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Abstract The Songaksan tuff ring, Jeju Island, Korea, which
erupted ca. 3.7 ka BP in a coastal setting, provides an unusual
opportunity to study the processes of phreatomagmatic eruption
and the formation of a diatreme because of the exceptionally
well-preserved ejecta beds and well-known subsurface geology.
The tuff sequence can be divided into four units (A to D), which
have distinctly different accidental componentry (quartz-rich vs.
quartz-poor), grain surface features (abraded and ash-coated vs.
unabraded and uncoated), and chemical compositions of juvenile
particles. The basal tephra bed of unit A, which probably erupted
after the removal of the relatively hard shallow-level (<120 m
deep) substrate by initial cratering, comprises only unabraded
and uncoated grains and contains abundant relatively
deep-derived (>120 m deep) accidental grains, suggesting that
the early erupted tephra had not yet experienced recycling and
pre-eruption mixing in the diatreme. On the other hand, the over-
lying tephra beds of units A, B, and D contain an abundance of
abraded and ash-coated juvenile/accidental grains, suggesting
that the tephra comprised significant proportions of “recycled”
or “premixed” materials from previous eruptions or subsurface
explosions, which participated in the explosion-driven mixing in
the diatreme before eventual ejection from the diatreme. Unit C is
unusual in that it comprises extremely rare accidental grains and
ash-coated juvenile/accidental grains. We interpret that the sup-
ply of solid materials, either accidental or juvenile, to the
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diatreme was greatly reduced because of temporary stabilization
of the diatreme and the reduction in magma flux to the diatreme.
The diatreme is therefore envisaged to have been filled with a
water-saturated slurry, in which particle abrasion and adhesion
were inhibited. We also infer that the diatreme fill was temporar-
ily removed by a powerful explosion before eruption of unit C on
the basis of the near absence of the tephra grains from earlier
eruptions throughout the tephra beds of unit C. The ratio of
tachylite to sideromelane grains generally increases up-section
of the tuff sequence with two abrupt drops across the tuff unit
boundaries. These variations are coincident with the changes in
the chemical composition of juvenile particles, suggesting an
overall decrease in magma flux punctuated by brief increases in
magma flux associated with the arrival of new magma batches.
The textural and compositional variations of the Songaksan tuff
ring suggest that there can be significant variability in diatreme
processes even during a purely phreatomagmatic eruption of a
tuff ring, including removal and renewal of the diatreme fill, and
that there is still much room for further investigation of the
diatreme processes from the ejecta beds in order to make the
current diatreme model more robust.

Keywords Tuffring - Diatreme - Phreatomagmatism -
Magma-water interaction - Tephra componentry - Jeju Island

Introduction

Tuff rings and maars are monogenetic volcanoes that have a
low-profile apron of tephra surrounding a wide crater
(Vespermann and Schmincke 2000). The classic distinction be-
tween maars and tuff rings is that when the crater is cut into the
pre-eruption surface, the volcano is called a maar; otherwise, it is
a tuff ring (Lorenz 1973). However, we do not consider that
maars and tuff rings are truly distinct volcano types. Many tuff
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rings with crater floors seemingly above pre-eruption surfaces
actually have craters that were cut into pre-eruption surfaces
but were buried later. We are skeptical whether there is a “true”
tuff ring, of which the crater has never been cut below the
pre-eruption surface. Both tuff rings and maars are thought to
form largely from phreatomagmatic explosions in the subsurface
(Lorenz 1986; Sohn 1996; White 1996; White and Houghton
2000) and are underlain by a diatreme, which is a conical to
cylindrical structure filled with a mixture of juvenile and country
rock materials, plus intrusions (White and Ross 2011). The
diatremes under maars extend downward hundreds of meters to
more than a kilometer below the pre-eruption surface and merge
into a feeder dike (White and Ross 2011). Maars are also called
“maar-diatreme volcanoes” because a diatreme is an integral part
of these volcanoes and has a volume comparable to that of the
volcanic edifice on the surface.

Diatremes have been increasingly studied in recent years be-
cause of their significance in understanding a suite of
phreatomagmatic processes, i.e., from the inception of
magma-water interaction in the subsurface to final emplacement
of ejecta on the surface around the vent as an ejecta/tephra ring.
Diatremes are, however, observable only where a volcanic field
has been eroded well below the pre-eruption surface (e.g., White
1991; Ross and White 2006; Geshi et al. 2011; Son et al. 2012;
Lefebvre et al. 2013; Delpit et al. 2014). Many studies have
therefore relied upon the analysis of ejecta rings (especially not
only those of maars but also of tuff rings) in order to understand
the subsurface diatreme processes because much information can
be drawn from the analyses of both juvenile and accidental ma-
terials within the ejecta rings. The processes and features that can
be studied using ejecta rings include the lithology and rigidity of
the substrate, the type of aquifer, the depth and modes of
magma-water interactions, and the mechanisms and extent of
country rock excavation and entrainment (Rosseel et al. 2006;
Auer et al. 2007; Sottili et al. 2009; Ross et al. 2011; Valentine
2012). However, there are unavoidable limitations and uncer-
tainties in interpreting these processes because the ejecta rings
only record indirectly part of the subsurface diatreme processes
(Valentine and White 2012; Lefebvre et al. 2013). These studies
show that maar-diatreme volcanoes commonly experience com-
plex eruption histories, including both phreatomagmatic and
magmatic (usually Strombolian) activities, in some cases with
repeated changes in eruption style during a single eruption
(Houghton and Schmincke 1986; Houghton and Naim 1991;
Carrasco-Nuiiez et al. 2007; Sottili et al. 2009; Gernon et al.
2013). Diatremes are therefore inferred to have the characteristics
that reflect these complex eruption histories in addition to a suite
of processes that are inherent in the diatremes, such as intrusion
and mingling of magma, explosive magma-water interaction,
explosion-driven mixing and jetting of debris, explosive excava-
tion of country rocks, and gravity-induced collapse of diatreme
walls and overlying tephra beds (White and Ross 2011; Valentine
and White 2012).

@ Springer

Songaksan is the youngest volcanic center on Jeju Island,
Korea, produced by a 3.7 ka BP eruption in a coastal setting
(Sohn et al. 2002) (Fig. 1). Although the volcano experienced
a change in eruption style from phreatomagmatic to magmat-
ic, resulting in a tuff' ring with a nested scoria cone and a
ponded trachybasalt lava inside the crater, the entire sequence
of the tuff ring is dominated by well-bedded tuffs with diverse
bedforms, which indicate deposition from moist pyroclastic
surges and associated fallout, without a single intercalation
of tephra produced by magmatic eruptions (Chough and
Sohn 1990). In addition, the subsurface geology is very well
known because thousands of wells have been drilled to exploit
groundwater for several decades in Jeju Island. The
Songaksan tuff ring? thus provides an opportunity to investi-
gate the diatreme-forming processes during a relatively simple
phreatomagmatic eruption of an ejecta ring without the com-
plicating factors of changing eruption styles and the ambiguity
of subsurface hydrogeological conditions. In this paper, we
investigate the processes of diatreme formation beneath
Songaksan based on the componentry of ash-sized tephra
from the medial-to-distal tuff ring. We show that there can
be significant variability in diatreme processes even during a
purely phreatomagmatic eruption.

Geological setting

Jeju Island is an intraplate basaltic volcano built on the ca.
100-m-deep Yellow Sea continental shelf off the southern coast
of the Korean Peninsula (Brenna et al. 2012; Koh et al. 2013;
Brenna et al. 2015) (Fig. 1a). The island was produced by wide-
spread and prolonged hydrovolcanic activity on the continental
shelf'between ca. 1.8 and 0.5 Ma, and later, lava effusion after the
hydrovolcanic field emerged above the fluctuating Quaternary
sea level (Sohn and Park 2004; Sohn et al. 2008). The former
activity produced a subsurface hydrovolcanic succession named
the Seoguipo Formation, whereas the latter produced the lava
shield dotted with hundreds of volcanic cones (mostly scoria
cones) (Fig. 1b). Several tuff rings and tuff cones were produced
on top of the lava shield in the Late Pleistocene and Holocene
(Sohn et al. 2002; Cheong et al. 2007).

! We use terms such as “tuff ring,”*“tuff,” and “lapilli tuff” in this paper despite
the nearly unconsolidated state of the phreatomagmatic deposits at Songaksan,
for convenience and for historical continuity.

2 Using the classic distinction between maars and tuff rings based on the crater
position relative to the pre-eruptive surface, Songaksan is probably a maar. We
cannot see the crater floor of the tephra ring at Songaksan because it is filled by
later scoria cones and ponded lava. However, the crater must have been cut
into the pre-eruption surface near sea level before it was filled by these later
volcanic deposits, as evidenced by the sea cliff exposures [see Fig. 3a of Sohn
et al. (2002)], which show the inner crater wall of the ejecta ring dipping ~45°
and apparently extending below the pre-eruption surface. The abundance of
accidental materials at Songaksan also argues for a maar. However, we still use
the term Songaksan tuff ring here, for historical continuity and because we do
not consider maars and tuff rings to be distinct volcano types.
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Fig. 1 a Location map of Jeju
Island. b Digital elevation model
of Jeju Island consisting of a
broad and gently sloping lava
shield and a 1950-m-high central
peak (Mt. Hallasan) dotted by
numerous volcanic cones. ¢
Geologic and topographic map of
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Songaksan is the youngest volcanic center on Jeju Island,
located at the southwestern margin of the island. It comprises a
tuff ring with a nested scoria cone and a ponded trachybasalt
lava inside the crater (Chough and Sohn 1990; Sohn et al.
2002) (Fig. 1c). The tuff ring is virtually unlithified and was
severely eroded by the action of the sea, losing the original
“ring” morphology but exposing the cross section of the
whole tuff sequence from inside the crater to the distal margin,
whereas the nested scoria cones and ponded lava form a prom-
ontory because of their resistance to erosion. The tuff ring
accumulated upon the Late Pleistocene Kwanghaeak Basalt,
which is a pahoehoe lava field forming an extensive and
low-altitude coastal plain near sea level in southwestern Jeju
Island. The basal few meters of the tuff ring were deposited in
the intertidal region with a tidal range less than 2 m, whereas
the rest were deposited above sea level (Yoon et al. 2016). The
standing body of seawater is therefore interpreted to have
played only a minor role in hydrovolcanic explosions because
influx of seawater directly into the vent must have been

immediately dammed by the construction of the tephra ring
around the vent (Chough and Sohn 1990). The tuff sequence
thins rapidly from ca. 80 m near the crater rim to <10 cmin a
few kilometers (Fig. 2a). Geochemical investigation of tephra
suggests that the volcano was produced by multiple magma
batches, which erupted sequentially from the same vent
(Brenna et al. 2011). Radiocarbon dating of mollusk shells
from the basal part of the tuff ring and the organic materials
within the paleosol beneath the tuff ring gave an age between
3720 £ 50 and 4130 + 60 years BP and an age of
3640 £ 50 years BP, respectively (Ahn et al. 2015; Sohn
et al. 2015).

