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ABSTRACT: The Suwolbong tuff ring is a basaltic monogenetic volcano in the Quaternary intraplate volcanic field of Jeju Island,
Korea. The tuff ring was formerly interpreted to have had a congested magma plumbing system consisting of multiply-sourced dike
complexes, based on stepped and mixed chemical trends of alkaline to sub-alkaline glassy pyroclasts. Microscopic observations, petro-
logical analysis, and componentry analysis of the glassy pyroclasts reveal, however, that some of the glassy pyroclasts in the tuff ring
are accidental and inappropriate for interpreting magmatic processes. Juvenile particles are vesicular, alkaline in composition, mainly
contain olivine, clinopyroxene, and plagioclase phenocrysts, and comprise about 35 vol% of the deposits. In contrast, accidental par-
ticles are non-vesicular, alkaline to subalkaline in composition, less abundant (avg. 8 vol%), and show alteration rims. The accidental
particles are interpreted to have been derived from the volcaniclastic layers deposited before the eruption of the Suwolbong tuff ring.
When removing the effects of the accidental particles and considering only the geochemical characteristics of the newly defined juve-
nile particles, the Suwolbong tuff ring is interpreted to have had a rather simple, not necessarily congested, plumbing system fed by
independently ascending multiple magma batches. This study shows that the interpretation of the properties of the source magma and
the magma plumbing system in monogenetic volcanoes must be performed after clearly distinguishing between juvenile and accidental
particles based on rigorous microscopic analysis of pyroclastic materials.
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1. INTRODUCTION

Tuff rings, tuff cones, and maars are monogenetic volcanoes
that erupt only once in their lifetime, with no significant breaks

in eruptive activity (Smith and Nemeth, 2017). The magma
plumbing systems of these volcanoes are generally simple and
consist of small volumes (typically < 1 km3, commonly < 0.1 km3)
of individual magmatic batches (Walker, 1993; Smith and Nemeth,
2017). However, some volcanoes have recently been reported to
have complex plumbing systems with magma flowing through
an upper conduit connected to various geometrically intricate
pathways and hydrological systems (Németh et al., 2001; Valentine
and Krogh, 2006; Németh and Martin, 2007; Brenna et al., 2011;
Valentine et al., 2011). Therefore, the interpretation of the magma
plumbing systems of these volcanoes is not always straightforward
and needs to be based on carefully analyzed geochemical data of
pyroclastic deposits. One of the important obstacles to analysis
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is that these volcanoes commonly contain abundant accidental
materials in addition to juvenile materials, which were excavated
from the substrate associated with diatreme-forming phreatomagmatic
activity (Barberi et al., 1989; Valentine and White, 2012; Lefebvre
et al., 2013; Valentine et al., 2017; Romero et al., 2022). These
volcanoes are characterized by repeated subsurface explosions
at various depths, which cause both upward and downward mixing
of diatreme-fill by debris jets and subsidence (Lorenz, 1986; Sohn,
1996; White, 1996; White and Houghton, 2000; Ross et al., 2008a,
2008b; White and Ross, 2011; Valentine and White, 2012; Sweeney
and Valentine, 2015; Valentine et al., 2017). During this process,
accidental materials are fed into the diatreme from the conduit
walls and root zones at varying crustal levels and occasionally
from the upper mantle (White and Ross, 2011; Valentine et al.,
2017). Accidental materials can include particles of various origins,
such as fragments of lava, tuff, and basement rocks, depending
on the geology of the eruptive site (e.g., Lefebvre et al., 2013;
Elliott et al., 2015; Go et al., 2017; Indriyanto et al., 2023). Accidental
glass particles can sometimes be mistaken for juvenile materials,
leading to misinterpretation of the chemistry of the source magma
and the nature of the magma plumbing system. Therefore, it is
important to properly distinguish between juvenile and accidental
particles before proceeding with chemical analysis.

Suwolbong is a monogenetic basaltic tuff ring on the Quaternary
intraplate basaltic volcanic field of Jeju Island (Sohn et al., 1996).
Brenna et al. (2011) reported that the glass composition of the
Suwolbong tuff ring shows a spectrum between alkaline to mildly
subalkaline magmas and interpreted the compositional variations
as being formed through a congested plumbing system containing
several smaller dikes rather than a single simple plumbing system.
We could confirm that the glassy pyroclasts in the tuff ring have
alkaline to subalkaline compositions, but also found that they have
contrastingly different textural characteristics. It is hardly conceivable
that all these chemically and texturally different glassy pyroclasts
are juvenile and originated from the same eruption because
there are no such cases reported on Jeju Island. Therefore, it is
necessary to reveal the origin of the subalkaline and alkaline
glass particles, i.e., whether they are both juvenile particles, before
interpreting the magma plumbing system. In this study, microscopic
textural observations, petrological analysis, and rigorous componentry
analysis were conducted to determine the origin of the alkaline and
subalkaline glassy pyroclasts in Suwolbong. Then, the eruption
process and magma plumbing system of the Suwolbong tuff ring
reinterpreted based on the analysis only of juvenile particles. 

2. GEOLOGICAL SETTING

Jeju is a Quaternary basaltic volcanic field situated on the
approximately 100-m-deep Yellow Sea continental shelf off the

southern coast of the Korean Peninsula (Brenna et al., 2015) (Fig.
1). The island was initially produced by widespread hydrovolcanic
activity on the continental shelf between ca. 1.88 and 0.5 Ma
(Koh, 1997; Koh et al., 2013). The activity produced a subsurface
hydrovolcanic succession named the Seoguipo Formation (Fig.
1b). Later volcanic activity was dominated by lava effusion,
which produced a gently sloping lava shield and a 1950 m-high
central peak (Mt. Hallasan) dotted with hundreds of volcanic
cones (Sohn and Park, 2004; Sohn et al., 2008) (Fig. 1c). The lava
composition varies from alkali basalt to trachyte and subalkali
basalt to andesite (Park et al., 1999). Several tuff rings and tuff
cones were produced on top of the lava shield by the hydrovolcanic
activity in the coastal regions in the Late Pleistocene and Holocene
(Sohn et al., 2002; Cheong et al., 2007).

Suwolbong is a low-relief tuff ring located at the western margin
of the island (Sohn and Chough, 1989) (Fig. 1d). The age of the
tuff ring is 18.3 ± 0.7 ka and 18.6 ± 0.9 ka by OSL dating of the
accidental quartz grains in the tuff (Cheong et al., 2007). Recent
14C dating of the uppermost part of the Gosan Formation,
which is a clayey sedimentary formation beneath the tuff ring,
suggests that Suwolbong is younger than at least 17,140 ± 300
calibrated yr BP (Lim et al., 2015). These ages suggest that the
eruption of Suwolbong occurred under subaerial conditions
during the LGM when the sea level was lowered by 100 to 130 m
than at present (Cheong et al., 2007; Lim et al., 2015). Currently,
the crater of the Suwolbong tuff ring is submerged in the sea,
and the tuff ring, ca. 70 m thick, provides excellent and continuous
sea cliff exposures. The tuff ring deposits show lateral facies
transitions that begin with massive or crudely stratified lapilli
tuff in the most proximal part and transform downcurrent into
planar-stratified, undulatory-stratified, climbing megaripple-bedded
(lapilli) tuff, and thinly and planar-stratified tuff, depending on
flow regimes (Sohn and Chough, 1989). The vertical facies change
in the tuff ring suggests an overall decrease in the abundance of
external water and fluctuations in the rate of magma rise (Sohn
and Chough, 1989). Brenna et al. (2011) conducted detailed
geochemical investigations of glassy pyroclasts in Suwolbong
using whole-rock selected major (X-ray fluorescence) and trace-
element (laser ablation ion coupled plasma mass spectrometry)
analyses. They showed that the glassy pyroclasts of Suwolbong
have a chemical spectrum between alkali to mildly sub-alkali
magmas, indicating some mixing and interaction between magmas
from different sources. They proposed that the eruption of
Suwolbong was fed by several magma pulses without eruption
breaks and that the vents opened at a new location, generating
an asymmetric tuff ring. The magma plumbing system was
interpreted to have been congested, probably with temporary
storage and stagnation of magma in the shallow dike/sill complexes
(Brenna et al., 2011).
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3. METHODS AND MATERIALS

The Suwolbong tuff ring contains partially preserved rim
beds whose inferred vents lie approximately 1 km seaward of
the coastline (Fig. 1d). A total of 18 samples were collected from
a medial location, approximately 700 m away from the eruption

center of the tuff ring (Fig. 2), where sampling of the whole
sequence, approximately 22 m thick, was possible. The deposits
comprise mostly thin and crudely bedded tuff/lapilli tuff, low-
relief undulatory bedded tuff/lapilli tuff, and disorganized tuff
breccia with bedding sags (Fig. 2). These features indicate that
all units were mainly emplaced by pyroclastic surges and associated

Fig. 1. Location and geology of the study area. (a) Location of Jeju Island. (b) Distribution of subsurface tuff cone, ring, and scoria cones
beneath the lavas based on the compilation of core data from approximately 1,400 boreholes (modified after Jeon et al., 2022). The crater
diameter of each volcano was determined based on the correlation of adjacent cores. (c) Distribution of surficial hydromagmatic volcanoes
with the location of the study area (modified after Park et al., 2000). Black names indicate the tuff rings, and green names indicate the tuff
cones. (d) Geological and topographic map of and around the Suwolbong tuff ring (modified after Woo et al., 2013). The topographic con-
tours are in meters. The red circle indicates the core location. The dashed circle indicates an eruption center, inferred from data on the anisot-
ropy of magnetic susceptibility on pyroclastic deposits of the Suwolbong tuff ring (Cho et al., 2021).

