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Petrology and geochemistry of pyroclastic rocks
from the Masumizuhara pyroclastic flow deposit

Haruna Nishita*, Andreas Auer*

Abstract

Daisen Volcano is located in the San-in district, southwest Japan. The volcano is a large composite cone with several
amalgamated eruptive centres which are Hiruzen, Karasugasen, and Misen. A thick apron of pyroclastic material surrounds
the entire volcanic complex. The erupted material from Daisen volcano is divided into an Older group and a Younger group.
The Masumizuhara pyroclastic flow deposits are sourced from the Misen lava dome and are part of the Younger group.
Pyroclastic rocks were analysed by X-ray fluorescence spectrometry (XRF) and all samples are classified as adakitic,
medium-K dacites. Mineral and glass composition was determined by electron probe microanalyzer (EPMA) to evaluate
magma storage conditions and to characterize the magmatic system of Mt. Daisen during its youngest eruptive cycle.
Pressure, temperature, water content and oxygen fugacity range from 126 to 201 MPa, 843 to 864 °C, 5.0 to 7.7 wt % and
+1.6 to +2.0 log units above the nickel-nickel oxide (NNO) buffer, respectively.
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Introduction

The physical and chemical properties of magma storage
systems are of fundamental importance for understanding
magma differentiation, eruption prediction and assessing
hazard potential of individual volcanoes (Nakagawa et al.,
1999). Erupted products contain clues to the magma history,
from differentiation in the deep crust to eruption at the
surface (Humphreys et al., 2006; Auer et al., 2015, 2018).
This report presents whole rock geochemistry as well as
matrix glass and mineral composition of juvenile material
from the Masumizuhara pyroclastic flow deposits in order to
characterize the magmatic system of Daisen volcano during
its youngest eruptive cycle.

Geological Background

Mount Daisen is a large Quaternary stratovolcano located
in the San-in district in southwest Japan, and consists of
several amalgamated eruptive centers which are: Hiruzen,
Karasugasen and Misen. Volcanism in the south-western
Japanese arc is related to subduction of the young Philippine
Sea Plate and the majority of magmas, erupted from Daisen
volcano, have adakitic geochemical characteristics (Morris
1995; Feineman et al., 2013; Pineda-Velasco et al., 2018;
Yamamoto and Hoang 2019). Evolution of the Daisen
volcanic complex began during the middle Pleistocene and
continued until circa 17,000 years ago and is divided into
an Older Group and a Younger Group (Tsukui 1984, 1985).
The activity of the Older Group lasted from 1.0 to 0.4 Ma
and erupted several thick lava flows in conjunction with
depositing the voluminous Mizoguchi tuff breccia. The Older
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Group is covered by the Younger Group, which is subdivided
into an Upper Tephra Group and a Lower Tephra Group. The
Younger Group consists of a large number of pyroclastic
fall and flow deposits. The last effusive activity of Daisen
volcano produced three successive lava domes, which are
Karasugasen, Sankoho and Misen all of which produced also
large successions of pyroclastic flows (Yamamoto 2017).

Tsukui (1985) suggested that the Misen pyroclastic
flows were derived from the Misen lava dome and had
been deposited by a relatively active injection at about
17,000 years ago. However, Yamamoto (2017) suggests
that the Misen pyroclastic flows were deposited at 28.6 ka
and renamed the “Misen” pyroclastic flow deposits into
“Masumizuhara” pyroclastic flow deposits. In addition,
Tsukui (1984) concluded that the youngest dome forming
episode of Daisen volcano produced the Misen lava dome.
Yamamoto (2017) introduced an updated stratigraphy in
which the Amidagawa pyroclastic flow deposits (20.8 ka),
sourced from the Sankoho lava dome, are the most recent
eruptive episode. He also provides new 14C age for the
Masumizuhara pyroclastic flow of approximately 28.6 ka.
We confirmed this updated stratigraphy with a new 14C
age collected at Loc.4 (Fig.1). The analysis was done by
radiocarbon dating at AIST, Tsukuba, with a result of 23.4 ka.
The Masumizuhara deposits are build up by a large number
of Block and Ash flow, occasionally interbedded with more
pumice rich layers, presumed to originate from eruption
column collapse, which mainly inundated the western flank
of Daisen (Fig. 1).

Methods

Field survey was carried out at Hoki town in April-
October 2017 and 2018. Stratigraphic logging was done
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Fig. 1. Geological map of Mt. Daisen simplified after Yamamoto (2017), showing the main distribution of the
Masumizuhara pyroclastic flow deposits and their source, the Misen lava dome.

at selected sections and juvenile pyroclastic rocks were
collected from each unit. Charcoal, contained in the
Masumizuhara pyroclastic flow deposits was analyzed by
radiocarbon dating to get the age of last extrusion of the
Misen lava dome.

