
Forecasting an impeding eruption 
by extracting features of seismic 

waveforms
Yosuke Aoki

Earthquake Research Institute,
The University of Tokyo

18 November 2025
Workshop on “Automatization and Standardization of

Volcano Seismic Data Processing Workflows
Nanyang Technological University, Singapore 



Monitoring low-frequency
earthquake in Mt. Fuji, Japan

Yosuke Aoki (1; yaoki@eri.u-tokyo.ac.jp), Adèle Doucet (2), 
Kohtaro Araragi (3), Léonard Seydoux (2), Nobuaki Fuji (2), 
Jean-Philippe Métaxian (2), Takao Ohminato (1), 
Martha Savage (4), Kae Tsunematsu (5), Mitsuhiro Yoshimoto (6)

18 November 2025
Workshop on “Automatization and Standardization of 

Volcano Seismic Data Processing Workflows
Nanyang Technological University, Singapore 

(1) ERI, UTokyo, (2) IPGP, (3) JAXA,
(4) Victoria Univ. Wellington, 
(5) Yamagata Univ. (6) Mt. Fuji Res. Inst.



Tectonic background
ü ~100 km from Tokyo. 

ü 25M people within 100 km. 

ü Located at the triple junction 
among the Philippine Sea, 
North American, and Eurasian 
plates. 

ü Collision and subduction of 
the Philippine Sea plate.

ü NW-SE contraction, NE-SW 
extension. 

Aoki et al. (2019, Earth-Sci. Rev.)

area with a population of more than 30 million. The area is thus po-
tentially at risk from volcanic hazards. Indeed, the most recent Hoei
eruption was so explosive that the Tokyo metropolitan region received
up to 100mm of ash (Miyaji et al., 2011). The same or similar eruption
now would cause severe volcanic hazards in Tokyo and the surrounding
areas. The Hoei eruption started 49 days after a nearby M∼ 8.5
earthquake, indicating that the region was affected by volcanic hazards
less than two months after the seismic activity.

Therefore, understanding the potential location, style, size, and
timing of the next eruption of Mt. Fuji is important not only from a
scientific standpoint but also for the hazard assessment. This article
reviews insights into understanding how Mt. Fuji was formed and po-
tentially assesses its next eruption of Mt. Fuji. Section 2 summarizes the
tectonic setting and stress field around Mt. Fuji. We have reviewed the
evolution of Mt. Fuji during the last 400,000 years in Sections 3.
Sections 4 and 5 describe insights into the internal structure and current
activity of Mt. Fuji. Based on the discussion between Sections 2 and 5,
Sections 6 and 7 summarize how we can address the research questions
posed in this section and assess the next eruption.

2. Tectonic background

2.1. Plate motions around Mt. Fuji

Mt. Fuji is located near the triple junction of the Philippine Sea,
Eurasian (or Amurian), and North American (or Okhotsk) plates, under
which the Pacific plate subducts at a convergence rate of ~85mm/yr
(Argus et al., 2010; Fig. 1). From the south, the Philippine Sea plate
subducts beneath the North American (or Okhotsk) and Eurasian (or
Amurian) plates from the Suruga and Sagami troughs with convergence

rates of about 25 and 15mm/yr, respectively (e.g., Argus et al., 2010).
The Philippine Sea plate collides at the northern tip near Mt. Fuji
(Fig. 1). While the Philippine Sea plate is an oceanic plate, the colliding
section in it is part of an island arc with lower average density than
oceanic plates. The island arc on the Philippine Sea plate thus cannot
subduct as smoothly as oceanic plates, resulting in a collision at the
plate boundary.

Seismicity at the subducting and colliding plate boundaries around
the northern tip of the Philippine Sea plate exhibit a marked difference
(Ishida, 1992). The subducting plate boundary exhibits abundant seis-
micity including large earthquakes of M∼8 such as the 1854 Ansei and
1923 Kanto earthquakes in the Suruga and Sagami troughs, respec-
tively. On the other hand, the colliding part of the plate boundary lacks
major seismicity. Although seismic reflectors were detected to the north
of Mt. Fuji (Iidaka et al., 1990), it lacks widespread seismic reflectors
associated with plate subduction. The subducting plate boundary hosts
obvious seismic reflectors corresponding to the Moho of the subducting
Philippine Sea plate (Arai and Iwasaki, 2015).

