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Eruptive history of Ohachidaira volcano
and evolution of the summit caldera,
Taisetsu volcano group, central Hokkaido,

Japan

By Yuki Yasuda

Abstract

The 34 ka Sounkyo eruption is the most voluminous explosive volcanic event of
Ohachidaira volcano in the Taisetsu volcano group (central Hokkaido, Japan) and made
a substantial contribution to the formation of the 2-km-diameter summit caldera
(Ohachidaira caldera). This eruption provides an ideal opportunity to study small
calderas and their formation mechanisms. In Chapter 1 of this thesis, I present a short
review of the current understanding of caldera formation mechanisms based on
geological studies, and highlight major challenges in the field that I deal with. In
Chapter 2, I present a brief description of the evolution of the Taisetsu volcano group
and the stratigraphy of its basement. I also review previous studies of Ohachidaira
volcano and its summit caldera in terms of eruptive history and detect what is lacking in
such studies. In Chapter 3, I reconstruct the eruptive history of Ohachidaira volcano on
the basis of field and paleomagnetic data and investigate how the summit caldera
developed in relation to each eruptive event, with special focus on the Sounkyo eruption
in Chapter 4. Finally, in Chapter 5, [ summarize the major findings in this study.

Ohachidaira volcano is an andesitic to dacitic stratovolcano located in the center
of the Taisetsu volcano group. Early volcanism (600 ka—) at Ohachidaira was

characterized by an alternation of effusive and explosive activities, producing 0.17 km’



of lava flows, the Ohachidaira lava, and intermittent pyroclastic deposits to construct
the main lower edifice of Ohachidaira. The 80—40 ka Hb-type ignimbrite (>4.6 km® in
bulk volume), whose source was believed to be the Ohachidaira caldera, attains at least
130 m thick on the foot of the Taisetsu volcano group and appears to overlie the
Ohachidaira lava on the southern side of Ohachidaira volcano. However, my geological
data indicates that there is no proof for or against its source to be the Ohachidaira
caldera, and in fact supports the inference that the ignimbrite was vented from
somewhere in the Taisetsu volcano group rather than the Ohachidaira caldera. Between
80—40 ka and 34 ka, Ohachidaira produced two relatively small explosive eruptions, the
Kobachidaira ignimbrite and Mamiyadake Scoria Member. The Kobachidaira
ignimbrite (0.04 km® in bulk volume) occurs only in the summit area, covering the
middle to lower flanks of Ohachidaira volcano and overlain by the Mamiyadake Scoria
Member, and is a <30-m-thick, lithic-rich, pyroclastic density current (PDC) deposit. Its
coarseness (<5.5 m) and abundance (~50 vol%) of lithic fragments throughout the
deposit reflects a vent opening and development. The Mamiyadake Scoria Member
(0.08 km?® in bulk volume) forms a tephra ring as much as ~60 m thick, occurring
around the caldera and comprising the upper edifice of Ohachidaira. The tephra ring is
dominated by pyroclastic breccia and stratified and cross-stratified lapilli- tuff beds with
interstratified fine-ash beds, formed by phreatomagmatic and magmatic activities. The
tephra ring deposits are generally enriched in lithic clasts (~40 vol%), whose
assemblage is dominated by shallow-origin volcanic rocks, indicating that the shallow
conduit and vent were progressively widened as the eruption proceeded. The total
volume of lithic fragments ejected during the two small explosive eruptions is estimated
to be ~0.05 knr’.

The 34 ka Sounkyo eruption produced 7.6 km® of tephra (~5 km’ DRE) as fallout,
ignimbrite, and lithic breccia units. The Sounkyo eruption products are made up of five
eruptive units (SK-A to -E) in proximal (near source) regions, corresponding to the
distal deposits, a 1- to 2-m-thick pumice fallout and the Px-type ignimbrite up to 220 m
thick. The eruption began with a fallout phase, producing unstable low eruption
columns during the earlier phase to form a <7-m-thick succession of well-stratified

fallouts, occasionally interrupted by thin PDC beds suggestive of small-scale column



collapse (SK-Al and the lower part of the distal fallout). The eruption column reached
up to 25 km high (subplinian to plinian) and became more stable at the late of the phase,
producing a <60-m-thick, pumice-dominated fallout (SK-A2 and the upper part of the
distal fallout). The second phase, the climax of the Sounkyo eruption, produced a
widespread, valley-filling ignimbrite in both proximal and distal regions (SK-B and the
Px-type ignimbrite). This phase culminated in extensive failure of the wall-rock of the
shallow conduit, generating dense, lithic-rich, low-mobile PDCs to form a >27-m-thick,
unstratified and ungraded, coarse lithic breccia (SK-C). The failure in turn choked the
conduit and stopped the eruption. After a short eruptive hiatus, as evidenced by the
occurrence of a fine-ash layer or reworked deposit sandwiched between SK-C lithic
breccia and SK-D, the eruption resumed with a short-lived fall phase, establishing an
eruption column up to 16 km high and producing a <6-m-thick scoria fallout (SK-D) in
the vicinity of the source. Finally, the eruption ended with the generation of PDCs by
eruption column collapse to form a 5- to 15-m-thick ignimbrite in the proximal area
(SK-E). The PDCs may have traveled down to accumulate the Px-type ignimbrite.

The caldera volume (0.35 k) is an order of magnitude less than that of magma
ejected and is comparable with that of lithic fragments ejected (0.28 km®) during the
Sounkyo eruption, suggesting that the caldera was not essentially formed by caldera
collapse but, instead, by vent widening as a consequence of explosive erosion and
failure of the shallow conduit. The dominance of shallow-origin volcanic rocks in the
lithic fraction throughout the Sounkyo eruption products implies the development of a
flaring funnel-shaped vent. Hence, the occurrence of lithic breccias within small
caldera-forming eruption products does not necessarily reflect the presence and the
timing of caldera collapse, as commonly assumed in literature. Lithic breccias
commonly overlie climactic ignimbrite/fallout deposits in small caldera-forming
eruptions, and a new model for the formation of such lithic breccias is proposed based
on comparison my results with other small caldera-forming events. In the model, I
hypothesize that (1) the shallow conduit has been explosively eroded and enlarged with
consequent fragmentation and brecciation of the walls before and during an eruption
climax (e.g. SK-Ato -B), (2) the subsequent waning of the eruption lead to the collapse
of unstable fractured walls and the production of lithic breccias (e.g. SK-C), and (3) the



collapsing mixture composed predominantly of fragments of basement rocks with minor
eruptive materials contributes, at least in part, its caldera fill

Remanence data from juvenile clasts and welded tuff collected at nine sites within
the Kobachidaira ignimbrite, Mamiyadake Scoria Member, and Sounkyo Member
(SK-A, -B, and -E) have been used to determine the paleomagnetic directions of each
eruptive episodes and to correlate the deposits. Stable primary components of
remanence were isolated through thermal demagnetization experiments. The within-site
dispersion of characteristic remanent magnetization (ChRM) directions for each site is
small (k >100, oys <6°), suggesting that the estimated site mean directions are
representative of the ChRM for the deposits of that location. Moreover, the between-site
mean ChRM directions for each eruptive episodes has moderate to low dispersion and is
significantly distinct each other, indicating that the estimated ChRM may record the
direction of the Earth’s magnetic field at the time of emplacement and thus allows
correlation of deposits. ChRM directions for the Sounkyo Member (SK-A,-B, and -E)
are statistically indistinguishable from the paleomagnetic direction for the Px-type
ignimbrite estimated by Yasuda et al. (2015; Bulletin of the Volcanological Society of
Japan), together with their lithological and petrological characteristics, confirms a

correlation between them.



Chapter1

General introduction

1.1. Explosive caldera-forming eruptions

Calderas are large volcanic depressions, more or less circular in form, the
diameters of which are many times greater than those of any included vents (Williams,
1941). Moderate to large explosive eruptions produce ignimbrites (pyroclastic-flow
deposits) and/or plinian fallouts, ranging from a few to thousands of cubic kilometers,
often associated with formation of calderas at their source areas (Lipman, 1997). The
greater the volume of magma is ejected, the larger the size of the resulting caldera is
(Spera and Crisp, 1981; Scandone, 1990; Geshi et al., 2014).

Explosive caldera-forming eruptions are amongst the most devastating of
volcanic phenomena. Pyroclastic flows from such eruptions are hot (hundreds of
degrees Celsius), rapidly moving (e.g. >200 m/s, the A.D. 186 Taupo eruption; Wilson
and Walker, 1985) mixtures of particles and gas that hug the ground and thus destroy
everything in their path, as much as tens to hundreds of kilometers. Co-ignimbrite ash
falls, which are derived from collapsing eruption columns and moving pyroclastic flows
and may have a comparable volume to the associated ignimbrite, are very extensive,
covering over millions square kilometers (Sparks and Walker, 1977; Costa et al., 2012).
The 1815 Tambora eruption, the largest caldera-forming event of recorded history,
expelled ~50 km® of magma and caused the death of thousands of people (Self et al,
1984). To mitigate the hazard from explosive caldera-forming eruptions requires
understanding of how the eruptions initiate, progress, and end, along with the timing
and styles of caldera formation, which may have a significant impact on the course of
eruption and the type of products ejected.

The small (VEI 5-6) caldera-forming eruptions occur more frequently than the



large (VEI >7) caldera-forming eruptions (Tatsumi and Suzuki-Kamata, 2014; Nakada,
2015). For example, VEI 56 eruptions have occurred at least eight times in the past one
hundred years in the world, while the last VEI 7 eruption is the 1815 Tambora eruption
(Global Volcanism Program, 2013). In this thesis, I mainly address the more frequent

small caldera eruptions.

Caldera collapse

e _

Vent widening

_

Figure 1.1: Two end member mechanisms of caldera formation associated with explosive eruptions.
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1.2. Origin of caldera depressions

How calderas form in association with explosive eruptions has been a matter of
debate over the last decades. Such calderas can be formed by collapse (subsidence) of
the roof of the magma chamber due to magma evacuation, “caldera collapse” or by
enlargement of a vent as a result of explosive erosion and failure of the shallow part of
conduit walls, “vent widening” (Fig. 1.1). No matter how the roof is fragmented or
brecciated, the process should be referred to as caldera collapse as long as the roof
subsides into the chamber (see Fig. 1.2, 1.3, and 1.4). The essential difference between
the two types is that the presence ofa magma chamber is necessary for caldera collapse,
but not for vent widening. Calderas formed by the former process are called collapse
calderas, while those by the latter process are called explosion calderas in the sense of
Stearns and Clark (1930). In this thesis, I avoid the usage of the term explosion caldera,
because failure or slumping of conduit walls into a central vent may play a significant
role in establishing the overall size of the caldera in the latter case (Escher, 1929;

Lipman, 1997).
1.2.1. Calderas formed by “caldera collapse”

Large calderas (>5—10 km in diameter) are generally inferred to have been formed
by caldera collapse. Lipman (1976) first identified that accumulation of landslide
breccias that interfinger with thick pumiceous ignimbrite in the caldera fill sequence in
four large Oligocene eroded calderas in the San Juan Mountains, and interpreted that
these breccias have been derived from the caldera walls during caldera subsidence and
emplaced simultaneously with the accumulating intracaldera ignimbrite. Such
intracaldera accumulations have been reported in other large calderas elsewhere
(Lipman and Sawyer, 1985; Lipman et al., 1993; Branney and Kokelaar, 1994; Fiske
and Tobisch, 1994; Hildreth, 1996; Yamamoto, 2003; Sato et al., 2016).

The great discrepancy between the volume of a caldera and that of pre-existing
rock fragments in the erupted material has been regarded as strong evidence for caldera

collapse (Williams, 1942), despite the difficulty of obtaining accurate volumes of



pyroclastic ejecta. In the climactic eruption of Mount Mazama, for instance, the volume
of the missing edifice was ~50 km’, but that of lithic fragments in the deposits of the
eruption was ~6 km® (Bacon, 1983). This discrepancy can be readily explained by
collapse of the roof of the magma chamber due to magma evacuation because the total
erupted magma volume was very similar to the missing volume (Bacon, 1983).

Ring fracture systems that accommodate caldera subsidence are usually identified
as ring dykes composed mainly of plutonic intrusions in ancient eroded volcanic fields
(Smith and Bailey, 1968; Miura, 1999; Kennedy and Stix, 2007; Kokelaar, 2007) or as
the presence along an annular line of post-caldera lava domes in younger caldera fields
(Heiken etal., 1986; Kennedy et al., 2012).

There are two models invoked to explain the cause of caldera collapse. A
conventional model is that underpressure in the magma chamber created by
pre-climactic eruption trigger collapse (Druitt and Sparks, 1984; Geshi et al, 2014). An
alternative model is that overpressure in the magma chamber due to magma chamber
growth leads to extensive uplift in the overlying roof and development of faults that
trigger eruption and caldera collapse (Gregg et al., 2012).

1.2.2. Calderas formed by “vent widening”

Small calderas (<3 km in diameter) may be formed by vent widening. Such
calderas are defined by its flaring funnel-shaped conduit without a caldera-bounding
ring fault or a coherent subsided block. A typical example is the Nigorikawa caldera in
southwestern Hokkaido, Japan, whose subsurface structures are well understood from
deep geothermal drilling as deep as >3 km (Ando, 1983 ; Kurozumi and Doi, 2003). The
caldera fill comprises a significant volume of landslide debris derived from the conduit
walls, implying that conduit wall failure contributes vent enlargement (see Chapter 4 for
detail).

The 2-km-diameter Novarupta crater in Alaska formed in response to the 1912
plinian eruption (~13 km’ of magma) is inferred to have a funnel-shaped conduit
(Hildreth, 1983, 1987; Hildreth and Fierstein, 2012). Hildreth at first appreciated the

contributions not only from explosive excavation of lithic debris, but also from inward



slumping of conduit walls to form the Novarupta depression (Hildreth, 1983). In fact he
described that there may be some of intravent lithic fallback debris (Hildreth, 1983,
1987). Nevertheless, he currently drew a schematic cross section of Novarupta vent in
which the funnel is mostly backfilled by welded tuff of the vent-excavation episode,
stressing eruptive excavation as a major process in the evolution of the funnel (Hildreth
and Fierstein, 2012).

The relative importance of the two processes—(1) explosive erosion and (2)
inward collapse of the walls—for the development of such calderas is unclear, but may
provide a key to understanding their origin. In addition, what triggers the inward wall
collapse and how such a process links with the pyroclastic ejecta outside the caldera are
also problems that should be explained in order to elucidate formation mechanisms of
such calderas.

The term “funnel-shaped caldera” is ambiguous and should be carefully used
when one considers the origin of calderas, because it potentially includes both of
calderas formed by caldera collapse and by vent widening. This term has been
traditionally referred to some young Japanese large calderas, such as Aira, Aso,
Kutcharo, Shikotsu (Aramaki, 1983, 1984). These calderas develop a local negative
Bouguer anomaly with relatively low at the center, implying a shallow funnel-shaped

Figure 1.2: A hypothetical cross f——————————— AIRA CALDERA ————————————|
section of the Aira caldera (modified
after Aramaki, 1984). Sakurajima .

