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Abstract

Since the 2011 Tohoku-Oki earthquake on March 11, 2011, several dormant volcanoes have shown
signs of activity. In particular, many phenomena that are precursors to eruptions have been detected at
Zao and Azuma volcanoes, which are located near the hypocenter of this earthquake. Eruption histories
and current conditions of these volcanoes are reviewed, and the states of present sub-volcanic systems are
considered on the basis of petrologic features of recent magmatic eruption products coupled with
geophysical data.

Both volcanoes have eruption histories of approximately 1 million years. At Zao, the first stage, ~1 Ma,
is characterized by sub-aqueous eruptions of basaltic magma followed in stages by small to medium-sized
andesitic stratovolcanoes building at ~0.5-0.04 Ma. The youngest stage, ~35ka to the present, is
characterized by explosive eruptions of basaltic andesite to andesitic magma. This stage is further divided
into three phases: ~35 to 13ka, ~9 to 4ka, and ~2ka to the present. During the youngest phase, the
Goshikidake cone-building phase, many historical eruptions were recorded; the youngest eruption from
the present crater occurred in AD 1895. At Azuma, volcanic activity is divided into five stages: 1.2-0.8 Ma,
0.8-0.6 Ma, 0.6-0.4 Ma, 0.4-0.3 Ma, and less than 0.3 Ma. During each stage, small to medium-sized andesitic
stratovolcanoes formed over the entire area of Azuma. The youngest activity began at about 7ka in the
eastern area. Five magmatic eruptions at ~6.7 ka, ~6.3ka, ~5.9 to 4.8 ka, ~4.3ka, and ~AD 1331 and seven
phreatic eruption episodes have been recognized by tephrostratigraphic studies. Many historical
eruptions have also been recorded; the youngest eruption from the present crater occurred in AD 1977.

Volcanic tremors were first detected at Zao in January 2013. Although such tremors were also
recorded at Azuma, those with larger amplitudes have been detected since January 2010. The number of
volcanic earthquakes increased beneath Zao in April 2015 and beneath Azuma in December 2014. At those
times, volcanic tremors and deformation of the summit area were observed in both cases, which led to
volcanic activity warnings. At both volcanoes, other precursory phenomena have been observed,
including an increase in underground temperature revealed by total magnetic force surveys and an
increase of geothermal activity. At Zao, the number of low-frequency earthquakes increased about one
year before the first detection of volcanic tremors was reported.

Magmatic eruptions of <~35ka of Zao and <~7 ka of Azuma volcanoes produced basaltic andesites to
andesites, which were formed by the mixing of mafic and felsic magmas. The felsic magmas are andesitic
at Zao and dacitic at Azuma, containing about 60% and 65.5% SiO», respectively. The temperature,
pressure, and water content of these magmas are 955-970°C, 1.3-1.5kb, and 1.7-1.8 % H->0O; and 880-890°C,
0.8-1.2 kb, and 2.75-3.25 % H-0, respectively. The mafic magmas are basaltic in both cases, but that of Zao
is slightly more differentiated than that of Azuma. In both cases, deeper mafic magmas infiltrated the
shallower felsic magma chamber, which triggered the eruption.

The felsic chamber locations, at ~6km at Zao and ~4km at Azuma, are deeper than the present
shallow earthquakes. The shallow earthquakes are related to hydrothermal fluid released from shallow
felsic chambers that have been reactivated. The deep earthquakes occurred in areas with a high P-wave to
S-wave velocity ratio (Vp/Vs) at depths of about 20-37km below both volcanoes, where tomographic
studies indicate melt. Therefore, the mafic magma probably originated from the melt.