Fig. 2. Exposure of the tuff ring along the coast with the sampling locations. (a, c) 3D model of the exposure of the tuff ring, which was built
by combining hundreds of images taken with a drone. (b) Outcrop photograph of the upper part of the medial deposits of the tuff ring.
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fallouts (Chough and Sohn, 1990). Two breccia units with abundant
bedding sags, emplaced by ballistic falls, are intercalated in the
lapilli tuff/tuff sequence (Sohn and Chough, 1989).

The micro-textures and chemical compositions of the tuff
samples were analyzed. Backscattered electron (BSE) images were
obtained from the thin sections using a field-emission electron
probe microanalyzer (Model JEOL JXA-8530F Plus, Jeol) equipped
with wavelength dispersive spectroscopy (EPMA-WDS) at the
Center for Research Facilities of Gyeongsang National University.
The instrument was operated at an accelerating voltage of 15 kV
and currents ranging between 5 and 10 nA, depending on the
beam diameters (5 or 10 μm). Standards supplied by JEOL were
used for the analysis of the major elements. Diopside was used
for Mg and Si, K-feldspar for K, kyanite for Al, albite for Na,
ilmenite for Fe and Ti, garnet for Mn, wollastonite for Ca, and

synthetic InP for P. To prevent alkali (Na and K) loss, the glass
parts were analyzed for 5 s for Na and K and 10 s for the other
elements.

To quantify the microtextural features of the Suwolbong pyroclastic
deposits, BSE images were analyzed using the ImageJ software
(https://imagej.nih.gov/ij/) to measure componentry, vesicle size,
and vesicularity. Componentry analysis used five images (×40)
from each thin section, with additional higher-magnification images
for each sample; over 400 grains with a size of approximately 2–4
phi were analyzed. 

Since the 1960s, more than 5,000 groundwater wells have been
drilled throughout Jeju Island, revealing its hydrology, subsurface
stratigraphy, and lithology (Hahn et al., 1997; Koh, 1997; Sohn
and Park, 2004; Won et al., 2005, 2006; Sohn et al., 2008; Koh et
al., 2013; Mair et al., 2013; Jeon et al., 2022). Based on geological

Fig. 3. Area ratio of components in the pyroclastic deposits at Suwolbong. (a) Vertical variation in componentry in Suwolbong tuff based on
the area ratio analysis of BSE images. (b) Variation of the proportion of vesicular vs. non-vesicular glass. BSE images were analyzed using the
Image JTM image-analysis software.
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logging data from groundwater level observation wells in the
western parts of Jeju Island, the subsurface stratigraphy of the
Suwolbong tuff ring was identified. The geochemical and micro-
texture analyses of tuff block samples derived from the Seoguipo
Formation were conducted to determine the features of the old
volcaniclastic materials. Based on the results of these analyses, a
componentry analysis was performed on the Suwolbong tuff ring
samples. For geochemical analysis of the glass, only sideromelane
was selected from the pyroclasts.

4. MICROSCOPIC FEATURES AND GEOCHEMICAL 

CHARACTERISTICS OF GLASSY PYROCLASTS

4.1. Vesicular Glassy Pyroclasts

Componentry analysis shows that vesicular glass particles in
each sample ranged between 26 and 48 vol% with an average of
35 vol% (Fig. 3a). These pyroclasts (Fig. 4) contain vesicles of various
shapes in an alkaline groundmass. They are a few micrometers
to a few millimeters in size, and some fine ash particles occur as
a coat on larger particles (Fig. 4a, b). The vesicles are circular to
irregular in shape and are randomly distributed within the glass
particles. The diameters of the vesicles range from a few micrometers

to one millimeter. The interior of the vesicles and edges of the
glass particles are clean without secondary mineral growth. The
vesicularity of the glass, calculated from the BSE images of each
sample, ranges between 4% and 15% (Fig. 5). The vesicularity
shows an overall upward-decreasing trend with two peaks in
the breccia-rich layers (Fig. 5). The vesicular glass particles
predominantly contain euhedral to subhedral crystals of olivine,

Fig. 4. Back-scattered electron (BSE) images of vesicular glass, showing vesicles of various shapes and groundmass of alkaline composition
and some quartz and K-feldspar grains derived from surrounding wall rocks. Cpx: clinopyroxene, Ol: olivine, Pl: plagioclase, Kfs: K-feldspar, and
Qz: quartz.

Fig. 5. Approximated vesicularity based on the area ratio analysis of
gas bubbles in SEM-BSE images using the image J program.
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clinopyroxene, and plagioclase in the glassy groundmass. The
olivine crystals have diameters ranging from tens to hundreds of
micrometers and a resorption texture. The plagioclase crystals
have acicular and skeletal shapes, mainly < 100 μm. Clinopyroxene
crystals are very fine-grained and several to tens of micrometers
in size. Some vesicular glass particles captured considerable
amounts of detrital quartz grains and rare K-feldspar in the
groundmass and vesicles (Fig. 4b, d). Quartz crystals often show
internal fractures and are variably fragmented into pieces surrounded
by vesicles several micrometers in size (Fig. 4d). 

EPMA point analysis reveals that the vesicular glassy pyroclasts
have a total alkali content of 5.2–7.4 wt% and a SiO2 content of
45.8–51.5 wt%, which corresponds to the alkaline series of
trachybasalt to basaltic trachyandesite in the TAS diagram (SiO2
vs. Na2O + K2O) (Table 1, Fig. 6a). The MgO values of the vesicular
glassy pyroclasts have a relatively wide range at the SiO2 content
of about 47–48 wt%. This implies that the particles were not
formed by fractionation from a single magma but originated from
multiple magma batches. The Mg# (100*[Mg2+]/[Mg2+ + Fe2+])
values of the microlite-free glassy groundmass of the pyroclasts from
each sample range from 32 to 50 (Fig. 7). Two samples (SW7 and
SW14) collected from the breccia layers have significantly higher
Mg# values than the underlying samples. The notably high Mg#
values at the bottom and in the middle suggest that there were at
least three magma batches with different thermal histories during
the Suwolbong tuff ring eruption (Helz and Thornber, 1987;
Luhr, 2001; Johnson et al., 2008; Del Gaudio et al., 2010; Johnson
et al., 2010). The occurrence of glassy pyroclasts with either high
or low values of Mg#s in the same depositional units indicates
that there might have been mixing of pyroclasts from different
magma sources in the diatreme (Go et al., 2017). However, no
evidence of magma mixing within the dike or conduit, such as
reverse zoning in olivine crystals or intermediate Mg#s, is found
in contrast to the case of the Songaksan tuff ring (Ahn et al.,
2015; Go et al., 2017). 

4.2. Non-vesicular Glassy Pyroclasts

The componentry analysis shows that the tuff specimens
contain 52 to 74 vol% accidental materials, mostly comprising
detrital quartz grains (Fig. 3a). The content of non-vesicular glass
particles in each sample ranged between 2 and 15 vol% with an
average of 8 vol%. The relative proportions of non-vesicular glass
particles to vesicular glass particles ranged from 5 to 29% (Fig.
3b). These pyroclasts (Fig. 8) are non- to very poorly vesicular and
have a groundmass with an alkaline to subalkaline composition.
They generally range from hundreds of micrometers to a few
millimeters in size in most specimens, but are over a few centimeters
in size in some specimens. They are characterized by a vesicularity

index ranging between 0 and 5% (Houghton and Wilson, 1989),
and no vertical changes are observed. Rarely, the vesicles are
generally circular or elliptical and larger than 100 μm. The glass
particles commonly display well-developed alteration rims around
the vesicles and outer edges of the particles (Fig. 8a, b). The alteration
rims are uneven with an irregular thickness on the surface and
display oscillatory zoning of the smectite (Fig. 8b). A thin zone
of leached glass is observed at the interface between the alteration
rim and glass. The non-vesicular glass particles mainly contain
euhedral to subhedral olivine and plagioclase crystals in the
glassy groundmass. The olivine crystals have diameters ranging
from tens to hundreds of micrometers and a resorption texture.
Plagioclase crystals have tabular and acicular shapes, ranging from
tens to hundreds of micrometers in size. In contrast to vesicular
glass, they do not contain detrital grains of quartz and K-feldspar. 

