills/flows-

sediment complex (Chough and Lee, 1992) (Fig. 2.8). In the northeastern 

margin of the Ulleung Basin, a cluster of lofty seamounts display sharply 

peaked cone-shape geometry with small pinnacles on their proximal slopes 

(Kim et al., 2011) (Fig. 2.8). Among the seamounts, Dok Island and the 

Shimheungtaek and Isabu tablemounts are characterized by abnormally flat 

and beveled geometry on their tops, implying shallow-marine wave planation 

(Fig. 2.8). The wave-planation surfaces range in width between 4 and 5 km, 

and measures in the maximum depth ca. 225 m bsl on Dok Island and ca. 300 

m bsl on the Isabu and Shimheungtaek tablemounts (Figs. 2.2A and 2.8). 

 

2.5. Discussion 

2.6.1. Genetic model of wave-planation surfaces 

A wide range of seismic reflection configurations and geomorphic 

features of wave-planation surfaces reflects diverse natures and associated 

geotectonic regimes of substratal landmasses (Fig. 2.9). By delineating 

structural and stratigraphic characteristics of the wave planation surfaces and 

substratal rocks, we propose four genetic models of wave-planation and 

associated volcano-tectonic and sedimentation processes (Fig. 2.10). 

2.6.1.1. WPSs on rifted continental-margin (type-1) 
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During incipient back-arc opening, the majority of the rifted continental 

margin and plateau regions underwent alluvial or lacustrine deposition (Jeong 

et al., 2008; Kwon et al., 2009). As rifting progressed, the marine realm began 

to invade through the rift valleys in association with rapid submergence of 

syn-rift horsts and grabens. Trenhaile (2002a) suggests that the erosion rate in 

wave-dominant marine terraces significantly decreases with very rapid 

changes in relative sea level. This implies that initial marine incursion did not 

cause significant wave planation, due to extremely high subsidence rate 

during the incipient rifting stage (N850 m/my in the southwestern East Sea) 

(Chough and Barg, 1987) (Fig. 2.9). 

As rifting progressed, the subsidence rate of rifted continental crust might 

have gradually slowed down (Chough and Barg, 1987; Ingle, 1992). Under 

the slowed subsidence rate, vigorous wave cutting on the protruded bedrocks 

and autochthonous sedimentation in the adjacent topographic depressions 

might have drastically decreased topographic irregularities, leaving behind 

continuous planation surfaces over basement rocks and syn-rift trough-fill 

successions (Fig. 2.6). The retrogradational stacking pattern of wave-

planation surfaces within post-rift sedimentary successions suggests 

progressive landward migration of the locus of wave planation by a long-term 

tendency for continuous relative sea-level rise (Figs. 2.5B and 2.10A). In spite 

of an overall tendency for continued marine transgression, the small-scale 

sedimentary structures might have been modified by frequent glacio-eustatic 

sea-level fluctuations (Trenhaile, 2002a). However, the glacio-eustatic effects 

are almost unrecognizable in low-frequency deep seismic data, and are 

deduced to have had little effect on the overall trend of marine transgression. 

2.6.1.2. WPSs on fragmented continental crust (type-2) 

The wave-planation surfaces on the rifted continental fragments are 

commonly separated from one another by intervening fault-bounded 

topographic depressions (Figs. 2.6 and 2.7). The slightly convex-up domal 

geometry of the wave-planation surfaces suggests multidirectional marine 
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incursion, giving rise to simultaneous flattening and beveling around the 

isolated crustal blocks (Fig. 2.10B). Continuous wave-planation surfaces 

above both transparent acoustic basement and inter-stratified sedimentary 

successions also suggest a combined effect of wave erosion on protruded 

bedrocks and autochthonous sedimentation in adjacent topographic 

depressions (Figs. 2.6, 2.7, and 2.10B). 

Compared with the continental margin terraces overlain by thick post-rift 

sedimentary successions, the fault-bounded troughs on the rifted continental 

fragments are generally sediment-starved and remain underfilled because of 

the limited sediment supply from areally restricted continental fragments (Fig. 

2.6). Once the rifted blocks are totally drowned below sea level, even a small 

amount of detrital inputs from neighboring topographic highs might have been 

cut off, leaving a chance only of pelagic sedimentation. 

2.6.1.3. WPSs on volcanic edifices (type-3) 

Flat and beveled surfaces on the decapitated submarine volcanic edifices 

(i.e., Dok Island, Kiminu Seamount, and Shimheungtaek and Isabu 

tablemounts) are also classified as one of the major genetic types of wave-

planation surfaces (Fig. 2.8). It is well known that flat-topped seamounts can 

form by mechanical wave erosion on their peaks when they were partly 

emerged above sea level (Hess, 1946; Davies et al., 1972; Schwartz, 1972; 

Smoot, 1995; Kang et al., 2002; Quartau et al., 2010). In the East Sea back-arc 

region, widespread extensional tectonics with thermal decay of the stretched 

lithosphere most likely led to continuous subsidence of flat-topped volcanic 

edifices after wave planation. 

Flat-topped volcanic seamounts can also form through the collapse of 

caldera rim, the infilling of a caldera basin by subsequent volcanic intrusion 

and extrusion (e.g., Simkin, 1972; Natland, 1976; Batiza and Vanko, 1983; 

Menard, 1984). These processes are not applicable to the study area, however, 

because the transparent substratal reflection configuration of the seamounts 
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indicates that they comprise coherent volcanic rocks rather than caldera-rim-

collapse or extrusive deposits whose seismic facies is generally chaotic to 

irregularly stratified (Kim et al., 2011) (Fig. 2.8). The possibility of coral-reef 

growth on the seamount top is also unlikely, because the seamounts occur in 

high latitudes beyond the limit of coral reef development (Kleypas et al., 

1999). The flat-topped geometry of the deeply submerged volcanic seamounts 

is thus interpreted to have originated from shallow-marine wave planation 

(Fig. 2.10C). 

2.6.1.4. WPSs on an uplifted sedimentary succession (type-4) 

The evolutionary framework of the East Sea suggests that extensional 

tectonics was completely inverted to compressional at the end of the Middle 

Miocene (ca. 11 Ma) (Ingle, 1992; Jolivet and Tamaki, 1992). The tectonic 

inversion caused contractile uplifting of a Tertiary sedimentary succession 

along the northern part of the eastern Korean continental margin. The uplifted 

sedimentary succession shows asymmetric wedge-shape external form in 

cross section, bounded on its west and east by reverse faults dipping in 

opposite directions (Fig. 2.5A). Stratigraphic reconstruction suggests that the 

succession was originally deposited in an asymmetric graben during the 

rifting phase, then was folded and uplifted by dextral reverse remobilization 

of the existing master faults under compressional tectonics (Fig. 2.10D). 

Similar tectonic movements are broadly identified in the southeastern margin 

of the Korean Peninsula, which most likely resulted from basinwide sinistral 

tranpressional tectonics (Yoon and Chough, 1995). 

Stratigraphic evidence and recovered drill cores suggest that the reverse 

bounding faults along the western foot of these continental margin banks had 

already achieved its maximum offset in the Early Pleistocene (ca. 2.5 Ma), 

then experienced slow subsidence and aggradational trough-filling without 

significant fault activation (Kwon et al., 2009). In seismic cross sections, the 

shelf-margin bank displays horizontal stratal termination of folded strata (Figs. 