Keywords: Zao volcano, Azuma volcano, eruption history, 2011 Tohoku-Oki earthquake, magma feeding
system
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1. Introduction

Since the 2011 Tohoku-Oki earthquake on March
11, 2011, several dormant volcanoes have shown signs of
activity. In particular, many phenomena that are
precursors to eruption, such as volcanic tremors, have
been detected at Zao and Azuma volcanoes, which are
located in the central part of the Quaternary volcanic
front of northeast Japan and are near the hypocenter of
the 2011 Tohoku-Oki earthquake (Fig. 1).

Understanding the magma feeding system beneath
active volcanoes is fundamental for evaluating their
unrest. For active volcanoes with present-day eruptions,
such as Pu'u O’o at Kilauea and Mount Etna in Italy,
petrologic monitoring of the magma feeding system in
real-time is possible (Garcia et al., 2000; Shamberger and
Garcia, 2007; Nicotra and Viccaro, 2012). For active
volcanoes with many historical records of eruptions,
such as Colima in Mexico and Miyakejima in Japan,
temporal variations in magma feeding systems over
hundreds of years can be inferred (Savov et al., 2008;
Amma-Miyasaka and Nakagawa, 2003). While the erup-
tion rates of these active volcanoes are usually high, the
eruption rates of most volcanoes in northeast Japan are
low. This limitation creates difficulties in collecting
samples systematically from the eruption history and in
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Fig. 1. Locality map of Zao and Azuma volcanoes. Filled
circles represent Quaternary volcanoes.

performing petrologic monitoring of the magma feeding
system.

In the cases of Zao and Azuma volcanoes, exhaus-
tive research has revealed much of their eruption
histories, particularly recent activity. Petrologic studies
have also been performed on recent eruption products.
In the present study, we outline the eruption histories of
Zao and Azuma volcanoes, as well as some precursory
phenomena that have been detected recently. Moreover,
we describe a petrologic model of the magma feeding
systems beneath both volcanoes based on recent petro-
logic studies coupled with new data.

2. Eruption histories of Zao and Azuma volcanoes
2-1. Zao volcano

Zao volcano is situated in the central part of the
volcanic front of northeast Japan (Fig. 1). Volcanic ac-
tivity commenced at about 1 Ma (Takaoka, et al., 1989)
and has continued to the present. A simplified geological
map of the summit area of Zao volcano based on Ban et
al. (2015) is shown in Fig. 2.

Comprehensive geologic and petrologic studies of
activity have been conducted by Tiba (1961), Oba and
Konta (1989), and Sakayori (1991, 1992) among others.
According to the most recent study by Ban et al. (2015),
activity is divided into six stages. The first stage, ~1 Ma,
is characterized by subaqueous eruptions of basaltic
magma. In the second to fifth stages, small to medium-
sized andesitic stratovolcanoes were formed, in which
the location of the eruption center changes among
stages. The eruption products are mainly lava flows and
dome lavas in stages two to four and lavas and pyro-
clastic flows in stage five.

The youngest stage of Zao volcano, stage six, began
at about 35ka. At that time, the horseshoe-shaped
Umanose caldera, which is 1.7km in diameter, was
formed in the summit area. Since then, numerous small
to medium-sized eruptions ejecting basaltic andesite to
andesitic magmas have occurred. This activity is sub-
divided into three phases that produced Kumanodake-
Komakusadaira-Kattadake pyroclastic rocks at ~35 to 13
ka, Umanose agglutinate at ~9 to 4 ka, and Goshikidake
pyroclastic rocks at ~2ka to the present. A small cone,
Goshikidake, formed in the inner part of Umanose
caldera at <2ka. This activity is characterized by ex-
plosive eruptions and subordinate lavas.

Crater Lake Okama lies in the western part of
Goshikidake, and the pre-Okama crater is situated just
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Fig. 2. Geological map of summit area of Zao volcano after Ban et al. (2015).

southeast of Okama (Fig. 3a). Okama has been the
eruption center since ~800 years ago. At least seven
subsequent eruption episodes have been identified by
tephrostratigraphic studies (Ban et al., 2015), and many
historical activities have also been recorded. Oikawa and
Ban (2013) reported that the oldest credible record of an
eruption is that occurring in AD 1230. Subsequent
eruptions were recorded with a high degree of reliability
in the mid-14th century and AD 1620-1625, 1641,
1668-1670, 1694-1697, 1794-1796, 1804, 1806, 1809, 1813,
1821-1822, 1831-1833, 1867, and 1894-1897.