The Songaksan tuff ring can be divided into four tuff units
(unit A to D from base to top) based on color and
componentry of the tuff: dark gray or black and accidental
quartz-poor units A and C and olive gray and accidental
quartz-rich units B and D. The contacts between these tuff
units are sharp and non-erosional (Fig. 2b, c), suggesting de-
position of tephra without a break in eruption. A set of

@ Springer
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Fig. 2 a The exposure of the E
Songaksan tuff ring along the
western coast. The tuff sequence
can be divided into four tuff units
based on tuff color and
componentry. It is 80 m thick at
the crater rim and thins
exponentially away from the rim.
b, ¢ The sharp and non-erosional
contacts between dark gray tuffs
of units A and C and olive gray
tuffs of units B and D. The
depositional features of the tuff
units indicate deposition mainly
from moist pyroclastic surges. d
Erosional contact between units B
and C with an intercalation of
low-angle cross-stratified deposit,
which is interpreted to represent a
storm event during the eruption of
Songaksan (Sohn and Sohn
2016). The photo scales in b and
d are graduated in centimeters

Sampling location

prominent erosion surfaces are found along the contact be-
tween units B and C (Fig. 2d). The erosion surfaces do not
imply a break in eruption but are interpreted to record a storm
event during the eruption of Songaksan (Sohn and Sohn
2016). The whole tuff ring is therefore interpreted to have
resulted from a single continuous eruption.

The relative proportions of fall deposits, which occur most-
ly as thin (less than a few centimeters thick), continuous fine
ash layers with uniform thicknesses over undulating bedforms
or bedding sag depressions and commonly contain abundant
accretionary lapilli, are estimated to be a few to 10% in thick-
ness in units B, C, and D (Chough and Sohn 1990). The
relative proportion of fall deposits in unit A is as much as
about 20% in thickness (Yoon et al. 2016). The four tuff units
are also identified in the tuff sequence exposed along the
northeastern coast of Songaksan with similar thicknesses.
This suggests that the ejecta was almost symmetrically dis-
persed around the crater of the tuff ring and that the tuff sam-
ples taken from the western coast of the tuff ring (Fig. 1¢) can

@ Springer

represent the whole tuff sequence of Songaksan. An exposure
along the northeastern coast also shows that the tuff units have
the virtually identical deposit facies and inferred depositional
processes in spite of the distinct contrasts in tuff colors and
componentry (Fig. 3), which reflect different eruptive condi-
tions in the diatreme, as will be discussed later.

Substrate characteristics

More than 5000 groundwater wells have been drilled all over
Jeju Island since the 1960s, revealing the details of the sub-
surface stratigraphy, lithology, and groundwater hydrology of
the island (Hahn et al. 1997; Koh 1997; Sohn and Park 2004;
Won et al. 2005; Koh et al. 2006; Won et al. 2006; Sohn et al.
2008; Koh et al. 2013; Mair et al. 2013) (Fig. 4a). The base-
ment rocks are first encountered ca. 150 to 310 m below sea
level in the boreholes and comprise Jurassic and Cretaceous
granites in the majority of the island. In the eastern part, how-
ever, the basement comprises Cretaceous silicic (rhyolitic to
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Fig. 3 An exposure of units B
and C along the eastern coast of
Songaksan, showing different tuff
colors but identical deposit facies.
See Fig. 1 for the location of the
photograph

dacitic) volcanic and volcaniclastic rocks. In the western to
southwestern part, including the Songaksan area, the

Fig. 4 a Schematic column of the subsurface stratigraphic units beneath
Songaksan compiled from a number of borehole data sources, including
Koh (1997), Sohn et al. (2008), Koh et al. (2013), and many unpublished
reports of the Korea Agricultural Corporation and Water Industry
Research Center of Jeju Special Self-Governing Province Development
Corporation. b A quartzose sedimentary rock fragment from the proximal
part of the Songaksan tuff ring. ¢ Thin-section photomicrograph of a
quartzose sedimentary rock fragment under crossed nicols, dominantly
comprising fractured quartz grains (Qz). d Well-sorted quartz sand of the

basement consists of quartzose sedimentary rocks of unknown
age (Fig. 4b, ¢).

U Formation from a borehole located in the southeastern part of Jeju
Island. The sediments of the U Formation are only rarely recovered as
cores because of their unconsolidated and uncemented nature. e A
basaltic lapilli tuff fragment from the proximal part of the Songaksan
tuff ring, consisting of black basaltic lapilli set in a yellowish
palagonitized ash matrix. f Thin-section photomicrograph of a basaltic
tuff clast under open nicols, consisting of sideromelane (S) and tachylite
(T) grains in a poorly sorted fine ash matrix. The photo scales in b and e
are graduated in centimeters. The pen for scale in d is 13 cm long

@ Springer
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Above the basement lies a sequence of unconsolidated
quartzose sand and mud, named the U Formation (Koh
1997) (Fig. 4d). The formation is 150 m thick on average,
and its upper surface is encountered ca. 120 m below sea level
in the boreholes, approximately identical to the seafloor depth
around Jeju Island. The formation contains calcareous marine
nanofossils and is interpreted to have accumulated on the con-
tinental shelf in the Pliocene before the onset of volcanism in
the Jeju Island area (Sohn and Park 2004).

The Seoguipo Formation above the U Formation is the
product of hydrovolcanic activity on the continental shelf be-
tween ca. 1.8 and 0.5 Ma (Fig. 4e, f). Detailed sedimentolog-
ical analysis of some cores (Sohn et al. 2008) reveals that the
formation comprises numerous superposed phreatomagmatic
volcanoes (tuff rings and tuff cones) and intercalated marine
or non-marine, volcaniclastic, and rare non-volcaniclastic de-
posits, recording the widespread and continual hydrovolcanic
activity and associated volcaniclastic sedimentation under the
influence of fluctuating Quaternary sea levels. Borehole dril-
ling reveals that the average thickness of the formation is 64 m
and that the upper surface of the formation is encountered ca.
50-60 m below sea level in the western part, ca. 110 m below
sea level in the eastern part, and ca. 200 m above sea level in
the central part of Jeju Island. Some volcanic edifices belong-
ing to the Seoguipo Formation protrude above the overlying
lavas (Sohn and Park 2005). The lavas are only 50 to 60 m
thick in the western and southwestern margins of Jeju Island
and consists of thin, pahochoe to aa lavas intercalated with
clinker, scoria, and paleosol layers (Jeon et al. 2013).

To summarize, the Songaksan volcano is interpreted to be
underlain by ca. 50—-60-m-thick lavas, ca. 60—70-m-thick basaltic
volcaniclastic deposits of the Seoguipo Formation, ca.
150-m-thick quartzose sand and mud of the U Formation, and
then the quartzose basement rocks (Fig. 4a). The volcaniclastic
deposits of the Seoguipo Formation are variably lithified. The
core specimens can thus be easily broken or crushed with hands,
depending on the degree of palagonitization of tuff and the
sorting or fine ash matrix content of the deposits. The quartzose
sand and mud of the U Formation are unconsolidated and
uncemented. The quartzose sands of the U Formation are espe-
cially well sorted and as loose as modern sand (Fig. 4d), probably
because of their deposition in the tidal sand ridges that cover the
seafloor of the Yellow Sea continental shelf (Shinn et al. 2007)
and because of the lack of any cementing materials and clayey
matrix in the interstices (Koh 1997; Jeong et al. 2016). The
quartzose basement rocks are also porous and so fragile that they
can be easily broken or crushed with hands.

The substrate stratigraphy and lithology of Jeju Island thus
provides a peculiar condition for phreatomagmatic eruption
and diatreme formation of Songaksan in that the most rigid
strata (the lavas) occur at the top, the less rigid strata (the
Seoguipo Formation) occur beneath it, and the most fragile
strata (the U Formation) occur further below. We hypothesize
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that the inverted rigidity profile might have affected signifi-
cantly the geometry of the diatreme beneath Songaksan. It is
also worth noting that the basement did not act as the lower
limit of magma-water interaction and downward diatreme ex-
cavation because of its porous and fragile nature.

Materials and methods

The Songaksan tuff ring is composed dominantly of tuff, with
lapilli tuff restricted mainly to the proximal part. Blocks are pres-
ent as isolated clasts in the proximal-to-medial deposits but never
form a continuous layer. The overall componentry of the
Songaksan tuff ring thus appears to be represented by tuffs rather
than by coarser grained deposits. A total of 30 samples were
collected from a medial-to-distal location, ca. 850 to 900 m away
from the center of the tuff ring (Figs. 1c and 2a), where the
sampling of the whole sequence, about 8.5 m thick, was possible,
although unit D was partly removed by erosion in the upper part.
The deposits here comprise mostly thin-bedded and well-bedded
tuffs with downcurrent-migrating climbing megaripple
bedforms, downcurrent-migrating low-relief undulations, and
plane-parallel to mantle bedding (Fig. 5). Accretionary or ar-
mored lapilli are commonly scattered within beds or occur in
diffuse layers. These features indicate that all these units were
emplaced by dilute and moist pyroclastic density currents
(surges) and associated fallout (Chough and Sohn 1990).

The average bulk density and porosity of the Songaksan
tuffs were measured to be 1.65 g/cm’ and 34.7%, respectively
(Sohn 2015). The point compressive strength of the tuffs mea-
sured by the point load strength test (Broch and Franklin
1972) is 31.5 kgf/lem?® (=3.1 MPa) on average, indicating that
the tuffs belong to “very weak rock” according to the classi-
fication scheme of Brown (1981). The average vesicularity of
juvenile tephra is calculated to be 8% based on the density and
porosity data from the tuffs.

Samples weighting a few hundred grams were taken with a
trowel from 30 horizons of the tuff sequence (Fig. 5). The tuffs
were mostly disintegrated into grains during sampling and
transportation to the laboratory. About a hundred grams of
each sample was separated with a sediment splitter for grain
size and componentry analyses. The samples were then im-
mersed in water for a day and treated in an ultrasonic vibrator
for 10 min in order to clean the surface of the tephra grains and
make the observations of grain surface features easier, rather
than to further disintegrate the samples, because they were

Fig. 5 Graphic column of the tuff sequence in the medial-distal part of p»

the Songaksan tuff ring with sample locations. Histograms on the right
show the componentry and grain size distribution in each sample.
Extremely fine ash (<4 @) and very coarse ash to lapilli (>0 ®) were
excluded from the componentry analysis and are shown by black bars
on the histograms.
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already mostly disintegrated into grains before immersion into
water. Ash lumps and aggregates that were left in some sam-
ples after this procedure were so fragile that they could not be
removed by picking up with fingers or tweezers and were
disintegrated by lightly pressing down them with fingers.
They were then dried and weighed to get the total weight.
Those fractions coarser than 4 ¢ (1/16 mm) were then selected
by wet sieving, dried, dry-sieved at 1 ® interval, and weighed,
following the standard procedure for grain size analysis
(Carver 1971) (Table 1). The fractions finer than 4 & were
not processed for further analysis but were assumed to com-
prise mostly silt-size grains between 4 and 9 @ (Fig. 5). Grain
size parameters were then calculated by the inclusive graphics
method of Folk (1974) using a software provided by the US
Geological Survey (Poppe et al. 2004). The analysis shows

that most samples belong to the “tuff” field of Fisher (1966),
containing less than 25% lapilli. The mode was at the 2-3 &
interval (fine ash; terminology of White and Houghton 2006)
for 16 samples and at the 0—1 ® interval (coarse ash) for 12
samples (Table 1). Interestingly, no samples had a mode at the
1-2 ® interval (medium ash).