2.4B and 2.5A), suggesting emergence and erosion of the bank top (Fig. 
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2.10D).Meanwhile, eastward prograding aprons, which lap down on the 

eastern proximal slope of the bank indicates in-situ deposition of the 

autochthonous detritus from a neighboring wave-eroded site (Fig. 2.10D). 

 

2.6.2. Subsidence rate 

The wave planation surfaces in the study area began to form by three 

volcano-tectonic processes: (1) rifting of continental crust, (2) eruption of 

volcanic islands, and (3) uplifting of a rifted continental margin (Fig. 2.10). 

The timings of these tectonic and volcanic events can be constrained by 

radiometric dating of the subaerial and submarine rock/core samples and 

stratigraphic correlation (e.g., Sohn and Park, 1994; Park, 1998; Kim et al., 

2007; Kwon et al., 2009; Kim et al., 2011) (Table 2.1). Using the age data and 

spatial variation of the maximum depth of the wave planation surfaces, 

subsidence rates of specific wave-cut substrata can be estimated. 

2.6.2.1. Calculation of mean subsidence rate 

In this study, we simply express the mean subsidence rate of a wave-

planate substratum as a division of a cumulative amount of crustal subsidence 

(i.e., a sum of tectonic, thermal, and isostatic subsidence) by the time elapsed 

since the onset of submergence of the wave-planate substratum. As mentioned 

above, the elapsed time of crustal subsidence can be estimated with a high 

degree of accuracy from existing geochronological data. However, the depth 

ranges can be exaggerated by ancient eustatic sea-level fluctuation with 

respect to present sea level. For example, Dok Island has ca. 225 m of the 

maximum depth of wave planation and 2.4 Ma of subsidence time elapsed 

since the latest eruption, from which ca. 94 m/my of a mean subsidence rate 

can be calculated (Fig. 2.2A). The subsidence depth range is, however, 

exaggerated, because the sea level at around 2.4 Ma was deeper by ca. 17 m 

than present sea level, thus can be modified into ca. 208 m. Based on the 

modified datum, ca. 87 m/my of subsidence rate can be calculated (Table 2.1). 
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To avoid over- or underestimation of subsidence rate, we set two 

averaged sea-level records from Miller et al. (2005) and De Boer et al. (2010) 

as new datum sea levels to measure cumulative amounts of crustal subsidence 

of specific wave-planate substrata (Table 2.1; Fig. 2.9). The reference global 

eustatic sea-level records over past 2.5 million years are inconsistent with 

each other as shown in Fig. 9, because of slight difference in the methods of 

analysis. Nonetheless, both records show coherent trend of drop in averaged 

sea level over past 2.5 million years without significant disparity in values of 

adjusted subsidence depth and mean subsidence rate (Table 2.1; Fig. 2.9).  

Consequently, the mean crustal subsidence rate is calculated by dividing 

the maximum depth of a wave-planation surface below modified datum sea 

level (D–E) by the time elapsed since the onset of subsidence (T) (Table 2.1). 

Based on the estimation of subsidence rate and the geochronology of major 

geological events, several unsolved questions as to the subsidence history of 

the South Korea Plateau and adjacent regions can be answered either 

qualitatively or quantitatively. 

2.6.2.2. Spatial variation of subsidence rate in the plateau region 

The South Korea Plateau is classified as rifted continental crust, 

comprising highly indented western and relatively monotonous eastern parts 

(Kim et al., 2011). These two regions also show significant difference in mean 

subsidence rate during the last 18 my (ca. 80 m/my in the western and 74 

m/my in the eastern part) (Table 2.1; Fig. 2.11). Relatively higher topographic 

indentation and subsidence rate of the western part is possibly due to higher 

amount of crustal extension in the western South Korea Plateau region 

compared with its eastern counterpart. The maximum depths of wave-

planation surfaces in the plateau region generally deepen to the north (Table 

2.1; Fig. 2.2), implying southward propagation of rifting during the incipient 

back-arc opening. 

2.6.2.3. Tectonic implications for subsidence rate 
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Comparison of mean subsidence rate on non-volcanic wave-cut substrata 

of remnant continental fragments suggests that the plateau and continental 

margin regions experienced progressive decrease in subsidence rate since 18 

Ma (Table 2.1; Fig. 2.11). Compared with the mean subsidence rate over past 

18 million years on the plateau region (74–83 m/my), the subsidence rate over 

past 11 million years (59–61 m/my on the piston core site M04-PC1A) is 

significantly low, and much lower over past 2.5 million years (ca. 53 m/my on 

the shelf margin bank) (Table 2.1; Fig. 2.11). Kwon et al. (2009) reported that 

most of offset of basement faults in the South Korea Plateau and adjacent 

region was achieved around 18 Ma, without significant additional 

displacement. This implies that the plateau region was tectonically stable 

since 18 Ma, and subsided almost solely by progressive thermal decay of 

stretched lithosphere with gradually decreasing heat flow and subsidence rate 

with time (McKenzie, 1978; Stein and Stein, 1992; Parsons and Sclater, 1997; 

Xie and Heller, 2009).   

The estimated subsidence rates are only a record of back-arc subsidence 

after the initiation of vigorous wave planation at about 18 Ma, since when 

rapid tectonic subsidence has been gradually decelerated. The values are thus 

relatively small, compared with the average subsidence rate of the entire East 

Sea region throughout the Neogene to Quaternary back-arc evolution, as well 

as do not fall into the realm of subsidence rates in other rifted margins (Ingle, 

1992; Xie and Heller, 2009). 

2.6.2.4. Volcano-isostatic effect 

The volcano-stratigraphic evidence indicates that the Kiminu Seamount 

continued to erupt until the end of the Middle Miocene (ca. 11 Ma), when the 

East Sea stopped its extension (Kim et al., 2011). Estimated mean subsidence 

rate of the Kiminu Seamount since 11 Ma is about 88 m/my, which suggests 

that the seamount subsided faster than the rifted continental crust since 11 Ma 

(ca. 59 m/my in the M04-PC1A) (Table 2.1; Fig. 2.11). Considering the 

tectonic quiescence since 11 Ma in the plateau region and consistent effect of 
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lithospheric thermal decay, the higher mean subsidence rate of the volcanic 

seamount is most likely due to significant loading effect of extrusive volcanic 

materials, so-called “volcano-isostasy” (Fig. 2.9). Besides, the volcano-

isostatic effect is probably applicable to the discrepancy in the mean 

subsidence rate between Dok Island (ca. 87 m/my) and the shelf-margin bank 

of the eastern Korean continental margin (ca. 53 m/my), which started 

submergence almost at the same time around 2.5 Ma, even though the local 

tectonic settings and the type of substratal landmasses are slightly different in 

these two places. (Sohn and Park, 1994; Kwon et al., 2009) (Table 2.1; Fig. 

2.11). 

 

2.6.3. Paleogeographic reconstruction 

As discussed, the wave-planation surface atop the submerged continental 

crust, volcanic seamounts, and uplifted sedimentary successions can be used 

to reconstruct paleogeographic evolution. The mid-western East Sea most 

likely had a long-term tendency for continuous relative sea-level rise due to 

the continued lithospheric subsidence, which suggests that paleo-shorelines on 

the plateau and continental margin have continuously retreated landward 

throughout back-arc evolution. 