A suite of 5 samples was selected for X-ray fluorescence
spectrometry (XRF). All samples were chipped and washed
to remove alteration products or weathering rinds. The
washed chips were dried at 120 °C for 12 hours. The samples
were crushed to make powder in a tungsten carbide ring mill
with crushing times of 90 seconds. The powder that were put
into pots were burned in muffle furnace at 900 °C for 2 hours
to determine loss on ignition.

Fused glass beads were prepared, using an alkali flux
consisting of 80 % lithium tetraborate and 20 % lithium
metaborate. The ignited samples of 1.8000+0.0005 g and
the flux of 3.6000+0.0005 g were mixed and put into a
platinum pot. The glass beads analyzed, using an automatic
bead sampler on a Rigaku Co. Ltd. RIX-2000 spectrometer
in the Department of Geoscience, Shimane University.
Thin sections were prepared for petrography and electron
probe microanalyzer (EPMA) investigation. Mineral and
glass compositions were analyzed using a JEOL 8530F
Field emission microprobe at Shimane University. All
analyses were performed at 15 kV and 20 nA with a focused
(plagioclase, amphibole, orthopyroxene, Fe-Ti oxide) or
defocused (matrix-glass, 8-10 4m) beam. Counting times
were 10 second for peak and 5 second for background.
Analytical quality has been monitored with Smithsonian
standard materials.

Results

1 Outcrops

The Masumizuhara pyroclastic flow (MsP) deposits are
exposed on the western and southwestern flank of Daisen
volcano. Most outcrop sections are seen along the Seiyama
river and the Shirami river. The representative locations of
outcrops are shown in Fig.1. MsP is mainly build up by
extensive successions of block and ash flow deposits which
include large blocks with low vesicularity and characteristic
porphyritic textures (Fig. 2).

2 Whole rock and glass compositions

Major and trace element compositions were determined
for vesicle rich samples from pumice flow deposits and
porphyritic rocks from block and ash flow deposits (Table 1).
The whole rock composition of the Masumizuhara
pyroclastic flow deposits have an SiO, content ranging from
63 to 65wt %. All data plot in the dacite field (Fig.3a) of
the total alkali — silica diagram (TAS). The samples taken
from the Masumizuhara pyroclastic flow deposits are also
classified as adakites (Fig.3b). Negative correlation with
Si0, are seen in Al,O3, TiO,, Fe,0; and CaO (Fig. 3¢, d, e, f).

All matrix-glass compositions are plotted in rhyolite field
(Fig.3-a).

3 Mineral compositions

The samples collected from block and ash flow deposits are
hypocrystalline rocks. The materials are highly porphyritic
with low vesicularity and contain large phenocrysts of
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Table 1. Matrix-glass and whole rock compositions.

Matrix-glass Whole-rock*
17102603 17042701 17042702 17042701 17042702 171017MsP1 17102603 Miz1
Oxide
Si0, 75.31 75.10 73.35 64.17 63.63 63.46 63.72 64.95
TiO, 0.28 0.25 0.15 0.43 0.44 0.45 0.42 0.41
Al,O3 11.55 12.36 13.29 17.91 18.56 18.48 18.24 17.70
Fe,O; - - - 412 4.09 4.25 4.02 3.77
FeO 1.16 1.22 0.97 - - - - -
MnO 0.05 0.01 0.04 0.07 0.07 0.07 0.07 0.07
Mgo 0.19 0.13 0.18 1.96 1.84 2.06 1.96 1.73
Ca0 0.59 0.86 1.26 4.92 4.91 5.03 5.20 478
Na,O 2.81 3.09 3.57 4.41 4.47 4.35 4.45 4.49
KO 3.92 3.60 3.44 1.87 1.80 1.70 1.78 1.98
P,05 - - - 0.14 0.20 0.14 0.14 0.14
total 95.85 96.62 96.26 100.00 100.00 100.00 100.00 100.00
Ba 429 479 441 411 458
Ce 35 38 35 36 37
Cr 21 16 20 13 14
Ga 20 21 20 20 19
Nb 6 7 6 6 7
Ni 8 10 9 9 10
Pb 9 1" 7 8 10
Rb 49 46 39 46 53
Sr 695 749 712 732 729
Th 4 6 4 3 5
\ 58 64 67 56 54
Y 10 " 10 10 10
Zr 121 133 122 118 132

* anhydrous parts normalized to 100

o

Fig. 2. Representative outcrop of the Masumizuhara pyroclastic flow deposits. (a) Outcrop at Loc. 3 consisted
of several deposits from block and ash flows. (b) A hand specimen, showing a porphyritic dacite sample,
with abundant plagioclase, from the outcrop at Loc. 3. (c) Thin section image, from a porphyritic sample
containing plagioclase, amphibole, orthopyroxene and Fe-Ti oxides.

plagioclase, amphibole, orthopyroxene, Fe-Ti oxide and
rarely biotite.
Plagioclase

Plagioclase is the volumetrically dominant phenocryst
and groundmass phase in all samples. The modal proportion
of plagioclase varies between 11 to 23 %. The maximum
crystal length of plagioclase is 3.5-7mm. Oscillatory
zoning is common in most plagioclase crystals (Fig.4a, b).