The ash grains of each size fraction between 0 ¢ (1 mm)
and 4 ® (1/16 mm) from the 30 samples were then impreg-
nated with epoxy and prepared for 120 polished thin sections
for componentry analysis and other observations. Very coarse
ash-sized to lapilli-sized grains coarser than 0 ® (1 mm) were
excluded from this procedure because most samples com-
prised only a few lapilli grains, and the amount of very coarse
ash was insufficient to make a polished section for most sam-
ples (Table 1). These grains were thus observed only under an

Table 1  Results of grain size analysis of the Songaksan tuff samples
Sample no. Weight % Md M o Sk
—4/-3 =3/2 —2/~1 -1/0 0/1 1/2 2/3 3/4 4<
Al 0.00 6.89 9.65 6.37 12.50 23.93 28.64 7.68 4.34 1.65 1.13 1.89 —-0.34
A2 0.00 1.78 9.51 7.79 19.48 19.33 19.69 10.37 12.05 1.59 1.6 1.97 0.02
A3 0.90 6.94 7.88 11.95 2521 16.61 12.30 6.71 11.50 0.87 1.06 2.17 0.13
A4 0.00 0.00 1.56 1.77 9.75 20.80 27.45 19.20 19.48 2.58 2.66 1.54 0.09
AS 0.00 3.64 5.16 7.27 20.16 20.09 19.44 1122 13.02 1.68 1.79 1.95 0.05
Bl 0.00 0.00 3.75 3.19 12.68 20.45 28.08 17.11 14.73 2.36 2.35 1.66 0
B2 0.00 0.00 0.45 2.54 16.35 22.77 27.69 15.50 14.70 228 2.34 1.53 0.12
B3 0.00 0.00 1.64 2.60 12.86 20.05 29.12 17.66 16.06 244 2.46 1.56 0.06
B4 0.00 1.26 4.70 11.60 25.24 19.25 17.63 9.89 10.43 1.35 1.54 1.77 0.17
B5 0.00 0.00 0.85 1.95 9.84 20.14 25.85 17.38 23.98 2.65 2.79 1.64 0.13
B6 0.00 0.00 1.39 3.25 14.63 15.59 22.38 16.14 26.61 2.67 2.7 1.82 0.05
B7 0.00 0.00 2.62 4.45 14.78 20.27 24.67 14.98 18.23 232 2.39 1.76 0.07
B8 0.00 0.00 1.50 4.58 17.87 2235 24.04 12.97 16.69 2.15 228 1.69 0.14
B9 0.00 0.00 0.11 1.09 8.95 21.15 31.59 18.29 18.82 2.57 2.7 1.43 0.15
B10 0.00 0.00 0.56 1.82 12.75 25.27 29.29 14.11 16.19 2.31 2.46 L5 0.17
B11 0.00 2.57 9.04 13.01 25.93 17.31 12.45 5.33 14.36 0.97 1.35 2.12 0.25
Cl 0.00 3.03 10.40 17.28 33.15 20.54 8.64 1.90 5.06 0.58 0.58 1.57 0.1
C2 6.80 11.65 17.50 16.01 16.66 8.48 5.74 3.61 13.56 —0.12 0.34 2.63 0.25
C3 0.00 0.00 0.46 1.41 7.29 11.67 19.10 17.37 42.70 3.6 343 1.69 -0.13
C4 0.00 0.00 0.11 0.77 5.53 9.86 15.64 16.32 51.76 4.08 3.84 1.71 -0.19
C5 1.89 4.61 11.00 10.16 11.92 11.59 13.16 10.66 25.01 1.9 1.78 2.63 -0.05
C6 0.00 0.00 2.29 9.07 26.46 15.71 10.85 8.80 26.82 1.74 221 2.07 0.26
Cc7 0.00 1.28 5.32 12.55 26.79 13.57 9.27 7.12 24.11 1.24 1.87 2.22 0.34
Cc8 0.00 1.73 4.74 8.76 18.27 15.90 13.28 10.32 27.00 2.04 2.34 2.29 0.13
Cc9 0.43 4.86 12.07 14.05 18.91 10.53 8.91 7.51 22.73 0.98 1.44 2.52 0.22
Dla 0.00 0.00 0.69 0.76 3.59 11.92 25.09 20.55 37.40 3.37 3.46 1.55 0.07
DIb 0.00 0.00 4.77 239 4.07 10.09 21.41 19.19 38.07 337 3.35 1.94 —0.13
D2 0.00 10.48 19.71 18.38 17.42 9.61 11.76 10.60 2.05 0.08 0.37 2.02 0.18
D3 0.00 2.19 8.57 14.70 23.53 20.11 13.60 4.57 12.73 1.05 1.23 1.96 0.18
D4 0.00 3.44 12.56 16.46 24.38 15.42 11.03 5.11 11.60 0.7 0.93 2.06 0.22

Md median (®), M mean (®), o standard deviation (®), Sk skewness
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optical microscope and excluded from the statistical summation
of the componentry. Backscattered electron (BSE) images were
obtained from the polished sections using a JEOL JXA-8100
electron microprobe in the Center for Research Facilities of
Gyeongsang National University. About 500 ash grains were
observed and counted from the BSE images of each polished
section in order to distinguish between their grain componentry
(juvenile vs. accidental), surface textures (ash-coated vs.

uncoated), and internal textures (sideromelane vs. tachylite)
(Table 2). Observations using a JEOL JSM-7610F field emis-
sion scanning electron microscope in addition to an optical
stereoscopic microscope were made for selected juvenile grains
in the 2-3 & interval to see the surface morphology and other
microscopic features of the tephra grains. The chemical com-
position of the microlite-free glass of 2 to 3 juvenile grains from
most samples and 9 to 10 grains from samples B11, C1, and C2

Table 2 Results of grain

componentry analysis of the Sample no. Juveniles (%) Accidentals (%)
Songaksan tuff samples
S 1 T Total Shallow-derived Deep-derived Total
Blt SGF Qz Acc

Al 67.0 4.7 1.3 73.1 0.1 2.0 20.3 4.6 26.9
A2 68.7 8.0 2.5 79.2 0.1 6.7 12.1 1.9 20.8
A3 83.9 94 2.5 95.8 0.1 1.6 22 0.3 42
A4 71.7 13.2 2.8 93.7 0.0 1.7 3.8 0.8 6.3
AS 80.6 14.9 23 97.8 0.0 0.7 1.4 0.1 22
Ajverage 75.6 10.0 23 87.9 0.0 25 7.9 1.6 12.1
Bl 58.0 13.2 32 74.5 0.1 5.8 16.1 3.6 25.5
B2 53.7 9.6 2.9 66.3 0.1 5.5 23.8 43 33.7
B3 45.0 9.2 23 56.4 0.3 79 28.1 72 43.6
B4 50.8 11.5 3.0 65.2 0.5 5.1 26.2 29 34.8
B5 46.9 15.2 3.8 65.9 0.2 32 27.0 3.7 34.1
B6 55.0 20.4 5.6 80.9 0.2 2.1 14.0 2.7 19.1
B7 48.4 22.6 6.4 77.3 0.3 34 16.3 2.6 22.7
B8 445 14.8 4.1 63.5 0.2 5.8 26.7 3.8 36.5
B9 36.1 15.9 3.1 55.1 0.1 5.7 335 5.7 449
BI10 39.3 15.1 3.7 58.1 0.5 5.8 29.8 59 41.9
Bl11 33.7 8.3 2.4 44.4 0.6 0.6 51.4 3.0 55.6
Baverage 46.5 14.2 3.7 64.3 0.3 4.6 26.6 4.1 357
Cl 59.8 9.9 2.5 72.2 0.2 0.5 25.7 1.3 27.8
C2 80.4 10.2 33 93.9 0.0 0.3 53 0.5 6.1
C3 56.8 249 11.9 93.6 0.1 0.5 4.7 1.1 6.4
Cc4 48.9 30.3 14.3 93.4 0.3 0.2 4.8 1.3 6.6
C5 52.5 29.0 10.1 91.5 0.4 0.9 6.1 1.1 8.5
Co6 50.4 29.5 16.4 96.4 0.2 0.3 2.7 0.4 3.6
Cc7 53.4 257 17.6 96.7 0.0 0.2 2.8 0.4 33
C8 55.1 30.0 9.5 94.6 0.2 0.3 43 0.7 54
Cc9 53.0 32.0 10.3 95.3 0.2 0.5 3.6 0.4 4.7
Caverage 56.7 24.6 10.6 92.0 0.2 0.4 6.7 0.8 8.0
Dla 35.7 10.0 4.3 50.0 0.2 8.8 34.8 6.2 50.0
Dilb 373 9.5 43 51.1 0.1 10.8 324 5.6 48.9
D2 43.4 21.9 8.3 73.6 0.3 8.5 15.8 1.8 26.4
D3 28.9 44 1.9 353 0.1 5.1 54.8 49 64.9
D4 24.7 3.0 22 30.1 0.2 7.5 59.4 29 70.0
Daverage 34.0 9.8 42 48.0 0.2 8.1 394 43 52.0

S sideromelane, / intermediate, 7" tachylite, BIf crystalline basalt fragment, SGF tuff fragments and palagonitized
grains, Oz quartz grains and quartzose rock fragments, Acc accessory mineral grains (K-feldspar, mica, heavy

minerals, and etc.)
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was obtained using a JEOL JXA-8100 wavelength dispersive
electron microprobe with ZAF matrix correction in the same
institute (Table 3). The microprobe was operated with an accel-
erating voltage of 15 kV, beam current of 10 nA, beam diameter
of 1 um, peak counting time of 20 s, and background counting
time of 10 s. Natural minerals were used as standards for Na, Si,
Fe, K, Al, Mn, Ca, Mg, P, Cr, and Ti. Accidental lithic clasts
were collected from the proximal part of the tuff ring. Thin
sections were then prepared for these clasts for petrographic
observations and comparison with the subsurface stratigraphic
units.

Results
Juvenile grains

Juvenile grains are generally angular and blocky in shape with
irregular margins. They are variably vesicular but generally
incipiently vesicular to non-vesicular (terminology of
Houghton and Wilson 1989) and contain variable amounts
of euhedral to subhedral crystals of plagioclase, olivine, py-
roxene, spinel, and magnetite in a glassy groundmass. They
are classified into three types: sideromelane, tachylite, and
intermediate grains, based mainly on the distribution density
of Fe-oxide microlites on the BSE images (Fig. 6). The
sideromelane grains are composed of colorless to light yellow
glass under optical microscope and pristine glass on the BSE
images with scarce Fe-oxide microlites and relatively rare and
small plagioclase laths (Fig. 6a). On the other hand, the
tachylite grains have an opaque groundmass under optical
microscope and densely populated microlites of Fe oxides that
surround or coat the plagioclase laths on BSE images.
Plagioclase laths are generally more abundant and larger than
those in the sideromelane grains (Fig. 6¢). The intermediate
grains have intermediate amounts of Fe-oxide microlites,
which commonly occur as thin coatings on plagioclase or
olivine crystals. They are dark brown and translucent under
optical microscope (Fig. 6b). There is also a tendency for the
vesicles to be more spherical in the sideromelane grains and
more irregular in the tachylite grains.

Accidental grains

Five types of accidental grains are identified in the medial-distal
tuff beds of Songaksan, including (1) crystalline basalt fragments
(Fig. 7a), (2) basaltic tuff fragments (Fig. 7b), (3) monocrystalline
quartz grains (Fig. 7c), (4) polycrystalline quartz grains or quartz-
ose rock fragments (Fig. 7d), and (5) accessory mineral grains,
such as alkali feldspar, mica, and heavy minerals (Fig. 7¢). The
crystalline basalt fragments contain abundant olivine and plagio-
clase phenocrysts in a microcrystalline groundmass rich in pla-
gioclase laths. Some fragments contain irregular vesicles. They
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are interpreted to have been derived mainly from the underlying
lavas, although some might have been derived from disintegrated
intradiatreme dikes (White and Ross 2011). The basaltic tuff
fragments consist of dark colored, ash-sized to lapilli-sized and
generally non-vesicular basaltic grains set in a brownish to yel-
lowish matrix (Fig. 4e). Under the microscope, they are identified
as either transparent sideromelane or opaque tachylite (Fig. 4f)
commonly with alteration or palagonitized rims along the grain
margins and vesicle walls (Fig. 7b). These features indicate that
they were derived from the basaltic volcaniclastic deposits of the
Seoguipo Formation. The monocrystalline quartz grains are the
most abundant accidental materials in the tuff ring. They are
generally angular and rarely have partially preserved quartz over-
growth along the grain margins (Fig. 7c), suggesting their origin
from sedimentary rocks. They are interpreted to have been de-
rived mainly from the sand deposits of the U Formation and
subordinately from the quartzose basement rocks. Minor
amounts of quartz grains might have originated from the
Seoguipo Formation because some of the volcaniclastic deposits
of the formation contain accidental quartz grains. The polycrys-
talline quartz grains and quartzose rock fragments show perva-
sive internal fractures and secondary pores (Figs. 4c and 7d).
They are interpreted to have been derived from the quartzose
basement rocks. The accessory mineral grains of alkali feldspar,
mica, and heavy minerals are also interpreted to have been de-
rived from the basement rocks.