The latest eruption episode in the Okama crater
occurred from AD 1894 to 1897 (Kochibe, 1896); the
sequence of this activity is summarized by Miura et al.
(2012), Oikawa and Ban (2013), and Ban et al. (2015). The
first eruption, a small-scale phreatic eruption, which
occurred on July 3, 1894, was followed by small phreatic
eruptions on February 15, February 19, and August 22,
1895. The climactic eruption, which occurred on Sep-
tember 27, 1895, was also phreatic, but included small
amounts of juvenile materials (Ban, 2013). On the next
day, another small phreatic eruption occurred, after
which activity declined. Sketch maps of the climactic

eruption of September 27 and the fumarole occurring on
October 6 are presented in Fig. 3b and c.

According to Ban et al. (2015), activity after AD
1894-1897 is summarized as follows. Precursory phe-
nomena such as changes in the color of lake water were
observed in AD 1918 and 1923. Although the phenomena
intensified in AD 1939-1943, no eruption occurred in
Okama. However, a very small-scale eruption occurred
in the Maruyamazawa geothermal area about 1.5km
northeast of Okama. Afterward, an increase in volcanic
fumarole activity in the Maruyamazawa geothermal
area occurred in AD 1949. From AD 1968 to AD 1972,
the same phenomena occurred with the formation of
new hot springs at that location and similar phenomena
in several areas other than the summit. Many earth-
quakes were detected in AD 1984, 1990, 1992, and 1995.

A stable hydrothermal system developed beneath
the volcanic edifice at Zao. Numerous acidic hot springs
and related fumaroles surround these spas, and their
chemical compositions, resulting in sulfate and sulfate-
chloride waters, are attributed to injections of volcanic
gases derived from a cryptic magma body.
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Fig. 3. (a) Aerial photograph of Goshikidake and Okama crater. (b) Sketch map of the climactic eruption on September
27, 1895. (c) Sketch map of the fumarole occurring on October 6, 1895. Figures (b) and (c) are from Kochibe (1896).

2-2. Azuma volcano

The eruption products of Azuma volcano are
distributed across a wide area of about 25km from east
to west and about 15km from south to north. Many
small to medium-sized volcanic edifices comprise a
volcano group (Fig. 4; Fujinawa and Kamoshida, 1990).

Azuma volcano also has a long eruption history, and
its geological features have been outlined in previous
studies (e. g., Kawano et al., 1961; Kuno, 1962; NEDO,
1991). Ban et al. (2013) divided volcanic activity into five
stages of 1.2-0.8 Ma, 0.8-0.6 Ma, 0.6-0.4 Ma, 0.4-0.3 Ma,
and < 0.3Ma on the basis of K-Ar data presented by
NEDO (1991) (Fig. 4). The main eruption products are
andesitic lava flows, although lava domes or pyroclastic
cones were formed in the summit area in the later part
of each period. The eruption products were widely
distributed over the entire area of Azuma volcano in
every stage.