The EPMA point analysis shows that the non-vesicular glassy
pyroclasts have a total alkali content of 2.7–5.5 wt% and a SiO2
content of 48.5–55.3 wt%, indicating an alkaline to sub-alkaline
series of trachybasalt to basaltic andesite (Table 2, Fig. 6a). The
non-vesicular glass is characterized by higher SiO2 values and
lower Al2O3, K2O, and Na2O contents than the vesicular glass
(Fig. 6c–e).

The non-vesicular glass can be subdivided into two groups
based on crystal size. Group A particles (Fig. 8c) are characterized
by lower crystal number density and smaller (mostly < 100 μm
and occasionally 200 μm on the long axis) phenocrysts of
plagioclase and olivine than Group B particles (Fig. 8d) (mostly
> 100 μm on the long axis). The two groups also differ in their
geochemical compositions. Group A particles, which have a
significantly smaller crystal size, have a higher SiO2 value and
lower alkali content, and are plotted near the boundary between
the tholeiitic series and the calc-alkaline series on the K2O vs.
SiO2 diagram (Fig. 6b). On the other hand, Group B particles
contain relatively low SiO2 and high alkalis and are plotted
mainly in the region of the high-K calc-alkaline series and
some shoshonitic series on the diagram. The two groups are
plotted in distinctly different areas in the graph, with no
overlapping areas (Fig. 6b).

5. SUBSURFACE STRATIGRAPHY AND SOURCES 

OF ACCIDENTAL MATERIALS

The subsurface stratigraphy was identified based on graphic
logging data from a borehole (Gosan) drilled at an elevation of
8.0 m near the Suwolbong tuff ring (Lee, 2008) (Figs. 1 and 9a).
Sampling and direct observations of the core were not possible
because the core was discarded after coring. The Suwolbong tuff
ring is underlain by the Gosan Formation, which consists of
approximately 85 cm-thick silty sediments (Lim et al., 2015).
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Although the Gosan Formation was not identified in the borehole
data, it was confirmed by the outcrop that the Suwolbong tuff ring
directly overlies the thin silty sediment of the Gosan Formation
(Lim et al., 2015). The Gosan Formation is underlain by pahoehoe

lava flows, approximately 48 m thick, which predominantly
contain tabular feldspar and olivine phenocrysts. The lavas
correspond to tholeiitic basalts, a type of non-alkaline magma
series (Koh et al., 2013). The lavas are underlain by sand- to

Fig. 6. Petrochemical characteristics of the Suwolbong basaltic glass. (a) Total alkali-silica diagram showing the glass compositions of the two
distinctive domains. (b–e) Variation diagrams of major element oxides vs. SiO2 (in wt%). The non-vesicular glass (blue triangles) shows the
two groups with different types in K2O composition.

Fig. 7. Variations of the magnesium number (Mg#) of the glassy groundmass of sideromelane grains of the vesicular glass, suggesting three
magma pulses. The first pulse is for samples SW1–SW6, second pulse is for samples SW7–SW13, and third pulse is for SW14–SW18.
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Table 1. Major element composition of glassy groundmass of vesicular sideromelane grains in the Suwolbong tuff samples

Sample no. ID SiO2 TiO2 Al2O3 FeO* Cr2O3 MnO MgO CaO Na2O K2O P2O5 Total Mg#

SW1
VS-1 47.40 3.57 14.73 11.19 – 0.18 3.92 9.36 3.96 2.56 0.66 97.51 38.41
VS-2 47.72 4.33 14.13 12.21 – 0.12 4.25 9.20 3.53 2.61 0.70 98.80 38.29
VS-3 48.61 2.63 16.04 9.73 0.06 0.10 4.71 9.18 3.69 2.45 0.77 97.97 46.30

SW2

VS-4 48.11 3.95 14.62 11.13 0.02 0.14 4.14 9.54 3.85 2.40 0.83 98.73 39.89
VS-5 47.86 3.76 15.03 11.31 0.01 0.17 4.25 9.50 3.98 2.43 0.70 98.98 40.14
VS-6 48.02 3.81 14.40 11.58 – 0.16 4.17 9.48 3.54 2.53 0.78 98.46 39.11
VS-7 47.66 3.77 14.67 11.26 – 0.22 4.07 9.15 3.85 2.58 0.67 97.88 39.19
VS-8 48.06 3.67 14.87 11.40 – 0.20 4.15 9.45 3.50 2.39 0.70 98.40 39.33
VS-9 47.71 3.84 15.09 11.00 – 0.17 4.13 9.52 3.74 2.30 0.72 98.22 40.07
VS-10 47.68 4.02 14.65 11.77 0.06 0.15 3.92 9.26 3.78 2.69 0.70 98.67 37.22
VS-11 47.84 3.69 15.02 11.60 – 0.13 3.82 8.84 4.11 2.84 0.70 98.59 37.01
VS-12 47.93 4.09 15.05 11.27 0.03 0.15 4.15 9.59 3.53 2.42 0.70 98.91 39.63
VS-13 47.58 3.50 14.62 11.21 – 0.21 4.09 9.45 3.62 2.42 0.73 97.42 39.37
VS-14 47.87 3.85 14.55 11.44 0.01 0.13 3.99 9.48 3.45 2.54 0.70 98.02 38.33
VS-15 46.56 4.15 14.27 11.76 0.01 0.15 3.71 8.47 3.76 2.46 0.74 96.03 35.98
VS-16 46.58 4.26 14.58 11.96 0.00 0.16 3.95 8.81 3.72 2.42 0.67 97.12 37.05
VS-17 48.36 3.35 14.15 10.56 0.05 0.17 4.93 9.68 3.65 1.68 0.49 97.07 45.40
VS-18 49.53 2.78 16.16 9.45 0.01 0.17 3.83 7.16 4.08 2.73 0.77 96.66 41.94
VS-19 47.03 4.24 14.95 11.59 0.02 0.11 4.09 8.90 3.99 2.28 0.70 97.89 38.64
VS-20 49.98 2.31 16.81 8.91 – 0.10 3.82 7.13 4.33 2.77 0.71 96.88 43.32

SW3

VS-21 47.32 3.69 14.85 11.29 0.04 0.13 4.13 9.63 3.64 2.41 0.69 97.81 39.44
VS-22 47.46 3.43 15.51 11.13 – 0.19 3.93 9.95 3.82 2.22 0.64 98.28 38.65
VS-23 47.66 4.10 14.46 11.43 – 0.23 3.67 8.81 3.83 2.72 0.80 97.69 36.39
VS-24 47.33 3.78 14.57 10.96 – 0.14 4.16 9.63 3.93 2.39 0.81 97.71 40.33
VS-25 47.87 3.42 14.89 10.90 0.02 0.22 4.13 9.50 3.62 2.40 0.77 97.74 40.34
VS-26 49.50 3.02 15.08 10.33 0.02 0.12 4.07 8.46 3.51 2.69 0.81 97.60 41.22
VS-27 50.10 3.06 15.02 10.23 – 0.17 4.02 8.78 3.27 2.76 0.71 98.11 41.20
VS-28 46.82 3.86 14.98 11.71 0.02 0.16 4.02 8.88 3.78 2.39 0.76 97.39 37.93
VS-29 46.58 4.03 14.36 11.56 0.01 0.22 3.57 9.05 3.87 2.57 0.67 96.47 35.48
VS-30 50.06 2.74 15.45 9.50 – 0.18 3.86 7.97 3.90 2.38 0.65 96.69 41.98
VS-31 47.31 3.90 15.08 10.60 – 0.16 4.42 8.31 3.66 2.44 0.71 96.59 42.62
VS-32 49.09 2.91 16.39 9.48 – 0.15 4.04 7.98 4.02 2.44 0.69 97.18 43.13
VS-33 50.44 2.96 15.38 10.14 0.01 0.12 3.71 7.57 3.69 2.96 0.76 97.72 39.45