5 km




subsurface structure filled by lighter debris (Yokoyama, 1963, 1983). Aramaki (1983,
1984) suggested that the fracturing and sinking of the overlying roof along steeply
inward dipping faults into the evacuated magma chamber resulted in the formation of a
shallow funnel-shaped caldera floor (Fig. 1.2). In genetic terms, such a process to form
a caldera should be called caldera collapse. However, he unconvincingly mentioned that
such calderas merge in geometry with the Nigorikawa caldera, in spite of the fact that its
origin is vent widening. Lipman (1997) has already realized the nomenclatural problem,
stressing out that any types of calderas associated with ignimbrite eruptions—plate
(piston), piecemeal, downsag, or vent funnel—are considered to be funnel-shaped in
overall geometry. Even plate (piston) collapse calderas, which involve the subsidence of
a relatively coherent roof block into an emptying chamber, can have negative Bouguer
anomalies due to the presence of caldera-wall slide breccias accumulated near the
caldera margins (Lipman, 1997).

Yokoyama (1983, 1993, 2005, 2016) has been proposing an alternative hypothesis
for the origin of funnel-shaped calderas. From his point of view, funnel-shaped
calderas—calderas with negative Bouguer gravity anomalies—are formed by violent
explosions accompanied by a large amount of pyroclastic ejecta, irrespective of caldera
size, and their formation has nothing to do with the subsurface magma chamber. Small
calderas can be formed by a single explosive eruption; larger calderas can be developed
by multiple nested destructive eruptions. Some large funnel-shaped calderas, such as
Aira and Aso in Kyushu (Japan), comprise multiple low- gravity-anomaly centers, which
is consistent with his hypothesis. He might be an only volcanologist who strongly
disagrees with “caldera collapse” model. The evidence against caldera collapse he has
provided includes: (1) the main basis for caldera collapse—the similarity in volume
between pyroclastic ejecta and disrupted volcanic edifices and the deficiency of lithic
debris in the ejecta—is ambiguous owing to the difficulty of estimating the accurate
ejecta volume (estimated errors ranging over an order of magnitude, Yokoyama, 2015);
(2) from a perspective of stress distribution, the destructive stress caused by magma
evacuation from a chamber at a reasonable depth may not reach the Earth’s surface and
hence cannot form a caldera depression; and (3) it is unrealistic that collapsed volcanic

edifices sink downward against the upward force of the violent explosions.

10



His hypothesis relies on the geophysical and geomorphological data. What is
missing in his conceptual model is (1) the certification of the large volume of disrupted
volcanic edifices (>50 km® in the case of large calderas) as lithic fragments in the ejecta
outside the caldera and (2) the linkage between the dynamics of caldera formation and
the geological features (i.e. sequence, lithofacies, and stratigraphic architecture) of the
caldera- forming eruptive deposits. The first task is very challenging as Yokoyama noted,
but the second task could be achieved by focusing on lithic debris in the preserved

deposits around calderas as described below.

1.3. Lithic breccias and their implications for caldera formation

Explosive caldera-forming eruptions are commonly accompanied by a sudden
increase in the flux of lithic debris part way through the course of the eruptions,
emplacing coarse lithic-rich deposits on the ground surface. Such lithic-rich deposits are
often associated with pumiceous ignimbrites in proximal (near-source) areas and are
referred to as various terms, co-ignimbrite lag fall deposits (Wright and Walker, 1977)
or lag breccias (Druitt and Sparks, 1982; Walker, 1985), or proximal co-ignimbrite
breccias (Valentine and Wohletz, 1989). Geological studies addressing small
caldera- forming eruptions, however, demonstrated that some of these eruptions are
dominated by plinian-fall deposits with accompanying lithic-rich horizons (e.g Gardner
and Tait, 2000). Accordingly, in this thesis, the term /ithic breccias is used in a
non-genetic, lithological sense to refer the lithic-rich deposits. Lithic fragments in
pyroclastic deposits are basically originated from wall-rocks of the vent, conduit, and
magma chamber, so that the wvariations in abundance and assemblages of lithic
fragments may provide insights into the evolution of magma chamber/conduit/vent
geometries and provide constraints on how and when caldera formation proceeds in the

eruptions.
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1.3.1. Lithic breccias associated with large calderas

Large caldera-forming eruptions tend to begin with a plinian-fall phase
immediately followed by the emplacement of voluminous ignimbrites and
“contemporaneous” coarse lithic breccias. Such field observations encouraged Druitt
and Sparks to propose a two-stage model for caldera formation (Fig. 1.3); in which (1)
an eruption begins with emission of small to moderate volumes of magma through a
central vent while the chamber is overpressured, and then (2) the chamber pressure
decreases sufficiently for the chamber roof to collapse, leading to eruption of large
volumes of magma along a ring fault. They interpreted that the sudden appearance of
lithic breccias marks the onset of the second stage (i.e. caldera collapse). The origin of
the lithic breccias during caldera collapse can be explained by (1) a rapid increase in
magma discharge rate due to opening of new vents and conduit enlargement, which, in
turn, lead to the enhancement of vent-conduit erosion (Druitt, 1985; Walker, 1985), (2)
explosive disruption of hydrothermal systems cut by dilating caldera faults (Rosi et al,,
1996; Kokelaar, 2007), or (3) slumping and sliding of the oversteepened caldera walls
(Lipman, 1997). The lithic breccias are apparently derived from variable depths and
include hydrothermally altered rocks (Suzuki-Kamata et al, 1993; Rosi et al, 1996;
Druitt, 2014), which is consistent with such inferred processes. It is therefore widely

accepted that coarse lithic breccias mark the onset of caldera collapse.

Figure 1.3: Two-stage model for caldera formation
(modified after Druitt and Sparks, 1984). An initial STAGE I
plinian eruption from a central vent decompresses
an overpressured magma chamber (Stage I). When
the chamber pressure falls sufficiently for the
chamber roof to collapse, a ring fault develops

along with the emission of a voluminous ignimbrite

(Stage II).
STAGE II
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In the climactic eruption of Mount Mazama (Crater Lake caldera), azimuthal
differences in lithic types in the lithic breccia, associated with the voluminous
ignimbrite, correlate well with the geology of the adjacent caldera walls, supporting the
presence of multiple vents along a caldera ring faults (Suzuki-Kamata et al., 1993). At
Long Valley caldera, no lithic breccias have been found although the assemblage of
dispersed lithic fragments in the ejecta suggests the change from the single-vent Plinian
phase to the ring-vents climactic ignimbrite phase simultaneously with caldera collapse
(Hildreth and Mahood, 1986).

Simmons et al. (2017a) has pointed out that coarse lithic breccias associated with
moderate-sized calderas (~10 km in diameter) show the increase in deeper-origin
basement and hydrothermally altered lithic clasts within the stratigraphy of each
eruption sequence, proposing an attractive model for caldera formation (Fig. 1.4). They
interpreted such lithic breccias as reflecting a deepening of the magma fragmentation
level and consequent explosive widening of conduit walls at depth, which is necessary
for subsidence of the chamber roof block along vertical or inward-dipping faults that
initially inhibit the subsidence by friction. Such interpretations are consistent with
numerical simulations which predict rapid increases in mass discharge rate and in
magma decompression accompanied by a progressive deepening of the magma
fragmentation level when the transition from a central-vent to a fissure vent occurs at

the onset of caldera collapse (Folch and Marti, 2009).

1.3.2. Lithic breccias associated with small calderas

Small caldera-forming eruptions often produce lithic breccias “after” the
climactic ignimbrite or plinian fallout deposits. Such stratigraphic relationship was first
recognized by Scott et al. (1996) in the 1991 Pinatubo eruption and has been reported in
other small caldera eruptions over the past two decades (Gardner and Tait, 2000;
Browne and Gardner, 2004; Andrews et al., 2007; Andrews, 2014). These authors
believed that the lithic breccias atop the climactic products mark caldera collapse and
that the caldera collapse happened near the end of the eruption. Such beliefs led them to
propose models in which subsidence of the caldera block (or fragmented blocks) along

13



a. GROWTH OF THE MAGMA RESERVOIR

1. Overpressure in the magma reservoir at 7-8
km depth (storage pressures of 130-220 MPa).
Driven by: i. The intrusion of basaltic magmas
into the main rhyodacitic reservoir. ii Volatile
exsolution, supercritical bubble nucleation and
growth.

b. INITIATION OF THE ERUPTION
FROM A POINT SOURCE VENT

2. Magma reservoir overpressures, dyke
propagation and magma ascent.

Devil iR ora 3. Decompression of the ascending magma,
bucyant eruption volatile exsolution and bubble growth.

column - Moderate magma decompression rates of
7-9 MPa s' immediatly prior to
fragmentation at shallow crustal depths.

4, Discharge of juvenile pyroclasts at MDR of
~10%- 10" kg s and the development of a
buoyant eruption column (LP1-A).

¢. ERUPTION COLUMN COLLAPSE

5. Explosive widening of the vent and the
injection of lithics into the eruption column
ERuption resulted in column collapse the development

column of valley-confined pyroclastic flows (LP1-B).
collapse \

6. Minimal change in magma decompression
rates or fragmentation depths.

-7-11 MPa s

- Shallow fragmentation depths

-MDR ~10°- 107kg s

d. TRANSITION TO CALDERA COLLAPSE

7. Magma evacuation and underpressurisation
of the magma reservoir led to the propagation
of sub-vertical to inwards dipping fractures.

- Fracture orientation and friction along the
fracture surface inhibited roof block
subsidence.

8. Rapid decompression of the magmatic
system (15-28 MPa s'), associated with the
development of fractures, resulted in high
rates of bubble nucleation, the downward
propagation of the fragmentation surface and
deep fragmentation depths (LP1-C).

Topof . CALDERA COLLAPSE AND
condut_ THE OPENING OF MULTIPLE
ZE0  FRACTURE VENTS

gas

9. A deepening of the
fragmentation surface led to the
Frag. explosive widening of fractures
SIGERN  and the discharge of lithic-rich
pyroclastic flows at MDR ~10% kg
s1(LP1-C).

- Widening of the fracture vents
. was necessary to reduce friction
E— between the bounding roof blocks
conduit  @nd enable caldera collapse.

Surface

Figure 1.4: Caldera formation model for the 184 ka Lower Pumice 1 eruption, Santorini, Greece
(from Simmons et al., 2017a).
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inward-dipping faults immediately closes the conduit and terminates the eruption (Scott
et al, 1996; Browne and Gardner, 2004; Andrews, 2014). However, these models
include a serious problem that needs to be explained; how does the caldera block (or
fragmented blocks) subsides along downward narrowing peripheral faults? As
Yokoyama (1993) suggested, sand grains in an hourglass smoothly fall downward
through the narrow passage; however, disrupted volcanic edifices may not be able to do
so. Moreover, such collapse models for small calderas tend to lack the linkage with the

lithology of the lithic fragments in the deposits.

1.4. Purpose of this thesis

Two completely different models proposed for the formation of small calderas are
“vent widening” model as demonstrated in the Nigorikawa caldera (Ando, 1983;
Kurozumi and Doi, 2003) and “caldera collapse” model as inferred in some small
calderas (Scott et al., 1996; Browne and Gardner, 2004; Andrews, 2014). Even if these
models may partially explain the dynamics of caldera formation, to develop a
comprehensive understanding of the formation mechanisms and eruptive dynamics of
small calderas it is necessary to link and explain the relationship among the subsurface
structures, dynamics of eruption and caldera formation, and nature and stratigraphy of
the eruptive products.

In order to achieve this, I have chosen to work on Ohachidaira volcano and its
summit caldera (Ohachidaira caldera). This is because (1) the volcano provides a
detailed record of the eruptive history along with a high-resolution stratigraphy of the
caldera- forming eruption sequence via rarely well-exposed and well-preserved
exposures and (2) the Ohachidaira caldera is typical of small calderas due to its small
diameter and the late appearance of the associated lithic breccia so that it may provide

essential mformation about small caldera dynamics.
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Chapter 2

Geological background

2.1. Basement of Taisetsu volcano group

The Taisetsu-Tokachi volcanic chain, extending from northeast to southwest
approximately 80 km in central Hokkaido, is located at the southwestern end of the
Kuril arc and formed in response to the subduction of the Pacific plate beneath the
North American plate to the northwest (Fig. 2.1; e.g. Kita et al., 2014). The Taisetsu
volcano group, comprising the northern part of the volcanic chain, has been active since
~1 Ma (NEDO, 1990). This volcano group covers Neogene volcanic rocks, which in
turn overlie the Hidaka Supergroup (Fig. 2.2; Konoya et al., 1966; Katsui et al., 1979).
The Neogene volcanic rocks consist of andesitic to rhyolitic lavas and tuffs, reaching as
high as 1600 m asl on the flanks of the Taisetsu volcano group (Katsuietal., 1979). The
Hidaka Supergroup comprising slate, sandstones, and cherts is the oldest rocks
(pre-Neogene) exposed in the study area and is occasionally intruded by granodiorites
(Katsui et al., 1979; NEDO, 1989). The slate belonging to the Hidaka Supergroup is
found up to ~1000 m asl along the Kurodakesawa Creek (Konoya et al., 1966; Katsui et
al, 1979). The ~1-2 Ma rhyolitic ignimbrites are only exposed on the northern to
western margins of the Taisetsu volcano group, and are distinguished from deposits of
the Taisetsu volcano group by the abundance of coarse quartz phenocrysts (Konoya et

al., 1966; Katsui et al., 1979; Nishiki etal., 2017) .
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Figure 2.1: Map showing the location
of the Taisetsu volcano group (star) and

active volcanoes (triangles).

Figure 2.2: Generalized stratigraphic column
showing the sequence of the Taisetsu volcano
group and its basements. The maximum
height where the top of each group can be
found is shown in the right of column.
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2.2. Taisetsu volcano group

The Taisetsu volcano group is constructed from a series of overlapping andesitic
to dacitic lava domes and stratovolcanos, whose peaks attain a height of 1700-2300 m
(Fig. 2.3; Katsui et al., 1979). The volcano group has developed at two distinct stages
(Ishige, 2017): older stage (1-0.7 Ma) and younger stage (0.2 Ma—now). At the older
stage, andesitic lava flows, domes, and stratovolcanoes were erupted from multiple
vents along north to south of the volcano group (Ishige, 2017). From 0.2 Ma, the
eruptive activity of the volcano group is characterized by explosive moderate-volume
ignimbrite eruptions alternating with the formation of andesitic to dacitic lava domes
and stratovolcanoes such as Hakuundake, Koizumidake, Hokuchindake, and Kurodake,

whose sources are located in the center to north of the volcano group (Ishige, 2017).

2.3. Previous studies of eruptive history of Ohachidaira volcano

Here I define Ohachidaira volcano as a stratovolcano whose edifice is built by
lavas and pyroclastics sourced within the Ohachidaira caldera. Ohachidaira volcano was
known formally as the central stratovolcano or cone (Doi et al, 1962; Katsui et al,
1979). These authors used the term “central” because they believed that the volcano was
formed in the center of a 4- x 6-km-diameter older caldera. The older caldera was
suggested by these authors as the distribution of lava domes and stratovolcanoes around
the “central” volcano seem to be circular, although there is no topographic caldera rim.
The Aizankei welded tuff, which they correlated with the formation of the older caldera,
may correspond to the ~1-2 Ma rhyolitic ignimbrites. Thus, I discount the presence of
the older caldera and avoid the term “central” to describe the volcano.