According to Yamamoto (2005), the youngest activ-
ity began at about 7ka and occurred in numerous

craters formed in the Issaikyo area at the eastern part of
Azuma. From northwest to southeast, these include
Goshikinuma crater, Issaikyo crater, the Issaikyo-
minami crater chain, Oana crater, the Tsubakurosawa
crater chain, the Iwodaira-minami crater chain, Kofuji
crater, and Okenuma crater (Fig. 5). Yamamoto (2005)
recognized five magmatic eruption phases including
Okenuma at ~6.7 ka, Goshikinuma at ~6.3ka, Kofuji at
~5.9 to 4.8 ka, Issaikyo at ~4.3ka, and Oana at ~AD 1331
and seven phreatic eruption phases referred to as
Jododaira P1-P7 by tephrostratigraphic investigation.
The Jododaira P1 phase is between Goshikinuma and
Kofuji phases and from the Issaikyo-minami crater
chain. The Jododaira P2-P6 phases are between the
Issaikyo and Oana phases and from Issaikyo crater. An
exception is P5-P6, in which the eruption centers were
south or southwest of the Iwodaira-minami crater chain.
The Jododaira P7 phase corresponds to the recorded
eruption of AD 1711 from or near the Oana crater. A

columnar section of a representative outcrop is shown in
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Fig. 4. Simplified geological map of Azuma volcano after Ban et al. (2013). Ages are estimated on the basis of NEDO (1991).

Fig. 5. We note that the eruption products of the five
magmatic phases are named Okenuma, Goshikinuma,
Kofuji, Issaikyo, and Oana units, respectively.

During each magmatic phase, pyroclastic materials
were deposited around the crater, and sometimes
formed a pyroclastic cone. In addition, single or multiple
andesitic ash to lapilli layers were formed in the medial
to distal area. In the Kofuji phase, lavas also swelled out.
The tephra layers of the phreatic eruptions are com-
posed of yellow- to white-colored ash.

The oldest recorded eruption occurred at about AD
1331 from the Oana crater and the Iwodaira-minami
crater chain. Subsequently, many historic eruptions
were recorded in written accounts (Geological Survey of
Japan, 2016). Among these, the phreatic eruptions of AD
1711 and 1893-1895 were remarkable.
occurred from or near the Oana crater, and the latter

The former

from the Tsubakurosawa craters. The latter eruptions
began with a phreatic eruption on March 19, 1893, and
continued intermittently until September 1895. After-
ward, a volcanic plume was observed in AD 1914, and
phreatic eruptions occurred in AD 1950, 1952, and 1977.
The volcanic fumaroles around Oana and the Iwodaira
area are still active (Fig. 6a, b). Since November 11, 2008,
fumarole activity has intensified.

3. Outline of geophysical data from Zao and Azuma
volcanoes following the 2011 Tohoku-Oki earth-
quake

3-1. Zao volcano
The first volcanic tremor at Zao volcano was de-
tected by the Japan Meteorological Agency on January

22, 2013, about one year and ten months after the 2011
Tohoku-Oki earthquake. Subsequently, volcanic earth-
quakes and tremors have been observed intermittently
(Fig. 7) through the present. The peak times of volcanic
earthquakes roughly correspond to the detection times
of volcanic tremors. The interval between peaks was
about two to three months until October 2013; sub-
sequently, large peaks were observed in August 2014
and in April and June 2015. Afterward, no obvious peaks
were seen, but volcanic tremors have been observed
intermittently. Long-period shallow earthquakes have
been detected beneath Zao since January 2013
(Yamamoto et al. 2014). Further, Yamamoto et al. (2014)
reported that the number of low-frequency earthquakes
has increased since about one year before the volcanic
tremors were first detected. Other precursory phenom-
ena have been observed including a slight inflation of the
summit area from August 2014, an increase in under-
ground temperature shown by a total magnetic force
survey, and the appearance of white coloration in lake
water caused by an infusion of volcanic gas.

In April 2015, there were about 30 volcanic earth-
quakes over four consecutive days. The Meteorological
Agency announced a volcanic warning in the vicinity of
the crater on April 13, which was withdrawn on June 16.