SW4

VS-34 50.24 2.83 15.55 9.53 0.00 0.10 4.15 8.67 3.71 2.50 0.66 97.95 43.68
VS-35 47.39 4.04 14.42 11.68 – 0.18 3.94 9.22 3.79 2.60 0.72 97.96 37.54
VS-36 47.57 3.83 14.50 11.30 – 0.19 4.10 9.47 3.95 2.34 0.77 98.02 39.29
VS-37 47.53 3.97 14.64 11.59 – 0.11 3.98 9.43 3.77 2.48 0.74 98.22 37.97
VS-38 47.77 4.15 14.58 12.11 0.03 0.17 3.59 9.18 3.60 2.68 0.75 98.60 34.56
VS-39 47.26 3.85 14.64 11.39 – 0.18 4.22 9.56 3.83 2.46 0.64 98.03 39.75
VS-40 47.60 3.95 14.87 11.48 0.01 0.15 4.25 9.48 3.86 2.37 0.72 98.73 39.76
VS-41 47.49 3.67 14.66 11.41 0.04 0.20 4.25 9.57 3.78 2.52 0.60 98.19 39.88
VS-42 47.29 3.54 14.88 11.26 – 0.19 4.14 9.56 3.73 2.38 0.68 97.64 39.57
VS-43 47.74 3.76 14.40 11.88 0.01 0.18 4.41 9.47 3.78 2.38 0.72 98.72 39.80
VS-44 47.31 3.61 14.21 10.24 0.02 0.20 3.89 9.35 3.82 2.67 0.79 96.10 40.37
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Table 1. (continued)

Sample no. ID SiO2 TiO2 Al2O3 FeO* Cr2O3 MnO MgO CaO Na2O K2O P2O5 Total Mg#

SW5

VS-45 47.51 3.76 14.89 11.00 0.03 0.16 4.21 9.74 3.78 2.34 0.75 98.17 40.55
VS-46 47.74 3.58 14.79 11.02 0.02 0.16 4.23 9.31 3.74 2.52 0.73 97.82 40.64
VS-47 47.49 3.57 14.88 10.73 – 0.12 4.25 9.68 3.91 2.45 0.74 97.82 41.34
VS-48 47.92 3.78 14.81 11.60 0.02 0.16 4.19 9.56 3.82 2.51 0.67 99.03 39.17
VS-49 48.01 3.72 14.91 10.58 – 0.15 4.26 9.63 3.79 2.38 0.71 98.13 41.76
VS-50 47.70 3.78 15.11 11.20 – 0.23 4.16 9.70 3.81 2.29 0.71 98.69 39.80
VS-51 47.83 3.59 15.19 11.22 0.01 0.15 4.24 9.60 3.58 2.47 0.69 98.58 40.26
VS-52 47.99 3.51 14.97 11.29 – 0.20 4.05 9.52 3.67 2.44 0.75 98.39 38.96

SW6

VS-53 47.65 3.61 15.28 10.54 – 0.15 4.08 9.63 3.89 2.46 0.67 97.97 40.85
VS-54 47.95 3.64 14.73 11.10 0.02 0.24 4.14 9.83 3.81 2.37 0.69 98.52 39.93
VS-55 48.37 3.60 14.29 11.27 – 0.23 4.02 9.23 3.94 2.72 0.77 98.42 38.87
VS-56 47.85 3.50 14.79 11.06 – 0.16 4.35 9.86 3.85 2.29 0.72 98.43 41.21
VS-57 47.93 3.69 14.77 11.46 – 0.12 4.25 9.78 3.73 2.51 0.64 98.88 39.76
VS-58 47.59 3.79 14.81 11.41 0.01 0.17 3.90 9.62 3.68 2.43 0.73 98.11 37.88
VS-59 47.96 3.67 14.78 11.30 0.02 0.18 4.32 9.88 3.76 2.30 0.64 98.80 40.55
VS-60 46.14 4.24 14.02 12.67 0.01 0.22 4.13 9.37 3.77 2.41 0.61 97.57 36.74
VS-61 47.21 3.87 14.70 12.08 0.05 0.13 3.96 9.50 3.92 2.32 0.65 98.39 36.88
VS-62 46.17 3.60 14.54 11.93 0.01 0.15 3.98 9.43 3.96 2.37 0.61 96.75 37.30

SW7

VS-63 47.65 3.30 14.77 10.78 0.03 0.12 4.67 10.37 3.74 2.17 0.60 98.19 43.55
VS-64 47.83 3.59 15.04 10.93 – 0.14 4.56 10.16 3.65 2.18 0.64 98.72 42.64
VS-65 47.41 3.53 14.85 10.99 – 0.17 4.56 10.20 3.70 2.27 0.59 98.26 42.50
VS-66 47.97 3.43 15.18 10.80 0.02 0.16 4.74 10.35 3.68 2.24 0.72 99.29 43.91
VS-67 48.06 3.29 14.80 10.77 – 0.16 4.58 10.24 3.63 2.20 0.65 98.37 43.12
VS-68 47.71 3.46 14.90 10.60 – 0.13 4.58 10.32 3.78 2.14 0.70 98.33 43.51
VS-69 47.58 3.36 14.99 10.66 – 0.18 4.65 10.25 3.48 2.10 0.56 97.80 43.72
VS-70 47.55 3.36 14.81 10.69 0.02 0.18 4.57 10.37 3.46 2.22 0.60 97.83 43.26
VS-71 47.65 3.26 14.87 10.85 – 0.11 4.51 10.34 3.75 2.15 0.66 98.16 42.57
VS-72 47.49 3.39 14.89 10.95 – 0.17 4.44 10.06 3.67 2.33 0.66 98.05 41.93
VS-73 45.80 3.33 14.82 11.10 0.03 0.12 4.53 9.98 3.68 2.13 0.47 95.99 42.08
VS-74 46.54 3.59 15.91 11.31 – 0.17 4.49 10.25 3.89 2.14 0.44 98.73 41.44

SW8

VS-75 47.49 3.52 14.64 10.67 0.00 0.15 4.64 10.34 3.52 2.18 0.58 97.73 43.69
VS-76 47.66 3.72 14.39 10.78 0.03 0.15 4.68 10.41 3.81 2.25 0.63 98.50 43.66
VS-77 47.64 3.47 14.81 10.72 0.02 0.11 4.71 10.49 3.75 2.27 0.69 98.65 43.94
VS-78 47.12 3.53 14.64 10.61 – 0.23 4.65 10.34 3.66 2.25 0.65 97.67 43.86
VS-79 47.86 4.23 14.65 11.27 – 0.23 4.03 9.36 3.87 2.48 0.77 98.75 38.91
VS-80 47.71 3.28 14.85 11.14 0.02 0.18 4.27 10.32 3.62 2.40 0.58 98.36 40.58
VS-81 49.76 2.89 15.30 9.44 – 0.12 4.32 9.64 3.38 2.45 0.71 97.99 44.90
VS-82 47.35 3.38 14.50 10.89 0.03 0.18 4.53 10.32 3.49 2.29 0.70 97.65 42.57
VS-83 48.09 3.75 14.62 12.30 – 0.17 3.60 8.86 3.65 2.84 0.71 98.60 34.30
VS-84 47.55 3.24 14.79 10.90 – 0.20 4.66 10.16 3.65 2.28 0.66 98.07 43.26
VS-85 47.81 3.65 14.59 12.99 0.01 0.17 3.49 8.15 3.66 3.08 0.65 98.25 32.38
VS-86 50.13 3.02 15.52 9.41 – 0.16 3.86 8.86 3.99 2.51 – 97.44 42.20
VS-87 46.97 3.49 14.71 10.98 0.02 0.11 4.55 10.05 3.88 2.24 – 97.00 42.50
VS-88 49.87 2.56 16.19 9.24 – 0.15 4.01 7.63 4.29 2.78 – 96.71 43.60
VS-89 47.03 3.58 14.75 11.10 0.05 0.17 4.55 9.98 3.90 2.26 – 97.36 42.24
VS-90 47.76 3.33 14.78 10.85 – 0.15 4.51 9.96 3.95 2.32 – 97.60 42.54
VS-91 47.33 3.54 14.75 11.19 0.07 0.21 4.60 10.02 3.62 2.18 0.92 98.42 42.29
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Table 1. (continued)

Sample no. ID SiO2 TiO2 Al2O3 FeO* Cr2O3 MnO MgO CaO Na2O K2O P2O5 Total Mg#

SW9

VS-92 47.11 3.52 14.31 11.38 0.02 0.22 4.75 10.19 3.71 2.28 0.59 98.07 42.64
VS-93 48.16 3.88 14.41 11.53 0.05 0.16 4.01 9.18 3.84 2.58 0.70 98.48 38.24
VS-94 47.64 3.52 15.08 10.98 0.09 0.20 4.56 10.50 3.60 2.13 0.57 98.87 42.52
VS-95 46.49 3.30 14.28 10.33 0.04 0.12 4.62 10.27 3.73 2.14 0.61 95.91 44.36
VS-96 47.81 3.30 14.64 10.97 – 0.18 4.53 10.04 3.68 2.27 0.63 98.03 42.42
VS-97 48.04 3.00 14.65 11.23 0.02 0.22 4.52 10.33 3.76 2.28 0.62 98.67 41.74
VS-98 47.63 3.44 14.61 11.05 0.03 0.15 4.71 10.27 3.73 2.25 0.67 98.54 43.15
VS-99 47.84 3.66 14.52 11.52 – 0.19 4.13 9.63 3.83 2.52 0.71 98.54 38.99