Plagioclase phenocrysts sometimes have fluid inclusion
trails tracing individual zones. The phenocryst core
compositions ranges from An 34 to An 38 except for the data
of plagioclase which have a sieve-like texture, whereas the
groundmass core compositions ranges from An 49 to An 66.
Amphibole

Amphibole is ubiquitous in all samples with euhedral
crystals up to 4mm in size. The modal proportion of
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Fig.3. Geochemical variation diagrams. (a) TAS diagram plotted matrix-glass and whole rock compositions.
The circles show the data of matrix-glass and the squares show the data of whole rock composition. (b)
Sr/Y vs Y diagram. The grey field shows the data of Yamamoto (2019). (¢) Al,O; vs SiO, diagram. (d) TiO,
vs SiO, diagram. (e) Fe,0; vs SiO, diagram. (f) CaO vs SiO, diagram.

amphibole varies between 2.4 to 3.0 %. Amphibole shows
strong pleochroism from straw yellow to green. Some
amphibole crystals form glomeroporphyritic aggregates
with plagioclase and orthopyroxene. Amphibole phenocrysts
occasionally enclose biotite. Most amphiboles have sharp
edges without breakdown rims (Fig. 4c, d). Amphiboles are
classified as tschermakite and magnesio-hornblende after
the classification of Leake et al. (1997). Some amphiboles
show compositional rims of cummingtonite (Fig.4f). Some
representative amphibole analysis are shown in Table 2.
Orthopyroxene

Orthopyroxene occurs as euhedral phenocrysts with sizes
up to 1 mm and light pleochroism from light pink to light
bluish green. Orthopyroxene hosts Fe-Ti oxides in many
samples. The modal proportion of orthopyroxene varies

between 2.1 to 2.3 %. The composition of orthopyroxene
varies from En64 to En69. Orthopyroxene crystals in
the sample of pumice are homogeneous (Fig.4g), but
show compositional zoning in the porphyritic samples.
Magnesium numbers range from 0.66 to 0.73. Some
representative analysis are shown in Table2.
Fe-Ti Oxide

Iron — titanium oxides are observed in all samples, They
occur as euhedral to subhedral crystals with sizes up to
0.5mm, often hosted by orthopyroxene. Composition of
coexisting magnetite — ilmenite has been determined from
intergrown / touching pairs (Fig. 4-f) and some representative
analysis are shown in Table2.
Biotite

Biotite is scarce and often enclosed by amphibole or
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Fig. 4. Backscattered electron images. (a) Plagioclase with oscillatory zoning. (b) Oscillatory zoned plagioclase with Ca rich
rim (¢) Amphibole with zoning and Mg rich rim. (d) Amphibole with Al-rich core (¢) glomeroporphyritic aggregate of Al-rich
amphibole and plagioclase, hosting biotite (f) Amphibole with cummingtonite rim (g) Orthopyroxene with no compositional
zoning. (h) Co-existing magnetite and ilmenite.
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plagioclase phenocrysts (Fig.4e). The modal proportion
of biotite is 0.3 to 0.5 %. Biotite shows a platy habit and
typical mottled extinction. Brown biotite is observed and it
suggests that the brown crystals may have been formed by
the oxidation during and after the eruption (Tsukui 1985).

Discussion

Magma temperature and Pressure

Magma temperature and pressure were estimated using
amphibole thermobarometry (Ridolfi et al., 2010) and
orthopyroxene thermobarometry (Putirka 2008). Additional
constrain for magmatic temperatures comes from Fe-Ti-
oxide thermometry (Lepage 2003). Temperature estimates
using the Ridolfi et al. (2010) model for over 100 amphiboles
and the Putirka (2008) model for 37 orthopyroxene analyses
are shown in Fig.5a. The pressure-temperature (P-T)
estimates from amphibole show a range of 105 to 432 MPa
and 797 to 953 °C. The majority of amphiboles clusters at
or below 200 MPa. For some amphiboles, significantly
higher pressures were obtained, for example for Al-rich
cores (Fig.4d) or for amphiboles within glomeroporphyritic
aggregates. The P-T estimates for orthopyroxene varies
from 0 to 201 MPa and 843 to 858 °C. The temperature
estimates using the ILMAT model of Lepage (2003) for
Fe-Ti oxide analysis show a range 847 to 886 °C (Fig.5-c).
The overlapping range from all three models lies between
126 to 201 MPa and 843 to 864 °C and is assumed to reflect
the main pressure and temperature range of shallow magma
storage at Mt Daisen for the Masumizuhara eruptions,
corresponding to a crustal depth between 4.8 km and 7.6 km.
The presence of cummingtonite rims on some amphiboles
is in agreement with our results because cummingtonite is
indicative of voluminous, shallow magma chambers below
4 kbar and H,O-rich magmas close to or at saturation (Evans
and Ghiorso 1995).