The hypocenter distribution maps of JMA (2016b)
for volcanic earthquakes and tremors and for deep low-
frequency earthquakes are shown in Fig. 8a. The Vp/Vs
structure beneath Zao volcano (Okada et al., 2015) is
shown in Fig. 8b. The shallow hypocenters are plotted
mostly within ~3km in depth below sea level, whereas
deep hypocenters are widely distributed between depths
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of ~20 km to 37 km. Some of the shallow earthquakes are The high Vp/Vs is related to the presence of melt. The
5-6km deep. The deep earthquakes formed two deeper earthquakes in areas of high Vp/Vs were prob-
clusters. One is from 20km to 28 km and the other is ably caused by migration of over-pressurized fluid.
from 28 km to 37 km depth. Okada et al. (2015) reported 3-2. Azuma volcano

that in northeast Japan, shallow earthquake activity The time sequence of volcanic earthquakes and
occurred in areas above the lower crust of high Vp/Vs. tremors reported by JMA (2016c¢) is shown in Fig. 9.
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Fig.6. Photographs of Oana crater emitting volcanic fumaroles. These images were captured (a) west and

(b) south of the crater.
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March 7, 2016 (JMA, 2016a).

From 2001 to 2009, the intervals between peaks in vol-
canic earthquakes were about two to three years with or
without tremors. Afterward, the tremors occurred with
approximately 18-month intervals, and the periodicity of
the peaks of volcanic earthquakes is unclear.
According to JMA (2016¢), fumarolic activity at
Oana crater has remained at relatively high levels and
has intensified since November 11, 2008, and the geo-
thermal area of the summit has widened since 2013. A
slight deformation of the summit area occurred in July

2014, and an intense increase in underground tempera-
ture in October 2014 shown by the total magnetic force
survey has also been observed.

The number of volcanic earthquakes has increased
since October 2014, and a volcanic tremor was observed
on December 12, 2014. At that time, the hazard status
was increased to Alert Level 2 (JMA, 2014).

Hypocenter distribution maps for volcanic earth-
quakes and tremors and for deep low-frequency earth-
quakes beneath Azuma volcano of JMA (2016d) are
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(JMA, 2016b). (b) Vp/Vs structure of the E-W vertical cross section through the center of Zao volcano (Okada et al., 2015).

shown in Fig. 10 a. The Vp/Vs structure beneath Azuma
volcano after Okada et al. (2015) is shown in Fig. 10b.
Regarding the seismic tomography image, the same
features and interpretations as those reported in Zao are
applicable. The shallow hypocenters are plotted mostly
within ~1 km in depth below sea level, whereas deep
ones are widely distributed from about 23 to 37 km in
depth.

4. Petrologic features of magmas from recent erup-

tions of Zao and Azuma volcanoes

Many petrologic studies show that shallow magma
chambers beneath active volcanoes can survive for
several tens of thousands of years as mush chambers
(e.g., Zellmer et al., 2005). Changes in chamber charac-
teristics, including composition, crystallinity, and tem-
perature, occur through repeated infusions of hotter
magma from depth. These infusions can trigger erup-
tions; thus, revealing the history of changes in magma
chamber characteristics, and their relationship to the
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timing of eruptions is crucial. Therefore, we examined
the petrologic characteristics of the chambers of recent
magmatic eruptions of Zao and Azuma volcanoes.
4-1. Zao volcano
As described in Section 2-1, the youngest stage is

sub-divided into three phases. All of the eruption pro-
ducts of the youngest stage are mixed basaltic andesite
to andesite and contain plagioclase, orthopyroxenes
(opx), and clinopyroxenes (cpx) with or without olivine
phenocrysts (Sakayori, 1991). The total volume of
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Table 1.

phenocrysts of Goshikidake pyroclastic rocks.