SW10 VS-100 48.20 3.37 14.50 11.08 – 0.18 4.46 10.37 3.33 2.04 0.59 98.12 41.74

SW11

VS-101 47.74 3.18 15.14 10.54 0.04 0.18 4.63 10.62 3.78 2.00 0.57 98.42 43.90
VS-102 47.10 3.81 14.68 10.91 0.04 0.14 4.25 9.29 3.87 2.32 0.63 97.04 40.99
VS-103 47.32 3.50 14.65 10.90 0.00 0.20 4.49 10.21 3.67 2.11 0.63 97.68 42.35
VS-104 47.85 3.64 14.63 11.42 – 0.17 4.20 9.83 3.85 2.19 0.70 98.48 39.59
VS-105 47.25 3.81 14.59 10.55 – 0.20 4.44 10.25 3.78 2.08 0.59 97.54 42.86
VS-106 47.53 3.61 14.66 11.19 – 0.15 4.51 10.24 3.38 2.12 0.60 98.00 41.81

SW12

VS-107 47.46 3.22 14.59 10.67 – 0.17 4.71 10.58 3.54 1.99 0.61 97.53 44.03
VS-108 47.13 3.12 14.60 10.66 0.04 0.15 4.75 10.51 3.70 2.02 0.58 97.26 44.26
VS-109 47.59 3.36 14.76 10.89 – 0.17 4.76 10.44 3.80 2.03 0.65 98.45 43.77
VS-110 47.50 3.31 14.50 10.77 – 0.17 4.64 10.42 3.67 2.03 0.57 97.58 43.41
VS-111 47.34 3.35 14.67 10.89 – 0.15 4.72 10.55 3.65 2.06 0.74 98.11 43.60
VS-112 47.58 3.22 14.55 10.73 0.05 0.17 4.69 10.18 3.81 2.22 0.55 97.73 43.8
VS-113 47.44 3.45 14.44 10.95 – 0.18 4.71 10.15 3.62 2.23 0.69 97.84 43.4
VS-114 47.56 3.32 14.38 10.65 0.06 0.24 4.56 10.31 3.60 2.11 0.67 97.47 43.3
VS-115 47.38 3.57 14.58 10.74 – 0.17 4.80 10.47 3.73 2.03 0.64 98.11 44.3
VS-116 47.13 3.23 14.71 11.15 – 0.25 4.45 9.85 3.75 2.31 1.08 97.91 41.6
VS-117 47.60 3.42 14.76 10.94 0.01 0.17 4.71 10.22 3.67 2.17 – 97.68 43.4
VS-118 47.18 3.23 14.60 11.03 0.00 0.10 4.54 10.27 3.78 2.20 – 96.93 42.3
VS-119 47.19 3.55 14.53 10.99 0.02 0.17 4.45 10.07 3.66 2.26 0.92 97.79 41.9
VS-120 46.99 3.39 14.46 11.46 0.03 0.19 4.55 9.83 3.72 2.29 – 96.92 41.4

SW13
VS-121 47.87 3.56 14.57 10.94 – 0.17 4.70 10.19 3.64 2.05 0.54 98.21 43.4
VS-122 47.71 3.37 14.92 10.98 – 0.18 4.65 10.30 3.74 2.12 0.60 98.56 43.0
VS-123 47.14 3.49 14.65 11.05 – 0.19 4.45 10.34 3.70 2.05 0.71 97.77 41.8

SW14

VS-124 47.27 3.57 14.69 10.72 0.03 0.12 4.73 10.46 3.78 2.07 0.58 98.00 44.0
VS-125 47.09 3.31 14.76 11.12 0.01 0.24 4.47 10.30 3.75 2.07 0.59 97.69 41.7
VS-126 47.26 3.47 14.70 10.67 – 0.18 4.65 10.34 3.67 1.98 0.67 97.58 43.7
VS-127 47.18 3.18 14.70 10.25 0.02 0.13 5.02 10.50 3.81 2.03 0.58 97.41 46.6
VS-128 47.70 3.27 14.77 10.73 – 0.18 4.66 10.56 3.64 2.04 0.63 98.19 43.6
VS-129 50.93 2.06 16.64 8.66 0.04 0.13 4.07 7.88 4.29 2.69 – 97.38 45.6
VS-130 49.38 2.81 15.20 9.70 – 0.19 4.50 9.53 3.60 2.39 0.77 98.06 45.2
VS-131 47.04 2.98 14.92 10.72 0.06 0.17 5.04 10.56 3.56 2.04 – 97.09 45.6
VS-132 47.98 3.22 14.96 10.41 – 0.23 5.00 10.98 3.38 2.00 – 98.15 46.1
VS-133 50.77 2.28 16.76 8.59 0.02 0.14 3.94 7.74 4.31 2.88 0.16 97.60 45.0
VS-134 50.82 2.31 16.21 8.68 – 0.12 4.76 8.00 4.19 2.58 0.16 97.81 49.4
VS-135 47.91 3.42 14.70 11.01 0.05 0.14 4.74 10.45 3.76 2.12 0.54 98.83 43.4

SW15
VS-136 47.52 3.29 14.71 10.04 0.04 0.23 4.82 10.62 3.60 2.05 0.58 97.48 46.1
VS-137 47.84 3.15 14.72 10.14 0.09 0.21 4.93 10.50 3.55 2.03 0.53 97.69 46.4
VS-138 47.96 3.28 14.98 10.21 0.03 0.20 5.01 10.85 3.44 1.95 0.46 98.37 46.7
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block-sized, non-vesicular and angular glassy particles that are
interpreted to be hyaloclastite or pillow fragment breccia. This
layer is 24 m thick (core depth: 48–72 m) and is underlain by the
Seoguipo Formation. The Seoguipo Formation is 73 m thick
(core depth: 72–145 m) and is composed of well-sorted, coarse-
to fine-grained, shell-rich volcaniclastic sand with intercalated sandy
mudstones. The U Formation beneath the Seoguipo Formation
occurs at a core depth of > 145 m and is composed of unconsolidated
quartzose sand and mud. The basement was not found at this site
because the core did not reach the basement. Therefore, the
thickness of the U Formation and the lithofacies of the basement
could not be identified. However, the lithology of the basement
could be inferred to be the quartzose metasedimentary rocks
based on the accidental clasts in the tuff beds of Suwolbong. 

Based on the lithology of the subsurface strata, the origin of
the accidental particles could be classified as follows: 

1) Crystalline basalt fragments consisting of abundant olivine
and plagioclase phenocrysts in a microcrystalline groundmass
rich in plagioclase laths are interpreted to have been derived
from the underlying lavas (Fig. 9b). 

2) Basaltic glasses derived from the volcaniclastic units of the
Seoguipo Formation formed by phreatomagmatic eruptions are
difficult to distinguish from juvenile glass when present as solitary
particles. To distinguish between them, we examined the microscopic
texture of the accidental tuff blocks from the Seoguipo Formation
within the Suwolbong tuff ring. The vesicular basalt glasses of
the Seoguipo Formation were identified to be characterized by
palagonite rims or secondary minerals along the particle margins
and in the vesicle walls (e.g., Go et al., 2017). Vesicular basaltic
glasses with these characteristics are interpreted to have been
derived from the Seoguipo Formation (Fig. 9c). 

3) In the thin sections of the tuff blocks of the Seoguipo
Formation, non-vesicular glasses were also found with alteration
rims and subalkaline composition (Fig. 9d). The non-vesicular
glass in the tuff blocks of the Seoguipo Formation has a total
alkali content of 3.7–3.9 wt% and a SiO2 content of 52.7–54.1 wt%,
which corresponds to the subalkaline series of basaltic andesite.
They are plotted in the same assemblages as those of the Suwolbong
tuff ring on a TAS diagram (Table 2, Fig. 6a). These glasses show
mingling texture between the subalkaline and alkaline glass, which

Table 1. (continued)

Sample no. ID SiO2 TiO2 Al2O3 FeO* Cr2O3 MnO MgO CaO Na2O K2O P2O5 Total Mg#

SW16

VS-139 47.42 3.31 14.82 10.25 0.03 0.19 5.13 10.67 3.41 1.87 0.58 97.66 47.1
VS-140 47.48 2.93 14.43 10.17 0.04 0.15 5.10 10.57 3.48 1.92 0.49 96.75 47.2
VS-141 47.24 3.93 14.74 10.83 0.00 0.15 4.11 9.44 3.64 2.16 0.76 97.00 40.3
VS-142 48.22 3.04 14.72 10.50 – 0.13 5.05 10.84 3.27 2.04 0.53 98.32 46.1
VS-143 47.16 3.07 14.35 10.35 0.01 0.18 5.21 10.40 3.62 2.07 0.53 96.92 47.3