The eruptive history of Ohachidaira volcano has been reconstructed by field
mapping conducted at distal and proximal areas (Doi et al, 1962; Konoya et al., 1966;
Katsui et al., 1979; Metsugi, 1987; Wakasa et al., 2006; Sato and Wada, 2012; Yasuda et
al, 2015). For distal area, Doi et al. (1962) first identified a widespread ignimbrite sheet

at the foot of the Taisetsu volcano group, named “Sounkyo welded tuff”, and correlated
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it with the formation of the Ohachidaira caldera. Katsui et al. (1979) and Metsugi
(1987) also recognized the same ignimbrite sheet and termed “Ohachidaira pumice-flow
deposit” and “Taisetsu pyroclastic-flow deposit”, respectively. Wakasa et al. (2006) and
Sato and Wada (2012), however, found that the superficially indistinguishable
ignimbrite sheet can be divided into two petrological distinct ignimbrites. The older one
is composed of hornblende-rich pumice fragments (hornblende > pyroxene) and termed
Hb-type ignimbrite, and the younger one is composed pyroxene-rich pumice fragments
(hornblende < pyroxene) and termed Px-type ignimbrite (Sato and Wada, 2012). Yasuda
et al. (2015) identified the detailed distribution of the two ignimbrites (Fig. 2.4), and
they demonstrated that paleomagnetic directions for the two ignimbrites are
significantly distinct at 95% confidence limits, suggesting a time interval of 100 + 40
years or more between these two ignimbrite eruptions. The Hb-type ignimbrite has a
zircon fission-track age of 58 + 18 ka (Nishiki et al., 2017) while the Px-type ignimbrite
has a '*C age of 34 ka (Ishige and Nakagawa, 2017).

The proximal deposits from Ohachidaira volcano were descried by Metsugi
(1987). He identified lavas, pumiceous pyroclastic deposit, scoriaceous pyroclastic
depostt, lithic pyroclastic deposit, pumice falls, base-surge deposit, and welded scoria
falls, based on the field mapping and correlation for proximal products distributed
around the volcano. The eruption stratigraphy reconstructed by Metsugi (1987),
however, has a serious problem in correlation: he regarded the welded scoria falls that
occur in some isolated areas as a product of the same eruptive episode and as a key bed,
but despite being from different eruptive episodes. Moreover, the correlation between
such proximal deposits and the distal ignimbrites remains still unclear. Accordingly, it is
necessary to conduct a new field survey to reconstruct the detailed eruption stratigraphy
of Ohachidaira volcano.

The caldera floor (1900 m asl) is 100-300 m lower than the caldera rim. The
lacustrine sediments locally exposed onthe caldera floor indicate the past existence of a

caldera lake (Katsui et al., 1979).
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Figure 2.4: Map showing the distribution of Hb-type and Px-type ignimbrites at the foot of the
Taisetsu volcano group (modified after Yasuda et al., 2015).
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Chapter3

Eruptive history of Ohachidaira volcano

3.1. Introduction

The summit caldera of Ohachidaira volcano may not have formed by a single
eruption, but rather the caldera system may have evolved through several distinct
eruptive events, as commonly observed elsewhere irrespective of the size of calderas
(Vesuvius [3 km in diameter], Italy, Cioni et al., 1999, Latera [9 x 7 km], Italy,
Palladino and Simei, 2005, Santorini [10 x 6 km], Greece, Druitt et al., 1989, Aso [25 X
18 km], Japan, Ono, 1965; Watanabe and Ono, 1969, Toba [100 x 30 km], Indonesia,
Chesner and Rose, 1991). In general, eruptive events associated with caldera formation
are recorded as relatively large-volume of ignimbrites occurring around and within
calderas (Lipman, 1997). The Ohachidaira caldera has a record of several effusive and
explosive events, as seen the volcanic succession in the caldera walls and ignimbrite
sheets at the foot of the Taisetsu volcano group, some of which likely played a role in
the caldera formation. Nevertheless, as I mentioned in Section 2.3, the eruption
stratigraphy of Ohachidaira volcano reconstructed by some workers (Doi et al, 1962;
Konoya et al, 1966; Katsui et al., 1979; Metsugi, 1987; Wakasa et al., 2006; Sato and
Wada, 2012; Yasuda et al, 2015) is far from complete because of (1) the lack of
accurate and detailed stratigraphy of the proximal deposits and (2) the lack of
correlation between the proximal and distal deposits.

Conventional methods for determining the linkage between the spatially isolated
eruptive products (e.g. proximal and distal deposits) are to detect lithological and
petrological (e.g. chemical composition of juvenile materials) similarities between them.
It should be, however, noted that the geological and petrological data are sometimes

insufficient since (1) pyroclastic-fall and -flow deposits may show significant lateral

22



variations in composition (e.g proportions of types of juvenile materials or
juvenile/lithic ratios) and hence in lithofacies (Wright and Walker, 1977; Walker et al,
1981; Druitt and Bacon, 1986; Fierstein et al., 1997; Allen and Cas, 1998) and (2)
chemical composition of juvenile materials of different eruptive events froma volcano
could be indistinguishable. In such cases, paleomagnetic method is very useful to
distinguish among deposits (Hayashida et al, 1996; Ort et al, 2013; Yasuda et al,
2015).

Paleomagnetic secular variations (PSV) are changes with periods between 10s
and 1000s years in the components of the geomagnetic field (Butler, 1992). Variations
in paleomagnetic directions of rocks from successive, different eruptions from a single
volcano record a temporal change in geomagnetic field direction at the area. Therefore,
determining the paleomagnetic directions of volcanic rocks can be a powerful tool for
correlation and dating,

The aim of this chapter is to develop a better understanding of the eruptive styles,
magnitudes, and history of Ohachidaira volcano on the basis of field mapping and
paleomagnetic data. I identify the proximal deposits, assess whether they have
originated from Ohachidaira volcano, and correlate them with the distal ignimbrites. I
evaluate their contributions to the formation of the summit caldera. Note that the largest
and latest ignimbrite-forming event (Sounkyo eruption) of Ohachidaira is discussed in

detail in Chapter 4.

3.2.Ohachidaira volcano

Ohachidaira volcano, situated in the central Taisetsu volcano group, is truncated
by a 2-km-diameter summit caldera. The Ohachidaira volcano is surrounded by the
Taisetsu group consisting mainly of lava domes, such as Hokuchindake, Kurodake,
Koizumidake, and Hakuundake, except for the southwestern section. A stratovolcanic
complex, the Asahidake subgroup (Kumagatake, Ushiro-Asahidake, and Asahidake),
was formed after caldera formation and developed on the southwestern flank of
Ohachidaira volcano, concealing the eruptive sequence from Ohachidaira (Fig 3.1;

Ishige and Nakagawa, 2017).
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Early volcanism (600 ka—) at Ohachidaira was characterized by effusive and
explosive activity, producing several lava flows (here named the Ohachidaira lava) and
intermittent pyroclastic deposits. From ~60 ka, the Ohachidaira volcanism was
dominated by explosive activity, including two small explosive eruptions (here named
the Kobachidaira ignimbrite and Mamiyadake Scoria Member) and two major
ignimbrite eruptions, the 40—80 ka Hb-type ignimbrite and 34 ka Px-type ignimbrite.
Here I call the eruption of the Px-type ignimbrite and its associated products the

“Sounkyo eruption.”

3.2.1. Ohachidaira lava

The lower edifice of Ohachidaira is composed predominantly of lavas which are
exposed in the lower part of the caldera wall and alternate with argillically altered
pyroclastics. The lavas are traced as far as 3.6 km from the caldera center and overlain
by the Hb-type ignimbrite. Each lava unit has a thickness of 10—50 m (30 m in average).
The Ohachidaira lava is predominantly of hornblende-pyroxene andesite. Dacite, the
minor component of the Ohachidaira lava, is characterized by abundant hornblende
phenocrysts up to 10 mm in diameter. One bed of the lavas was K/Ar dated at ~0.6 Ma
(NEDO, 1990).

3.2.2. Hb-type ignimbrite

The Hb-type ignimbrite is a widespread sheet of welded tuff (Yasuda et al, 2015;
Figs. 2.4 and 3.2a). It can be traced for 22 km from the caldera center and attains at least
130 m thick on the foot of the Taisetsu volcano group. The Hb-type ignimbrite is
massive or diffusely stratified and poorly sorted (Fig.3.2b). It is rich in pumice and
scoria fragments scattered in an ash matrix. The proportion of pumice is generally
roughly the same as that of scoria, but sometimes is higher or lower. Coarse pumice-rich
or pumice- and scoria-rich lenses (up to 1 m thick; juvenile clasts up to 60 cm in
diameter) are observed in some places. Sub-vertical fines-depleted pipes that are

composed of pumice, scoria, and lithic clasts and a coarse ash matrix are sometimes
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Figure 3.2: Section of Hb-type ignimbrite at the southwest of the town of Kamikawa. a The
moderately welded, columnar-jointed Hb-type ignimbrite, intercalated by a thin fine ash horizon
(dashed line). The box highlights the area shown in Fig. 3.2b. Note that the fine ash horizon does not
disturb the columnar joints, suggesting a short hiatus in ignimbrite deposition. b Close-up view of a
5-mm-thick fine ash horizon (shown by arrows). Diffuse stratification above the fine ash horizon is
marked by a variation in the grain size.
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present. Lithic fragments are commonly minor and comprise variably altered lavas and
welded tuff clasts.

In the summit area of the Taisetsu volcano group, there is only one outcrop of the
Hb-type ignimbrite, 2.5 km south of the caldera center, where it overlies the
Ohachidaira lava and appears to be overlain by the Kobachidaira ignimbrite via a
>1.5-m-thick fluvial deposit. Here the Hb-type ignimbrite is 1.5 m thick and contains
exceptionally large pumice and scoria blocks up to 1 m in size with few lithic fragments.
Despite the thin nature of it, the coarseness of the clasts may indicate relative proximity

to source.

3.2.3. Kobachidaira ignimbrite

The Kobachidaira ignimbrite (up to ~30 m thick) occurs only in the summit area,
covering the middle to lower flanks of the Ohachidaira and overlain by the Mamiyadake
Scoria Member or Sounkyo eruption products (Fig. 3.1). It is a non- to weakly welded,
massive or diffusely bedded, extremely poorly sorted, matrix- to clast-supported, lithic
and scoria-rich deposit. Individual beds are usually inversely graded and have a
thickness of 20 cm to 6 m, most of which are >1 m thick. Meter-sized lithic blocks, up
to 5.5 m in diameter, are common and tend to occur at the top of beds (Fig. 3.3). These
beds dip at 7°-10° radially outwards from the Ohachidaira caldera. Such lithological
character and distribution of the Kobachidaira ignimbrite may indicate that it
corresponds to “lithic pyroclastic deposit” in Metsugi (1987).

Figure 3.3: A 5-m-thick bed of the
Kobachidaira ignimbrite (KI1).
Pale-colored coarse fragments are
lithic debris. Note a 4-m-diameter
lithic block lying at the top. The
ruler is 1 m long.
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The Kobachidaira ignimbrite is up to 30 m thick and can be divided into two
subunits, in ascending order, KI1 and KI2. This division is based on variations in lithic
component and grain size: (1) the lithic assemblage of KI1 is dominated by variably
altered andesite and dacite with minor welded tuff clasts, whereas that of KI2 is
dominated by welded tuff clasts with subordinate andesite and dacite; (2) the
meter-sized lithic blocks are observed in KI1 (Fig. 3.3), but the lithic fragments in KI2
are usually less than 1 m in size; (3) an ash matrix of KI1 is generally fines-depleted
while that of KI2 is fines-bearing. The boundary between KI1 and KI2 is gradational,
with no intercalated ash falls. Localized gas-segregation pipes occur in KI2.

Near the headwaters of the Ryounsawa Creek, two >5-m-thick, massive, non- to
weakly welded beds of KI1 are observed, and a low-angle cross-stratified tuff occurs at
the top of lower bed of KI1. This tuff layer pinches and swells in thickness (15-30 cm)
over distances of tens centimeters, composed of a sequence of ash tuff beds and
fines-depleted coarse ash to fine pumice and scoria lapilli lenses. Above the tuff layer,
the basal 1-m-thick part of the upper bed, exceptionally, contains abundant fiamme and
is slightly more welded. The fiamme have the length of ~5 to 40 cm with variable
flattening ratios. Above the basal zone, fiamme is scarce even though no sharp boundary
is observed.

At intersection of the Akaishigawa Creek and the mountain trail, KI2 is diffusely
stratified and totals >20 m thick, comprising the lower part of the left bank of the
Akaishigawa Creek. Stratification is defined by coarse scoria- or lithic-rich horizons.
Scoria and lithic fragments in the horizons are up to 1 m in size. A 30-cm-thick,
stratified tuff divides KI2 into two units, which consists of ash tuff beds interlayered by

fines-depleted coarse ash to fine pumice and scoria lapilli lenses.
3.2.4. Mamiyadake Scoria Member

The Mamiyadake Scoria Member forms a tephra ring as much as ~60 m thick,
occurring all around the caldera but the northeast and comprising the upper part of the

caldera wall (Fig. 3.4), which thins out and disappears within ~1 km from the caldera

rim (Fig. 3.1). The succession of the tephra ring is clearly exposed in valley walls on the
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Figure 3.4: The well-stratified Mamiyadake Scoria Member forms the upper part of the
southwestern caldera wall. The caldera wall is approximately 200 m high. The peak of the caldera

rim is called “Mamiyadake.”

Figure 3.5: Distribution of the
Mamiyadake Scoria Member. The black
ellipse marks the Ohachidaira caldera.
Note that the strikes of the beds in the
Mamiyadake Scoria Member roughly
parallel to the caldera rim. The beds
generally dip outward whereas some of
them dip inward.
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southern side of Ohachidaira volcano, where it overlies the Kobachidaira ignimbrite via
a 1.5-m-thick reworked deposit, and is capped by the fallout of the Sounkyo eruption in
the southeastern caldera wall. The tephra ring is dominated by pyroclastic breccia and
stratified and cross-stratified lapilli-tuff beds with interstratified fine-ash beds. The
strikes of the beds roughly parallel to the caldera rim (Fig. 3.5). Individual beds have a
wide range of juvenile and lithic clast proportions. The juvenile components are
generally dominated by scoria fragments although some beds contain pumice fragments
of comparable or larger volume than scoria fragments. The lithic fragments consist
mainly of andesite and dacite, with a smaller amount of volcanic breccia and welded
tuff’ blocks.

At Nakadake peak, in the northwestern caldera wall, two spatter agglutinate units
liec on the surface, mantling the caldera wall. Agglutinate units, each of which has a
thickness of 6 m, are diffusely stratified, clast-supported, and spatter (flattened scoria
clasts) rich. Spatters are welded each other, and locally, the remnant particles outlines
are not preserved. Pumice and lithic fragments are scarce. A 30-cm-thick welded tuff is
sandwiched between the two agglutinate units. It is diffusely stratified and consists of
pumice lapilli dispersed in an ash matrix with minor pumice and lithic fragments.
Below the agglutinate units, stratified to cross-stratified lapilli-tuff beds occur. Some
beds pinch and swell and, in places, truncate previously deposited beds. Large lithic
blocks rest within the lapilli-tuff beds without evidence of impact disturbance of
underlying and enclosing strata.

On the basis of its distribution and lithology, the Mamiyadake Scoria Member
should correspond to “base-surge deposit” in Metsugi (1987). 1 agree with his
interpretation of the genesis of the deposit, but the Mamiyadake Scoria Member also
includes fallout deposits and subordinate ignimbrites. Some lapilli-tuff beds (1) show
low-angle cross-stratification, (2) pinch and swell, (3) truncate previously deposited
beds, and (4) exhibit steep-dipping up to 39°, all of which are consistent with the
interpretation that they are of base-surge origin. On the other hand, other coarse beds,
for example those comprising the uppermost part of the northwestern caldera wall
(Nakadake peak), apparently show evidence of fall deposition: (1) they are

clast-supported and composed predominantly of scoria lapilli and blocks up to 80 cm in
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diameter; (2) they decrease in thickness and the degree of welding as distance from the
caldera increases. Although such scoria fall beds contain few lithic fragments, the lithic
blocks reach up to 4 m in diameter in caldera rim exposures.