We use the term “deep-derived” for the quartzose rock
fragments and the quartz and accessory mineral grains that
were derived mostly from the U Formation and the under-
lying basement rocks and the term “shallow-derived” for
the crystalline basalt and the tuff fragments that were de-
rived from the lavas and the underlying Seoguipo
Formation when describing the accidental componentry,
because they were derived from the relatively deeper
(>120 m) and shallower (<120 m) levels of the substrate,
respectively. It should be noted that some of the materials
derived from the Seoguipo Formation might have been
counted as juvenile grains because some deposits of the
formation are poorly lithified and might have provided un-
altered basaltic ash grains to the erupting materials upon
disintegration. We found that the basaltic grains from the
Seoguipo Formation contain amphibole phenocrysts in
some cases and have lower SiO, and higher alkali contents
than the Songaksan tuff. However, these differences could
not be taken into account during the counting of ca. 60,000
grains on the polished sections. On the other hand, some
juvenile ash aggregates or accretionary lapilli that survived
the procedures for grain disintegration during sample prep-
aration might have been counted as accidental tuff frag-
ments from the Seoguipo Formation. All quartzose grains
are regarded to be deep-derived although some quartz
grains might have originated from the volcaniclastic de-
posits of the Seoguipo Formation. Crystalline basalt



Bull Volcanol (2017) 79: 23

Page 11 of 26 23

Table 3  Major element composition of glassy groundmass of sideromelane grains in the Songaksan tuff samples

Sample no. SiO, TiO, Al,O4 FeO* Cr,05 MnO MgO CaO Na,O K,0 P,Os Total Mg#
Al-1 51.15 3.32 14.76 11.64 0.00 0.19 3.66 7.70 3.56 2.14 0.77 98.86 38.8
Al-2 50.83 3.32 14.71 11.08 0.00 0.12 3.69 7.61 4.05 2.15 0.66 98.21 40.2
Al-3 51.42 3.23 14.56 11.11 0.03 0.19 3.65 7.44 3.45 2.14 0.61 97.82 39.9
A2-1 52.34 3.26 14.69 10.84 0.00 0.22 321 6.80 3.64 243 0.76 98.20 374
A2-2 51.92 3.15 14.87 11.08 0.04 0.20 3.44 7.05 2.98 2.26 0.63 97.61 38.5
A2-3 52.51 3.02 15.02 10.99 0.00 0.19 3.38 7.04 3.04 2.14 0.67 97.99 383
A3-1 52.46 2.69 15.25 10.82 0.00 0.19 3.21 6.48 3.53 2.15 0.68 97.43 37.5
A3-2 52.58 2.94 15.32 10.40 0.01 0.17 2.97 6.77 3.75 2.47 0.68 98.06 36.6
A4-1 52.90 247 16.65 9.74 0.00 0.14 3.15 7.08 3.52 2.40 0.71 98.76 39.5
A4-2 52.66 2.56 16.65 9.93 0.00 0.17 3.02 6.81 3.87 242 0.61 98.70 38.0
A5-1 52.56 2.88 15.37 10.06 0.03 0.18 327 6.56 342 2.39 0.63 97.34 39.6
A5-2 51.89 3.07 14.71 11.01 0.00 0.21 3.26 6.99 345 2.75 0.57 97.89 374
Bl-1 53.03 2.88 15.58 9.90 0.00 0.19 3.29 6.55 3.84 2.19 0.84 98.29 40.2
B1-2 53.36 2.84 14.94 10.83 0.00 0.16 3.18 6.47 3.79 2.69 0.82 99.07 372
B2-1 53.01 3.02 15.20 10.10 0.02 0.18 2.83 6.44 3.36 2.57 0.47 97.20 36.1
B2-2 53.21 3.07 14.93 10.05 0.00 0.21 3.15 6.71 3.66 2.40 0.66 98.03 38.8
B3-1 51.68 3.10 15.06 10.73 0.02 0.18 3.33 6.81 225 3.72 0.80 97.69 38.5
B3-2 52.72 2.39 15.18 10.48 0.00 0.17 3.09 6.30 3.68 2.60 0.75 97.84 37.3
B4-1 53.32 3.00 14.81 10.53 0.02 0.18 3.11 6.32 3.57 2.49 0.73 98.08 374
B4-2 52.47 2.39 15.00 10.50 0.00 0.15 3.06 6.63 3.77 2.53 0.75 97.73 37.0
B4-3 53.16 3.08 15.13 10.48 0.02 0.14 3.05 6.48 3.48 2.75 0.84 98.60 37.0
B5-1 53.01 3.02 15.20 10.10 0.02 0.18 2.83 6.44 3.36 2.57 0.47 97.20 36.1
B5-2 53.41 2.95 14.93 10.51 0.00 0.13 3.04 6.17 3.59 2.55 0.71 97.99 36.9
B5-3 53.37 2.85 14.98 10.91 0.05 0.18 3.02 6.62 3.50 2.58 0.67 98.73 359
B6-1 52.31 2.87 15.29 10.63 0.00 0.18 3.08 6.66 3.22 2.54 0.70 97.48 36.9
B6-2 51.67 3.23 14.23 10.90 0.00 0.17 3.15 6.79 3.07 2.68 0.65 96.52 36.9
B7-1 52.41 3.02 14.93 10.38 0.00 0.17 3.25 6.53 3.57 2.44 0.73 97.42 38.7
B7-2 52.72 2.95 15.37 10.37 0.02 0.20 3.20 6.60 3.38 2.50 0.69 98.00 384
B8-1 52.59 3.03 15.03 10.68 0.00 0.15 3.20 6.30 3.62 248 0.75 97.83 377
B8-2 52.21 2.80 15.51 10.52 0.01 0.16 332 6.96 393 2.30 0.77 98.50 389
B9-1 52.09 2.82 15.27 10.37 0.00 0.17 327 6.67 3.61 2.34 0.58 97.18 389
B9-2 52.24 3.19 14.77 11.09 0.00 0.17 3.17 6.78 3.49 245 0.71 98.04 36.6
B10-1 51.19 2.56 16.75 10.44 0.03 0.15 3.07 7.31 3.93 2.25 0.46 98.13 37.3
B10-2 52.14 2.98 15.16 10.40 0.00 0.15 3.26 6.41 3.56 242 0.57 97.05 38.8
B10-3 52.11 2.59 15.34 10.15 0.02 0.21 2.94 6.63 3.24 2.52 0.47 96.23 36.9
B11-1 51.40 2.55 15.22 10.54 0.01 0.18 3.66 7.27 3.71 2.13 0.56 97.22 412
B11-2 50.74 2.54 15.14 10.69 0.03 0.12 436 8.59 3.63 1.79 0.37 98.00 452
B11-3 50.51 2.54 15.19 10.47 0.04 0.21 4.30 8.48 3.70 1.74 0.48 97.65 453
Bl1-4 50.96 2.88 15.29 10.43 0.04 0.15 4.01 8.49 4.08 1.70 0.36 98.39 437
B11-5 51.61 2.95 15.47 10.56 0.06 0.15 3.49 7.73 4.17 2.07 0.36 98.62 40.0
B11-6 51.58 2.82 15.7 10.33 0.00 0.16 3.43 7.34 4.13 2.07 0.38 97.93 40.1
B11-7 52.45 2.83 15.87 10.34 0.00 0.13 3.02 6.63 453 2.24 0.79 98.84 354
B11-8 53.09 2.88 15.54 10.25 0.03 0.21 291 6.36 4.54 2.55 0.62 98.97 36.4
B11-9 51.67 2.92 15.64 10.53 0.00 0.21 3.29 7.08 4.18 2.20 0.53 98.24 38.7
Cl-1 50.19 2.69 15.32 991 0.01 0.11 4.50 8.62 3.78 1.62 0.40 97.15 47.8
Cl1-2 50.86 2.61 15.59 10.16 0.01 0.15 4.66 8.71 373 1.70 0.44 98.61 48.1
C1-3 51.19 245 15.81 9.93 0.02 0.16 4.64 8.51 3.53 1.93 0.54 98.71 48.5
Cl4 50.44 2.52 16.09 9.63 0.04 0.14 436 8.71 4.04 1.61 0.23 97.78 478
Cl-5 50.60 2.58 16.3 10.01 0.03 0.17 425 8.94 3.68 1.50 0.41 98.48 46.2
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Table 3 (continued)