SW17

VS-144 47.81 2.92 14.75 10.58 0.02 0.15 4.99 10.73 3.39 1.95 0.50 97.79 45.7
VS-145 47.65 2.98 14.67 10.16 0.01 0.23 5.25 10.83 3.46 1.86 0.54 97.63 47.9
VS-146 47.83 2.93 15.09 10.26 – 0.11 5.25 10.81 3.44 1.88 0.57 98.16 47.7
VS-147 48.04 3.02 14.76 10.17 0.04 0.15 5.05 10.70 3.45 1.81 0.56 97.76 46.9
VS-148 47.20 3.29 14.43 10.48 0.03 0.11 5.07 10.67 3.49 1.88 0.52 97.16 46.3
VS-149 47.86 3.08 14.92 10.16 0.02 0.11 5.19 10.84 3.60 1.93 0.58 98.30 47.7
VS-150 47.58 3.32 14.66 10.87 – 0.17 4.35 10.10 3.84 2.19 2.14 99.22 41.7
VS-151 49.20 2.46 15.77 9.52 – 0.14 4.72 8.73 3.89 2.58 0.16 97.16 46.9
VS-152 47.49 3.21 14.89 11.01 0.06 0.19 4.44 10.21 3.63 2.25 – 97.37 41.8
VS-153 49.46 2.65 15.56 9.17 0.02 0.14 5.03 9.12 3.83 2.40 0.46 97.84 49.4
VS-154 50.82 2.30 16.82 8.73 – 0.13 3.88 7.30 4.38 3.04 1.09 98.50 44.2
VS-155 48.49 2.65 15.54 10.09 0.04 0.14 4.99 8.62 3.92 2.50 1.08 98.04 46.9

SW18

VS-156 51.52 2.03 16.79 8.40 0.01 0.11 3.71 7.63 4.11 2.72 0.79 97.84 44.1
VS-157 47.72 2.97 14.88 10.18 – 0.17 5.12 10.81 3.45 1.92 0.48 97.69 47.3
VS-158 47.53 3.02 14.62 10.00 0.06 0.19 5.12 10.81 3.51 1.84 0.53 97.24 47.7
VS-159 47.40 3.08 14.95 9.94 0.05 0.19 5.15 10.70 3.56 1.89 0.58 97.46 48.0
VS-160 48.26 3.30 14.73 10.22 0.03 0.19 5.26 10.67 3.36 1.94 0.59 98.53 47.9
VS-161 47.77 3.27 14.84 10.35 0.03 0.17 5.15 10.72 3.33 1.92 0.54 98.09 47.0
VS-162 47.82 2.72 14.83 10.20 – 0.12 5.26 10.68 3.41 1.84 0.51 97.38 47.9
VS-163 48.04 2.84 15.01 10.44 0.03 0.16 4.98 10.89 3.43 1.91 0.54 98.25 45.9
VS-164 47.90 3.02 14.99 10.33 0.02 0.14 5.01 10.94 3.48 1.94 0.54 98.31 46.4

Note: FeO* = Total Fe as FeO*, Mg# = 100Mg2+/(Mg2+ + Fe2+), VS = vesicular sideromelane grain.
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indicates the mixing of the alkaline and subalkaline magma
(Fig. 9e). The features of the non-vesicular glasses are consistent
with the texture of the hyaloclastite in cores throughout the Jeju
Island (Jeong and Sohn, 2011; Koh et al., 2019, 2020; Jeon et al.,
2022). The non-vesicular glasses are inferred to be hyaloclastite
fragments derived from either the intercalated layers of the
Seoguipo Formation or at the bottom of the lava unit, not juvenile
materials (see the discussion for more details).

4) Monocrystalline quartz grains have angular to subrounded
shapes and internal fractures. They are contained within basaltic
tuff fragments or occur in aggregates consisting of particles of
various sizes with a clayey matrix. Most of these particles are
interpreted as being derived from the U Formation, with some
derived from the Seoguipo Formation (Fig. 9f). 

5) Polycrystalline quartz grains with internal fractures and
several micropores. These grains were interpreted as derived
from quartzose metasedimentary rocks of unknown ages (Go et
al., 2017). 

6) Accessory mineral grains of alkali feldspar and heavy minerals
are also interpreted to have been derived from the basement
rocks (Fig. 9g).

6. DISCUSSION

6.1. Recognition of Juvenile and Accidental Glassy 

Pyroclasts

Based on the microscopic observations and geochemical
analysis of the entire tuff sequence of Suwolbong, we interpret
that only vesicular glass particles with an alkali composition,
mainly containing olivine, clinopyroxene, and plagioclase, are
juvenile, as explained below. 

(1) Vesicular glassy pyroclasts show a correlation between the
vesicularity change and the lithofacies change in the outcrop.
The average vesicularity of these pyroclasts, calculated from the
cross-sectional area of the vesicles, ranges between 4 and 15%,
with an overall decreasing trend in ascending stratigraphic order,
with two peaks corresponding to the breccia layers in the outcrop
(Fig. 5). The upward-decreasing vesicularity indicates rapid
ascent of magma supplied by magma pulses, followed by a gradual
decrease in magma flux and degassing during eruption (Houghton
and Wilson, 1989; Bamber et al., 2024). In contrast, non-vesicular
pyroclasts do not show any systematic variation in vesicularity

Fig. 8. Back-scattered electron (BSE) images of non-vesicular glass of alkaline to subalkaline composition (a, b) Non-vesicular grains having
altered or palagonitized rims along grain margins and vesicle walls. (c, d) Subtypes of non-vesicular glass based on crystal size and geo-
chemical composition. Ol: olivine and Pl: plagioclase.
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or crystallization, and the very low vesicularity (0–5%) and some
large vesicles indicate that the particles were fragmented from
already degassed magma or lava (Polacci et al., 2008; Okumura
et al., 2009). The differences in vesicularities and crystallization
patterns of the two pyroclasts indicate that they were formed
through different processes, although they were ejected from
the same crater and deposited together. Hence, it is reasonable
to interpret that one of the pyroclasts, i.e., the non-vesicular glass,
originated from the substrate.

(2) The non-vesicular subalkaline basaltic glass has an alteration
rim. Most of the surrounding vesicular pyroclasts in the same
layer are fresh and unaltered. Volcanic glass is not likely to be
selectively altered grain by grain. All basaltic glass in the same
deposits is likely to be altered all together (Geshi et al., 2011;
Valentine and Connor, 2015). Therefore, the non-vesicular glass
is interpreted to have formed prior to the eruption of the Suwolbong

tuff ring, being subject to diverse alteration processes before
excavation by explosive eruptions of the Suwolbong.

(3) Hyaloclastites with subalkaline compositions are intercalated
in the Seoguipo Formation and beneath the lava substrate. The
characteristics of the hyaloclastite, confirmed through borehole
data and microscopic observations of accidental rock fragments,
are similar to those of non-vesicular glass observed in the
Suwolbong tuff ring (Koh et al., 2019; Jeon et al., 2022). An optical
televiewer (OPTV) image of the hyaloclastite layer in a borehole
in the eastern part of Jeju Island shows that the interstices between
volcaniclastic rocks of various sizes are filled with a brown to
light brown matrix that has undergone palagonization (Koh et
al., 2019). These characteristics are consistent with those typical
of hyaloclastite (Cas and Wright, 1987; McPhie et al., 1993) and
correspond well to those of the non-vesicular glass found in the
Suwolbong tuff ring. SEM-BSE imaging of a thin section of

Fig. 9. Susurface stratigraphy of the Suwolbong tuff ring and back-scattered electron (BSE) images of accdiental materials. (a) Sedimentary
log as inferred from borehole data. (b) Crystalline basalt fragments derived from the underlying lavas. (c) Altered basaltic glass with alkaline
composition derived from the Seoguipo Formation. (d, e) Non-vesicular glass with subalkaline composition in the tuff block derived from the
Seoguipo Formation. (f ) Monocrystalline quartz grains derived mainly from the U Formation. (g) Accessory mineral grains derived from the
basement. H: hyaloclastite.
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Table 2. Major element composition of glassy groundmass of accidental grains in the Suwolbong tuff samples