Based on these concepts, we propose hypothetical snapshots delineating 

paleogeographic evolution of the mid-western East Sea (Fig. 2.12), regarding 

the ages of volcanic and tectonic events and the estimation of the magnitude 

of tectonic, isostatic, and thermal subsidence (Table 2.1; Figs. 2.9 and 2.11). 

Each snapshot reflects changes in local tectonics, volcanism, and subsidence 

of the wave-planation surface, sedimentation patterns, and distribution of 

lands and seas at an instant in geological time (Fig. 2.12). 

2.6.3.1. Early Miocene (23–18Ma) 

In the Early Miocene, the overall East Sea back-arc region was 
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undergoing pull-apart opening (Fig. 2.9), which caused dextral strike-slip 

deformation along the eastern Korean continental margin, and extensional 

block faulting in the South Korea Plateau (Jolivet and Tamaki, 1992; Yoon 

and Chough, 1995; Kwon et al., 2009; Kim et al., 2011). In the incipient 

opening stage, rifted continental crusts both in the continental margin and in 

plateau regions were yet to be submerged below sea level, and undergoing 

alluvial to lacustrine deposition in association with vigorous syn-rift 

volcanism (Jeong et al., 2008; Sohn et al., 2013). 

As rifting advanced, the massive eastern part of the South Korea Plateau 

was detached from the Korean Peninsula with fragmentation of the western 

South Korea Plateau (Fig. 2.12A). The rifted crustal blocks were completely 

separated from one another, allowing gradual marine incursion through them. 

The northward deepening tendency of the maximum depths of wave-planation 

surfaces in the western South Korea Plateau (Fig. 2.2A) implies that the 

northern part was drowned earlier or more rapidly than the southern part 

because of the variability of local subsidence rate (Table 2.1). The newly 

formed wave-planation surfaces might have experienced subsequent structural 

deformation or burial by a syn-rift volcanic-sedimentary complex. During this 

period, the mid-western East Sea region may still have been the site of 

nonmarine deposition, and gradually changed into open marine environment 

until 18 Ma (Fig. 2.12A). 

2.6.3.2. Late Early–Middle Miocene (18–11Ma) 

In the late Early Miocene (ca. 18 Ma), the mid-western East Sea entered 

upon a new phase of back-arc evolution (Fig. 2.9). During this period, local 

tectonic movements of Cenozoic sub-basins along the eastern Korean 

continental margin (e.g., Pohang-Youngduk, Ulsan, and Mukho basins) 

become highly complicated and diachronous, undergoing either strike-slip or 

bock faulting with subsequent tectonic quiescence or inversion (Yoon and 

Chough, 1995; Lee et al., 1999; Sohn et al., 2001; Son et al., 2007; Kwon et 

al., 2009). 
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In the South Korea Plateau and the northern part of the eastern Korean 

continental margin region, rapid subsidence during the Early Miocene (23–18 

Ma) gradually slowed down during the late Early to Middle Miocene (18–11 

Ma) (Kwon et al., 2009; Kim et al., 2011), allowing sufficient time for 

effective wave-cutting and beveling of protruded basal rocks (Fig. 2.12B). 

The newly formed wave-planation surfaces were preserved relatively intact 

without further deformation by crustal rifting or burial by a syn-rift volcanics–

sediments complex. Meanwhile, in the eastern part of the South Korea Plateau, 

rifted crustal blocks were subaerially exposed until the end of the Middle 

Miocene, when most continental fragments in the western South Korea 

Plateau had already been drowned below sea level (Fig. 2.12B). 

2.6.3.3. Late Middle Miocene (ca. 11Ma) 

By the end of the Middle Miocene (ca. 11 Ma), the East Sea had 

completely changed into a compressional regime (Ingle, 1992) (Fig. 2.9). The 

Kiminu Seamount, one of the post-rift volcanic edifices along the northern 

margin of the Ulleung Basin, was undergoing its final eruption at this time 

(Kim et al., 2011) (Figs. 2.9 and 2.12C). The flat-topped geometry of the 

seamount indicates that its summit was subaerially exposed during the final 

eruption, and subsequently experienced erosional decapitation and deep 

submergence. The maximum depth of the wave-planation surface on the 

Kiminu Seamount compared to present sea level (ca. 975 m bsl) is much 

shallower than those on adjacent rifted crustal blocks (ca. 1280 m bsl) (Fig. 

2.2A). This suggests that almost all rifted continental fragments adjacent to 

the seamount might have already submerged when the seamount formed (Fig. 

2.12C). 

2.6.3.4. Late Miocene to Late Pliocene (11–2.5Ma) 

As a consequence of the tectonic inversion, preexisting complex 

curvilinear dextral strike-slip fault sets and associated wrench systems along 

the eastern Korean continental margin experienced multiple times of 
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compressional reactivation, which were either sporadic or persistent during 

the upper Neogene–Quaternary period (Yoon and Chough, 1995; Son et al., 

2007) (Figs. 2.9 and 2.12D). The reverse reactivation of existing high-angle 

normal bounding faults led to emergence of Neogene sedimentary successions 

above sea level (Figs. 2.6A and 2.10D). On the other hand, the South Korea 

Plateau was not affected by compressional tectonics, but only underwent 

continuous slow subsidence of rifted continental crust with progressively 

decreasing subsidence rate (Table 2.1; Fig. 2.12D). 

In the northeastern margin of the Ulleung Basin, several volcanic edifices 

(i.e., Dok Island and Shimheungtaek and Isabu tablemounts) continued to 

erupt (Sohn and Park, 1994) (Figs. 2.9 and 2.12D). The depth variation of the 

wave-planation surfaces on these volcanic edifices possibly reflects the order 

of eruption, given the thermal and volcano-isostatic components were similar 

in these volcanoes (Figs. 2.2 and 2.12D). We also deduce that Ulleung Island 

and the Anyongbok Seamount already commenced eruption at this time, 

although they were yet to be emerged above sea level (Xu et al., 1995; Kim et 

al., 1999) (Fig. 2.12D). 

2.6.3.5. Early Pleistocene to Present (2.5–0Ma) 

In the Late Pliocene, the shelf-margin banks, located in the northern part 

of the eastern Korean continental margin, stopped uplifting (Kwon et al., 

2009), although sporadic contractile deformation has continued in the 

southern part during the Quaternary (Figs. 2.9 and 2.12E). The topographic 

depression on the footwall block was gradually infilled with sedimentary 

deposits without further activation of the reverse bounding faults (Figs. 2.6A 

and 2.9). 

In the northern Ulleung Basin, the eruption of Dok Island almost ceased 

around 2.4 Ma, and underwent wave planation near sea level (Sohn and Park, 

1994) (Fig. 2.9). Afterward, the decapitated volcanic edifice submerged by 

volcanic isostasy and thermal decay of lithosphere (Fig. 2.9). Meanwhile, 
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Ulleung Island and the Anyongbok Seamount continued to erupt during the 

Quaternary (Fig. 2.12E). At present, Ulleung Island is surrounded by wave-cut 

surfaces on its submerged slopes, implying that the wave-cut process on the 

island has been ongoing since the eruption. On the other hand, the submerged 

peak of the Anyongbok Seamount remains intact without a wave-planation 

surface, implying that the seamount never reached sea level. 