Oxygen fugacity

Oxygen fugacity was calculated using the Ridolfi
et al. (2010) model and the ILMAT model of Lepage
(2003). Oxygen fugacity estimates using the Ridolfi ez al.
(2010) model for amphibole analysis ranges from +0.5 to
NNO+2.3 log units above the nickel-nickel oxide (NNO)
buffer (Fig. 5¢). Oxygen fugacity estimates using the ILMAT
model of Lepage (2003) for Fe-Ti oxide analysis ranges
from +1.6 to NNO+2.0 log units above the NNO mineral
buffer.

Water content

Magma water contents were calculated based on the
plagioclase-liquid hygrometer of Lange et al. (2009) and
the Ridolfi et al. (2010) model. The water content estimated
using the Ridolfi et al. (2010) model for amphibole varies
from 5.0 to 7.8 wt % (Fig. 5-b). The water content calculated
using the plagioclase-liquid hygrometer of Lange et al.

550 650 750 850 950 1050 1150
O L L L L L L - L L I}
200 +
Amph
_ 400 | @ Mizl (Amph)
§ © 17042702 (Amph)
~— i @ 17102603 (Amph)
& 600 ‘
©17042701 (Amph) W
800 OMizl (OPX) ‘—I“
opx I'.I
1000 1 ‘
1150
T (°C) I
1050 ——
950 1 o o
- & -
® s
“: > //
~~ // . .
OQ 850 t Fe-Ti-Oxide
A 7
= s @ Mizl (Amph)
750 4 7 © 17042702 (Amph)
/ P mph
///
17102603 (Amph)
650 s Amph
7
e Pla 17042701 (Amph)
H 7 4—g—>
550 el ' ‘ ‘ ‘ : ‘ : ‘
2 4 6 8 10 12
H,0,, (Wt.%)
-8 -
9 4
-10 A
o Fe-Ti-Oxide
e 11 | I
e
=

@ Mizl (Amph)

-12
© 17042702 (Amph)
213 A ,_]_ 17102603 (Amph)
Fe-Ti-Ox © 17042701 (Amph)
-14 L I e e e o LA L et B e e
700 800 900 1000 1100
T (°C)

Fig.5. (a) P-T diagram, showing crystallization conditions using
amphibole composition (diamond shapes) after Ridolfi et al. (2010)
and orthopyroxene (square shapes) after Putirka e al. (2008). The
red area shows overlapping conditions from both thermobarometers,
presumed to represent the main shallow storage of magma beneath
Mt. Daisen. (b) T - H,O melt diagram plotted the data of amphibole,
orthopyroxene and plagioclase. (c¢) log fO,-T diagram based on the
amphibole and Fe-Ti oxide data.

(2009) assuming average glass and plagioclase compositions
together with temperature and pressure estimates from the
amphibole geothermobarometer ranges from 4.0 to 7.7 wt %.
The overlapping range between 5.0 to 7.7wt% is the
presumed water content of the dacitic magmas from Daisen
during its youngest episode of activity.

Conclusion

All samples from the Masumizuhara pyroclastic flow
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deposits are classified as adacitic, medium-K dacites.
All matrix-glass compositions plot in the rhyolite field of
the TAS diagram. Materials contain large phenocrysts of
plagioclase, amphibole, orthopyroxene, Fe-Ti oxide, and
rarely biotite. The temperature, pressure and water content
are estimated from these minerals using different established
models. We determined pressure (Amph, OPx), temperature
(Amph, OPx, Fe-Ti — oxide), oxygen fugacity (Amph, Fe-Ti
- oxide) and water content (Amph, Plag) for our samples
using at least two independent methods. Our final estimates
are derived from the overlapping range for all physical
conditions. In the pressure-temperature diagram (Fig. 5a) the
data of amphibole and orthopyroxene shows an overlapping
range of temperature between 843 and 864 °C and pressure
varies from 126 to 201 MPa. In the water content diagram,
the overlapping range of water content varies from 5.0
to 7.7wt %. In the oxygen fugacity diagram the range of
oxygen fugacity varies from +1.6 to +2.0 log units above
NNO. These values are interpreted as the main shallow
storage conditions of magma during the Masumizuhara
eruptions.
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