Sample no. ID SiO2 TiO2 Al2O3 FeO* Cr2O3 MnO MgO CaO Na2O K2O P2O5 Total

SW1
NVS-1 53.81 2.30 13.74 10.31 0.04 0.16 5.12 8.76 3.28 0.59 0.21 98.31

NVS-2 49.79 3.21 14.31 10.33 0.03 0.17 4.96 10.03 3.46 1.81 0.54 98.63

SW2
NVS-3 53.63 2.37 13.91 10.48 – 0.11 5.13 8.89 3.24 0.66 0.22 98.64

NVS-4 53.23 2.06 13.90 10.38 0.02 0.13 5.31 8.69 3.19 0.60 0.21 97.71

SW3

NVS-5 54.38 2.00 14.03 10.39 0.03 0.11 5.03 8.88 3.18 0.61 0.15 98.79

NVS-6 48.98 3.56 12.50 12.15 0.02 0.25 5.54 10.11 3.41 1.79 0.65 98.94

NVS-7 49.33 3.01 14.36 10.57 0.03 0.20 5.06 10.13 3.35 1.81 0.58 98.44

SW4
NVS-8 49.26 3.22 14.14 10.83 – 0.14 4.98 10.02 3.63 1.88 0.56 98.65

NVS-9 49.39 3.20 14.02 10.62 – 0.16 5.03 9.94 3.40 1.84 0.64 98.26

SW5

NVS-10 49.47 3.18 14.08 10.10 0.03 0.14 5.10 10.07 3.51 1.78 0.56 98.01

NVS-11 49.12 3.18 14.50 10.31 0.06 0.15 5.08 10.10 3.46 1.94 0.64 98.53

NVS-12 49.38 3.09 14.23 10.35 0.01 0.13 5.03 9.98 3.54 1.81 0.59 98.13

NVS-13 49.76 3.23 14.27 10.42 0.02 0.18 4.80 10.02 3.68 1.79 0.53 98.69

NVS-14 49.31 3.16 14.12 10.18 0.06 0.15 4.83 9.93 3.51 1.77 0.56 97.58

NVS-15 54.26 2.36 13.75 10.83 0.03 0.15 5.11 8.85 3.16 0.62 0.25 99.38

NVS-16 49.52 3.27 14.13 10.38 0.04 0.15 4.96 10.11 3.51 1.83 0.52 98.41

NVS-17 49.49 3.02 14.32 9.37 0.05 0.18 4.97 9.97 3.50 1.81 0.58 97.26

NVS-18 49.29 3.01 14.17 11.06 0.10 0.19 5.08 9.69 3.58 1.87 0.47 98.50

SW6

NVS-19 54.34 2.42 13.91 10.11 0.06 0.18 5.13 8.81 3.15 0.60 0.20 98.91

NVS-20 54.20 2.37 13.89 10.68 0.04 0.18 4.99 8.75 3.10 0.60 0.22 99.03

NVS-21 54.02 2.11 13.72 10.19 0.05 0.15 5.26 8.73 3.25 0.60 0.28 98.36

NVS-22 53.98 1.98 14.01 10.67 – 0.14 5.44 8.92 3.13 0.60 0.15 99.01

NVS-23 48.50 3.23 14.13 10.57 – 0.17 4.92 10.29 3.57 1.87 0.53 97.77

SW9

NVS-24 49.02 3.34 14.40 10.66 0.02 0.17 4.91 10.27 3.60 1.85 0.61 98.85

NVS-25 50.51 3.58 13.44 11.30 0.01 0.17 4.70 9.24 3.70 1.53 0.51 98.68

NVS-26 53.89 2.30 14.15 10.50 0.09 0.15 5.24 8.85 3.31 0.61 0.20 99.29

NVS-27 54.33 2.11 13.95 10.23 0.03 0.14 5.14 8.72 3.23 0.61 0.21 98.69

NVS-28 54.28 2.17 14.23 10.44 0.03 0.15 5.30 8.68 3.24 0.61 0.21 99.34

NVS-29 49.68 3.33 14.36 10.19 – 0.13 5.08 10.20 3.62 1.82 0.59 98.99

SW10
NVS-30 53.47 2.30 13.64 10.42 0.08 0.18 5.04 8.80 3.28 0.61 0.26 98.07

NVS-31 48.93 2.97 14.32 10.49 0.04 0.15 5.12 10.24 3.47 1.68 0.65 98.06

SW11

NVS-32 48.74 3.33 14.28 10.58 0.01 0.20 5.22 10.32 3.53 1.69 0.59 98.47

NVS-33 53.83 2.20 13.85 10.61 0.06 0.09 5.13 8.80 3.26 0.59 0.18 98.58

NVS-34 50.73 3.11 13.28 11.27 – 0.14 4.81 9.19 3.39 1.46 0.58 97.96

NVS-35 53.62 2.22 13.55 10.80 – 0.22 5.29 8.79 3.16 0.56 0.25 98.45

NVS-36 54.02 2.42 13.38 10.77 0.04 0.15 5.18 8.85 3.20 0.59 0.20 98.81

NVS-37 53.66 2.38 13.74 10.53 0.10 0.11 5.04 8.76 3.21 0.55 0.19 98.26

SW12

NVS-38 50.49 3.37 13.72 10.88 0.02 0.24 4.78 9.29 3.29 1.36 0.61 98.03

NVS-39 51.48 3.57 13.20 11.91 – 0.14 4.54 8.79 2.94 1.56 0.61 98.74

NVS-40 53.83 2.21 13.47 10.51 0.05 0.15 5.04 8.68 3.35 0.56 0.20 98.04

SW13 NVS-41 49.09 3.27 14.42 10.59 – 0.13 5.14 10.16 3.59 1.62 0.51 98.50
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hyaloclastite showing non-vesicular alteration rims of hemispherical
oscillatory zoning from the northeastern core data reported on
Jeju Island is also consistent with the textural characteristics of
the non-vesicular glass of the Suwolbong tuff ring (Jeong and
Sohn, 2011). These features suggest that the non-vesicular glass
is not a juvenile product of phreatomagmatic eruptions but rather
an accidental material derived from the hyaloclastite layers that
were deposited before the eruption of the Suwolbong tuff ring.

The presence of hyaloclastites serves as an indicator of paleosea-

levels, providing a clue to surface environment at the time of
formation (Koh et al., 2015; Smellie and Edwards, 2016). In Jeju
Island, hyaloclastite is present below sea level in low-altitude
areas  except in the southern part of the island (Koh et al., 2015).
In the west, where the Suwolbong tuff ring is located, the hyaloclastite
is divided into two age groups, 320–220 ka and 160–110 ka,
based on 40Ar-39Ar ages of borehole samples (Koh et al., 2015).
The subdivision of the non-vesicular glass into two group in the
Suwolbong tuff, based on microtexture and chemical properties,

Table 2. (continued)

Sample no. ID SiO2 TiO2 Al2O3 FeO* Cr2O3 MnO MgO CaO Na2O K2O P2O5 Total

SW14

NVS-42 53.50 2.28 13.91 10.36 0.04 0.08 5.27 8.79 3.36 0.54 0.20 98.33
NVS-43 53.81 1.85 13.96 10.17 0.02 0.15 5.26 7.87 3.13 0.50 0.19 96.91
NVS-44 53.57 2.25 14.05 10.33 0.03 0.16 5.16 8.76 3.28 0.58 0.22 98.39
NVS-45 53.35 2.05 13.90 9.99 0.03 0.14 5.12 8.85 3.21 0.57 0.22 97.43
NVS-46 53.62 2.17 13.73 10.08 – 0.14 5.19 8.93 3.27 0.50 0.26 97.88
NVS-47 53.85 2.23 13.55 10.31 0.08 0.14 5.33 8.88 3.18 0.56 0.19 98.29
NVS-48 53.50 2.04 14.00 10.54 0.04 0.11 5.30 8.73 3.25 0.56 0.22 98.30

SW16 NVS-49 51.09 2.99 13.69 11.15 – 0.21 4.54 9.04 3.28 1.46 0.63 98.07

SW17
NVS-50 50.12 3.14 13.39 10.20 0.05 0.16 4.79 9.19 3.39 1.35 0.61 96.40
NVS-51 50.59 3.09 13.38 10.93 0.02 0.21 4.78 9.32 3.24 1.39 0.63 97.58

SW18
NVS-52 51.82 3.29 13.43 11.02 – 0.13 4.48 8.85 2.91 1.52 0.44 97.89
NVS-53 55.32 2.19 13.53 11.07 0.04 0.17 5.00 8.92 2.10 0.58 0.32 99.24