Since the last glacial maximum around 26 ka BP (Fig. 2.9), eustatic sea 

level rose nearly 120 m, which caused additional submergence of the entire 

plateau and continental margin regions (Peltier and Fairbanks, 2006). The 

eustatic sea-level rise might have caused consistent submergence of about 120 

m compared to the last lowstand commonly on rifted continental crust, 

volcanic edifices, and uplifted sedimentary successions. This implies that the 

present depth of shelf-margin bank in the eastern Korean continental margin 

region (ca. 150 m bsl; Fig. 2.6A) was mostly achieved by the eustatic sea-

level rise and subordinately by prolonged thermal subsidence. 

 

2.7. Conclusion 

Wave-planation surfaces are a useful indicator of ancient sea level, easily 

recognizable in seismic reflection profiles due to their distinct seismic 

characters. In the mid-western East Sea (Sea of Japan), seismic reflection 

characteristics and geomorphic features of deeply submerged flat-topped 

substrata evince four different formative processes of wave planation surfaces. 

Furthermore, the depths and areal distribution of wave-planation surfaces 

provide an insight into spatio-temporal variation of subsidence rate and 

paleogeographic evolution of the extended back-arc regions, which in turn 

supplement inherent methodological limitation on the research of oceanic 

basin evolution. General concluding remarks of this study are as follows. 

(1) Wave planation commences with specific volcano-tectonic events (i.e., 

submergence of rifted continental blocks, eruption of volcanic islands, 
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and uplifting of crustal blocks).  

(2) Difference in the depths of wave-planation surfaces on the rifted crustal 

blocks evidences spatial variation of tectonic subsidence rate and 

direction of marine incursion. 

(3) Long-term tendency of continuous basin subsidence gives rise to 

retrogradational stack of the wave-planation surfaces, without 

significant influence from the glacio-eustasy. 

(4) Tectonic inversion causes localized sporadic contractile deformation 

along the strike-slip basin margin, but unaffected the plateau and basin 

center. 

(5) Time sequence of the volcanic eruptions can be restored based on the 

depths of wave-planation surfaces on volcanic seamounts. 

(6) Volcano-isostasy causes more rapid subsidence of volcanic edifices 

compared to the other crustal substrata. 

Besides, the estimation of subsidence rate and paleogeographic 

restoration aided by wave-planation surfaces have a broad applicability to the 

study of oceanic basins in various geotectonic settings, due to the universal 

existence of wave-dominant environments and associated wave-planation 

processes along the ocean basin margins of various scales. 
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2.9. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. (A) Physiography of the East Sea and (B) locality map of the study area. 

JB, YB, and UB: Japan, Yamato, and Ulleung basins, YR: Yamato Rise, SKP and 

NKP: South and North Korea Plateau, WSKP and ESKP: Western and Eastern South 

Korea Plateau, OB: Oki Bank, UIG: Ulleung Interplain Gap, UI: Ulleung Island, HB: 

Hupo Bank, AS: Anyongbok Seamount, DI: Dok Island, KS: Kiminu Seamount, ST 

and IT: Shimheungtaek and Isabu tablemounts. Bathymetry in meters. Gray dotted 

lines represent tracklines of 2001–2004 seismic reflection surveys aboard the R/V 

Tamhae II. Also shown are the locations of seismic profiles in Figs. 2.4–2.8. Locality 

of piston-core site (M04-PC1A) is from Kim et al. (2007). 
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Figure 2.2. (A) Map showing the topography of acoustic basement. Contours in 

seconds (two-way travel time below sea level). The area surrounded by thick dotted 

lines indicates the distribution of wave-planation surfaces on the rifted continental 

crust and volcanic edifices. For abbreviations, see Fig. 2.1. (B) Map showing the 

bathymetry of the eastern offshore of the Korean Peninsula. Contours in meters. The 

area surrounded by thick dotted lines indicates the wave-planation surfaces on the 

uplifted sedimentary succession. SMB: shelf-margin bank. WPS: wave-planation 

surface. 
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Figure 2.3. Conceptual model explaining combined effects of wave erosion and 

autochthonous sedimentary processes during the sea-level stillstand. The vertical 

extent of wave planation is determined by tidal range. (A) Intact bedrock with 

irregular surface geometry before wave planation. (B) Surface irregularity decreased 

by wave planation. 
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Figure 2.4. Selected seismic reflection profiles showing acoustic characteristics of the 

wave-planation surface on (A) the rifted continental crust, (B) the uplifted 

sedimentary succession, and (C) the volcanic edifices. WPS: wave-planation surface. 

For locations, see Fig. 2.1. 
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Figure 2.5. Seismic profiles showing relationship between WPSs and planate 

substrata on the eastern Korean continental margin. Numbers denote retrogradational 

stacking of WPSs (①→②→③). For locations, see Fig. 2.1. 
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Figure 2.6. Seismic profiles showing the relationship between wave-planation 

surfaces and planate substrata on the western South Korea Plateau. For locations, see 

Fig. 2.1. 
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Figure 2.7. Seismic profiles showing the relationship between wave-planation 

surfaces and planate substrata on the eastern South Korea Plateau. For locations, see 

Fig. 2.1. 
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Figure 2.8. Selected seismic reflection profiles showing relationship between the 

wave-planation surfaces and planate substrata along with structural and stratigraphic 

interpretation in the northeastern Ulleung Basin. WPS: wave-planation surface. For 

locations, see Fig. 2.1. 
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Figure 2.9. Time table of geological events, records of averaged eustatic sea-level 

change, and correlative wave-planation processes. For abbreviations, see Fig. 2.1. 

Sea-level records are from Miller et al. (2005) and De Boer et al. (2010). 
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Figure 2.10. Genetic models of various wave-planation surfaces on (A) the rifted 

continental margin terrace, (B) the fragmented continental crust, (C) the volcanic 

edifice, and (D) the uplifted sedimentary succession. 
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Figure 2.11. Temporal variation of mean subsidence rate in various localities. For 

abbreviations, see Fig. 2.1. 
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Figure 2.12. Paleogeographic reconstruction of the mid-western East Sea including 

information about tectonic, volcanic, and sedimentary evolution. (A) Incipient back-

arc rifting and onset of wave planation (ca. 23–18 Ma). (B) Drowning of rifted 

continental crust and southward marine invasion (ca. 18–11 Ma). (C) Subaerial 

eruption of the Kiminu Seamount by post-rift volcanic activities (ca. 11 Ma). (D) 

Contractile uplifting of shelf-margin bank and the subaerial eruption of Dok Island 

and the Shimheungtaek and Isabu tablemounts (11–2.5 Ma). (E) Cessation of uplift on 

the shelf-margin bank and subaerial eruption of the Ulleung Island (2.5–0 Ma). For 

abbreviations, see Fig. 2.1. 
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2.10. Table 

Table 2.1. Basic information of wave-planation surfaces 

 

 

 

 

 

 

 

 

 

 

 

Locality Max. depth  Eustatic Subsidence depth Period of Mean  

 
of WPS adjustment below adjusted 

datum 
subsidence subsidence  

rate 

 
(D) (E) (D–E) (T)     

    

EKCM 
Rifted continental 
crust 

 1,465 m 20 m* 
-30 m** 

1,445 m* 
1,495 m** 

18 my  
(18–0 Ma)  