Estimated end-member magma compositions and chemical compositions of representative

Sio, TiO, AlLO, FeO' Fe,0f MnO MgO CaO Na,0 K,0 NiO P,0s  total

mafic end-member magma  50.50 065 16.80 1200 - 0.19 760 11.02 1.89 009 - 0.12 100.86

felsic end-member magma  60.00 1.04 1718 6.72 - 0.19 2.82 7.06 3.13 155 - 0.15 9984

olv (form mafic magma) 39.84 - - 17.28 - 037 4374 0.16 - - 014 - 101.52 Foq,
plg (from mafic magma) 4720 - 3321 - 080 - 007 1787 1.10 003 - - 100.29 Ang,
cpx (form felsic magma) 52.36 0.63 182 1261 - 029 1406 1893 025 - - - 100.95 Mg#=67
opx (from felsic magma) 53.10 0.32 1.04 2104 - 050 22.51 1.79 003 - - - 100.33 Mg#=66
plg (from felsic magma) 53.65 - 29.06 - 086 - 010 13.14 3.81 015 - - 100.77 Angg

olv, olivine; plg, plagioclase, cpx, clinopyroxene; opx, orthopyroxene; FeO", total iron calculated as FeO; Fe,0;', total iron calculated as Fe,0.

Analytical methods are after Ban et al. (2008)

No plg N opx No. cpx olv
5 5 | 5 core, Fog,
] _|__| ] 11
606468727680848892 6466687072 6466687072
An Mg# . Mgt
mcore  mMg-rich zone

Fig. 11.
sample of Goshikidake pyroclastic rocks.

phenocrysts is about 25 to 30 %. All rocks have charac-
teristics indicating magma mixing, such as dissolution
textures in phenocrysts. The whole-rock compositions
differ slightly among the three phases (Ban et al., 2008).
Here, we examine the petrologic features of the shallow
magma chamber of the Goshikidake pyroclastic rocks
phase, ~2 ka to the present, at Zao volcano. The chemical
compositions of the phenocrysts from a representative
sample are shown in Table 1 and Fig. 11.

On the basis of the chemical compositions, the
phenocryst cores can be divided into three groups: An-
rich plagioclase +olivine derived from the mafic magma,
An- or Mg-medium plagioclase + pyroxenes from the
mixed magma, and An- or Mg-poor plagioclase + pyro-
xenes from the felsic magma. In addition, some pyro-
xenes with Mg-poor cores have Mg-rich zones of ~30 um
in width in the rim parts (Fig. 11).

The felsic magma is in a shallow chamber, which
was infused by the mafic magma rising from below; the
erupted magma was formed by the mixing of these two
magmas. Using a two-pyroxene thermometer (Brey and
Kohler, 1990), we deduced the magmatic temperature
from felsic magma-derived opx and cpx compositions to
be approximately 955-970°C.

To estimate compositions of mafic and felsic end-

members, we used key variation diagrams as follows.

Frequency histograms of plagioclase, opx, cpx, and olivine phenocrysts of the representative

In the K20O-SiO, diagram (Fig. 12), the extension of the
mixing trend by Goshikidake pyroclastic rock samples
intercepts the SiO» axis at about 50.5wt.%. In the Cr-
SiO; diagram (Fig. 12), the extension of the mixing trend
intercepts the SiOo axis at about 60wt.%. Thus, we
consider the SiO; contents of mafic and felsic magmas to
be 50.5wt.% and 60 wt.%, respectively. The compositions
of the other elements in mafic and felsic magmas, listed
in Table 1, were estimated from silica variation dia-
grams (Ban et al., 2008).

Using the rhyolite-MELTS model (Gualda et al.,
2012)
examined the ranges of pressure and water content of

and estimated whole-rock compositions, we
felsic magma to satisfy phenocrystic modal and chemical
data. We note that the crystallinity of felsic magma was
estimated to be ~40 % based on phenocrystic mode and
mixing ratio. When the temperature is 955-970°C,
plagioclase (Ango-¢1) +opx (Mg# =65-66)+ cpx (Mg# =
66-68) precipitate under 1.3-1.5kb and 1.7-1.8 % H-O.
Following Ban et al. (2008), an NNO buffer was assumed
in this case. We attempted to determine the ranges for
mafic magma using the same method. However, we
could not establish the conditions under which Fogs
olivine and An-rich plagioclase co-precipitated. It is
probable that mafic magma, in which Fo-rich olivine was
the only liquidus phase, differentiated to precipitate
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Fig. 12. K30 and Cr-SiO; diagrams of Goshikidake pyroclastic rocks. Filled circles represent Goshikidake pyroclastic
rocks; open symbols show Umanose agglutinate; and filled squares represent Komakusadaira pyroclastic rocks.