SF

SF-1 53.79 2.52 13.69 10.82 – 0.15 5.01 8.61 3.27 0.59 0.23 98.67
SF-2 47.07 3.94 14.46 11.90 – 0.18 4.21 9.36 3.84 2.39 0.64 97.99
SF-3 53.52 2.32 13.52 11.27 0.01 0.12 4.86 8.66 3.21 0.63 0.18 98.29
SF-4 54.10 2.37 13.63 10.86 0.01 0.13 4.98 8.62 3.10 0.62 0.22 98.63
SF-5 51.02 2.73 15.91 9.34 0.01 0.14 3.66 7.64 3.88 2.85 0.59 97.77
SF-6 49.14 3.36 14.35 11.02 0.01 0.14 4.97 9.94 3.74 1.85 0.51 99.03
SF-7 50.13 2.45 16.63 9.28 0.03 0.14 4.28 8.14 3.92 2.62 0.53 98.15
SF-8 49.72 2.94 16.16 9.73 0.02 0.20 3.60 7.59 4.24 2.86 0.86 97.92
SF-9 50.44 2.84 16.33 9.30 0.03 0.14 3.83 7.57 4.42 2.85 0.74 98.49
SF-10 50.27 2.68 16.06 8.85 0.02 0.13 4.54 8.27 4.16 2.43 0.50 97.90
SF-11 49.39 2.80 16.27 9.19 – 0.14 3.77 7.61 4.29 2.78 0.56 96.80
SF-12 49.66 2.99 15.98 9.73 – 0.14 3.86 7.85 4.19 2.83 0.61 97.86
SF-13 49.52 3.10 15.76 9.87 – 0.11 3.69 7.55 4.11 3.00 0.68 97.38
SF-14 50.42 3.08 15.05 10.25 – 0.18 3.23 7.48 4.30 3.50 0.75 98.24
SF-15 46.39 3.93 14.89 11.91 – 0.18 3.89 9.30 4.02 2.44 0.60 97.56
SF-16 47.08 3.92 14.96 11.51 0.03 0.17 4.14 9.34 4.08 2.51 0.56 98.29
SF-17 48.62 3.25 15.97 10.63 – 0.17 3.95 8.53 4.05 2.60 0.68 98.45
SF-18 47.85 3.45 14.65 11.43 – 0.17 4.01 9.11 3.61 2.59 0.51 97.36
SF-19 46.64 3.60 14.63 11.80 0.03 0.20 4.12 9.41 3.90 2.34 0.51 97.17
SF-20 46.55 3.96 15.06 11.52 – 0.16 4.22 9.50 3.90 2.33 0.61 97.79
SF-21 46.56 3.33 15.19 11.89 – 0.12 4.09 9.14 3.49 2.27 0.61 96.69
SF-22 52.71 2.29 13.53 10.91 0.07 0.13 5.06 8.60 3.27 0.61 0.19 97.38
SF-23 49.10 3.07 15.18 9.72 – 0.18 4.11 9.07 3.82 2.33 0.66 97.22
SF-24 46.82 3.98 14.79 11.65 0.01 0.25 4.05 9.33 4.09 2.30 0.47 97.72
SF-25 48.97 2.52 15.45 9.53 0.06 0.14 4.90 9.91 3.68 2.08 0.41 97.64

Note: FeO* = Total Fe as FeO*, NVS = Non-vesicular sideromelane grain, SF = Seoguipo Formation.
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indicates the presence of more than two layers of chemically
different hyaloclastite in the subsurface. Thus, it is clear that it
has undergone several environmental changes due to sea-level
fluctuations before the formation of the Suwolbong tuff ring,
although the formation age of the hyaloclastite in the lower part
of the volcano cannot be precisely determined. It has been reported
that the sea level was −120 to −130 m lower than today during
18–17 ka when the Suwolbong tuff ring formed and that the
volcano erupted in a subaerial environment (Cheong et al., 2007).
These conditions also suggest that hyaloclastites did not form
during the eruption of Suwolbong.

6.2. Magma Plumbing System of the Suwolbong Tuff Ring

The characteristics of the newly defined juvenile pyroclasts of
Suwolbong suggest that the tuff ring was formed from alkaline
magmas ascending through a rather simple magma-plumbing
system. Additionally, analysis of the anisotropy of magnetic
susceptibility (AMS) of pyroclastic deposits of the Suwolbong
tuff ring suggests that the tephra originated from a single source
vent (Cho et al., 2021). Therefore, The magma plumbing system
of the Suwolbong tuff ring is inferred to have been sourced by at
least three magma batches independently ascending and erupting

Fig. 10. Schematics of the magma plumbing system during the eruption at Suwolbong. The Suwolbong plumbing system was sourced by
at least three independent magma batches that ascended and erupted in sequence from a single large dike system without magma mixing.
Vesicular glass resulted from the fragmentation of injected fresh magma, while non-vesicular glass originated from multiple subsurface
hyaloclastite layers.
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from the same crater without interaction between them during
the magma ascent (Fig. 10). 

A previous study suggested that the Suwolbong tuff ring was
formed from alkaline to subalkaline magmas that ascended
through a complex, congested magma-plumbing system (Brenna
et al., 2011). Brenna et al. (2011) also suggested that the pyroclasts
of Suwolbong had partially mixed compositions, intermediate
between the two end-member magmas of Udo, which is one of
the monogenetic volcanoes on Jeju Island, suggesting that there
were interactions and mixing between magmas from different
sources (Fig. 4). However, our results show that the pyroclasts of
the intermediate composition, i.e., the non-vesicular glasses are
accidental. Juvenile vesicular pyroclasts are found to be only
alkaline in composition. The stepped and oscillating chemical
trend of Suwolbong reported in the previous study (Brenna et
al., 2011, Fig. 4b) is therefore thought to be the result of analysis
without distinguishing between juvenile and accidental particles.
A simpler chemical trend is observed when the accidental subalkali
components are excluded. This suggests that the magma plumbing
system of Suwolbong resulted from an initial magma pulse followed
by several independently ascending and evolving magma pulses
without interactions between them (Smith and Nemeth, 2017).
The stepped and oscillating chemical trend of Brenna et al. (2011)
is more likely related to the substrate excavation and material
mixing processes within the subsurface diatreme of the Suwolbong
tuff ring. Accidental materials, such as sub-alkaline hyaloclastite
fragments and detrital quartz grains, are interpreted to have been
excavated from subsurface strata, hundreds of meters deep, and
then deposited on the surface together with juvenile particles,
resulting in a wide range of compositions of pyroclasts in the
same depositional units.

Another cause of errors in chemical analysis of pyroclasts is
the presence of many non-volcanic accidental materials, such
as detrital quartz grains and heavy minerals, in the alkali
glass. These accidental materials inevitably lead to errors in
chemical analysis results when the analysis is made by whole-
rock analysis. 

Polymagmatic activity, in which alkaline and subalkaline
magmas are produced together, has been reported in Udo, one
of the monogenetic volcanoes on Jeju Island (Brenna et al., 2010).
The volcano differs from the Suwolbong tuff ring in that it shows
the characteristics of an alkali magma batch forming a tuff cone
and a sub-alkali magma batch forming subsequent lavas. The two
magmas of Udo did not erupt at the same time; but the subalkali
magma erupted through the same single-dyke plumbing system
after the alkali magma was completely exhausted. This is a seemingly
simple, monogenetic volcano; however, it is an example of
chemical and petrochemical diversity. The Suwolbong tuff ring
is chemically similar to Udo; therefore, it was previously thought

to have experienced a fractionation regime similar to that of
alkaline and sub-alkaline magmas (Brenna et al., 2010). However,
the results of our study show that they experienced a fractionation
regime that was different from that of Udo. 

The confusion between juvenile and accidental materials in
volcaniclastic deposits can result in incorrect interpretations of
the magma properties, the magma plumbing system, and the
eruption styles, eventually leading to wrong prediction of future
volcanic eruptions and related volcanic hazards. 

7. CONCLUSIONS

The glassy pyroclasts of the Suwolbong tuff ring, Jeju Island,
Korea, were found to comprise both juvenile and accidental
particles, necessitating reinterpretation of the magma plumbing
system of the volcano. Based on the particle texture and geochemical
composition, the glassy pyroclasts could be divided into vesicular
and unaltered and non-vesicular and altered particles. The former
are alkaline in composition, volumetrically abundant (avg. 35
vol%), and show a vesicularity change in relation to the lithofacies
change in the outcrop. In contrast, the latter is alkaline to subalkaline
in composition and less abundant (avg. 8 vol%) in the deposits,
and show alteration rims along the particle margins. These
features indicate that they were accidentally derived from the
underlying volcaniclastic strata. Subalkali hyaloclastite layers in
the subsurface are interpreted to have been the sources of the
accidental glassy particles. Based only on the geochemical
characteristics of the newly defined juvenile glass, i.e., the vesicular
alkaline glass, mainly containing olivine, clinopyroxene, and
plagioclase, we interpret that the Suwolbong tuff ring formed
from alkaline magmas that ascended through a rather simple
magma-plumbing system in contrast to a previous model. The
magma plumbing system of Suwolbong is inferred to have been
fed by at least three independently ascending magma batches,
which have been erupted in order from a single large dike system
without interaction between them during the eruption. 

This study suggests that proper distinction between juvenile
and accidental particles is essential for accurately understanding
the properties of the source magma and the magma plumbing
system in phreatomagmatic monogenetic volcanoes, which
commonly contain considerable amounts of accidental
materials.
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