80 m/my* 
83 m/my** 

      
Shelf margin bank 150 m 17 m* 

17 m** 
133 m* 
133 m** 

2.5 my  
(2.5–0 Ma) 

53 m/my* 
53 m/my** 

   

WSKP 
Rifted continental 
crust 

1,465 m 20 m* 
-30 m** 

1,445 m* 
1,495 m** 

18 my  
(18–0 Ma)  

80 m/my* 
83 m/my** 

      
Kiminu Seamount 975 m 7 m* 

-12 m** 
968 m* 
987 m** 

11 my  
(11–0 Ma) 

88 m/my* 
90 m/my** 

   

ESKP 
Rifted continental 
crust 

1,350 m 20 m* 
-30 m** 

1,330 m* 
1,380 m** 

 

18 my  
(18–0 Ma) 

74 m/my* 
77 m/my** 

      
M04-PC1A 
(Kim et al., 2007) 

660 m 7 m* 
-12 m** 

653 m* 
672 m** 

11 my  
(11–0 Ma) 

59 m/my* 
61 m/my** 

   

UB 
Dok Island 225 m 17 m* 

17 m** 
 

208 m* 
208 m** 

2.4 my  
(2.4–0 Ma) 

87 m/my* 
87 m/my** 

Note: EKCM-eastern Korean Continental margin; WSKP-western South Korea Plateau; ESKP-eastern 
South Korea Plateau; UB-Ulleung Basin; WPS-wave planation surface; * and ** indicate basic information of 
wave-planation surfaces estimated from averaged sea-level records of Miller et al. (2005) and De Boer et al. 
(2010), respectively (Fig. 2.9).  
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Chapter 3 

The latest eruptive history of Ulleung Island, Korea, inferred 

from and intra-caldera pyroclastic sequence 

 

Abstract 

Ulleung Island is a Quaternary volcanic island located 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 sedimentological 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 thousands of years of repose 

between each eruption. Eruption styles and depositional mechanisms varied 

between and during 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 hazards in such moderately sized pyroclastic 

eruptions. 
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3.1. 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 3.1 and 3.2; Fig. 3.1). According 

to previous studies, the emergent portion of the volcano comprises 

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 geochronological criteria (e.g., Yoon 1984; Yun 1986; Xu et 

al. 1998; Kim et al. 1999; Song et al. 1999) (Table 3.1). Although the details 

of the classification are still debated, it is commonly inferred that the latest 

one or two stages were the most explosive 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 tephro-chronological studies on the 

latest explosive eruptions on Ulleung Island have been made on the basis of 

marine sediment cores and on-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. 3.1). The 

individual tephra layers sourced from Ulleung Island show uniform major 
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oxide compositions of volcanic glass shards, enabling detailed correlation of 

the marine tephras with proximal 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 pyroclastic 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 

stratigraphic framework for pyroclastic deposits inside and immediately 

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 information on the range of topographic influences on 

pyroclastic density current (PDC) sedimentation, particularly intra-caldera 

deposition and re-deposition processes. 

 

3.2. 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. 3.1). Previous geological/geophysical 

studies suggest that multi-axial back-arc extension caused deep subsidence of 
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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 characterized by multiple eruptions probably from the Late Miocene 

through to the Holocene (11 Ma–5.6 ka B.P.), building volcanic seamounts 

and islands, i.e., Ulleung and Dok islands, the Anyongbok Seamount, and the 

Shimheungtaek and Isabu  tablemounts (Fig. 3.1a). 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, dehydration 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-

kmdiameter caldera has an amphitheater-like shape open to the north and 

shows embayed topography in the south (Fig. 3.1). The semicircular rim 

bordering the caldera rises <100 m above the caldera floor in the north and 
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reaches up to 600 m in the south (Fig. 3.2). 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. 3.2). 

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 3.1). K-Ar dated stages included the 

following: 2.7±0.9 to 1.37±0.04 Ma basaltic lavas and basaltic agglomerates, 

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 trachy-

andesite (Min et al. 1988; Xu et al. 1998; Kim et al. 1999; Song et al. 2006). 

Radiocarbon 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. 

 

3.3. 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 3.2 and 3.3).Machida et al. (1984) defined seven tephra layers 

(U-1 to U-7 in descending order) from the extracaldera 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, 
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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 amphibole, clinopyroxene, and alkali feldspar as common 

phenocrysts (Shiihara et al. 2011). All these tephras have the characteristics 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 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 the U-3 and U-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 
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et al. 1997; Chun et al. 1998; Domitsu et al. 2002; Nagahashi et al. 2004; 

Higashino et al. 2005). 

 

3.4. Materials and methods 

Detailed field observations and sedimentary logs of the Nari Tephra 

Formation were collected both inside and outside the caldera (Figs. 3.1 and 

3.2). 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. 3.1 and 3.2). For radiocarbon dating, charcoal 

samples were collected from the lowermost eruptive member of the intra-

caldera tephra formation. The charcoal samples were analyzed using the 

Accelerator Mass Spectrometer (AMS) technique in the National Center for 

Inter-University Research Facilities, Seoul National University. 

 

3.5. 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. 3.2). 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 between eruptions 

(Fig. 3.3). The members comprise pumiceous lapilli tuff mostly of phonolitic 

composition with subordinate lithic clasts of variable origins. A total of 19 

lithofacies are defined and summarized in Table 3.4. Grain size terminology 

used here follows White and Houghton (2000). 
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3.5.1. 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. 3.4). Individual breccia beds commonly 

have discontinuous 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. 3.4).  

Interpretation  

In the geological map of the Nari Caldera (inset of Fig. 3.2a), 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 sporadic 

centripetal drainage process. The irregular stack of breccia 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 

over-land flows on the screes mostly in response to heavy rainfall and/or 

snowmelt events. 

 

3.5.1. Member N-5 

Description 
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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. 3.3). 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 acicular feldspar 

microphenocrysts in the groundmass (Fig. 3.5).  

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. 3.4b).  

Unit N-5B consists of diffusely bedded pumiceous lapilli tuff (dbpLT) 

which includes decimeter-thick lenses of clast-supported lapilli and blocks 

(Fig. 3.4c). 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 between micro-vesicular (commonly <1 mm 

in vesicle diameter lacking bubble wall texture) and non-vesicular (Fig. 3.5). 

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. 3.4c).  

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. 3.4d). 

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. 3.4a, 3.d). In the middle to upper 

part of the unit, diffusely stratified lapilli tuff locally infills troughs with 

upslope-dipping stratification (Fig. 3.4d). 
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Unit N-5D is a c. 6-m-thick succession, comprising mantle-bedded 

accretionary lapilli-bearing tuff (mTacc), massive pumiceous 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. 3.4d). A variety of ash-accretion textures occur in different 

beds, including accretionary lapilli and ash pellets (Fig. 3.4e), armored lapilli 

(Fig. 3.4f), and vesiculated lapilli tuff (Fig. 3.4g). The unit is truncated by a 

high-gradient and high-relief incision surface incising through the entire stack 

of underlying units (Fig. 3.4h). 

Unit N-5R is a chaotic succession of lithic breccias (Br) overlying the 

incision surface (Fig. 3.4h). The breccias are commonly 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. 3.4i). 

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, 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 trachytes 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 
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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 suggest 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 stratification (Fig. 3.4d) is attributed to syn-depositional 

remobilization 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. 