Sample no. SiO, TiO, AlL,O3 FeO* Cr,03 MnO MgO CaO Na,O K50 P,Os Total Mg#

Cl-6 50.42 2.66 15.57 10.3 0.00 0.17 424 8.55 4.02 1.66 0.39 98.16 38.7
Cl1-7 50.64 2.54 16.13 9.84 0.01 0.17 429 8.72 3.78 1.68 0.37 98.17 46.8
Cl1-8 50.64 2.63 15.59 10.28 0.02 0.14 429 8.75 3.81 1.62 0.26 98.05 45.7
C1-9 50.47 2.62 15.73 9.98 0.01 0.15 4.39 8.83 3.86 1.60 0.44 98.05 45.7
Cl-10 50.38 2.59 15.61 10.17 0.00 0.08 4.50 8.67 3.90 1.69 0.20 97.79 472
C2-1 50.67 2.54 15.82 9.83 0.01 0.15 4.67 8.69 3.87 1.64 0.35 98.26 49.0
C2-2 50.50 2.57 15.85 9.80 0.02 0.13 4.74 8.73 3.70 1.64 0.47 98.15 49.4
C2-3 50.80 2.59 15.82 9.56 0.00 0.13 4.69 8.74 3.52 1.62 0.49 97.95 50.0
C24 50.19 251 15.99 9.98 0.04 0.19 434 8.81 3.91 1.59 0.31 97.85 46.8
C2-5 50.68 2.56 16.22 991 0.04 0.16 433 8.86 3.91 1.61 0.41 98.69 46.9
C2-6 50.94 2.57 15.7 10.12 0.03 0.12 435 8.89 4.00 1.62 0.44 98.77 472
C2-7 50.58 2.75 15.58 10.46 0.03 0.18 431 8.86 3.93 1.74 0.32 98.74 454
C2-8 50.63 2.64 15.99 10.15 0.01 0.14 4.45 8.82 3.84 1.54 0.25 98.47 47.0
C2-9 50.39 2.66 15.46 10.35 0.04 0.20 448 8.91 3.91 1.71 0.38 98.47 47.1
C3-1 50.99 245 16.69 9.77 0.07 0.18 4.13 9.65 3.81 1.54 0.36 99.64 46.1
C3-2 50.02 2.56 15.66 9.50 0.05 0.13 4.66 8.70 348 1.48 0.40 96.64 49.8
C4-1 51.62 2.29 15.89 9.99 0.02 0.13 4.07 6.99 3.65 2.01 0.52 97.18 45.1
C4-2 51.19 2.31 15.91 9.90 0.00 0.16 4.00 6.96 3.22 1.96 0.54 96.15 44.9
Cs-1 50.14 242 14.89 10.40 0.04 0.15 4.90 8.80 3.30 1.75 0.47 97.26 48.8
C5-2 50.91 233 15.64 9.86 0.00 0.15 4.77 8.74 4.02 1.61 0.60 98.62 49.4
Co-1 50.88 2.46 14.76 10.52 0.01 0.14 4.67 8.88 335 1.79 0.42 97.88 473
C6-2 51.58 2.36 15.70 10.18 0.00 0.12 413 7.56 3.74 1.95 0.58 97.89 45.0
C6-3 51.46 2.69 15.41 10.24 0.00 0.17 442 8.06 3.56 1.82 0.51 98.32 46.6
C7-1 51.67 2.57 15.89 10.17 0.02 0.15 4.16 7.35 3.81 2.00 0.58 98.37 452
C7-2 51.37 2.66 15.72 9.94 0.00 0.17 426 7.92 3.93 191 0.51 98.38 46.4
C7-3 51.65 2.79 15.61 10.26 0.00 0.16 427 7.99 3.53 1.83 0.49 98.58 45.7
C8-1 51.27 2.55 16.27 9.60 0.01 0.14 451 8.49 3.87 1.70 0.58 98.98 48.7
C8-2 51.34 2.77 15.52 10.11 0.00 0.14 4.79 8.89 3.77 1.77 0.37 99.47 489
C8-3 50.50 251 15.75 9.94 0.01 0.18 421 8.43 3.68 1.66 0.51 97.37 46.1
C9-1 51.43 2.60 16.15 10.04 0.05 0.16 433 7.54 3.68 2.05 0.54 98.59 46.6
C9-2 50.95 2.73 15.68 10.23 0.00 0.16 439 8.45 3.61 1.79 0.54 98.52 46.4
Dla-1 51.17 2.65 15.76 10.22 0.00 0.15 3.98 6.17 3.80 2.05 0.56 96.51 44.0
Dla-2 52.16 2.74 15.97 10.11 0.00 0.16 3.82 7.06 3.62 2.06 0.56 98.27 433
Dla-3 50.79 2.55 15.48 10.21 0.00 0.14 4.53 8.59 3.56 1.69 0.35 97.90 473
D1b-1 52.12 2.52 15.90 10.47 0.00 0.21 3.88 7.02 3.78 2.19 0.57 98.65 42.8
D1b-2 52.28 2.54 15.93 10.41 0.03 0.21 391 6.85 3.38 2.06 0.55 98.16 43.1
D2-1 52.06 2.85 15.59 10.53 0.00 0.18 3.77 7.01 3.84 223 0.46 98.53 42.0
D2-2 52.27 2.83 15.46 10.44 0.00 0.13 3.73 6.92 3.60 227 0.47 98.13 41.9
D2-3 52.23 2.72 15.84 10.70 0.00 0.22 3.94 6.96 3.69 222 0.51 99.03 42.6
D3-1 52.19 2.67 15.67 10.40 0.05 0.16 3.82 6.91 3.70 2.17 0.68 98.41 42.6
D3-2 52.27 2.59 15.85 10.33 0.00 0.23 3.72 6.86 3.73 2.09 0.49 98.15 42.1
D4-1 51.81 2.71 15.49 10.29 0.01 0.18 3.93 6.88 3.83 2.12 0.61 97.86 435
D4-2 52.00 2.61 15.83 10.34 0.02 0.19 3.80 6.74 3.61 2.18 0.73 98.06 42.6

FeO* total Fe as FeO*, Mg# 100 Mg”* /(Mg>* Fe?*), assuming Fe,04/FeO = 0.15

fragments are also underrepresented in the medial-distal ~ deep-derived accidental materials could be easily identi-
deposits because they occur mostly as blocks and lapilli in  fied and precisely counted under microscope and on BSE
the proximal part of the tuff ring. In spite of these limitations, images.
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Fig. 6 Thin-section a

Sideromelane

b Intermediate c

photomicrographs and BSE
images of three types of juvenile s
grains. a Sideromelane grains A A
have colorless to light yellow ;
glassy groundmass under optical
microscope (top) and pristine
glass on the BSE images (middle
and bottom) with scarce Fe-oxide
microlites. b Intermediate grains
have dark brown and translucent
groundmass under optical
microscope and intermediate
amounts of Fe-oxide microlites. ¢
Tachylite grains have opaque
groundmass under optical
microscope and densely
populated microlites of Fe oxides
that surround or coat the
plagioclase laths on BSE images.
Cpx clinopyroxene, O! olivine, P/
plagioclase, V vesicle

Tachylite

Vertical componentry variations

The results of the componentry analysis are given in Table 2 and
summarized in Fig. 8. The analysis shows that the content of the
tachylite plus intermediate grains relative to sideromelane grains

generally increases up-section with a dramatic decrease across
the boundary between units B and C and a minor decrease across
the boundary between units C and D (Fig. 8a). (The samples D3
and D4 were excluded from the analysis of the tachylite to
sideromelane ratio and the ash-coated vs. uncoated tephra ratio

T~ Fine ash coatings

dﬁfl\ e

N

Overgrowth
A/ '.

100um

Fig. 7 BSE images of five types of accidental grains. a Crystalline basalt
fragments from the underlying lavas contain abundant olivine and
plagioclase phenocrysts in a microcrystalline groundmass rich in
plagioclase laths. b Basaltic tuff fragments derived from the Seoguipo
Formation consist of sideromelane or tachylite grains commonly with
alteration or palagonitized rims along grain margins and vesicle walls. ¢
Monocrystalline quartz grains derived mainly from the U Formation are

‘10_0um

generally angular and have quartz overgrowth along the grain margins,
suggesting their origin from sedimentary rocks. d Polycrystalline quartz
grains or quartzose rock fragments from the basement rocks show
pervasive internal fractures and secondary pores. e An alkali feldspar
grain with pervasive fractures and secondary pores also derived from
the basement rocks. Note that some grains have partially preserved
coatings of extremely fine ash along the grain margins
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Fig. 8 Vertical variations in
componentry in Songaksan
tephra. a Variations of the
proportion of tachylite and
intermediate grains relative to the
total of juvenile clasts, overall a
increasing up-section but with
two drops across the boundaries
between units B, C, and D. b
Variations of the accidental
componentry. The shallow-
derived accidentals include
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because of severe alteration of the juvenile grains in the upper
part of unit D.)

The content of the deep-derived accidental grains shows
marked variations between the tuff units (Fig. 8b). Units B and
D contain 26.6 and 39.4% deep-derived accidentals (quartz and
other accessory mineral grains) on average, respectively, and
units A and C contain only 7.9 and 6.7% deep-derived acciden-
tals on average, respectively (Table 2). Unit A is characterized by
a progressive decrease of the accidental material content, whereas
unit C is characterized by a uniformly low accidental material
content (except in sample C1). It is also worth noting that the
relative proportions of the shallow-derived vs. deep-derived ac-
cidental materials do not change significantly between units,
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except for unit C, which has extremely rare shallow-derived
accidental materials.

We found during the componentry analysis that a large pro-
portion of either juvenile or accidental grains are still coated by
an extremely fine ash layer, a few micrometers in thickness
(e.g., Fig. 7a, d), even after the treatment of the samples in an
ultrasonic vibrator and the disintegration of ash lumps or aggre-
gates with fingers before wet sieving. We thus decided to count
the number of the ash-coated vs. uncoated grains in each sam-
ple and found that a large proportion of the grains in units A, B,
and D are ash-coated whereas the grains of unit C are mostly
uncoated (Figs. 8c and 9). We postulate that the distinctively
black tuff color of unit C (Figs. 2¢ and 3) is mainly the result of
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Fig. 9 BSE images of tephra grains showing marked contrasts in texture
between tuff units. a Not a single tephra grain of sample A1 is ash-coated.
Even the relics of coated ash are not found in the embayed vesicle walls
along the grain margins. b Tephra grains of unit B (the image is from
sample B4) are commonly coated by extremely fine ash whether they are
juvenile or accidental. ¢ Tephra grains of unit C (the image is from sample

the lack of coated grains in addition to the rarity of accidental
quartz grains. It was also interesting that the lowermost tephra
bed of unit A (sample A1) and the topmost tephra bed of unit B
(sample B11) consist entirely or mostly of uncoated grains in
contrast to the other samples in the same tuff units.

Analysis of major element composition of the microlite-free
glassy groundmass of sideromelane grains from each sample
(Table 3) shows that the juvenile grains of units A and B and
those of unit C have significantly different magnesium numbers
(Mg#) and that the juvenile grains of unit D have Mg# inter-
mediate between these units (Fig. 8d). The tephra grains from
the topmost sample of unit B (sample B11) are also character-
ized by a range of Mg# intermediate between units A and B and
unit C.

Subtle to significant differences in surface features of juvenile
grains were found between the tuff units, although only qualita-
tive observations were possible for these features because a sig-
nificant portion of grains were coated by extremely fine ash. The
observations show that some juvenile grains of unit A and most
juvenile grains of unit C have sharp edges and relatively clean
and curviplanar surfaces sparsely studded with extremely fine
ash particles, less than a few micrometers in size (Fig. 10a, c).
On the other hand, juvenile grains of units B and D have gener-
ally more abraded edges and moss-like surfaces due to a relative-
ly thick cover of extremely fine ash particles, a few micrometers
to a few tens of micrometers in size (Fig. 10b, d).

C2) are mostly uncoated by fine ash. d Tephra grains of unit D (the image
is from sample D1b) show similar characteristics to those of unit B. The
uncoated juvenile tephra grains of unit Al (a) and unit C (c) preserve
delicate grain margins in contrast to the coated tephra grains of unit B (b)
and unit D (d), which are apparently better rounded

Interpretations
Variation of chemical composition

The significantly different Mg#s between the juvenile grains of
units A and B and unit C and the moderate difference of Mg#s
of unit D, which were also reported in a previous study (Ahn
et al. 2015), suggest that there were at least three magma
batches with different thermal histories during the eruption of
the Songaksan tuff ring (Helz and Thomber 1987; Luhr 2001;
Johnson et al. 2008; Del Gaudio et al. 2010; Johnson et al.
2010) (Fig. 8d). Brenna et al. (2011) inferred six magma
batches for the entire volcanic sequence of Songaksan and four
magma batches (one magma batch for each tuff unit) within the
tuff ring. Sample B11 is of particular interest because of the
wide range of Mg#s. The lower range of Mg#s in this sample
(and the single low-Mg# data point in sample C1) is interpreted
to represent existing juvenile clasts in the diatreme infill, that
were ejected together with new particles having higher Mg#s.
Those new particles in sample B11 have Mgi#s intermediate
between those of the first magma batch and those of the second
batch, manifested in unit C. This means that magma from the
second batch arrived in the feeder dike shortly before the erup-
tion of unit C and mixed variably within the dike with the first
batch of magma before fragmentation. By the time unit C was
erupted, the feeder dike was entirely occupied by the second
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Fig. 10 Scanning electron microscope images of tephra grain
morphology and surface features. a Blocky, angular, and uncoated
juvenile grain of unit C. b Thickly ash-coated juvenile grain of unit B. ¢
Close-up of the juvenile grain surface of unit C sparsely studded with

magma batch. Another evidence for magma mixing during the
eruption of unit B11 is provided by the common, but not
unique, occurrence of olivine phenocrysts in the B11 tephra that
have an Mg-poor and resorbed core surrounded by an Mg-rich
and partially resorbed mantle or have an Mg-rich core
surrounded by an Mg-poor mantle (Ahn et al. 2015).