2.2. Regional and local stress field

The plate configuration described above results in a regional stress
field with northwest-southeast compression and northeast-southwest
extension around Mt. Fuji (Ukawa, 1991). Mt. Fuji and Izu-Oshima
volcanoes (Fig. 1) are elongated in a northwest-southeast direction (Ida,
2009; Fig. 2), with dominant strikes of volcanic fissures (Takada et al.,
2007), and focal mechanisms of shallow earthquakes (Ukawa, 1991;
Araragi et al., 2015) confirming the stress field. The shape of volcanic
islands becomes more rounded (Fig. 2), and the orientation of volcanic
fissures becomes radial with distance from the plate boundary (Ida,

Fig. 1. Tectonic setting around Mt. Fuji. PAC, PHS, EUR, AMR, NA, and OKH denote Pacific, Philippine Sea, Eurasian, Amurian, North American, and Okhotsk plates,
respectively. Red triangles represent active volcanoes, in which Mt. Fuji is represented by the biggest triangle. Gray dash lines represent depth contours of the
subducting Philippine Sea plate with an interval of 10 km given by Hirose et al. (2008) and Nakajima et al. (2009). Rupture areas of the 1854 Ansei and 1923 Kanto
earthquakes are also shown. Yellow rectangles denote the areas shown as close-up views in Fig. 2. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Historical eruptions

give a comprehensive review of the evolution and previous eruptions of
Mt. Fuji. Instead, here we briefly summarize the eruptions in chron-
ological order, focusing on the recent Jogan and Hoei eruptions, which
represent diverse eruptive styles of Mt. Fuji.

3.1. Evolution before 100 ka

Scientific drilling revealed that the evolution of Mt. Fuji is divided
into several stages (Yoshimoto et al., 2010; Fig. 4). First, Ashitake

volcano to the south of the current Mt. Fuji started to grow about 400 ka
ago. Pre-Komitake volcano, located to the north of current Mt. Fuji,
started to grow with effusions of basaltic lava flows at around 270 ka,
ending up with explosive eruptions of basaltic andesite and dacite
magmas at around 160 ka. Komitake volcano grew, by effusions of
basaltic lavas, on top of Pre-Komitake volcano between around 160 ka
and 100 ka, when the youngest part of Mt. Fuji started to grow.
Yoshimoto et al. (2010) proposed that a change in regional tectonics
around 150 ka ago might have been responsible for a change in the rock
chemistry from Pre-Komitake volcano to subsequent volcanoes, but this
conjecture has not been proved yet.

3.2. Evolution after 100 ka

Basaltic volcanism dominates in the current Fuji volcano, and its
activity can be divided into two periods, the older Fuji between 100 ka
and 10 ka and the younger Fuji since 10 ka. Eruptions of the older Fuji
may have been explosive considering that extensive deposits from old
Fuji eruptions cover an area of ∼250 km2 mainly to the east of Mt. Fuji
(Miyaji et al., 1992; Yoshimoto et al., 2010). Basaltic lava flows dom-
inate the eruptions of younger Fuji, but explosive eruptions of dacitic
and andesitic magmas such as the Zunasawa eruption ∼3 ka ago and
the 1707 Hoei eruptions also exist.

After a dominance of sub-Plinian explosive eruptions of basaltic
magma, widespread scoria falls, and lahar deposits between 100 and
17 ka (Uesugi, 1990; Yamamoto et al., 2007) made volcanic fans on the
lowlands of the volcano.

Voluminous lava flows dominated the volcanic activity between
17 ka and 8 ka, but the insufficient number of measurements does not
permit an evaluation of the ejected volume during this period.

Explosive eruptions and lava flows from the summit and flank until
1500 BCE (stage 3: see Fig. 5) followed a relatively mild activity be-
tween 10,000 BCE, and 3500 BCE. It is during this period that the main
growth of the volcano occurred due to voluminous ejections of magma;
the size of the volcano was already as large as that in the present by
3500 BCE. The current summit of Mt. Fuji is composed of rocks ejected
during this period.