Data are from Ban et al. (2008).

Table 2. Estimated end-member magma compositions and chemical compositions of representative phenocrysts of the Oana unit.

Sio, TiO, ALO; FeO' Fe,0f MnO MgO CaO Na,0 K,0 NiO P,O;  total

mafic end-member magma  50.00 081 1750 11.00 - 0.19 871 10.90 1.82 015 - 0.11 101.18

felsic end-member magma  65.50 0.63 14.90 525 - 0.10 2.56 5.65 3.02 223 - 0.07 99.91

olv (form mafic magma) 3959 - - 15.98 - 0.26  45.69 022 - - 013 - 101.87 Foq,
plg (from mafic magma) 46.07 - 33.80 - 0.67 - 002 1795 1.27 0.00 - - 99.78 Angg
cpx (form felsic magma) 51.83 0.36 132 1183 - 042 1415 20.11 024 - - - 100.26 Mg#H=68
opx (from felsic magma) 52.52 0.19 0.77 2355 - 0.63 21.68 1.47 006 - - - 100.87 Mg#=62
plg (from felsic magma) 5391 - 2854 - 065 - 005 1213 4.60 025 - - 100.13  Angg

olv, olivine; plg, plagioclase, cpx, clinopyroxene; opx, orthopyroxene; FeO", total iron calculated as FeO; Fe203‘, total iron calculated as Fe,O,

Analytical methods are after Ban et al. (2008)
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Fig. 13. Frequency histograms of plagioclase, opx, cpx, and olivine phenocrysts of the representative sample of the Oana unit.

plagioclase when Fo-rich olivine was no longer in the
liquidus phase and further ascended to infuse into the
shallow felsic chamber. We note the mafic magmas can
precipitate Fo-rich olivine at > about 1.5kb, which is
higher than the pressure condition of the felsic chamber.
4-2. Azuma volcano

As described in Section 2-2, five magmatic eruption
phases are recognized in the youngest activity. The
rocks are mainly andesite, having mixed rock charac-
teristics such as mafic inclusions and dissolution
textures in phenocrysts. These rocks have plagioclase,
opx, cpx, and olivine phenocrysts. The total volume of
phenocrysts is about 25 to 35%. The whole-rock compo-
sitions differ slightly among the phases (Ban et al., 2013).

Here, we examine petrologic features of the shallow
magma chamber of the youngest phase (Oana unit of AD
1331). The chemical compositions of phenocrysts in a
representative sample are presented in Table 2 and
Fig. 13.

As in the case of Zao Goshikidake, phenocryst cores
can be divided into three groups: mafic magma-derived
An-rich plagioclase +olivine, mixed magma-derived An-
or Mg-medium plagioclase + pyroxenes, and felsic magma-
derived An- or Mg-poor plagioclase +pyroxenes. In
addition, some pyroxenes with Mg-poor cores have Mg-
rich zones ~30 um in width in rim parts. The magmatic
temperature deduced by felsic magma-derived opx and
cpx compositions using Brey and Kohler (1990) is about
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Fig. 14. K30 and Cr-SiO; diagrams of the Oana unit. Filled circle, open triangle, open square, and open diamond
represent Oana, Issaikyo, Kofuji, and Goshikinuma units. Data are from Ban et al. (2013).
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Fig. 15. Schematic diagram of magma feeding systems of (a) Zao and (b) Azuma volcanoes. Areas of deep and shallow

hypocenters are from JMA (2016b, d).