No age data is available for the Kobachidaira ignimbrite and the Mamiyadake
Scoria Member, but the stratigraphic relationships indicate that they are younger than
the 40—80 ka Hb-type ignimbrite and older than the 34 ka Px-type ignimbrite.

3.2.5. Sounkyo eruption products

The Sounkyo eruption is the latest and largest event at Ohachidaira. The eruption
products are made up of five eruptive units (SK-A to -E) in proximal regions,
corresponding to the distal deposits, a 1- to 2-m-thick pumice fallout and the Px-type
ignimbrite up to 220 m thick. SK-A is a <60-m-thick, pumice-dominated fallout, which
corresponds to the distal pumice fallout. SK-B is a massive valley- filling ignimbrite and
is the proximal equivalent of the Px-type ignimbrite. SK-C is a >27-m-thick,
unstratified and ungraded, coarse lithic breccia. SK-D is a <6-m-thick scoria fallout

(SK-D). SK-E is a 5- to 15-m-thick ignimbrite.

3.3. Eruptive volume

A simple method for calculating the volume of ignimbrites is to multiply the area
of distribution by the average thickness (e.g Scarpati et al, 2014). However, the
thickness of the Hb-type ignimbrite varies significantly place to place, due to its
valley-filling nature and the underlying irregular topography, such that the simple
method should not be applied to estimate its volume. Instead, I divide its distribution
into several thickness-sectors and estimate the volume of each sector individually. The
bulk volume of a particular sector can be estimated by multiplying the area by the half
of the maximum thickness observed in that sector. The present-day volume of the
Hb-type ignimbrite is estimated to be 4.61 km® (Table 3.1). Bulk volumes of the
Ohachidaira lava, Kobachidaira ignimbrite, and Mamiyadake Scoria Member were

estimated by multiplying the area of distribution by the average thickness, yielding 0.17
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km’®, 0.04 ki®, and 0.08 km’, respectively.

Lithic volumes contained in the deposits were calculated with the bulk volume
and the mean lithic content, yielding the lithic volume of0.02 km® for the Kobachidaira
ignimbrite and that 0f 0.03 km® for the Mamiyadake Scoria Member. The Ohachidaira
lava is virtually lithic free.

Magma (dense rock equivalent, DRE) volumes were calculated by subtracting the
lithic volume from the deposits and assuming a magma density of 2.5 g/cm® and an
average density of 1.5 glem® for the Kobachidaira ignimbrite and the Mamiyadake
Scoria Member, yielding 0.01 km® and 0.03 km’, respectively. The magma volume of

the Ohachidaira lava is the same as the bulk volume of'it.

Table 3.1: Volume considerations for the eruptive deposits from Ohachidaira,
except for the Sounkyo eruption products.

Bulk Lithic*  Lithic DRE

volume content volume  volume
(km?) (vol%) (km?) (km?)
Mamiyadake Scoria Member 0.08 40 0.03 0.03
Kobachidaira ignimbrite 0.04 40 0.02 0.01
Hb-type ignimbrite 461 ? ? ?
Ohachidaira lava 0.17 - - 0.17

* Lithic content is the mean content of lithic fragments in each unit. Lithic
contents in the deposits were semi-quantitatively estimated by comparing, at
outcrops, a color index and lithic clasts dispersed in an ash matrix, and the
finer (less than a few mm) lithic fragments comprising the ash matrix were ig-
nored. Therefore our estimates of lithic contents will be a minimum.
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3.4. Eruptive source

The eruptive source of tephra can be determined by lateral variations in thickness,
grain-size, and the degree of welding for fallout deposits, or by flow direction indicators
and lithological characteristics for flow-origin deposits (e.g. Wright and Walker, 1977,
Self et al., 1986; Schumacher and Mues-Schumacher, 1996; Cagnoli and Tarling, 1997;
Palmer and MacDonald, 1999).

The lavas exposed in the caldera walls extend radially down the flanks of
Ohachidaira volcano, indicating that the source of the Ohachidaira lava was within the
Ohachidaira caldera. For the Kobachidaira ignimbrite, its distribution is confined near
the caldera (<2.9 km from the caldera center) but inside it, suggesting its source at the
Ohachidaira caldera. The Mamiyadake Scoria Member was also sourced from the
Ohachidaira caldera, as evidenced by: (1) its occurrence along the periphery of the
caldera; (2) the strikes of the beds roughly parallel to the caldera rim (Fig. 3.5); and (3)
the rapid decrease in thickness, grain-size, and the number of beds outward from the
caldera rim. The source of the Sounkyo eruption would have been within the
Ohachidaira caldera, because (1) its proximal products crop out extensively northeast
and southeast of the Ohachidaira caldera and (2) the initial fallout unit (SK-A) shows a
decrease in grain-size, in the degree of welding, and in the thickness and number of
beds, as distance from the Ohachidaira caldera increases, indicating that SK-A was
erupted from a vent within the caldera (see Chapter 4).

For the Hb-type ignimbrite, there is no proof for or against its source to be the
Ohachidaira caldera. Sato and Wada (2012) correlated the ignimbrite with the
Ohachidaira caldera based on its distribution. Nevertheless, the distribution they
mentioned is confined to the foot of the Taisetsu volcano group, which in fact supports
the inference that the ignimbrite was vented from somewhere in the Taisetsu volcano
group rather than the Ohachidaira caldera. Its proximal outcrop located 2.5 km south of
the caldera center is not decisive evidence to identify its source. The vent (or caldera)
that fed the Hb-type ignimbrite was possibly concealed by younger eruptive deposits.
No structural evidence for an eruptive source of the Hb-type ignimbrite has otherwise

been found. One way to assess whether its source was the Ohachidaira caldera is to
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make petrological and geochemical comparisons between the welded tuffs included in
deposits from the Ohachidaira caldera (i.e. the Kobachidaira ignimbrite, Mamiyadake
Scoria Member, and Sounkyo eruption products) and the Hb-type ignimbrite.

3.5. Paleomagnetic analysis

The proximal products I analyzed include the Kobachidaira ignimbrite,
Mamiyadake Scoria Member, and Sounkyo Member, whose paleomagnetic directions
were compared with those in the distal products, the Hb-type and Px-type ignimbrites,
estimated by Yasuda et al. (2015).

3.5.1. Sampling and measurement

Location of sampling sites is shown in Fig 3.1. Twenty scoria clasts were
collected at two sites (ts6, 10) from the Kobachidaira ignimbrite. The Mamiyadake
Scoria Member was sampled at four sites (ts1—4) with a total of thirty-two scoria clasts
and eight matrix samples. Twenty-eight juvenile clasts collected at three sites (ts5,7,9)
from the Sounkyo Member, SK-A, -B, and -E, are predominantly scoria with
subordinate pumice clasts. Clasts and matrix samples were collected as hand samples
oriented by magnetic compass. In the laboratory, the oriented samples were cut into
24-mm-tall, 24-mm-diameter cylinder cores (specimens) for analysis. The natural
remanent magnetization (NRM) of the specimens was measured using a Natsuhara
SMD-88 spinner magnetometer. All specimens were subjected to thermal
demagnetization using a Natsuhara TDS-1 thermal demagnetizer with residual fields
<10 nT. The specimens were demagnetized in steps of 50°C at low temperatures up to
500°C and of 30°C at higher temperatures up to 560, 590, or 620°C. Principal
component analysis (Kirschvink, 1980) was carried out to obtain the best fit
demagnetization lines for linear demagnetization trajectories. Only characteristic
components of NRM (ChRM) determined by results of >3 successive thermal

demagnetization steps with maximum angular deviation (MAD) <10° are considered
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reliable. Site-mean ChRM directions were then combined for each eruptive episode
(between-site) ChRM direction. Mean directions were calculated according to standard

Fisher (1953) statistics.

3.5.2. Results

3.5.2.1. Magnetic characteristics

Figure 3.6 shows the change in direction and intensity of the NRM of
representative specimens with progressive demagnetization. In nearly all specimens, the
remanence at low—intermediate temperatures displayed a random direction. Only at site
ts03, thermal demagnetization up to 400°-560°C removes one or two low-stability
components of NRM. For all sites ChRM was isolated after elimination of the
low-stability component, which decays univectorally toward the origin. Typically,
specimens show a range of unblocking of remanence between 590°C and 620°C,
suggesting magnetite as the dominant carrier of NRM with a contribution by hematite in

some samples.

3.5.2.2. Characteristic remanent magnetization

ChRM directions are well clustered within each site and yield site-mean
directions with £ >24 and oys <10°, most of which with £ >100 and o5 <5° (Fig. 3.7 and
Table 3.2). Even though the ChRM directions for the site ts06 have relatively high
dispersion (k = 24.2, ass = 10°), if I discarded a specimen direction with exceptionally
shallow inclination, they would become well grouped (k = 474.3, ays = 2.4°) close to the
site-mean direction from another Kobachidaira ignimbrite site. The sample that has a
remanent magnetization with a peculiar direction has been likely reworked after
emplacement, so it was not used to for determining the between-site mean direction.

The between-site dispersion of ChRM directions for the Sounkyo Member is low
(k = 1682.8, ays = 3°), while that for the Mamiyadake Scoria Member is greater (k =
58.6, ays = 12.1°) due to site ts] with an anomalous site mean direction (Table 3.2). If
the site direction from ts1 was not used, the ChRM value for the Mamiyadake Scoria

Member would show less dispersion (k= 234.8, ays = 8.1°; Table 3.3).
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Figure 3.6: Thermal demagnetization data for representative specimens from the Kobachidaira
ignimbrite, Mamiyadake Scoria Member, and Sounkyo Member. For each specimen, the left is an

orthogonal plot, and the right is a normalized intensity decay curve. Solid and open circles are the
projection on the horizontal and vertical planes, respectively.
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Figure 3.7: Equal-area lower hemisphere projection of within-site mean ChRM directions and 95%
confidence circles for the Kobachidaira ignimbrite (green), Mamiyadake Scoria Member (yellow),
and Sounkyo Member (orange). The ChRM directions are well grouped in each eruptive episode,

except for one site (ts1) of the Mamiyadake Scoria Member.

Table 3.2: Summary of paleomagnetic results.

Ste N D) I s k

Sounkyo M.
ts5 10 23.6 69.1 2.6 3543
ts7 8 21.4 71 42 174.1
ts9 10 19.8 67.3 44 120.7
Mamivadake S.M.
tsl 10 20.2 50.5 22 471.3
ts2 11 -18 61.1 22 4443
ts3 8 -9 56 55 102.6
tsd 11 -2.1 63 22 448.7
Kobachidaira Ig
ts6 10 16.1 66.3 10 24.2
ts10 10 5.7 67.5 2.1 508.3

N, number of samples from which ChRM are obtained; D, mean declination (in situ); 7,
mean inclination (in situ); ovs, radius of 95% confidence circle; k, precision parameter.
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3.5.3. Implications for the reconstruction of eruptive history

The within-site data are generally of good quality, suggesting that the estimated
site mean directions are representative of the ChRM for the deposits of that location.
Moreover, in spite of a low number of sites used in the calculation of the eruptive
episode ChRM, the between-site mean direction for each eruptive episodes has
moderate to low dispersion and is significantly distinct each other. These indicate that
the estimated ChRM may record the direction of the Earth’s magnetic field at the time
of emplacement and thus allows correlation of deposits.

ChRM directions for the Px-type ignimbrite and Sounkyo Member are
statistically indistinguishable (Fig. 3.8), together with their lithological and petrological
characteristics, confirms a correlation between them (see Chapter 4). The ChRM values
for the Hb-type ignimbrite, Kobachidaira ignimbrite, Mamiyadake Scoria Member, and
Sounkyo Member are distinguishable each other (Fig. 3.8), which is consistent with the
field evidence suggesting that each eruptive episodes are temporally distinct.

Further work in the Mamiyadake Scoria Member would allow for a better defined
estimate of the ChRM direction. Apparently, it is necessary to estimate a ChRM
direction for the Hb-type ignimbrite in proximal regions to make sure if its ChRM

directed toward that for the Hb-type ignimbrite in distal regions.

38



w!

Figure 3.8: Equal-area lower hemisphere projection of between-site mean ChRM directions and
95% confidence circles for the Kobachidaira ignimbrite (X.I.), Mamiyadake Scoria Member
(M.SM.), and Sounkyo Member (S.M.). ChRM directions for the Hb-type and Px-type ignimbrites
are shown as blue and orange circles, respectively (modified after Yasuda et al., 2015).

Table 3.3: Between-site mean ChRM directions for three eruptive episodes.

Site N  D® 1(°) ags(°) k
Sounkyo M.
ts5, ts7, ts9 3 21.6 69.1 3 1682.8
Mamiyadake S.M.
182, ts3, ts4 3 -9.8 60.2 8.1 234.8
Kobachidaira Ig

ts6, ts10 2 5.6 68.1 2.6 9083.9

N, number of sites; D, declination; 7, inclination; aws, radius of 95% confidence circle; k, pre-
cision parameter.
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3.6. Contributions to the caldera development

Collapse calderas can be formed by during effusive explosive (lava flows and
domes) or non-explosive (intrusions) events. Calderas in Hawaii have developed in
association with mafic effusive activities over broad time ranges (days to weeks;
Newhall and Dzurisin, 1988). At Fernandina and Miyakejima, caldera collapse
progressed over several days as magma displacement occurred beneath the surface with
a minor amount erupted (Filson et al, 1973; Geshi et al, 2002). The early activity of
Ohachidaira volcano was dominated by the eruption of lava flows, the total volume of
which is 0.17 km’. T consider that it is very unlikely that caldera collapse occurred
during the eruption of such lavas. The magma eruption rate for the Ohachidaira lava
eruption may be significantly smaller for caldera collapse. In general, the formation of
calderas by caldera collapse requires rapid drainage rates for collapse to occur
(Scandone, 1990). Moderate to large ignimbrite eruptions that led to caldera collapse
have an eruption rate of 10’—10® kg/s or more (Scott et al., 1996; Hildreth and Fierstein,
2000; Houghton et al, 2010; Simmons et al., 2017ab). Even at Fernandina and
Miyakejima, the magma evacuation rate of 10°-10° kg/s was estimated (Stix and
Kobayashi, 2008). The eruption of the Ohachidaira lava, however, may have had an
eruption rate of 10° kg/s or less (assuming the eruption duration, years or more). The
low magma evacuation rate may not facilitate caldera collapse because of the decrease
i rates of chamber decompression due to elastic deformation of chamber walls.

The original bulk volume of the Hb-type ignimbrite is apparently greater than
4.61 km’, which seems likely to be accompanied by caldera formation. Nevertheless, its
source vent or caldera is unknown.

The Kobachidaira ignimbrite eruption was characterized by an initial vent
widening/clearing episode of Ohachidaira volcano. The variably altered andesite and
dacite lava blocks, the predominant type in the lithic fraction of KI1, were essentially
derived by vent or subsurface conduit erosion. Its coarseness (<5.5 m) and abundance
(~50 vol1%) of lithic fragments throughout KI1 reflects a vent opening and development.
It should be noted that the underling Hb-type ignimbrite does not show such evidence

for a vent opening as suggested by its lithic-poor nature, though the last phase of the
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early effusive episode of Ohachidaira might have filled the vent and conduit with lavas.
Although KI2 are similar to KIl in the abundance of lithic fragments, the dominant
lithic type in KI2 is welded tuff clasts. The welded tuff clasts consist of scoria and lithic
fragments with minor pumice clasts, which have similar appearance to the host
ignimbrite. The welded tuff clasts may appear to consist mostly of vent-filling
ignimbrite that has become moderately welded before incorporation into the
subsequently erupted host ignimbrite.