3.4e–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 underlying 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. 
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3.5.2. 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 3.4; Figs. 3.3, 3.6). Pumice clasts in this member 

have tubular vesicles with thin vesicle walls (Fig. 3.5).  

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- swelling stratification near the base (spLT) to 

massive, openwork pumice lapilli deposit (mpLo) in the upper part. Huge 

lithic blocks, often exceeding 1 m in diameter, produced deep impact sags 

below them (Fig. 3.6b).  

Unit N-4B is a c. 8-m-thick, crudely bedded, openwork pumice lapilli 

deposit (mpLo) (Fig. 3.6c), which is overall fines-poor and consists mainly of 

medium lapilli-sized pumice clasts and scattered lithics of variable lithologies 

(e.g., trachytes, syenites, sedimentary rocks, metamorphic rocks, and etc.) 

(Fig. 3.6d). Discontinuous and poorly sorted tuff breccia (mTBr) occurs in the 

middle part of the unit, showing diffuse lower and upper contacts (Fig. 3.6e).  

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. 3.6a). 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. 

3.3, 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. 3.7b). The diffuse stratification of lapilli tuff and 

tuff breccia beds is generally defined by trains or lenses of lithic or pumice 

clasts (Fig. 3.7a, b). In several massive tuff breccia beds, coarse lithic blocks 
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are concentrated in the middle or upper part of the beds, showing inverse or 

inverse-to-normal grading (Fig. 3.7a, 3.b). The cross-stratified tuff commonly 

overlies underlying lapilli tuff beds with transitional contacts (Fig. 3.7b, 3.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. 3.7a). Relatively fine-grained parts of beds 

show stoss-erosional to stoss-depositional dune-like structures and climbing 

megaripples that apparently migrate upslope (Fig. 3.7b, c). This unit is capped 

by a 10- to 20- cm-thick paleosol at the top (Fig. 3.7a) 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, swelling laminae, 

can be interpreted as the deposit from a pyroclastic 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 

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, from which fine ash was efficiently winnowed by wind. 

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 projectiles (Wilson and Walker 1985; 

Allen 2001). The intervening 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 
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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 filling 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. 

 

3.5.3. 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 3.4; Figs. 3.3, 3.8). The pumice clasts in this member are 

characterized by elliptical, slightly stretched vesicles with thin vesicle walls 

(Fig. 3.5).  

The lowermost unit N-3A is a 30- to 40-cm-thick accretionary 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. 

3.8b). The unit is well-sorted and shows multiple repeated pattern of normal 

grading which defines crude stratification. 
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Unit N-3B is a diffusely bedded pumiceous lapilli tuff containing 

decimeter-thick clast-supported pumice lenses (dbpLT) (Fig. 3.8a, c). This 

unit has a valley-filling geometry with onlap stratal termination against the 

high-gradient incision 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. 3.8c). Some stacks of pumice lenses have dune-like 

geometry with a retrograding stacking pattern (Fig. 3.8d).  

Unit N-3C is a wavy- or megaripple-bedded pumiceous lapilli tuff 

(wpLT), of which the maximum thickness is c. 8 m (Figs. 3.2, 3.8a). This unit 

is mainly composed of coarse ash- to lapilli-grade, subrounded to rounded 

pumice clasts with subordinate lithic clasts, some of which form impact sags 

(Fig. 3.8e). Diverse structures are found in the unit including upslope-

migrating megaripple bedforms, backset stratification that dips upslope 

relative to the bedding plane, and flute and obstacle scour marks with 

upslope-oriented fine-grained pumice tails (Fig. 3.8a, 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 deposition from uphill-traveling PDCs, in which 

concentrated basal portions comprising large pumice/lithic clasts both moved 

upslope and avalanched locally downslope (Jeon et al., 2011). 

The wavy-bedded lapilli tuff of unit N-3C by contrast was probably 
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deposited from turbulent pyroclastic surges, which exerted strong shear stress 

on the bed to result in both depositional 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. 3.8a, d, e) suggest that the 

current moved overall upslope. 

 

3.5.4. 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. 3.3, 3.9). The member can 

be divided into four units, i.e., N-2A to N-2D, depending on the lithofacies 

association (Fig. 3.3). 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. 3.5). 

The lowermost unit N-2A is a ~2-m-thick succession marked by 

alternation between massive accretionary lapilli- bearing tuff (mT/mTacc) and 

fines-poor pumice lapilli (mpL) layers including subordinate accidental lithic 

lapilli (trachytes and phonolites) (Figs. 3.2, 3.9b). 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. 

3.9b). These alternating layers show mantling bed geometry and extensive 

lateral continuity with uniform bed thickness (Fig. 3.9b). 

Unit N-2B is composed of decimeter-thick diffusely bedded 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, 
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middle, and upper parts, respectively (Fig. 3.9a). In spite of the abrupt color 

change, the contacts between units are diffuse and transitional (Fig. 3.9a). 

Unit N-2C consists of a ~3-m-thickmassive, fines-depleted and black 

pumiceous lapilli deposit, containing common lithic clasts (more than seen in 

underlying units) (Fig. 3.9a). The unit shows an openwork deposit texture 

with pumice and obsidian clasts being partly agglutinated or welded (Fig. 

3.9c). The topmost part of the unit is characterized by pale brown pumice 

lapilli, bounded by undulated erosional surface (Fig. 3.9d).  

Interpretation 

Alternation of accretionary lapilli-bearing tuff and fine-grained 

pumiceous tuff beds at the base of the member (Unit 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 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 processes 
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during a long depositional hiatus. 

 

3.5.5. Member N-1 

The uppermost member of the Nari Tephra Formation is up to 7 m thick 

at the study location (Figs 3.3, 3.9e). This member 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. 3.9f). This stratified tuff onlaps against the irregular eroded top of the 

black pumice deposits of Member N-2 (Fig. 3.9d). The juvenile clasts of 

Member N-1 are marked by abundant plagioclase and hornblende phenocrysts 

in a devitrified vesicular 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 considerable 

time gap between the eruptions of the two members, during which loose 

volcaniclastic materials of unit N-2 were resedimented and pedogenically 

altered. 

 

3.6. 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. 3.1b), which is located ~2.4 km northeast 

from the present caldera rim. The lower 9 m of the succession is highly 

weathered, hampering sedimentological observations and geochemical 
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analysis, whereas the upper 4 m comprises fairly fresh juvenile pumice. The 

uppermost 2.5 m could be divided into three tephra intervals 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. 3.10). 

 

3.6.1. U-4 tephra (Unit N-4B) 

Description 

U-4 tephra is a ~0.8-m-thick (locally several meters thick at other sites) 

succession of openwork pumice lapilli overlain by weathered pumiceous 

lapilli tuff (Figs. 3.10 and 3.11). The unweathered lower part of the tephra 

comprises coarse lapilli- to block-size pumice and lithic clasts with 

accompanying impact sags near the base (Fig. 3.11d). 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. 3.5). Lithic clasts 

have variable lithologies probably of different origins, i.e., vent wall-derived 

trachytes and subvolcanic syenites or monzonites (Fig. 3.11f).  

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. 
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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 3.2). The U-Oki 

tephra occurs extensively with remarkable thickness (>5 cm) and shows 

densely populated openwork deposit texture of pumice lapilli identical to that 

of the stratigraphically equivalent terrestrial tephra. This feature suggests that 

the eruption was strong enough to sustain an extensive plinian eruption 

column, depositing a large volume of pumiceous tephra throughout the sea 

and over the Japanese Islands. 