880-890°C.

As in the case of Zao Goshikidake, we used key
variation diagrams to estimate compositions of mafic
and felsic end-members as follows. The extension of the
mixing trend by the Oana unit samples intercepts the
Si02 axis at ~50wt.% in the K20O-SiO2 diagram and at
~65.5wt.% in the Cr-SiO, diagram (Fig. 14). Therefore,
we consider the SiO2 content of mafic and felsic magmas
to be 50wt.% and 65.5wt.%, respectively. The com-
positions of other elements in mafic and felsic magmas,
listed in Table 2, were estimated from the silica variation
diagrams (Ban et al., 2013).

Using the same method as that for Zao Goshikidake,
we examined the ranges of pressure and water content
of felsic magma. We note that the crystallinity of felsic
magma was estimated to be ~50% based on pheno-

crystic mode and mixing ratio. When the temperature is
880-890°C, plagioclase (An-sg)+opx (Mg#=61-63)+cpx
(Mg#=67-70) precipitate under 0.8-1.2kb and 2.75-3.25
% H-0. An NNO buffer was also assumed. In terms of
mafic magma, Foc,g3 olivine and An-rich plagioclase co-
precipitate at<1.6 kb and ~1.25wt.% H20.

5. Magma feeding system of recent eruptions of Zao

and Azuma volcanoes

A schematic diagram of magma feeding systems is
presented in Fig. 15. The basic framework of the magma
feeding system is common for recent magmatic erup-
tions at Zao and Azuma. Mafic magmas from depth were
infused into the shallower felsic magma chamber, which
triggered eruptions; this process has been reported for
many calc-alkaline volcanoes (e.g., Pallister et al., 1992;
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Tomiya et al., 2013). However, many differences were
observed in the characteristics of mafic and felsic
magmas. The mafic magma of Zao is slightly more
differentiated than that of Azuma, and felsic magma of
Zao has a slightly lower SiOs content than that of
Azuma. As a result, felsic magma from Zao has higher
temperature and pressure and lower crystallinity and
water content than that from Azuma.

A comparison of the results of petrological studies
with the hypocenter distribution (JMA, 2016b, d) and the
seismic tomography image (Okada et al., 2015) reveal
important information. First, the estimated felsic cham-
bers are located deeper than the shallow earthquakes
including the volcanic tremor with the exception of
several in Zao volcano. Shallow long-period earthquakes
in Zao can be explained by oscillations of an open crack
at ~2km in depth that was filled with hydrothermal
fluid, as revealed by a seismological analysis (Yamamoto
et al., 2014). These factors suggest that the shallow
volcanic tremors were caused by activity related to the
release of hydrothermal fluid from felsic magma. The
other shallow earthquakes would be also related to the
activity of hydrothermal fluid. Some scattering of
hypocenters reflect various pathways of fluid from the
chamber. Second, the depths of both shallow earth-
quakes and felsic magmas are greater in Zao than in
Azuma, which reflects differences in felsic magma char-
acteristics, crustal structure, or both. Third, no shallow
magma chambers were detected with tomography (e.g.,
Vp/Vs). It is probable that the shallow chambers are
crystal-rich and may be small, and thus were difficult to
detect with the tomographic survey. Fourth, potential
candidates as sources of mafic magmas are high Vp/Vs
and deep earthquake areas. The existence of melt in the
area was reported by Okada et «l. (2015), who argued
that migration of over-pressurized fluids from this area
promotes the occurrence of earthquakes because the
seismic low-velocity area corresponds to an area con-
taining over-pressurized fluids. As described above,
recent eruptions of Zao and Azuma volcanoes were
triggered by the injection of mafic magma into a shallow
chamber. Therefore, it is crucial to detect melt move-
ment from the seismic low-velocity area to the estimated
shallow chambers in each volcano in forcasting future
eruptions.
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