The Mamiyadake Scoria Member is a thick succession formed by
phreatomagmatic and magmatic activities. In general it is enriched in lithic clasts (the
mean lithic content, ~40 vol%), whose assemblage is dominated by shallow-origin
volcanic rocks, indicating that the shallow conduit and vent were progressively widened
as the eruption proceeded.

The Sounkyo eruption is considered to play a significant role in the formation of
the Ohachidaira caldera because it vented the most abundant magma and lithic

fragments among the eruptive episodes of Ohachidaira volcano (see Chapter 4 for

detail).

3.7. Conclusions

Based on field and paleomagnetic data, I recognize five eruptive episodes from
Ohachidaira stratovolcano. The ChRM directions from the pyroclastic deposits of four
to five episodes are distinguishable each other, indicating that the paleomagnetic data
provides a useful tool to help identifying and evaluating the tentative stratigraphy of the
eruptive products constructed by field observations. The proximal Sounkyo member and
the distal Px-type ignimbrite, which are separated in space, have ChRM directions
statistically indistinguishable, suggesting their simultaneous emplacement. From 0.6 Ma,
Ohachidaira produced andesitic to dacitic lavas and pyroclastics, forming the lower
edifice. Between 60 ka and 34 ka, Ohachidaira volcano has had two (or possibly one)
major (VEI 5) and two minor (VEI 3) explosive eruptive episodes, which were
associated with the construction of the upper edifice and the formation of the summit

caldera. Deposits from these eruptions occur in caldera walls, valleys extending outward
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from the caldera rim, and at the foot of the Taisetsu volcano group. While the last largest
explosive episode (Sounkyo eruption) made a major contribution to the caldera
development, the earlier explosive events (Kobachidaira ignimbrite and Mamiyadake
Scoria Member) must have corresponded to vent enlargement to some extent. I revealed
the eruptive styles, magnitudes (ie. distribution and volume), and history of
Ohachidaira volcano. Such basic geological data contributes to predict and mitigate the

hazards and risk associated with future eruptions from the volcano.
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Chapter 4

The origin of a coarse lithic breccia in the

34 ka caldera-forming Sounkyo eruption

4 1. Introduction

Moderate to large (VEI >5) explosive eruptions produce ignimbrites and/or
plinian fallouts, often associated with formation of calderas at their source areas
(Lipman, 1997). Caldera depressions can be formed either by collapse of the roof ofa
magma chamber due to magma withdrawal (e.g 0.73 Ma Bishop Tuff, Long Valley,
Hildreth and Mahood, 1986, Crater Lake, Bacon, 1983; Suzuki-Kamata et al., 1993) or
by vent widening (e.g Nigorikawa, Ando, 1983; Kurozumi and Doi, 2003). Field-based
studies addressing large calderas have reported some evidence for caldera collapse
during magma withdrawal, such as (1) thick intracaldera ignimbrite fill intercalated with
caldera-wall slide breccias (Lipman, 1976, 1997; Hildreth, 1996), (2) the similarity
between the caldera volume and the erupted magma volume (Bacon, 1983; Hildreth and
Mahood, 1986), and (3) coarse lithic breccias associated with outflow ignimbrites
(co-ignimbrite lag breccias, Druitt and Sparks, 1984; Walker, 1985).

Why are the coarse lithic breccias an evidence for caldera collapse? For large
caldera-forming eruptions, the lithic breccias are commonly interbedded with or
overlain by a climactic ignimbrite (e.g. Druitt and Sparks, 1982; Aramaki, 1984; Druitt
and Bacon, 1986; Nairn et al., 1994; Allen and Cas, 1998; Allen, 2001; Lindsay et al.,
2001; Palladino and Simei, 2005; Bear et al, 2009). The great diversity of lithic
component of the lithic breccias, such as at Crater Lake, Phlegracan Fields, and
Santorini may record the opening of multiple vents (Suzuki-Kamata et al., 1993; Rosi et

al, 1996; Druitt, 2014). Azimuthal differences in lithic component proportions in the
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lithic breccia, associated with the climactic eruption of Mount Mazama (Crater Lake
caldera), correlate well with the geology of the caldera walls, suggesting multiple vents
along a ring fracture system (Suzuki-Kamata et al., 1993). The lithic breccias have been
widely interpreted as reflecting the opening of new vents and conduit enlargement
associated with caldera collapse, followed by a rapid increase in magma discharge rate
(Druitt and Sparks, 1984; Walker, 1985).

For small caldera- forming eruptions, on the other hand, the lithic breccias overlie
a climactic ignimbrite or plinian fallout, and their lithic assemblages do not show a great
diversity as well as those in large caldera-forming eruptions (e.g. Browne and Gardner,
2004; Andrews et al, 2007). Despite differences in stratigraphic position and in lithic
assemblages, it is generally considered that the lithic breccias in small caldera-forming
eruptions also mark the onset of caldera collapse and that the caldera collapse happened
after the eruption climax (e.g. Pinatubo, Scott et al., 1996; Ceboruco, Gardner and Tait,
2000; Browne and Gardner, 2004, Ksudach, Andrews et al., 2007; Andrews and Gardner,
2010). In order to investigate formation mechanisms of small calderas, it is important to
interpret the origin of lithic breccias with evaluation of lithic componentry data,
together with an assessment of whether caldera collapse occurs.

In this Chapter, I describe the case of the 34 ka Sounkyo eruption, which is the
latest and largest event at a 2-km-diameter summit caldera in the Taisetsu volcano group,
Japan. The Sounkyo eruption products comprise fallout and pyroclastic-flow deposits of
basaltic andesitic to dacitic composition, with a coarse lithic breccia generated after an
eruption climax. I present the detailed stratigraphy based on field mapping (Fig. 4.1)
and correlation. I estimate the volume of the eruption products and determine the
componentry of lithic fragments to assess the origin of the caldera and the lithic breccia.
Finally, I compare my results with other small caldera-forming eruptions, proposing an

alternative model for the formation of lithic breccias.
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4.2. Stratigraphy of the Sounkyo eruption products

The Sounkyo eruption products occur at the foot of the Taisetsu volcano group
(distal) and around the Ohachidaira caldera (proximal). The distal and proximal
products of the eruption show apparently distinctive lithofacies (Fig. 4.2), the latter of
which is more complex, and do not overlap in distribution. Both of pumice, scoria, and
banded pumice fragments are ubiquitously present in the eruption products as juvenile

materials.

s g

Figure 4.1: Location map of the proximal area around the Ohachidaira caldera. Locality numbers
referred in text are shown. Contour interval, 50 m.
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4.2.1. Distal products

The Sounkyo eruption products comprise a pumice-fall deposit and the overlying

Px-type ignimbrite at the foot of the Taisetsu volcano group (Sato and Wada, 2010).

4.2.1.1. Distal pumice-fall deposit

At the eastern foot of the Taisetsu volcano group a pumice-fall deposit is
conformably overlain by the Px-type ignimbrite (Katsui et al, 1979; Sato and Wada,
2010). The pumice-fall deposit is best exposed at Obako 11 km east of the caldera,
where it comprises a lower, 40-cm-thick, thin-bedded part and an upper, 160-cm-thick,

Proximal Distal
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Figure 4.2: Generalized stratigraphic sections through the Sounkyo eruption products in proximal
and distal regions. Note the difference in scales for individual sections.
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coarser-grained part (Fig. 4.3). Here, the lower part is sequences of alternating fine to
coarse ash and fine-lapilli fall layers, and unconformably overlies the basement siltstone.
The fine-lapilli layers consist of both pumice and scoria with few lithic fragments. The
upper part consists predominantly of pumice lapilli and blocks up to 10 cm in diameter,
and is diffusely stratified into at least three layers. Scoria and lithic clasts are
subordinate in the upper part of the fallout, but a one-clast-thick scoria horizon is
present at Ryusei Waterfall (Fig. 4.3). Note that the pumice-fall deposit is absent
beneath the Px-type ignimbrite at the north-northeastern and southwestern foot of the

Taisetsu volcano group (Fig. 4.4).
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Figure 4.4: Isopach map of SK-A fallout and the distal pumice-fall deposit (thicknesses in meters).
> indicates that the base of the fallout is unexposed or the top is unpreserved. Note that SK-A2 or
the upper part of the distal pumice-fall deposit makes up most of the thickness. /nset shows the log
of thickness vs. square root of area diagram.

Figure 4.3: Stratigraphic sections for SK-A fallout and the distal pumice-fall deposit. Gray zone
traces SK-Al and the lower part of the distal pumice-fall deposit (L). Thicknesses of individual beds
are only described for SK-Al and the lower part of the distal pumice-fall deposit because of their
thinness and the difficulty of distinguishing between pumice and scoria clasts (see section 4.2.2.1).
Question-marks indicate the areas which are obscured by talus. Locations of these sections are
shown in Figs. 2.4 and 4.1.

48



4.2.1.2. Px-type ignimbrite

The Px-type ignimbrite (<220 m thick) is widespread and outcrops to a maximum
distance of 16 km from source. It mainly exists at the eastern to northeastern and
western to southwestern foot of the Taisetsu volcano group, occurring along valleys of
the Ishikari, Piukenai, and Chubetsu rivers (Fig. 2.4). It can be traced in near-continuous
exposure for 10 km along the Ishikari River valley, Sounkyo Gorge. The Px-type
ignimbrite is a moderately to intensely welded, columnar-jointed tuff except for the
non-welded base. The Px-type ignimbrite is usually composed of a single cooling unit
although two cooling units can be recognized at Kyokanheki, 14 km southwest of the
caldera (Yasuda et al, 2015). The Px-type ignimbrite is massive and contains
predominantly pumice and scoria lapilli and blocks supported by a gray ash matrix.
Lithic fragments are rare (2-5 vol%) and are dominantly andesite lava clasts at the
non-welded base. Pumice concentration zones and gas segregation pipes are locally

present.

Figure 4.5: SK-Al fallout at locality 1. a Stratification marked by variations in grain size. The
uppermost bed (the head of the hammer) clearly shows inverse grading. Hammer is 33 cm long. b
The PDC bed includes slabs of the fine-ash deposit eroded from the underlying fine-ash layer (F).
Pen for scale is 14 cm long.
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4.2.2. Proximal products

The Sounkyo eruption products crop out extensively northeast and southeast of
the Ohachidaira caldera in proximalregions (Fig. 3.1). The proximal products consist of
five units (Fig. 4.2), from base to top: pumice- and scoria-fall deposit (SK-A), climactic
ignimbrite  (SK-B), lithic breccia (SK-C), scoria-fall deposit (SK-D), and
smaller-volume ignimbrite (SK-E). All are interpreted as the products of a single
eruption on account of the absence of paleosols and significant disconformities among

these units.

4.2.2.1. SK-A

SK-A mantles the underlying topography with a dispersal axis directed to the east
(Fig. 4.4) and can be sub-divided into SK-Al and SK-A2 (Fig. 4.3): a basal thin-bedded
part (A1) and an overlying, thick, coarser-grained, diffusely stratified part (A2). SK-Al
consists of >60 fall layers at locality 1 where it is best exposed and shows its maximum
thickness of 7 m. Here, SK-A1 is non- to weakly welded, and consists mainly of pumice
and scoria lapilli-fall layers, intercalating with fine- to coarse-ash layers (Fig. 4.5a). The
lapilli and coarse ash-fall layers often exhibit inverse grading, along with occasional
inverse-normal grading (Fig. 4.5a). Many of juvenile clasts in SK-Al have been
weathered and altered to dull yellow, dark yellow-brown color, which makes it difficult
to recognize whether they are pumice or scoria (Fig. 4.5). Lithic fragments are generally
rare (<10 vol%). SK-A1 fallout is characteristically interrupted by several thin, non- to
weakly welded, pyroclastic density-current (PDC) beds with erosive bases (Fig. 4.5b).
SK-A1l shows a decrease in grain-size, and in the thickness and number of beds, as
distance from the caldera increases.

SK-A2 has a maximum thickness of ~60 m near the caldera rim and thins rapidly
to several meters within the first 2 km outward from the caldera (Fig. 4.4). In caldera
rim exposures, while the upper half of SK-A2 is diffusely stratified and rich in pumice
lapilli and blocks up to 66 cm in diameter, the lower half of it is stratified and extremely
rich in scoria fragments. The scoria-rich lower half is intensely agglutinated and welded

that the remnant particles outlines are occasionally obliterated. Downwind distally, the
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Figure 4.6: SK-A2 fallout at locality 1. a The lower part of SK-A2. Scoria-rich, welded layers are
intercalated with pumice-rich, non-welded layers. Note the sag structure caused by a scoria bomb at
the bottom of SK-A2. The Ohachidaira caldera is to the right. The ruler (center right) is 1 m long.
Hammer is 33 cm long. be Flattened scoria clasts (spatters) in the pumice-rich layers.
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scoria-rich zone appears to be separated and intercalated with pumice-rich layers
throughout the fallout, and the total pumice/scoria ratio within SK-A2 increases (Figs.
4.3 and 4.6a). The degree of welding of the scoria-rich zone decreases as distance from
the caldera increases. At locality 1, a sag structure caused by impact of a scoria bomb
occurs at the base of SK-A2 (Fig. 4.6a), and flattened scoria clasts (spatters) are
sometimes found in the pumice-rich layers (Figs. 4.6b and 4.6¢). Lithic fragments are
scarce throughout SK-A2 (2 vol%). The upper contact with the overlying ignimbrite
(SK-B) is usually sharp.

4.2.2.2. SK-B

SK-B is a >50-m-thick valley-filling ignimbrite that is non- to weakly welded and
locally columnar-jointed. SK-B is partly massive and partly diffusely stratified or
cross-stratified. The stratification is marked by variations in clast size and concentration.
SK-B is largely composed of pumice and scoria clasts up to 70 cm in diameter
supported by a gray ash matrix. Lithic fragments are generally minor (2—5 vol%), but a
lithic-rich horizon locally occurs at its base (e.g. locality 5; Fig. 4.7a). Gas-segregation
pipes are occasionally present. The contact between SK-B and -C are commonly planar

and gradational.

4.2.2.3.SK-C

SK-C is the most conspicuous and coarsest deposit in the proximal products.
SK-C lithic breccia is non-welded and consists dominantly of angular to subangular,
lapilli to block size lithic fragments (50-70 vol%) up to 2.6 m in diameter with
subordinate pumice and scoria lapilli. The lithic breccia varies from clast-supported to
matrix-supported with a fines-depleted coarse ash matrix (Fig. 4.8a). The juvenile clasts
rarely exceed 20 cm in diameter. Despite the lithic breccia attains a maximum thickness

of >27 m, it is unstratified and ungraded. The maximum lithic size in the lithic breccia

Figure 4.7: Stratigraphic unit correlations for the proximal units SK-B to -E. Yellow zone traces
SK-C lithic breccia. The uppermost part of SK-A is only described when the boundary between
SK-A and -B is visible. Question-marks indicate the areas which are obscured by talus. Note that
both the maximum lithic size and the thickness of SK-C lithic breccia rapidly decrease outward from
the caldera. (a) is for the northeast sections, and (b) for the southeast sections. Locations of these
sections are shown in Fig. 4.1.
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steadily decreases outwards from ~2 m at locality 1, 1.1 km from the caldera center, to
20 cm at locality 11, 2.8 km from the caldera center (Fig. 4.9). Although the lithic
breccia thickens into topographic depressions, it thins rapidly away from the caldera
(Fig. 4.7). The lithic breccia is usually overlain by a 3- to 12-cm-thick, fine to coarse,
massive ash tuff, which in turn is overlain by a 2- to 5-cm-thick massive fine-ash layer.
The boundaries between these three deposits are sharp.