We therefore interpret that the second magma batch rose
through the same feeder dike where the residual magma from
the previous eruptive phase still remained molten, thereby
resulting in intimate mixing of the two magmas. This implies
that the eruption of the earlier magma batch was immediately
followed by the eruption of the second magma batch through
the same feeder dike and vent without a break in eruption. We
also make the same interpretation for the transition between
units C and D. This interpretation is consistent with the field
observations of the Songaksan tuff ring, which suggest a se-
quential but uninterrupted eruption of multiple magma batches
through the same vent (Brenna et al. 2011). Songaksan is thus
in contrast to some volcanoes, e.g., the Ilchulbong tuff cone,
which experienced a quite long pause in eruption between the
pulses of multiple magma batches, preserved as volcano-wide
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10.0kV LEI

extremely fine ash particles. d Close-up of the juvenile grain surface of
unit B, looking dirty because of adhesion of abundant fine ash particles.
The grain edges are not as sharp as those of unit C (c). Hydration or
quench cracks are visible on the grain

erosion and reworking of tephra, solidification of the residual
magma within the feeder dike, and a shift in the location of the
vent (Sohn et al. 2012).

Variation of accidental componentry

Accidental materials can be incorporated into the diatreme in a
number of ways, including the explosion-induced destruction of
the diatreme wall rocks near the explosion loci, gravity-induced
collapse of the wall rocks and overlying tephra beds in the upper
level of the diatreme, and scouring of wall rocks by debris jets
and other gaseous to particulate flows (Barberi et al. 1989;
Houghton and Nairn 1991; Ross and White 2006; White and
Ross 2011; Delpit et al. 2014; Agustin-Flores et al. 2015).
Variations of the types and amounts of the accidental materials
can therefore provide indirect information on the changes in the
dimension of the diatreme due to either lateral enlargement or
downward excavation, although there are some complicating
factors in that the ejecta from an explosion can comprise mate-
rials from different depths that were admixed by prior subsurface
explosions (Graettinger et al. 2014; Graettinger et al. 2015;
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Valentine et al. 2015). In the case of Songaksan, the amount of
the deep-derived accidental materials are interpreted to reflect
mainly disruption and excavation of the substrate below ca.
120-m depth, whereas the amount of the shallow-derived acci-
dental materials are interpreted to reflect mainly lateral enlarge-
ment of the diatreme in the shallow level above ca. 120-m depth.

The componentry analysis (Fig. 8b) shows clearly that the
diatreme growth occurred mainly during the eruption of the
lower part of unit A and throughout the eruptions of units B
and D. At other times, the diatreme appears to have remained
quite stable, especially during the eruption of unit C. The rela-
tive rarity of the shallow-derived accidental materials in this
unit and in the upper part of unit A also suggests that the growth
of the diatreme in the upper level halted almost completely
during deposition of these units. It is also worth noting that
the proportions of the deep-derived vs. shallow-derived acci-
dental materials do not show any temporal trend and that even
the lowermost tuff bed of unit A contains as much deep-derived
accidental materials as the tuff beds of the overlying units. We
therefore interpret that the model for the growth of diatremes in
response to deepening of phreatomagmatic explosion sites due
to drawdown of the water table (Lorenz 1986) is not applicable
to Songaksan because the inverted subsurface stratigraphy of
the Songaksan area is not reflected in the vertical variations of
the accidental componentry at all.

Variation of grain surface features

The proportion of coated grains shows important variations
between units (Fig. 8c). We rule out the possibility of differen-
tial, post-eruptive, or post-depositional cementation of tuff for
the origin of the ash coatings in some particular tuff units be-
cause there is no reason to suppose that there are, or were,
significant differences in grain size characteristics, depositional
setting, interstitial fluid properties, or other factors that can in-
fluence the degree of cementation between the tuff units. Above
all, the tuff beds composed of ash-coated tephra are not
cemented at all and as fragile as the tuff beds composed of
uncoated tephra. The variations in the proportions of coated
grains must therefore be primary.

Accretion of ash is normally thought to occur in eruption
plumes and pyroclastic density currents (abbreviated as PDCs)
as a result of electrostatic attraction and moist adhesion between
particles (Gilbert and Lane 1994; Schumacher and Schmincke
1995; Brown et al. 2010; Brown et al. 2012). We first explored
this idea, but rejected it because the coating or uncoating of
tephra in different tuff beds could not be explained by the dif-
ferences in the eruption and depositional processes. Above all,
we could not find any relationship between the deposit features
and the coating/uncoating of tephra. Our field observations, in
addition to the previous field studies of Songaksan since the
1990s (Chough and Sohn 1990; Sohn et al. 2002; Yoon et al.
2016), indicate that the tuff beds that lack coated grains

(samples A1, B11, and all samples of unit C) have the same
suite of deposit structures as the other tuff beds such as
megaripple bedforms, low-amplitude undulations, and planar
to parallel bedding (e.g., Fig. 3). In particular, accretionary la-
pilli, adhesion ripples, and plastered tuffs, which are all indica-
tive of the wetness of tephra, are found in all tuff units, suggest-
ing that they originated from the same suite of depositional
processes, i.e., moist pyroclastic surges and associated fallout,
generated during explosive phreatomagmatic eruptions.

We therefore infer that the ash coatings formed in the diatreme
rather than in the eruption plumes or PDCs. This inference is
based on the reasoning that the diatreme is a place where inter-
particle collisions can occur much more frequently than in the
eruption plumes or PDCs because of the high particle concentra-
tion of the diatreme fill. Probably, particle adhesion can occur
promptly and efficiently in the diatreme if the conditions for
particle adhesion are met. Possible controls of ash accretion pro-
cesses in the diatreme include the degree of water saturation and
the cohesiveness of the diatreme-filling debris, the nature of the
coolant, whether it is clear water or muddy fluid, and the resi-
dence time and the degree of recycling and explosion-driven
circulation of tephra within the diatreme.

Our hypothesis of ash accretion in the diatreme needs to be
verified by further investigation of the microtextures of tephra
in addition to an appraisal of the physical conditions and pro-
cesses of ash accretion in the diatreme in comparison to those
of ash accretion in eruption plumes and PDCs. We like to
propose, however, that the diatreme can be another site of
ash accretion in maar-diatreme volcanoes. Presently unresolv-
able question is why some tephra beds are completely or al-
most completely devoid of coated grains in spite of their ap-
parent emplacement by moist pyroclastic surges and associat-
ed fallout, generated during explosive phreatomagmatic erup-
tions. The complete lack of ash-coated grains in some sam-
ples, not even the relics of ash coatings that might have been
preserved inside the embayed vesicle walls along the grain
margins (Fig. 9a, ¢) even after the procedures for sample prep-
aration, suggests that the lack of ash coatings is not due to
artificial effects but is primary. We interpret that uncoated
ash was ejected from the diatreme by some eruptions, but
there is still a chance of ash accretion of uncoated ash if the
ash was transported through a moisture-rich eruption plume
and PDC. We like to leave this question unanswered for a
future research of ash accretion processes in phreatomagmatic
volcanoes.

Variation of tachylite to sideromelane ratios

Clear and pale-colored basaltic glass named sideromelane is
produced by rapid chilling of basaltic magma, whereas less
rapid chilling of the magma results in tachylite, which is
deep-brown to opaque in thin sections due to incipient growth
of opaque minerals, mainly magnetite (Peacock and Fuller
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1928; Heiken and Wohletz 1985). One plausible hypothesis that
can explain the variations of the cooling rate of magma and the
relative abundance of sideromelane to tachylite in basaltic vol-
canoes is the change of magma flux and the evolution of the
velocity gradient of ascending magma within a volcanic con-
duit (Taddeucci et al. 2004; Sable et al. 2006). According to this
hypothesis, the gradual increase of the tachylite in the tephra
layers from the first magma pulse (sample A1 to B10) as well as
the rather abrupt increases of the tachylite in the tephra layers
from the second (sample B11 to C9) and the third (sample D1a
to D2) magma pulses (Fig. 8a) indicate that the magma that
arrived at the diatreme later in each pulse experienced a longer
residence time in the upper conduit because of decreasing as-
cent velocity of magma during the pulses. Alternatively, in-
creasing proportions of tephra might have been produced by
explosive disruption of previously intruded blobs of magma
which underwent longer periods of cooling within the diatreme
during each magma pulse, thereby resulting in the gradual to
abrupt increases in the proportions of tachylitic grains relative
to sideromelane grains. The contrasts in vesicle shapes between
the sideromelane, which generally have oval vesicles, and the
tachylitic grains, which generally have irregular vesicles
(Fig. 6), suggest that the tephra from the same ejecta beds can
comprise a variety of grains that had different residence times in
the diatreme and were subjected to different degrees of cooling
in the diatreme.

The sideromelane grains are interpreted to have formed by
fragmentation of the relatively phenocryst-poor and
microlite-poor and hotter zone of the ascending magma, as indi-
cated by the relatively rare and small plagioclase laths (Fig. 6a),
or by instantaneous molten fuel-coolant interaction of a newly
arrived and uncooled magma with the diatreme fill as soon as the
magma intrudes into the diatreme. On the other hand, the
tachylite grains are interpreted to have formed by fragmentation
of the microlite-rich and cooler magma in the peripheral zone of
the ascending magma or by fragmentation of previously intruded
blobs of magma which underwent longer periods of cooling in
the diatreme and thereby have irregular, “contracted and shrunk”
vesicles. Explosive disruption of materials produced by transient
magmatic activity is another possibility to produce tachylite
grains, although we have not found any evidence for such mag-
matic activity (e.g., scoria deposits) even in the most proximal
part of the tuff ring.

The overall increase of the tachylite content throughout the
tuff sequence (Fig. 8a) and the transition of the eruption style
to the Strombolian and Hawaiian eruptions, which resulted in
the nested scoria cones and ponded lava inside the crater of the
tuff ring (Fig. 1c), suggest a gradual decrease in magma flux
or eruption rate and the formation of degassed marginal mag-
ma along the conduit walls, which eventually sealed off water
access to the magma after solidification (Taddeucci et al.
2004; Sable et al. 2006). Alternatively, an increase in magma
flux might have led to the transition to magmatic eruption
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style because magma-water interaction can be no longer ef-
fective when the magma flux is very high. In this case, the
increase of tachylite can be explained by an increase in the
proportion of juvenile materials that were explosively
disrupted from previously intruded and cooler blobs of mag-
ma in the diatreme.