 

3.6.2. 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 pumiceous lapilli tuff 

(Figs. 3.10 and 3.11). 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. 3.11g). The upper part of the tephra comprises 

subrounded to rounded, fine pumice lapilli and subordinate lithic lapilli, 

showing indistinctive grain size variation (Fig. 3.11h). 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. 3.5). 

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 
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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 roundness of pumice clasts in the 

upper pumice-rich interval implies that the lapilli were significantly abraded 

during transport, 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 deposit, 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 3.3; Fig. 3.12). 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 Formation, considering the fine grain size and rounded 

shapes of pumice lapilli. 

 

3.6.3. 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 pumiceous lapilli tuff layers showing 

mantling bed geometry (Fig. 3.11d and i). The upper part of the tephra 

consists of fine to coarse, angular pumice lapilli and subordinate lithic lapilli, 

showing openwork deposit texture (Fig. 3.11j). Pumice clasts in this tephra 

member show inflated bubble wall-type vesicle textures (Fig. 3.5). 
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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. 3.12). 

 

3.6.4. Transport/deposition processes of tephras 

Isopachs of the extra-caldera tephras equivalent to Member 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. 3.12). 

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 controlling 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. 3.12). 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. 3.12). This distribution suggests that 

both wind direction and also the morphology of the caldera were important 
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controls 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 eruption 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. 3.2a). On the other hand, the 

caldera rim is several hundred meters high in the eastern, western, and 

southern sectors, and was an effective 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. 3.2). 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. 

 

3.7. 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 obscure 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 processes and 

transport/deposition mechanisms of tephras, as well as of the geomorphic 

evolution of the caldera (Fig. 3.13). 
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3.7.1. N-5 eruption (Phreatomagmatic eruption associated with cryptodome 

disintegration) 

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 explosive eruption (unit N-5B) that marks 

the climactic stage of the episode (Fig. 3.13b). Poor-vesicular and microlite-

rich juvenile clasts in unit N-5B suggest that the climactic event was triggered 

by decompressional fragmentation of cryptodome 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 caldera. We postulate that the initial 

phreatomagmatic eruption was caused by the interaction between cryptodome 

magma and external water infiltrating via surficial fractures, which 

subsequently 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 northern margin of the pre-Nari Formation 

caldera (Figs. 3.13a, b). The disintegration of the cryptodome likely generated 

lateral blasts and block-rich PDCs southward, which piled up coarse lapilli 
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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. 3.13b). The repetitive 

phreatomagmatic eruptions in the later stage of the N-5 episode suggest the 

existence of a ready source of external water within the Nari Caldera, possibly 

a caldera lake, with similarities 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 explosive eruptions of 

Witori and Dakataua Caldera volcanoes (Machida et al., 1996), among others. 

 

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

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 magmatic 

eruption forming a plinian eruption column and widespread umbrella cloud 

(unit N-3B) (Fig. 3.13c). This produced rapid aggradation of coarse pumice 

lapilli, along with ballistic projectiles of vent- or conduit-derived lithic blocks. 

The commonly 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 



 

101 

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. 3.13d) that 

presumably accompanied 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 ignimbrite 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 stepwise 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 deflation zone of collapsing 

eruption column, generating proximal PDCs energetic enough to transport 

entrained large lithic blocks up and over the caldera wall. A wide range of 

sorting, pumice/lithic ratio, and grading pattern of unit N-4C is attributed 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). 
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3.7.3. N-3 eruption (Sustained low-column fountaining eruption following 

precursory phreatomagmatic activity) 

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. 3.13e). The N-3 

eruption episode started with a brief phreatomagmatic eruption. Pervasive 

erosion of the accretionary 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.  

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 

fluctuated in steadiness and density (unit N-3B) (c.f., Taylor, 1958) (Fig. 

3.13f). The eruption gradually shifted to a phase of individual explosions, 

possibly along with lower magma mass ejection rates and possible return to 

magma–water interaction, generating 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 obstacle 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. 3.13f). 
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3.7.4. N-2 eruption (Transitional wet to dry eruption terminating with lava 

fountaining event) 

Following approximately 3,000 years of quiescence, the volcano 

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. 3.12 and 3.13g). 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, generating quasi-steady PDCs that deposited 

diffuse-bedded pumiceous 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 

 

3.7.5. N-1 and Albong eruption (The latest phreatomagmatic activity and lava 

dome extrusion) 

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 
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were primarily low-runout and confined 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 lithology, 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 eruption depositing 

Member N-1 (Fig. 3.13i) culminating in an effusive eruption, forming the 

tephra and lava dome complex (Fig. 3.13j). 

 

3.8. 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 stratigraphic 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 
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zone, caldera geometry, and dominant wind directions. In most column-

collapsing and tephra-fountaining events, the deflation 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 and minor co-

ignimbrite plume events deposited tephra beyond the caldera. In this study, 

sedimentological findings from intra-caldera tephra sequences complement 

the existing Ulleung tephro-stratigraphy, as well as provide a deeper 

understanding 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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3.10. Figures 

 

Figure 3.1. (a) Physiographic map of the East Sea (Sea of Japan) showing the 

location of Ulleung Island. UI Ulleung Island, AS Anyongbok Seamount, ST and IT 

Shimheungtaek and Isabu tablemounts, BV Baekdusan Volcano, JB, UB and YB 

Japan, Ulleung, and Yamato basins, respectively, OB Oki Bank, SKP and NKP South 

and North Korea Plateau, respectively, YR Yamato Rise. (b) DEM of Ulleung Island 

showing topography and the study locations 
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Figure 3.2. (a) DEM 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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Figure 3.3. Sedimentary log of the Nari Tephra Formation from intra-caldera sites 

IC1 to IC6 
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Figure 3.4. Outcrop photographs showing the deposit features of Member N-5 at site 

IC2. (a) Overview of Pre-Nari Breccia. (b) Basal part of Member N-5 marked by 

alternating massive pumiceous lapilli tuff and accretionary lapilli-bearing tuff layers 

mantling the weathered/eroded top of Pre-Nari Breccia. (c) Clast-supported pumice 

lenses in diffusely bedded pumiceous lapilli tuff of unit N-5B. (d) Complex 

alternations of massive lapilli tuff or tuff breccia and accretionary lapilli tuff beds in 

units N-5C and N-5D. (e–g) Close-up of variable ash-accretion textures in unit N-5D, 

respectively, showing the details of an accretionary lapilli-bearing tuff layer and the 

cross sections of armored lapilli and vesiculated tuff. (h) Lithic breccia succession in 

the lower part of unit N-5R showing diffuse imbrication of lithic blocks. (i) Stratified 

mud and gravelly mud interval in the upper part of unit N-5R. 
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Figure 3.5. Scanned thin-section images of juvenile lithic and pumice clasts from 

intra- and extra-caldera tephra sequences. Note that the pumices fromMember 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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Figure 3.6. Outcrop photographs showing the deposit features of Member N-4 at site 

IC3. (a) Overall view of Member N-4 and the uppermost part of Member N-5, 

showing the stratigraphic relationships between depositional units. (b) Basal 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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Figure 3.7. (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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Figure 3.8. Outcrop photographs showing the deposit features of Member N-3. (a) 