A fines-bearing facies of SK-C lithic breccia occurs only in the furthest section in
proximal regions, locality 11 (Fig. 4.8b). In this section the lithic breccia is 70 cm thick
and contains gas-segregation pipes, emanating from the lithic breccia, rising through the
overlying ash tuff, ending at the bottom of the fine-ash layer (Fig. 4.10). This indicates
that the ash tuff was emplaced immediately after deposition of the lithic breccia during
which gas was still being released from the lithic breccia, and the fine ash settled on the
tuff afterwards. This fine ash may represent a co-ignimbrite ash-fall deposit, and/or it
may represent elutriation of fine ash from the underlying lithic breccia deposit by the

escape of fluidizing gas.

Figure 4.8: SK-C lithic breccia. a A fines-depleted, clast-supported, lithic-rich breccia at locality 2.
Lithic clasts (L, dark reddish brown) are angular to subangular while pumice clasts (P, grayish
yellow) are subrounded. Hammer is 33 cm long. b A fines-bearing, matrix-supported, lithic-rich
breccia with fines-depleted pipes (gas-segregation pipes) at locality 11. Penis 14 cm long.
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Although SK-C lithic breccia superficially resembles a lithic-rich fall deposit, I interpret
it a flow origin instead as the following reasons: the lithic breccia (1) lacks internal
stratification even where it is >27 m thick, (2) thickens into topographic depressions, (3)
contains subrounded juvenile clasts (Fig. 4.8a), (4) lacks impact structures even beneath
meter-sized lithic blocks, (5) consists of abundant coarse lithic blocks significantly
larger than accompanying pumice and scoria clasts, suggesting a lack of hydraulic
equivalence, and (6) grades laterally outward into a fines-bearing, matrix-supported

facies with gas-segregation pipes.
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Figure 4.10: Boundary between SK-C
lithic breccia and SK-D fallout at
locality 11. The lithic breccia is
overlain by an ash tuff, which in turn is
overlain by a fine-ash layer. Note that
the gas pipe in the lithic breccia passes
up into the overlying ash tuff and
terminates at the bottom of the fine-ash
layer.
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4.2.2.4. SK-D

SK-D mantles the underlying topography, and, like SK-A fallout, its dispersal was
eastward (Fig. 4.11). At the most proximal outcrop of SK-D (1.4 km from the caldera
center), locality 3, it attains a maximum thickness of 6 m and overlies a 2-m-thick
reworked deposit of SK-C lithic breccia, which in turn rests on the primary lithic
breccia. Here SK-D is composed predominantly of scoria lapilli and blocks up to 56 cm
in diameter with diffuse stratification, in which individual layers, generally 30—-50 cm
thick, exhibit inverse grading. Bread-crusted bombs are present in SK-D. Downwind
distally, SK-D has an average thickness of 1 m (Fig. 4.11) and is a non-welded, massive
scoria-lapilli fallout. Although being minor at the bottom of SK-D, the proportion of
pumice fragments gradually increases in the middle and sharply increases at the top.
Lithic fragments are scarce (2 vol%). The upper contact with the ignimbrite (SK-E) is

generally distinct.

N
Figure 4.11: Isopach map of SK-D
fallout (thicknesses in meters). > ® -6 .>1 1m
indicates that the top of the fallout is
unpreserved.
1 -
0.8\'0_'.6"
1km 1.2*".5g
4.2.2.5. SK-E

SK-E is a non- to weakly welded, locally columnar-jointed, massive to stratified,
poorly sorted, ignimbrite. SK-E is generally 5—15 m thick and commonly present at the
surface of the northeast and southeast of the Ohachidaira caldera. Although superficially
similar in appearance to SK-B, two key differences between SK-B and -E preclude a
correlation: (1) SK-B contains significant amount of plutonic lithic fragments whereas
SK-E contains a few (see section 4.4.3); (2) bread-crusted bombs are abundant in SK-E,
but they are rarely observed in SK-B. At locality 3, SK-E and the uppermost part of
SK-D are comparable in terms of the ratio of pumice to scoria, lithic component, and
the presence of bread-crusted bombs, suggesting continuous deposition from SK-D to

-E.
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4.3. Correlation between the distal and proximal products of the

Sounkyo eruption

Although the distal products (the pumice-fall deposit and Px-type ignimbrite) and
proximal products (SK-A to -E) are separated in space as there exists no information
about the medial products due to difficulties in access, I deduce that the distal and
proximal products were generated in the same eruption for two reasons. First,
paleomagnetic data suggests that the proximal units SK-A to -E were emplaced
contemporaneously with the Px-type ignimbrite (see Chapter 3 for detail). Second, the
whole-rock chemical composition of juvenile clasts from the proximal ignimbrite units

SK-Band -E are similar with those from the Px-type ignimbrite, as described below.
4.3.1. Distal pumice-fall deposit

The distal pumice-fall deposit is interpreted to be a lateral counterpart of SK-A,
since (1) SK-A is the only fall deposit observed in proximal regions that has significant
thickness and coarseness to correlate with the distal pumice-fall deposit, (2) both of the
distal pumice-fall deposit and SK-A are composed of a lower, thin-bedded part and an
upper, thick, coarser-grained, diffusely stratified part, and (3) although the upper part of
the distal pumice-fall deposit contains less scoria in the juvenile fraction than the upper
part of SK-A (A2), a total pumice/scoria ratio within SK-A2 increases distally even

within the proximal area so that consistency is maintained (Fig. 4.3).
4.3.2. Px-type ignimbrite

Possible candidates for the proximal equivalent of the Px-type ignimbrite are the
three flow-origin units: SK-B ignimbrite, SK-C lithic breccia, and SK-E ignimbrite. In
order to correlate between the Px-type ignimbrite and the three proximal units,
whole-rock chemical analysis was carried out on fifty-five scoria and pumice samples.

Fifteen samples of the Px-type ignimbrite were taken from the lower to middle levels of
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it. Twenty-one samples of SK-B, eleven of SK-C, and eight of SK-E were taken from
the bottom to the top of each unit.

Whole rock major- and trace-element compositions were determined with a
Rigaku ZSX Primus II X-ray fluorescence spectrometer at Kobe University, using the
glass bead method. Scoria and pumice samples were crushed in a Fritsch tungsten
carbide swing mill. One point eight grams of the powdered sample was mixed with 3.6
g of Johnson Matthey Spectroflux 100B (lithium metaborate and lithium tetraborate,
8020 w/w%) and fused in a platinum crucible for 7 minutes at 1200 °C, producing a
homogeneous glass bead 35 mm in diameter. Representative compositions are shown in
Table 4.1.

Scoria samples are basaltic andesite to andesite, with 55.8-59.3 wt% SiOa,
whereas pumice samples are dacite, with 64.0-67.2 wt% SiO; (Fig. 4.12). Most of the
major element compositions of scoria and pumice samples cluster together, but those of
SK-C lithic breccia tend to have lower CaO than those of the Px-type ignimbrite. In
addition to this, scoria samples of SK-C lithic breccia are generally depleted in Sr and
enriched in Ba relative to those of the Px-type ignimbrite, indicating that the Px-type
ignimbrite does not correlate with SK-C lithic breccia. The compositional affinity
between the Px-type and SK-B ignimbrites, together with their stratigraphic position
with respect to the initial fallout, confirms their correlation. The Px-type ignimbrite is
composed of two cooling units at Kyokanheki, which implies depositional hiatus
between them. It is possible that the two cooling units are the distal equivalent of SK-B
and -E ignimbrites, respectively.

Although there is still a possibility that the upper level of the Px-type ignimbrite
is the distal equivalent of SK-C lithic breccia, it is conceivable that SK-C PDCs hardly
traveled down to the foot of the Taisetsu volcano group to accumulate the Px-type
ignimbrite for the following reasons. First, SK-C lithic breccia grades from a clast- to
matrix-supported, fines-depleted facies into a matrix-supported, fines-bearing facies at
the farthest section (locality 11). The abundance of lithic component, however, remains
almost constant with distance from source. It implies that the lithic breccia was formed
from lithic-rich PDCs fed by an extremely lithic-rich pyroclastic fountain, which seem

to have low mobility. Second, the lithic breccia becomes thinner and less coarse and
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finally disappears within 3 km from the caldera center, suggesting that the capacity

(Hiscott, 1994) of SK-C PDCs sharply decreased even within the proximal area.
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Figure 4.12: Selected whole-rock variation diagrams for the pumice and scoria components.
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Table 4.1: Whole rock major- and trace-element compositions of representative samples from the
Sounkyo eruption products.

Scoria
Px-type Ig  Px-type lg  Px-type Ig SK-B SK-B SK-B SK-C SK-C SK-C SK-E SK-E SK-E
052 059 060 027 037 050 008 010 020 102 104 107

Major elements (wi%)

Si0, 56.06 57.18 5574 5451 56.54 55.58 58.00 56.28 56.10 55.82 56.16 5742
Ti0, 0.92 0.89 0.87 0.95 0.90 0.92 0.87 0.94 0.93 0.93 0.95 0.90
AlLO, 17.25 17.08 17.19 17.82 17.24 17.42 17.51 17.91 17.80 17.55 17.49 17.14
Fe, 04 8.55 821 795 8.80 8.25 8.43 7.84 8.68 8.45 8.72 8.69 8.11
MnO 0.16 0.15 015 018 0.15 0.16 0.14 0.15 0.15 0.16 0.16 0.15
MgO 4.12 358 345 4.19 3.99 4.08 3.30 3.57 3.61 4.13 4.14 3.81
CaO 175 6.89 732 7.04 7.26 7.23 5.25 6.43 6.77 7.69 7.03 6.85
Na,O 3.09 3.07 317 297 310 3.01 298 3.04 299 315 316 3.08
K0 1.34 1.40 1.36 L.11 1.43 1.35 1.75 1.44 141 1.21 116 1.53
P,0s 0.17 0.06 0.16 0.17 0.17 0.17 0.17 0.18 0.17 0.17 0.17 0.17
Total 99.41 98.53 97.34 97.73 99.03 98.34 97.80 98.61 98.38 99.54 99.71 99.16
Trace elements (ppm)

Cr 15 13 13 15 15 14 15 15 14 13 14 14
Co 27 21 22 23 27 24 24 21 24 26 25 24
Ni 1 3 4 7 4 4 8 3 4 3 1 4
Cu 14 21 25 5 5 15 5 12 7 17 15 11
Zn 80 84 82 91 75 79 74 80 82 8l 85 77
Rb 40 42 36 34 43 42 53 42 43 38 36 47
Sr 359 334 47 331 351 333 268 324 318 357 354 324
Y 25 20 22 23 24 23 23 23 24 23 24 24
Zr 11 112 110 111 115 114 117 123 115 111 114 116
Nb 4 4 4 4 4 4 5 5 4 5 4 4
Pb 8 9 12 7 9 7 6 9 5 9 6 6
Ba 381 386 391 373 406 372 485 488 500 363 386 430

Pumice
Px-type lg  Px-typelg Px-type Ig SK-B SK-B SK-B SK-C SK-C SK-C SK-E SK-E SK-E
057 063 067 032 048 049 015 017 019 001 101 103

Major elements (wi%s)

S10, 63.65 64.64 63.17 62.82 63.74 63.64 63.90 63.73 63.42 63.56 63.92 63.32
TiO, 0.62 0.61 0.61 0.66 0.58 0.59 0.63 0.63 0.66 0.61 0.65 0.63
AlLO; 15.15 15.66 15.23 15.50 15.95 15.74 15.69 15.73 15.54 15.82 15.66 15.36
Fe,0, 5.19 5.15 5.19 5.39 4.79 4.88 5.30 5.35 5.52 4.99 5.53 5.40
MnO 0.11 0.11 0.11 0.12 0.10 0.10 0.11 0.11 0.12 0.10 0.11 0.11
MgO 221 2.18 223 2.54 2.10 2.00 223 235 253 2.09 243 233
Ca0 463 488 486 476 477 455 441 423 4.54 4.69 481 468
Na,O 3.24 336 322 295 333 3.23 3.01 3.03 313 3.29 317 3.20
K.0 2.69 2.63 2.63 2.79 2.56 2.62 2.65 2.76 2.59 2.54 2.60 2.56
P,05 0.12 0.12 0.13 0.14 0.12 0.12 0.09 0.09 0.10 0.12 0.13 0.13
Total 97.61 99.34 97.37 97.67 98.03 97.47 98.02 98.02 98.14 97.82 99.02 97.73
Trace elements (ppm)

Cr 16 17 16 15 14 14 15 16 17 15 18 18
Co 15 13 12 16 12 12 14 12 15 13 13 13
Ni 6 7 6 8 7 6 5 7 7 7 6 6
Cu 6 9 7 11 8 12 4 3 4 13 14 14
Zn 57 53 54 51 50 50 54 55 58 46 53 53
Rb 89 86 87 91 86 88 87 86 85 87 86 86
Sr 265 276 268 257 270 259 262 250 256 267 256 256
Y 21 21 22 24 21 21 20 20 20 21 22 22
Zr 134 136 129 141 137 146 133 133 142 130 131 131
Nb 5 5 5 6 5 6 5 6 5 4 5 5
Pb 11 12 11 13 10 10 6 5 6 11 11 11
Ba 570 586 566 576 571 577 605 576 581 572 555 555
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4.4. Lithic component analysis

Lithic fragments ejected during an eruption are generated by erosion and failure
of walls of the conduit and magma chamber, as well as by major wall slumping and
explosive excavation along the slipping caldera faults accompanying caldera collapse
(Lipman, 1976; Varekamp, 1993; Macedonio et al., 1994; Rosi et al., 1996; Valentine
and Groves, 1996; Kokelaar, 2007; Del Gaudio and Ventura, 2008). Thus, the variations
in lithic concentration and lithic types up through the stratigraphy can reflect the
evolution of the conduit and vent during the eruption, along with the timing and
dynamics of caldera formation (Suzuki-Kamata et al., 1993; Brown and Branney, 2004;
Browne and Gardner, 2004; Pittari et al., 2008; Druitt, 2014; Simmons et al., 2016;
Edgar et al, 2017).

4.4.1. Method

Lithic component analysis was conducted for the proximal products of the
Sounkyo eruption at eight localities (16 horizons). Lithic clasts in SK-A were collected
at three horizons, in SK-B at six, in SK-C at five, in SK-D at one, and in SK-E at one. I
collected lithic fragments larger than 2 cm (most of them are block-sized) and classified
them into three types in the field: (1) volcanic rocks; (2) sedimentary rocks; (3) plutonic
rocks. I collected ~150 lithic clasts from each horizon in SK-C, but ~50 lithic clasts
from each horizon in other units on account of the scarceness of lithic clasts in all units

but SK-C.
4.4.2. Lithic clast types and their provenance

Even though lithic fragments in pyroclastic deposits include vent-derived
accessory ones and substrate-derived accidental ones, those in the proximal products of
the Sounkyo eruption are interpreted to be essentially vent-derived. This is because (1)
the basement rocks that formed before the Sounkyo eruption are not exposed on the

slopes between the caldera rim and the outcrops where I collected the lithic samples,
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and (2) the flow-origin units SK-B, -C, and -E always overlie the initial fallout (SK-A)
and never directly overlie the basement in the studied area.