Diatreme dimension

The minimum diatreme dimension of Songaksan was estimated
by calculating the volume of the entrained materials from the
substrate. First, the volume of the proximal-to-medial tuff ring
was calculated by taking into account the height and area of
individual topographic contours above 10-m altitude with an
assumption that the contours of the tuff ring before erosion were
circular and concentric. The estimate of the proximal-to-medial
tuff ring is 0.061 km?. The volume of the distal tuff ring outside
the 10-m contour was calculated as 0.033 km® following the
exponential model of Pyle (1989). The total volume of the tuff
ring is therefore estimated to be ca. 0.1 km®. The actual volume
of the Songaksan tephra is assumed to have been at least twice
the volume of the tuff ring if we take into account the fine ash lost
by fractionation processes during transport, which can be as
much as 50% of the erupted volume of a magma (Walker
1972; Sparks and Walker 1977), and those tephra that failed to
escape the diatreme, which can have a volume comparable to that
of the volcanic edifice on the surface (White and Ross 2011).
The average contents of deep-derived accidental materials
in individual tuff units are 9.5% (unit A), 30.7% (unit B),
7.5% (unit C), and 43.7% (unit D) (Table 2). The average
content of deep-derived accidental materials within the whole
tuff ring is estimated to be ca. 22% when considering the
relative thicknesses of the individual tuff units, which com-
prise ca. 20% (units A and D) and 30% (units B and C) of the
tuff ring (see Fig. 2a for visual estimation). Although the
componentry data were obtained only from 0 to 4 ® fractions
of tephra, qualitative observations of the coarser and finer
fractions suggest that the deep-derived accidental materials
are fairly evenly distributed in these size fractions too, as in
the 0 to 4 ® fractions. We thus estimate that ca. 22% of the
total erupted tephra (0.2 km3), ie., ca. 0.04 km>, were exca-
vated from the U Formation and the quartzose basement
rocks. If the excavation was confined to a cone, the height
of the cone, having a volume of 0.04 km® and a radius of
0.3 km at the top, is calculated to be ca. 460 m. The radius
of the cone at the top was determined by measuring the diam-
eter of the crater rim of the tuff ring on the map, with an
assumption that the arcuate topographic contours of the re-
maining tuff ring were originally circular before erosion, and
by measuring the dip of the inner crater wall of the tuff ring in
the field. The diatreme wall above the U Formation was as-
sumed to be vertical. The minimum depth of excavation, in-
cluding the thicknesses of the lavas and the Seoguipo
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Formation (ca. 120 m), is therefore estimated to be about
580 m (Fig. 11). The calculated dimension of the cone pro-
vides the minimum estimate of the diatreme size and depth
because only part of the disrupted material in the subsurface
diatreme is eventually ejected from the diatreme and deposited
in tephra rings (Ross et al. 2013; Taddeucci et al. 2013;
Graettinger et al. 2014; Graettinger et al. 2015).

According to the reconstruction of the diatreme, ca.
0.03 km?® of accidental materials are supposed to have been
derived from the lavas and the Seoguipo Formation together
with ca. 0.04 km® of deep-derived accidental materials. The
total amount of the shallow-derived accidental materials esti-
mated from the componentry analysis is much smaller than the
calculated value, suggesting that the majority of the accidental
materials from the shallow substrate were deposited in the prox-
imal tuff ring or retained within the subsurface diatreme prob-
ably because of their large clast sizes. The total bulk volume of
juvenile tephra is estimated to be ca. 0.13 km® (0.20 minus
0.07 km?®), and the volume of magma before vesiculation to
be ca. 0.08 km” based on 8% calculated vesicularity of juvenile
clasts and 35% measured porosity of the deposit (Sohn 2015). If
the tuff ring erupted over a period of a month, which is the
minimum estimate of the eruption duration based on the sedi-
mentary records of tides during the eruption of Songaksan

(Yoon et al. 2016), the magma flux might have been as high
as 33 m*/s, which is within the typical range of magma fluxes of
monogenetic volcanoes (Pioli et al. 2009). Phreatomagmatic
explosions might have been repeated with an interval of a few
seconds to a few minutes if the individual explosions involved
10-10* m® of magma (Zimanowski and Buttner 2002).

Diatreme evolution
Substrate condition

Volcanic, volcaniclastic, and sedimentary rocks of Jeju Island are
generally characterized by high permeability and high ground-
water storage capacity and comprise the main aquifers of the
island (Hahn et al. 1997; Kim et al. 2003; Won et al. 2005;
Koh et al. 2006; Won et al. 2006; Mair et al. 2013). The ground-
water table in the Songaksan area was probably very close to sea
level by the time of eruption of the volcano as it is at present. The
lavas beneath Songaksan have high-permeability groundwater
storage space because of numerous joints and cavities (e.g., lava
tubes) in the lavas and intervening clinker and scoria layers (Koh
1997; Won et al. 2006). The Seoguipo Formation is variably
permeable and porous because the formation comprises both
poorly sorted and indurated volcaniclastic rocks that can act as

Bulk volume of total erupted tephra = 0.2 km®

(0.13 km®juven

3

ile + 0.07 km® accidentals)

Bulk volume of tuff ring = 0.1 km®
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Tuffring - —
0 e ——
Lava Calculated bulk volume of
50— shallow-derived accidentals
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Di Bulk volume of deep-derived
iatreme accidentals estimated from
270 componentry analysis = 0.04 km®
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Fig. 11 Reconstruction of the dimension and geometry of the Songaksan
diatreme with an assumption that the accidental materials were derived
only from the inverted cone. The dip of the diatreme wall is estimated to

be 57° beneath the Seoguipo Formation. The diatreme wall above the U
Formation was assumed to be vertical.
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aquicludes or aquitards and well sorted and unconsolidated
volcaniclastic and non-volcaniclastic deposits that can act as
aquifers. The U Formation is the most porous and permeable
because its main constituent is well sorted and unconsolidated
sand. The quartzose basement rocks are also inferred to be
porous and permeable because of the development of pervasive
fractures and secondary pores (Figs. 4c and 7d). These substrate
conditions beneath Songaksan appear to have allowed the as-
cending magma to begin explosive magma-water interactions
at any level in the subsurface because the subsurface strata,
which were probably all water-saturated, occur at depths where
water pressure is well below the critical pressure of water
(Zimanowski et al. 1997).

Initial cratering

The lowermost tephra beds that were sampled at the
medial-distal location (Fig. 2a) may not represent the products
of the earliest eruptions. It is highly probable that the earliest
eruptions ejected an abundance of coarse-grained lava and
volcaniclastic rock fragments from the relatively hard,
shallow-level substrate, less than ca. 120 m in depth (Fig. 12a).
It is also likely that there were pre-eruption explosions in the
subsurface, which disturbed the subsurface strata and caused
vertical mixing of the disturbed materials but failed to eject any
material to the surface. The deposit evidence for the earliest
eruptions is probably hidden in the unexposed lowermost part
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Fig. 12 Illustration of the evolution of Songaksan diatreme.
acrystallineThe relatively hard shallow-level substrate is presumed to
have been removed by an initial cratering eruption, probably exposing
the sedimentary substrate before eruption of the medial-to-distal tephra
beds. b The basal tephra layer at the medial-to-distal location of the tuff
ring (sample Al) was produced by an explosion within or beneath an
unconsolidated subsurface sedimentary formation, ejecting abundant
quartzose materials. The tephra grains are unabraded and uncoated
because they have not yet experienced recycling and pre-eruption
mixing in the diatreme. ¢ The majority of the later eruptions ejected
abraded and fine ash-coated tephra, suggesting phreatomagmatic
explosions in the presence of wet and cohesive diatreme fill. d The
diatreme was almost completely emptied by the time of eruption of B10
tephra, leaving a deep crater. The removal of lateral support by the
diatreme fill led to collapse of the disrupted and fragile substrate around
the diatreme margins, resulting in a quartzose diatreme fill above the
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residual earlier diatreme fill. The quartzose diatreme fill was removed
again by the following eruptions of B11 and C1 tephra. e By the time
of onset of the eruption of unit C, the diatreme was stabilized, and the
supply of accidental materials to the diatreme stopped almost completely.
Magma flux into the diatreme might also have been reduced. Because of
the reduction in the supply of solid materials, the diatreme fill became
supersaturated with water, thereby inhibiting fine particle adhesion. The
unit C eruption thus ejected mostly uncoated and unabraded tephra grains
with rare accidental materials. f Return to “normal” diatreme condition of
unit D, under which magma interacted with dense diatreme fill that was
undersaturated with water. External water supply to the diatreme was
unexhausted throughout the eruption of the tuff ring because of the high
permeability and groundwater storage capacity of the substrate. The
diatreme was depicted as an inverted cone, ignoring possible
irregularity of the subsurface structure due to disruption of the substrate
surrounding the diatreme. MFCI molten fuel-coolant interaction
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of the proximal tuff ring or has subsided into the diatreme as a
result of later diatreme enlargement if the earliest ejecta were
dispersed only a few hundred meters away from the initial erup-
tive center. Some large chunks of lavas and volcaniclastic rocks
torn from the shallow substrate might never have been ejected to
the surface but instead have sunken into the sediment of the U
Formation (Fig. 12a), which probably had lost its strength be-
cause of explosion-induced disturbance of the substrate.

Eruption of Al tephra

After the initial cratering of Songaksan that removed the ma-
jority of the shallow-level substrate (Fig. 12a), the lowermost
tephra beds at the medial-distal location (samples Al and A2)
were formed (Fig. 12b, c). These beds contain much more
deep-derived accidental materials than shallow-derived mate-
rials (Fig. 8b). For sample A1, the explosions were probably
caused by molten fuel-coolant interaction of magma with the
wet sediment of the U Formation and vented abundant quartz-
ose materials to the atmosphere (Fig. 12b). The U Formation
might have been exposed to the atmosphere at that stage be-
cause of the removal of the overlying rocks by earlier cratering
eruptions. The total absence of ash-coated grains in sample A1
(Figs. 8c and 9a), not even the relics of ash coatings that might
have been preserved inside the embayed vesicle walls along
the grain margins, suggests that the accidental materials were
instantaneously ejected into the atmosphere together with
freshly fragmented juvenile materials, without prolonged
pre-eruption mixing in the subsurface, probably because of
the poor development of a diatreme structure in the early stage
of the Songaksan eruption, in which grain adhesion could
occur as a result of explosion-driven mixing of accidental
and juvenile materials.

Eruption of A2 tephra

The abrupt increase in the amount of ash-coated grains in
sample A2 (Fig. 8c), directly above the tephra bed of sample
Al, suggests that a significant portion of the tephra produced
by the earlier eruptions failed to escape the diatreme and par-
ticipated immediately in the explosion-driven mixing of de-
bris in the diatreme. The tephra thus appears to have been
coated by the fine materials of the diatreme fill, which was
probably wet and sticky, until the tephra was ejected by the
next eruption together with freshly fragmented and uncoated
tephra grains (Fig. 12¢). The abrupt change in the character of
tephra grains between samples A1 and A2 suggests either that
the process of ash coating was very prompt in the diatreme or
that there were smaller explosions between deposition of Al
and A2 tephra beds, which were confined to the crater but led
to explosion-driven mixing of the diatreme-filling debris.

Eruption of A3 to B10 tephra

The rarity of accidental materials in samples A3 to A5 suggests
that the supply of accidental materials to the actively circulating
zone (referred to as “active zone” hereafter) of the diatreme was
greatly reduced, probably because of the temporary pause of
diatreme growth until the onset of eruption of unit B. The sudden
increase in the contents of both shallow-derived and
deep-derived accidental materials in unit B (Fig. 8b) suggests
that an abundance of accidental materials began to be supplied
to the active zone of the diatreme from various levels of the
substrate, probably involving gravity-induced collapse of the
wall rocks in the upper level of the diatreme and explosive exca-
vation and upward mixing of accidental materials from the
deeper level of the diatreme. The diatreme is therefore inferred
to have grown significantly both vertically and laterally during
the eruption of unit B at the expense of the accidental materials
that were removed from the substrate. The abundance of
ash-coated grains in this unit also suggests that the explosions
continued to be generated by the interaction of magma with wet
and cohesive diatreme-filling debris (Fig. 12¢).

Eruption of B11 and C1 tephra

The diatreme fill, which probably comprised abundant
ash-coated tephra, is interpreted to have fluctuated in its
volume during the eruption of unit B but have been even-
tually removed by the time of eruption of B10 tephra be-
cause the overlying tephra beds from the second magma
batch (samples B1l to C9) are almost devoid of
ash-coated grains (Fig. 8c) and of the juvenile grains from
the first magma batch (samples Al to B10) that have low
Mg# (Fig. 8d). So, there would have been a deep empty
crater after the eruption of sample B10, which is the last to
have been solely produced by the first (low Mg#) magma
batch (Fig. 12d). The second, higher Mg#, magma batch
started to arrive in the feeder dike in time to form sample
B11 (Fig. 8d). It mixed with the existing magma in the
dike to produce intermediate Mg#s during B11 time, but
the dike was entirely occupied by the second magma batch
by C1 time, and this new magma continued to erupt dur-
ing formation of unit C.