Overall view of Member N-3 and the lowermost part of unit N-2 at site IC5. Person in 

rectangle gives the scale. (b) Basal accretionary lapilli-bearing tuff of unit N-3A at 

site IC4. (c) Low-angle pumice lenses showing inverse grading in unit N-3B at site 

IC5. (d) Diffusely bedded pumiceous lapilli tuff showing dune-like stacking pattern of 

pumice lenses prograding upslope at site IC6. (e) Wavy-bedded pumiceous lapilli tuff 

of unit N-3C showing variable upslope-oriented flutes and obstacle scours at site IC4 
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Figure 3.9. Outcrop photographs showing the deposit features of Member N-2 and N-

1. (a) Overall view of Member N-2 at site IC4. (b) Alternating accretionary lapilli-

bearing tuff and openwork pumice in unit N-2A. (c) Agglutinated black 

pumice/obsidian and lithic lapilli in unit N-2C. (d) Erosional contact between 

Member N-2 and N-1 at site IC1, at which subparallel strata of Member N-1 show 

onlap stratal termination against the irregular truncation surface outlining the top of 

the altered black pumice of Member N-2. (e) Overall view of Member N-1 at the site 

IC4. (f) Polished slab photograph of diffuse parallel-stratified lapilli tuff in Member 

N-1, showing variable grading patterns 
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Figure 3.10. Sedimentary log of the extra-caldera tephra sequence from site EC1. 
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Figure 3.11. Outcrop photographs showing the deposit features of the extracaldera 

tephra sequence. (a) Outcrop exposure at site EC2. (b) Outcrop exposure at site EC3. 

(c) The old tephra sequence, predating the Nari Tephra Formation at site EC1. (d) 

Overall view of extra-caldera tephra sequence, stratigraphic equivalent of the intra-

caldera Nari Tephra Formation at site EC1. (e) Lithic-rich pumiceous lapilli tuff, 

probably a stratigraphic equivalent of intra-caldera Member N-5. (f) Massive, 

openwork pumice of U-4 tephra. (g) Accretionary lapilli-bearing tuff layers in the 

basal part of U-3 tephra. (h) Massive pumiceous lapilli tuff in the upper part of U-3 

tephra, comprising subrounded to rounded pumice lapilli. (i) Accretionary lapilli-

bearing tuff in the basal part of U-2 tephra. (j) Massive openwork pumice lapilli 

deposit 
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Figure 3.13. Reconstruction of eruptive activities in Ulleung Island during the last 

19,000 years. Each conceptual model illustrates eruption style, eruption 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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3. 11. Tables 
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Table 3.3. Results of AMS 
14

C dating 
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Table 3.4. Major lithofacies of the Nari Tephra Formation 

Facies code Description Occurrence Interpretation 
 

 
  

mLT/mTBr Massive lapilli tuff or tuff breccia 

showing variable grading pattern, 

clast support texture, sorting, and 

pumice/lithic ratio  

 

N-4C, N-4B, N-

5D, N-5C 

Deposition from dense and non-

turbulent PDCs or en mass deposition 

of concentrated granular underflow at 

the basal level of density stratified 

PDCs; apparent inverse or inverse-to-

normal grading by dispersive pressure 

 

dbpLT/dblLT 

/dbTBr 

Diffusely bedded, lithic or pumiceous 

lapilli tuff or tuff breccia including 

low-angle lenses or trains of clast-

supported pumice or lithic clasts  

 

N-1, N-2B, N-

3C, N-3B, N-

4C, N-5D, N-

5B, N-5A 

Deposition from density-stratified and 

pulsating PDCs segregating granular 

underflow or floatsam of pumice or 

lithic lapilli from the current; waxing 

or waning of currents indicated by 

occasional coarsening- or fining-up 

pattern within a lapilli tuff or tuff 

breccia interval. 

 

sT/ xT/spLT 

/slLT 

Decimeter-thick layers of stratified or 

cross-stratified, pumiceous or lithic 

tuff or lapilli tuff, showing 

transitional contact with underlying 

massive or diffusely bedded lapilli 

tuff or tuff breccia and wavy-bedded 

pumiceous lapilli tuff beds 

 

N-1, N-2B, N-

3C, N-4C, N-

4A, N-5D, N-

5B 

Tractional deposition from low-

concentrated, fully dilute, turbulent 

pyroclastic surges following the highly 

concentrated PDC deposition; 

commonly occurring in the final phase 

of single PDC pulse 

 

mT/mTacc 

/mLTacc 

Massive tuff or fine lapilli tuff often 

showing variable ash-accretion 

textures, i.e., massive accretionary 

lapilli-bearing tuff (Fig. 4E), massive 

armored lapilli-bearing lapilli tuff 

(Fig. 4F), and massive vesiculated 

lapilli tuff (Fig. 4G) 

 

N-2A, N-3A, 

N-5D, N-5A 

Ash-fall or coignimbrite fall deposits 

from steam-rich eruption cloud or 

PDCs from phreatomagmatic 

eruptions; Fluctuation in water content 

in the eruption cloud indicated by 

alternation of mT and mTacc facies; 

Occasional deposition of armored 

lapilli-bearing or vesiculated lapilli tuff 

(mLTacc) from PDCs containing 

abnormally large water content 

 

mpL/mpLo Massive, fines-poor (or fines-

depleted) pumiceous lapilli deposit 

marked by good sorting and angular 

shape of pumice clasts with 

occasional agglutinated and 

openwork texture; mantling 

topography with occasional impact 

sags near the base 

 

N-2C, N-2A, 

N-4B, N-4A 

Air-fall pumice from plinian or 

subplinian eruption cloud with 

accompanied ballistic lithic projectiles   

 

wpLT Wavy-bedded and fines-rich 

pumiceous lapilli tuff marked by 

upslope-migrating megaripples and 

flutes or obstacle-scours with 

upslope-oriented cluster of fine 

pumiceous lapilli 

 

N-3C,  Deposition from energetic, turbulent 

PDCs in which deposition is 

dominated by traction and saltation; 

dominant upslope-oriented current 

direction indicated by megaripple 

bedform, cluster bedform, and flutes or 

obstacle-scours 

 

Br Clast-supported and disorganized (or 

slightly imbricated) lithic breccia 

commonly showing trough-fill or 

incision-fill bed geometry 

 

N-4R, N-5R, Pre-

Nari Breccia 
Slope scree near the foot of the caldera 

wall or debris-flow or debris-fall 

deposits infilling incised valley during 

inter-eruptive stage  

 

M/gM Mud or gravelly mud layer commonly 

draping lithic breccia  

N-5R, Pre-Nari 

Breccia 
Water-laid mud or gravelly mud from 

sporadic drainage system along the 

valleys on the caldera slope 

 

S Paleosol with low-angle erosional top 

 

N-2C, N-3C, N-

4R, N-5R 

Weathered interval Indicative of non-

deposition for a substantial period of 

time 

 

Note: T: tuff, LT: lapillit tuff, Br: breccia, M: mud, S: soil, m: massive, db, diffusely bedded, ds: diffusely stratified, s: 

stratified, x: cross-stratified, p: pumiceous, l: lithic, g: gravel-rich, w: wavy-bedded, o: openwork-textured, acc: 

accretionary lapilli-bearing 
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