The volcanic lithic fragments are the dominant lithic type (Fig. 4.13) and consist
mostly of lava clasts, along with a low content of volcanic breccia blocks and welded
tuff clasts. The lava clasts consist predominantly of variably altered andesites with
subordinate dacites. The volcanic breccia blocks consist of angular fragments of
andesitic lavas scattered in a light gray to yellowish brown, coarse ash matrix. All lava
lithic types exist in the caldera walls, and the volcanic breccia blocks are similar in
appearance to the pyroclastics exposed in the caldera walls. The welded tuff clasts occur
especially in SK-D and -E, and are dominated by fragments that closely resemble
ignimbrites of the Sounkyo eruption compared to the ~1-2 Ma rhyolitic basement
ignimbrites. The welded tuff clasts in SK-D and -E could have been recycled from
SK-B welded vent fill. The volcanic lithic fragments are therefore considered to be
shallow-origin, eroded from the uppermost level of the conduit and vent, as deep as 900
m below the caldera floor where the boundary between the Neogene volcanic rocks and
the Hidaka Supergroup may be situated (see Chapter 2).

The sedimentary lithic fragments are always subordinate in abundance (Fig. 4.13)
and include sandstones, mudstones, and cherts. They were essentially derived from the
Hidaka Supergroup. Although the base of the Supergroup is not exposed in the study
area, two lines ofevidence imply that it has a few km thick: (1) the Supergroup is >1500
m thick in a drill hole on the northeast slope of the Taisetsu volcano group (NEDO,
1989); (2) the total thickness of the Supergroup is ~3400 m in Tomuraushi region
(Watanabe and Iwata, 1987) situated in the southern side of the Taisetsu volcano group.
The sedimentary lithic fragments are thus inferred to originate at mid-depth, deeper than
900 m from the caldera floor.

The plutonic lithic fragments are significantly variable in abundance up through
the proximal products (Fig. 4.13) and are fine-grained granodiorites. They are often
coated with scoria and rarely with banded pumice, suggesting that they were
incorporated in magma below the magma fragmentation level. The lithic granodiorite

probably formed the deepest part of the conduit walls.
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4.4.3. Result

Throughout the eruption, the volcanic rocks are the major lithic type while the
sedimentary rocks are always scarce (Fig. 4.13). No lateral variation of lithic clast
populations between the localities northeast and southeast of the Ohachidaira caldera
was observed, whereas there is a vertical variation due to the abundance of the plutonic
rocks (Fig. 4.13). During the eruption of SK-A and the lower part of SK-B, the lithic
fragments consist predominantly of the volcanic rocks (98—100%) with the minor
sedimentary (0—2%) and plutonic rocks (0-2%). From the lower to middle and upper
parts of SK-B, there is an increase in the plutonic rocks (from 2% to 24-50%) at the
expense of the volcanic rocks (from 98% to 50-74%). Into SK-C, the lithic component
is dominated again by the volcanic rocks (92-99%) with the few plutonic rocks (1-3%).
SK-D and -E are rich in volcanic rocks (90-96%), while containing the few sedimentary

(0—7%) and plutonic rocks (3—4%).
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Figure 4.13: Pie diagrams of proportions of lithic-type for the proximal products of the Sounkyo
eruption (SK-Ato -E). Vertical dotted lines beside columns show the height where lithic clasts were
collected for analysis. The number of lithic clasts collected in each horizon is shown in the upper
right of each pie diagram. Locations of these sections are shown in Fig. 4.1.
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4.5. Discussion

4.5.1. Nature of the initial fallout phase

The main upper part of the initial fallout (SK-A2 and the upper part of the distal
pumice- fall deposit) shows the considerable vertical and lateral variations in juvenile
component. In caldera rim exposures, the lower part of SK-A2 is very scoria-rich while
the upper part of it is pumice-rich. Farther downwind, SK-A2 comprises scoria-rich
layers intercalated with relatively pumice-rich layers (e.g locality 1; Fig. 4.6a). More
distally, SK-A2 becomes strongly enriched in pumice at locality 11 as well as at the
distal outcrops (Fig. 4.3). Several lines of evidence suggest ballistic emplacement of
scoria fragments during the eruption of SK-A2, explaining these complex variations: (1)
the total thickness and the degree of welding of the scoria-rich layers are greatest at the
caldera rim and decrease rapidly away from the source; (2) the scoria bomb with impact
sag occurs at the base of SK-A2 (Fig. 4.6a); and (3) flattened scoria clasts (spatters) are
sometimes found even within the pumice-rich layers (Figs. 4.6b and 4.6c). The majority
of scoria fragments in SK-A2 probably represent the low-fountaining component of the
eruption column through which pumice fragments were transported to higher levels.
This may be caused by density segregation between the denser scoria and lighter
pumice clasts—the scoria clasts have an average density of 1.3 g/cm’® while that of the
pumice clasts is 0.8 g/cm®; and/or by the preferential positioning of more mafic magma
toward conduit walls (Fierstein et al., 1997). The pumice-rich part of the eruption
column would have played a critical role in accumulating the main upper part of the
initial fallout, and hence the total volume of it would be largely dominated by the

pumice component.
4.5.2. Eruptive characteristics
4.5.2.1. Tephra volume

In order to investigate the role of caldera collapse and vent widening in the

formation of the Ohachidaira caldera, the magma and lithic volumes of the Sounkyo
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eruption products were calculated (Table 4.2).

The proximal volume of SK-A (and the distal pumice-fall deposit) was calculated
following Pyle (1989) modified by Fierstein and Nathenson (1992). The best fit line on
the log of thickness vs. square root of area diagram lies significantly below the plot on
the most proximal side (Fig. 4.4), and therefore the extrapolated maximum thickness
(To = 46.986 [m]) is thinner than the maximum thickness observed in the field. Note
that the estimated thicknesses of plots at the most proximal sites include the scoria-rich
layers which may have been transported in different paths than the pumice fragments
being responsible for most of the volume of the fallout. This can lead to an
overestimation of the thickness of SK-A at the most proximal sites. Due to lack of
outcrops farther than ~11 km from the caldera, I applied Eq. 18 of Fierstein and
Nathenson (1992) combined with the method of Sulpizio (2005) to estimate the distal
volume of the deposit. The total bulk volume of SK-A is then 0.97 km’. This is
consistent with the method of Bonadonna and Costa (2012), which calculates the total

bulk volume of 1.01 knr’.

Table 4.2: Volume considerations for the Sounkyo eruption

products.

Bulk Lithic*  Lithic ~ DRE

volume content volume  volume

(km?) (vol%) (km?) (km?)
SK-E 0.03 2 - 0.02
SK-D 0.03 2 - 0.01
SK-C 0.05 60 0.03 0.01
SK-B 0.12 35 - 0.07
SK-A 0.97 2 0.02 0.30
Px-type Ig 6.39 35 0.22 4.69
Total 7.59 0.28 5.10

* Lithic content 1s the mean content of lithic fragments in each
unit. Lithic contents in the deposits were semi-quantitatively
estimated by comparing, at outcrops, a color index and lithic
clasts dispersed in an ash matrix, and the finer (less than a few
mm) lithic fragments comprising the ash matrix were ignored.
Therefore our estimates of lithic contents will be a minimum.
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Because of the scarcity of isopachs of SK-D (Fig. 4.11), I applied the method of Legros
(2000) to calculate the minimum volume of SK-D. This method allows calculation of
the minimum volume when only one isopach is available. The minimum bulk volume of
SK-Dis then 0.03 km’.

The present-day volume of the Px-type ignimbrite is estimated in the same way as
the Hb-type ignimbrite (see Chapter 3), yielding 3.02 km’. The Px-type ignimbrite is
exposed along the river valleys (e.g. the Ishikari River) and has been significantly
eroded by the rivers. If I assume that the eroded ignimbrite has had the thickness as
much as the thickness of the ignimbrite exposed on the banks of the rivers, the total
volume eroded by the rivers is estimated to be 3.37 km’, yielding 6.39 km® for the total
bulk volume of the Px-type ignimbrite.

Bulkk volumes of SK-B, -C, and -E were estimated by multiplying the area of
distribution by the half of the maximum thickness, yielding 0.12 km®, 0.05 km’, and
0.03 ki, respectively.

Lithic volumes contained in the deposits were calculated with the bulk volume
and the mean lithic content, yielding the total lithic volume of 0.28 km® for the Sounkyo
eruption products.

Magma (dense rock equivalent, DRE) volumes were calculated by subtracting the
lithic volumes from the deposits and assuming a magma density of 2.5 g/cm® and an
average density of 0.8 g/cm’ for pumice-dominated fallouts (SK-A and the distal
pumice- fall deposit), 1.3 g/cm’ for scoria-dominated fallouts (SK-D), 1.5 g/em® for non-
to weakly welded ignimbrite and breccia units (SK-B, -C, and -E), and 1.9 g/cm® for
moderately to intensely welded ignimbrites (the Px-type ignimbrite). The total magma

volume of the Sounkyo eruption products is estimated to be 5.10 km®.

4.5.2.2. Column height and classification of the fallout phases

Eruption column height was calculated for the two fallout units, SK-A2 and -D,
following the method of Carey and Sparks (1986). The maximum downwind and
crosswind ranges for the lithic isopleth of clast size 6 cm in diameter were plotted on
the Carey and Sparks (1986) diagram for 6.4 cm diameter clasts, yielding column
heights of 25 km and 16 km, and wind speeds of30 m/s and 10 m/s, during the eruption
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of SK-A2 and -D, respectively (Figs. 4.14 and 4.15). The eruptive style was determined
following the classification scheme of Pyle (1989), using the thickness half-distance (b;)
vs. the half-distance ratio (b./b;), where b, is the maximum clast size half-distance. From
the isopach and isopleth maps, SK-A2 fallout has b, of 1.97 km and b, of 3.03 km.
These values suggest an eruptive style between subplinian and plinian eruptions, with a
column height of 29 km assuming no wind (Fig. 4.16). This contrasts with the column
height of 25 km calculated by the method of Carey and Sparks (1986). Pyle (1989)
noticed that maximum clast dispersal is increased by a crosswind relative to the still air
case. The strong wind speed during the eruption of SK-A2 (30 m/s) may lead to an
overestimation of the column height.
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Figure 4.14: Lithic isopleth maps of SK-A2 (a) and SK-D (b). Data are averages of the five largest
lithic clasts at each locality, except for numbers in parentheses that are the size of the largest lithic
fragment.
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Figure 4.15: Crosswind range
vs. downwind range for 6.4 cm
diameter clasts with a density
of 2500 kg/m’ (modified after
Carey and Sparks, 1986). Data
from SK-A2 (open circle) and
SK-D (solid circle) fallouts are
plotted.

Figure 4.16: Classification scheme
for fallouts in half-distance ratio
(b./b;) vs. thickness half-distance
(b) diagram, where b, is the
maximum clast size half-distance
(modified after Pyle, 1989). Hr is
the maximum column height for
eruptions into still air. Data from
SK-A2 fallout (open circle) is
plotted.
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4.5.3. Caldera collapse vs. vent widening

Small calderas can be formed by collapse of the roof of a magma chamber due to
magma withdrawal, “caldera collapse” (e.g. Pinatubo, Scott et al, 1996, Ceboruco,
Gardner and Tait, 2000; Browne and Gardner, 2004, Ksudach, Braitseva et al., 1996;
Andrews et al., 2007) or by enlargement of a vent as a result of explosive erosion and
failure of the shallow part of conduit walls, “vent widening” (e.g. Nigorikawa, Ando,
1983; Kurozumi and Doi, 2003). The volume of the resulting caldera would be expected
to be comparable to that of magma ejected in the former case, or that of lithic fragments
ejected in the latter case. A good example ofsuch a relationship is provided by the 1912
Novarupta-Katmai eruption in Alaska, where a ~13 km’ of magma and a ~0.3 km’ of
lithic fragments were released from Novarupta 10 km west of Mount Katmai, beneath
which the 1912 reservoir actually existed (Hildreth and Fierstein, 2012). This eruption
resulted in the formation of a 5.0-5.5 km’ depression on Mount Katmai by caldera
collapse and a ~0.2 km® crater at Novarupta by vent widening (Hildreth and Fierstein,
2012). The volume of the Ohachidaira caldera (0.35 km®) is comparable to that of lithic
fragments ejected during the Sounkyo eruption (0.28 km®) and is an order of magnitude
less than that of magma ejected (5.10 km’), suggesting that the Ohachidaira caldera was
formed mainly by vent widening rather than by caldera collapse. The dominance of the
shallow-origin volcanic rocks in the lithic fraction throughout the Sounkyo eruption
(Fig. 4.13) supports a flaring funnel-shaped vent developed during the eruption.

The tephra beds of the Mamiyadake Scoria Member exposed in the caldera walls,
which was the latest products formed before the Sounkyo eruption, typically dip
outward from the caldera, although at some outcrops, they dip inward (Fig. 3.5). This
may indicate that the vent had already been enlarged to some extent as the Mamiyadake
Scoria Member was formed (see Chapter 3 for more detail), which means that the actual
topographic lost volume during the Sounkyo eruption is less than the present-day

caldera volume.
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4.5.4. The origin of lithic breccias associated with caldera-forming

eruptions

Coarse lithic-rich breccias in caldera-forming eruption sequences are commonly
inferred to mark the timing of caldera collapse (Druitt and Sparks, 1984; Druitt, 1985;
Walker, 1985; Druitt and Bacon, 1986; Rosi et al, 1996; Beresford and Cole, 2000;
Edgar et al, 2002; Brown and Branney, 2004; Allen, 2005; Palladino and Simei, 2005;
Bear et al., 2009; Druitt, 2014; Simmons et al., 2016, 2017ab; Edgar et al., 2017).
Caldera collapse may be accompanied by the activation of multiple vents and conduit
enlargement along with the subsidence of caldera blocks, which seems to promote the
generation of lithic fragments and in turn produce lithic breccias. This idea is so
palatable to field geologists that the presence of lithic breccias has been recognized as
powerful evidence for caldera collapse even where visible caldera topography is absent
(Perrotta and Scarpati, 1994; Sosa-Ceballos et al., 2012; Andrews, 2014). The Sounkyo
eruption generated a thick lithic breccia (SK-C) in which as large and abundant lithic
blocks are included as the lithic breccias described in other caldera-forming eruptions
elsewhere, despite the formation of the Ohachidaira caldera without a major caldera
collapse. This casts doubt on the common interpretation that lithic breccias in the
deposits of caldera-forming eruptions record caldera collapse.

I believe that lithic breccias ejected in large caldera-forming eruptions are
probably generated in association with caldera collapse. The wide variety of lithic types
of the lithic breccias, such as at Crater Lake, Phlegracan Fields, and Santorini, may
reflect the opening of multiple vents (Suzuki-Kamata et al, 1993; Rosi et al, 1996;
Druitt, 2014). Moreover, for large caldera-forming eruptions, the deep-origin lithic
fragments tend to appear or become more abundant in the lithic breccias than in the
preceding deposits of the same eruption (Table 4.3), indicating rapid conduit erosion not
only at shallow levels, but also at depth. This is consistent with the idea that lithic
breccias are formed in association with caldera collapse.