One alternative to the deep empty crater idea is that the
earlier diatreme fill might have been left in the diatreme but
was unused throughout the eruption of the second magma
batch (during formation of samples B11 and later) because
of very shallow explosions of the second magma above the
earlier diatreme fill. This possibility, however, raises the fol-
lowing questions:

1. Why did the second magma avoid explosive interaction
with the earlier diatreme fill left in the diatreme?
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2. What could possibly act as the “coolant” for the
phreatomagmatic explosions of the second magma above
the earlier diatreme fill, if the explosions occurred suffi-
ciently shallowly not to entrain any coated tephra from
the earlier diatreme fill?

In the case of the B11 tephra, which contains abundant
accidental quartz grains (>50%) but few coated grains
(Fig. 8), it is hardly conceivable for an explosion to eject only
freshly fragmented or freshly entrained and uncoated juvenile/
accidental materials after entraining such an abundance of
quartzose materials from somewhere in the diatreme, if the
diatreme was filled with ash-coated tephra from earlier erup-
tions. It is neither likely that such an abundance of quartzose
materials could be entrained from the deeper level of the sub-
strate, transported to the upper level of the diatreme after pass-
ing through the diatreme-filling ash-coated debris by
explosion-driven upward mixing, but neither be admixed with
the debris nor be ash-coated at all, and then be ejected to the
surface by the final shallow explosion above the earlier
diatreme fill where it is dubious whether there was any mate-
rial that could act as a coolant for phreatomagmatic explo-
sions. We thus prefer a simple scenario of diatreme emptying
by the time of the eruption of B10 tephra to a rather complex
scenario of shallow explosions above an earlier diatreme fill
throughout the eruption of the second magma batch.

The earliest eruption of the second magma batch, repre-
sented by sample B11, ejected abundant freshly entrained
and uncoated accidental materials together with uncoated ju-
venile grains (Fig. 8b, ¢). This suggests that the disrupted and
fragile substrate around the diatreme margins collapsed
promptly into the diatreme after the eruption of the B10 tephra
because of the removal of lateral support by the diatreme fill
(Fig. 12d). The collapsed material, which was composed
mainly of quartzose sand, probably formed a wet sediment
slurry at the bottom of the diatreme that could act as a coolant
for the phreatomagmatic eruption of the B11 tephra (Fig. 12d).
The sediment slurry is interpreted to have been instantaneous-
ly ejected by the eruption of the tephra, not having a chance to
be ash-coated in the diatreme. The remaining sediment slurry
after the eruption of the B11 tephra appears to have been
mostly consumed by the next eruption that formed the C1
tephra because of the overall lack of quartzose accidental ma-
terials above this tephra bed (Fig. 8c).

Eruption of C2 to C9 tephra

Throughout the eruption of samples C2 to C9, which are es-
pecially quartz-poor (Fig. 8b), the supply of accidental mate-
rials to the active zone of the diatreme appears to have been
greatly reduced or almost cut off because of temporary stabi-
lization of the diatreme structure (Fig. 12e). We envisage that
the diatreme could be stabilized temporarily during the
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eruption of these tephra beds because of the removal of the
disrupted or remolded and fragile substrate around the
diatreme margins by previous eruptions. The diatreme fill is
inferred to have been regenerated from the materials from the
second magma batch and composed almost entirely of juve-
nile materials with high Mg#.

The rarity of ash-coated grains throughout the unit, which
probably resulted in the particularly black tuff color of unit C
(Figs. 2 and 3), suggests that some special condition was de-
veloped inside the diatreme, which inhibited the production of
ash-coated tephra grains. Probably, the diatreme was filled
with a water-saturated slurry, in which diatreme-filling tephra
grains could be almost “suspended” in water (Fig. 12e). In
such a wet slurry, fine particles would not adhere to larger
ones because of the lack of surface tension effects of wet
tephra grains (Schumacher and Schmincke 1995).

It is inferred from the componentry data that the supply of
accidental materials to the diatreme was greatly reduced be-
cause of temporary stabilization of the diatreme during the
eruption of unit C. The supply of juvenile materials might also
have been reduced because of the reduction in magma flux to
the diatreme. The relatively higher content of tachylitic grains
in unit C (Fig. 8a) can possibly be the result of the reduced
magma flux. The reduction in the supply of either or both of
accidental and juvenile materials relative to the supply of ex-
ternal water to the diatreme probably resulted in water satura-
tion of the diatreme fill. The external water consumed and lost
by phreatomagmatic explosions could probably be promptly
resupplied to the diatreme through the generally permeable
substrate, maintaining the diatreme fill in a water-saturated
condition throughout the eruption of unit C. The generally
sharp and unabraded edges of juvenile grains in unit C
(Fig. 9¢c and 10a, c) can be explained by the supersaturated
nature of the diatreme-filling slurry because abrasion of grains
would be greatly diminished if they are suspended in water,
rather than making rubbing motions between contacting
grains within a dense, undersaturated diatreme fill.

An alternative hypothesis for the tachylite-rich,
accidental-poor, nature of unit C is that there might have been
a brief period of magmatic activity that produced deposits
confined to the crater. Then, this material was affected by
shallow explosions which ejected it. We reject this alternative
hypothesis for the following reasons:

1. Our ongoing study of Songaksan to measure the paleo-
magnetic signatures of temperatures that were experi-
enced by lithic clasts from their eruption to final emplace-
ment (Ahn and Sohn, unpublished data) suggests that unit
C resulted from “colder” eruptions than the other units,
near or below the boiling temperature of water, negating
the possibility of magmatic eruption of unit C.

2. The tephra grain morphology and vesicularity (Figs. 6, 9,
and 10) also negate the possibility of the recycling or
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reuse of juvenile materials produced by a preceding mag-
matic activity.

3. [Itis also worth noting that the tephra of unit C has gener-
ally much higher contents of extremely fine ash finer than
4 ® (Fig. 5), also suggesting fine fragmentation of magma
by phreatomagmatic explosions.

Eruption of unit D

After the eruption of unit C, the diatreme condition was restored
to the previous state, filled again with water-undersaturated de-
bris (Fig. 12f). Probably, there was an abrupt increase in the
supply of accidental materials from the diatreme margins at var-
ious levels, as indicated by the abrupt increase in the contents of
both shallow-derived and deep-derived accidental materials in
unit D (Fig. 8b). Therefore, an eruption similar to that of unit B
could resume, ejecting an abundance of ash-coated tephra, con-
taining abundant accidental materials. The diatreme is also
interpreted to have been further enlarged during the eruption of
unit D (Fig. 12d).

The transition from unit C to unit D occurred when the
third magma batch [the fourth magma batch of Brenna et al.
(2011)] arrived at the diatreme. The near absence of juvenile
tephra from the second magma batch in unit D (Fig. 8d) sug-
gests that the diatreme fill was once again renewed with new
magmatic materials as the eruption of unit D commenced. We
therefore postulate that the diatreme fill can be repetitively
renewed during the eruption of a maar-diatreme volcano, pos-
sibly with an interval of almost complete diatreme emptying.
The apparent correlation between the arrival of new magma
batches and the transition between the tuff units with different
componentry also casts an intriguing question of whether the
correlation is coincidental or is the result of a causal link
between the pulses of magma from the mantle and the
diatreme processes near the surface of the Earth.

Post-tuff ring eruptions

The eruption changed eventually to a Strombolian/
Hawaiian eruption, producing the nested scoria cone and
ponded lava in the tuff ring. The scoria and lava were
formed by two other magma batches that are distinct from
the tuff ring, attesting to considerable chemical variations
of magma during the eruption of Songaksan (Brenna et al.
2011). The transition was probably associated with a de-
crease in magma flux or eruption rate and the sealing off
of water to the ascending magma because of solidification
of marginal magma along the conduit walls (Taddeucci
et al. 2004; Sable et al. 2006). Otherwise, magma flux
might have increased to result in the transition to magmatic
eruption because magma-water interaction can be no longer
effective when the magma flux is very high.

Conclusions

The Songaksan tuff ring, Jeju Island, Korea, was produced by
a single continuous eruption of multiple magma batches in an
intertidal region ca. 3.7 ka BP. The whole tuff sequence con-
sists of thin-bedded and well-bedded tuffs with abundant undu-
latory bedforms and accretionary lapilli in the middle-to-distal
part, suggesting emplacement by dilute and moist pyroclastic
surges and associated fallout. The high permeability and ground-
water storage capacity of the substrate beneath Songaksan prob-
ably facilitated sustained phreatomagmatic activity throughout
the eruption of the tuff ring.

In spite of the apparently identical deposit facies, the tuff
sequence can be divided into four distinct units (A to D) with
different colors and componentry. The basal tephra bed of unit
A comprises only freshly fragmented juvenile grains and
freshly entrained and mainly deep-derived (>120 m) acciden-
tal grains, suggesting instantaneous ejection of materials that
had not yet experienced recycling and pre-eruption mixing in
the diatreme. It is presumed that there was a prior cratering
phase which removed the relatively hard shallow-level
(<120 m deep) substrate and exposed the soft sedimentary
substrate to the atmosphere before eruption of the basal tephra
bed. Significant proportions of the juvenile and accidental
grains in the overlying tephra beds of unit A, the majority of
unit B, and unit D have abraded edges and thick ash coatings,
suggesting that the ejecta from the later eruptions comprised
an abundance of “recycled” or “premixed” tephra grains from
earlier eruptions or earlier subsurface explosions.

Unit C is unique in that the tephra contains rare accidental
materials, few ash-coated grains, and few or no sideromelane
grains with low Mg# from the earlier magma batch. The
componentry of unit C suggests that the earlier diatreme fill
was almost completely removed and then regenerated with
new materials from the second magma batch. There can be
different explanations for the near absence of the earlier
erupted tephra grains in the later-erupted ejecta beds with the
explosions occurring in the presence of the earlier diatreme
fill. But we prefer the possibility of simple diatreme emptying
by a powerful explosion, following the principle of Occam’s
razor. The lack of ash-coated grains in unit C is attributed to
water saturation of the diatreme fill, in which fine-particle
adhesion was inhibited. Such a wet eruptive condition of unit
C was possible because of the reduction of the supply of
accidental materials to the diatreme and, possibly, the reduc-
tion in magma flux into the diatreme. The high permeability
and groundwater storage capacity of the substrate must have
been a prerequisite for such an eruption.

There have been significant advances in understanding
diatreme processes because of recent studies of subsurface
explosions and their products and the efforts to connect be-
tween theories and experimental and field observations
(Carrasco-Nuiiez et al. 2007; Ross et al. 2008; Sottili et al.

@ Springer



23 Page 24 of 26

Bull Volcanol (2017) 79: 23

2009; Taddeucci et al. 2010; Gernon et al. 2013; Ross et al.
2013; Taddeucci et al. 2013; Graettinger et al. 2014; Valentine
et al. 2014; Valentine et al. 2015 among others). But the case
study at Songaksan shows that there is still much room for
further investigation of the details of the diatreme processes
from the tephra rings. For example, this study shows that the
diatreme fill can be completely removed and then regenerated
during the eruption of a tuff ring, possibly in concert with the
pulses of magma, thereby resulting in significant changes in
the proportions of juvenile vs. accidental materials and fresh
vs. recycled materials. This study also casts a presently unre-
solved question of how the eruption columns and pyroclastic
density currents could remain virtually unchanged throughout
the eruption of the tuff ring, resulting in the grossly similar
deposit facies throughout the whole tuff sequence, in spite of
the inferred variations of the diatreme conditions and
processes.
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