For small caldera-forming eruptions, such as at Ohachidaira, Ceboruco, and
Ksudach, however, the content of deep-origin lithics in the lithic breccias is lower than

or similar with that in the preceding deposits (Table 4.3), and hence the high flux of
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lithic fragments into the conduit occurred at shallower depth. This indicates that such
lithic breccias reflect a significant change in the shallower conduit system. Considering
that SK-C lithic breccia (1) grades downward into SK-B ignimbrite, suggesting that
deposition was continuous, (2) is dominated by coarse lithic blocks derived from the
walls of the uppermost conduit, (3) is unstratified and ungraded even where >27 m thick,
and (4) was followed by an eruptive hiatus as evidenced by the occurrence of the
fine-ash layer or reworked deposit sandwiched between SK-C lithic breccia and SK-D
fallout, I infer that SK-C lithic breccia marks large-scale failure of the shallow part of
conduit walls that (1) produced abundant volcanic lithic fragments, (2) choked the
conduit, (3) stopped the eruption, and (4) enlarged the vent. I conclude that the
occurrence of lithic breccias within small caldera-forming eruption products does not

necessarily reflect the presence and the timing of caldera collapse.

Table 4.3: Percentage of deep-origin lithic fragments in the total lithic
component for lithic breccias and the preceding deposits.

Preceding Lithic
deposits breccias

Large

calderas ~ Santorini (Minoan) " 2.6 11.4
Santorini (Lower Pumice 1) ° 0 4
Crater Lake © 0.2 4.7
Vico (Sutri Formation) * 5 12
Las Cafiadas (Abrigo ignimbrite) °© ? 9.9

Small

calderas Ohachidaira 16.2 22
Ceboruco © 7.5 4.5
Ksudach ® 2.7 2.6

Deep-origin lithic component consists mostly of sedimentary and/or plutonic rocks
wheih form the basement in each volcanic field.

 Druitt, 2014.

b Simmons et al., 2016.

¢ Suzuki-Kamata et al., 1993.
4 Bear et al., 2009.

€ Pittari et al., 2008.

f Browne and Gardner, 2004.
£ Andrews et al., 2007.
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4.5.5. Comparison with other small calderas formed by vent widening

Besides Ohachidaira, small calderas inferred to have formed by vent widening
include Novarupta (Hildreth, 1983) and Caldeira in Faial, Azores (Pimentel et al., 2015),
all of which show a detailed stratigraphy of tephra from the caldera-forming eruptions,
but do not provide direct insight into subsurface structures. However, some Japanese
small calderas, Nigorikawa in southwestern Hokkaido (Ando, 1983; Kurozumi and Doi,
2003), Sunagohara in northeastern Honshu (Mizugaki, 1993, 2000), and Gora in the
Hakone volcano group (Mannen, 2008, 2014), are well constrained in three dimensions
to have a funnel-shaped conduit by geothermal drilling. Here I attempt to correlate the
subsurface structures of funnel-shaped small calderas with the stratigraphy of the
deposits outside the calderas, proposing a new model for the formation of lithic
breccias.

At the Nigorikawa caldera, 3 km in diameter on the ground surface, more than 50
geothermal drill holes delimit the structure of the caldera to depths of ~3 km, showing
that inward slopes of the funnel decrease upward from 90° deeper than ~2 km through
70-90° at a depth of 1-2 km to 30-50° shallower than 1 km (see Fig. 4 of Kurozumi
and Doi, 2003). The caldera is filled largely by massive lapilli tuff—pyroclastic breccia
deposits composed predominantly of lithic fragments of basement rocks in the fine
matrix of the same composition, which are capped by lacustrine sediments (Ando, 1983;
Kurozumi and Doi, 2003). A similar stratigraphy of the caldera fill is also observed at
Sunagohara and Gora. These caldera fills below the lacustrine sediments are essentially
landslide breccias (Lipman, 1997) derived from unstable caldera walls, as suggested by
(1) the sparseness of juvenile materials, (2) the occurrence of basement fragments
derived from shallower depth (Mannen, 2008, 2014), and (3) the upward increase in the
content of the shallower-origin basement fragments at the expense of the deeper-origin
ones (Ando, 1983; Kurozumi and Doi, 2003), although a part of the caldera fill was
mferred to be of fall-back origin (Kurozumi and Doi, 2003).

Another important feature of such funnel-shaped small calderas is that (1) the
conduit walls are fractured in situ over horizontal distances of a few m to 500 m

(Nigorikawa, Ando, 1983; Kurozumi and Doi, 2003, Sunagohara, Mizugaki, 1993,
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2000) and (2) the openings of the fractures are partly filled with lithic and pumice
lapilli-tuff that sticks firmly to the fracture surfaces for the case of Nigorikawa (Ando,
1983). Ando (1983) suggested the breakage of the conduit walls by explosions of the
eruption and the subsequent penetration of high-temperature eruptive materials into the
fractures.

I hypothesize that (1) the shallow part of a conduit has been eroded and enlarged
enough for the development of the fractured zone into conduit walls before and during
an eruption climax (e.g. SK-A to -B), (2) the subsequent waning of the eruption lead to
the collapse of unstable fractured walls and the production of lithic breccias (e.g. SK-C),
and (3) the collapsing mixture composed predominantly of fragments of basement rocks
with minor eruptive materials contributes, at least in part, its caldera fill. The volcanic
lithic fragments in SK-C lithic breccia are often cemented by coarse ash and fine
pumice, scoria, and lithic lapilli up to 2 cm in size. This is consistent with the inference
that the source of the lithic fragments in SK-C lithic breccia was the fractured conduit
walls. The minor volume of magma ejected during the eruption of SK-C lithic breccia,
accounting for ~0.3% of the total erupted volume in the Sounkyo eruption, and its
lithic-rich nature (usually 50-70 vol%) imply a rapid decrease in eruption intensity
(Walker, 1980; Cioni et al., 2008) after the eruption climax.

The ejecta from the 12 ka Nigorikawa eruption (>4 km® DRE; Kurozumi and Do,
2003) comprises pyroclastic fall and surge deposits and the overlying three successive
units of pyroclastic flows, the second of which is enriched in coarse lithic fragments and
appears to be confined to the more proximal area than the other two (Yanaiet al., 1992).
The lithic fragments are dominated by hornblende andesite which was inferred to have
formed a pre-caldera lava dome (Sato, 1968). Kurozumi and Doi (2003) suggested that
the caldera fill below the lacustrine sediments was formed contemporaneously with the
eruption of the pyroclastic flows, based on similarity in refractive index of hornblende
between the caldera fill and the three pyroclastic-flow deposits. The lithic-rich
pyroclastic- flow deposit may have formed in the same manner as SK-C lithic breccia
described above.

The ~1000-years BP eruption of Caldeira (>0.3 km’ DRE) formed a

2-km-diameter summit caldera, producing a massive to locally diffuse-bedded lithic
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breccia rich in lavas at the final phase ofthe eruption (Pimentelet al., 2015). Pimentel et
al. (2015) proposed that the lithic breccia reflects the collapse of the summit into a
cored-out central vent during which the caldera was mostly formed. This interpretation
is in agreement with my model for the formation of lithic breccias.

At Novarupta, any lithic breccias have not been observed in near-vent
(Novarupta) exposures, though the concealed lithic breccias were presumed to underlie
the ejecta of the subsequent episode (Hildreth, 1987; Hildreth and Fierstein, 2012). At
Sunagohara and Gora, no lithic breccias have been reported, probably due to the
absence of proximal exposures in the former case and due to the lack of exact

identification of the resulting ejecta in the latter case (Yamamoto and Suto, 1996;

Mannnen, 2008, 2014).

4.5.6. Reconstruction of the Sounkyo eruption

The 34 ka Sounkyo eruption was the last major explosive event at Ohachidaira
volcano of the Taisetsu volcano group, depositing fallout, ignimbrite, and lithic breccia
units in proximal and distal areas (Fig. 4.2). The eruption initiated with a
column- forming phase. The column heights were relatively low and fluctuating during
the earlier phase, forming the thin-bedded, finer-grained, pumice- and scoria-fall
succession (SK-Al and the lower part of the distal pumice-fall deposit; Fig. 4.3). The
eruption of SK-Al was characterized by repeated waxing, waning, and dissipation of
eruption columns along with occasional small-scale column collapse, as evidenced by:
(1) rhythmic alternation of graded lapilli- and ash-fall layers (Fig. 4.5a); (2) the
presence of short time breaks, as suggested by fine-ash layers in the succession; and (3)
the occurrence of the thin PDC beds nterbedded with fall deposits (Fig. 4.5b).

In the later phase, the eruption became more sustained and more vigorous, and the
eruption column reached as high as 25 km (subplinian to plinian), producing the thick,
coarse-grained, diffusely stratified, pumice-dominated fallout (SK-A2 and the upper
part of the distal pumice-fall deposit; Fig. 4.3). The diffuse stratification due to
grain-size variation was most likely produced by slight fluctuations in column height.

The lithic component is dominated by the volcanic rocks throughout SK-A (Fig. 4.13),
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which reflects a progressive widening of the shallow part of the conduit and vent.

The second phase, the climax of the Sounkyo eruption, was characterized by the
collapse of the eruption column and the formation of large-scale PDCs. The PDCs left
SK-B ignimbrite in proximal regions, and then traveled down to the east to northeast
and south to southwest flanks of the Taisetsu volcano group and infilled the paleovalleys
to deposit the Px-type ignimbrite (Fig. 2.4). The presence of the localized lithic-rich
base of SK-B ignimbrite (e.g. locality 5; Fig. 4.7a) suggests that the sustained eruption
column was overloaded by sudden increase in flux of lithic fragments and then
collapsed. The dominance of the volcanic lithic fragments in SK-B implies that the
shallow part of the conduit and vent were progressively widened, although the sudden
increase of the granodiorite lithic fragments in the middle part of SK-B attests to the
breakage of conduit walls at depth (Fig. 4.13). At the end of the phase, the shallow part
of the conduit and vent collapsed and widened probably due to the instability of the
fractured conduit walls caused by progressive erosion, and dense, very coarse lithic-rich,
low-mobile PDCs were generated to form the lithic breccia (SK-C; Fig. 4.8) within the
proximal area. The extensive failure of the conduit walls simultaneously choked the
conduit itself and in turn stopped the eruption.

After a short hiatus in explosive activity, the eruption resumed with a short-lived
fall phase, establishing an eruption column up to 16 km high and producing the
scoria-dominated fallout (SK-D) in the vicinity of the source. The stratification marked
by variation in grain-size suggests fluctuations in column height. This phase was
followed immediately by the generation of PDCs, the final phase, by eruption column
collapse to form SK-E ignimbrite in the proximal area. The PDCs may have traveled
down to accumulate the Px-type ignimbrite.
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4.6. Conclusions

The 34 ka Sounkyo eruption provides key information on the eruptive dynamics
and formation mechanisms of small calderas. The major conclusion is that lithic
breccias associated with caldera eruptions, which are usually regarded as marking
caldera collapse, do not reflect the presence and the timing of caldera collapse in small
caldera- forming eruptions. Instead, such lithic breccias may be the surface expression of
the collapse of the shallow part of conduit walls that has been highly fractured and
hence unstable due to progressive erosion prior to and during the climax of the eruption.
This is particularly important when modeling the collapse mechanisms of calderas,
because some models were developed on the premise that the lithic breccias record the
onset of caldera collapse irrespective of caldera size (Roche and Druitt, 2001 ; Geyer et
al, 2006; Andrews and Gardner, 2010; Geshi et al, 2014), which might lead to

misinterpretation of the collapse conditions and styles.
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Chapter 5

Summary

Major advances in understanding the eruptive history of Ohachidaira volcano and
the development of its summit caldera and in elucidating formation mechanisms and

eruptive dynamics of small calderas have included the following:

1. Since at least 0.6 Ma, Ohachidaira initiated its eruptive activity and produced
andesitic to dacitic lavas (Ohachidaira lava) and pyroclastics, forming the lower
edifice. Between 8040 ka and 34 ka, Ohachidaira produced two relatively small
explosive eruptions, the Kobachidaira ignimbrite and Mamiyadake Scoria Member.
Finally, at 34 ka, the largest Sounkyo eruption occurred in association with caldera
formation.

2. While the last largest explosive event (Sounkyo eruption) made a major
contribution to the caldera development, the lithic content and assemblages implies
that the earlier explosive events (Kobachidaira ignimbrite and Mamiyadake Scoria
Member) must have corresponded to vent enlargement to some extent.

3. The 80-40 ka Hb-type ignimbrite (>4.6 km® in bulk volume), whose source was
believed to be the Ohachidaira caldera by some workers (Sato and Wada, 2012),
was vented from somewhere in the Taisetsu volcano group rather than the
Ohachidaira caldera.

4. The Kobachidaira ignimbrite (0.04 km’ in bulk volume), which was referred to as
“lithic pyroclastic deposit” in Metsugi (1987), is described in much more detail.
The detailed field mapping demonstrates that the eruptive order of the
Kobachidaira ignimbrite and the Mamiyadake Scoria Member is opposed to that
suggested by Metsugi (1987).

5. The Mamiyadake Scoria Member (0.08 km’ in bulk volume), which was referred
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to as “base-surge deposit” in Metsugi (1987), in fact, includes not only eruptive
products of base-surge origin but also those of fall and flow orign.

The 34 ka Sounkyo eruption is the latest and largest event at Ohachidaira volcano
in the Taisetsu volcano group, which produced 7.6 km® of tephra (~5 km® DRE) as
fallout, ignimbrite, and Ilithic breccia units (SK-A to -E and the Px-type
ignimbrite).

The correlation between the proximal units SK-A to -E and the distal Px-type
ignimbrite was achieved by the similarity in paleomagnetic directions, together
with their lithological and petrological characteristics.

The ChRM directions for the Hb-type ignimbrite, Kobachidaira ignimbrite,
Mamiyadake Scoria Member, and Sounkyo Member are distinguishable each other,
which confirms the inference from field relations that each eruptive episodes are
temporally distinct.

The volume of the Ohachidaira caldera (0.35 km®) is comparable to that of lithic
fragments ejected during the Sounkyo eruption (0.28 km’) and is an order of
magnitude less than that of magma ejected (5.10 km®), suggesting that the
Ohachidaira caldera was not essentially formed by caldera collapse and instead
formed mainly by vent widening as a consequence of explosive erosion and failure
of the shallow part of the conduit during the Sounkyo eruption.

The Ohachidaira caldera would be a funnel-shaped small caldera, as seen at
Nigorikawa in Japan.

The lithic breccia (SK-C) erupted after the climactic ignimbrite (SK-B) marks
large-scale wall slumping at the shallow conduit that (1) produced abundant lithic
fragments, (2) choked the conduit, (3) stopped the eruption, and (4) enlarged the
vent.

Although lithic breccias in caldera-forming eruption products are commonly
regarded as marking the onset of caldera collapse, this study indicates that the
occurrence of lithic breccias in small caldera-forming eruptions does not
necessarily reflect the presence and the timing of caldera collapse.

Lithic breccias commonly overlie climactic ignimbrite/fallout deposits in small

caldera-forming eruptions, and a new model for the formation of such lithic
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breccias is proposed; (1) the shallow conduit has been explosively eroded and
enlarged with consequent fragmentation and brecciation of the walls before and
during an eruption climax, (2) the subsequent waning of the eruption lead to the
collapse of unstable fractured walls and the production of lithic breccias, and (3)
the collapsing mixture composed predominantly of fragments of basement rocks
with minor eruptive materials contributes, at least in part, its caldera fill

Small calderas (<3 km in diameter) may be formed by vent widening rather than
by caldera collapse. It seems unlikely that the roof block (or fragmented roof
blocks) subsides into the emptying magma chamber along downward narrowing
peripheral faults as suggested by some workers (Scott et al., 1996; Browne and
Gardner, 2004; Andrews, 2014). Instead, such calderas are formed by explosive
erosion and failure of the shallow conduit and vent. The large-scale vent collapse,
which may play a significant role in establishing the overall size of the calderas,
produces a coarse lithic breccia sheet at the end of the main phase of the explosive

sequence.
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