Mt. Fuji erupted explosively between 1500 BCE and 1300 BCE from
the summit with ejections of scoria and pyroclastic flows (e.g.,
Yamamoto et al., 2005a). One of the most notable ejecta is the Zuna-
sawa deposit, ejected around 1300 BCE from the eastern flank, where it
is distributed (e.g., Machida, 1977; Yamamoto et al., 2005b). The Zu-
nasawa deposit contains rocks with SiO2 content of up to 70%, similar
to the scoria ejected by the Hoei eruption.

The debris deposit associated with a flank collapse in the eastern
flank around 900 BCE cover 53 km2 with a volume of 1.05 km3 (Miyaji
et al., 2004; Miyaji, 2007). Whether a phreatic eruption or the shaking
from an earthquake triggered the collapse is unknown.

The flank collapse 2.9 ka ago was followed by a series of summit
eruptions, one of the most significant of which occurred 2.2 ka ago, a
sub-Plinian eruption with an eruptive volume of ∼0.5 km3 (Suzuki and
Fujii, 2010). The eruption 2.2 ka ago was the latest summit eruption of

Fig. 4. A schematic north-south cross section through Mt. Fuji. After Yoshimoto et al. (2010).

Fig. 5. (top) Cumulative volume of eruptive products of Mt. Fuji over the last
11,000 years. (bottom) Cumulative volume of eruptive products over the last
2200 years. After Miyaji (2007).
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magma, widespread scoria falls, and lahar deposits between 100 and
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lowlands of the volcano.

Voluminous lava flows dominated the volcanic activity between
17 ka and 8 ka, but the insufficient number of measurements does not
permit an evaluation of the ejected volume during this period.

Explosive eruptions and lava flows from the summit and flank until
1500 BCE (stage 3: see Fig. 5) followed a relatively mild activity be-
tween 10,000 BCE, and 3500 BCE. It is during this period that the main
growth of the volcano occurred due to voluminous ejections of magma;
the size of the volcano was already as large as that in the present by
3500 BCE. The current summit of Mt. Fuji is composed of rocks ejected
during this period.
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sawa deposit, ejected around 1300 BCE from the eastern flank, where it
is distributed (e.g., Machida, 1977; Yamamoto et al., 2005b). The Zu-
nasawa deposit contains rocks with SiO2 content of up to 70%, similar
to the scoria ejected by the Hoei eruption.

The debris deposit associated with a flank collapse in the eastern
flank around 900 BCE cover 53 km2 with a volume of 1.05 km3 (Miyaji
et al., 2004; Miyaji, 2007). Whether a phreatic eruption or the shaking
from an earthquake triggered the collapse is unknown.

The flank collapse 2.9 ka ago was followed by a series of summit
eruptions, one of the most significant of which occurred 2.2 ka ago, a
sub-Plinian eruption with an eruptive volume of ∼0.5 km3 (Suzuki and
Fujii, 2010). The eruption 2.2 ka ago was the latest summit eruption of

Fig. 4. A schematic north-south cross section through Mt. Fuji. After Yoshimoto et al. (2010).

Fig. 5. (top) Cumulative volume of eruptive products of Mt. Fuji over the last
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ü High eruption rate = ~40 km3 / 10 ka

ü Summit and flank eruptions. Summit eruptions only 
until 2.2 ka. 

ü Many of them are effusive, some of them are 
explosive. 



Historical eruptions
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sawa deposit, ejected around 1300 BCE from the eastern flank, where it
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nasawa deposit contains rocks with SiO2 content of up to 70%, similar
to the scoria ejected by the Hoei eruption.

The debris deposit associated with a flank collapse in the eastern
flank around 900 BCE cover 53 km2 with a volume of 1.05 km3 (Miyaji
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permit an evaluation of the ejected volume during this period.

Explosive eruptions and lava flows from the summit and flank until
1500 BCE (stage 3: see Fig. 5) followed a relatively mild activity be-
tween 10,000 BCE, and 3500 BCE. It is during this period that the main
growth of the volcano occurred due to voluminous ejections of magma;
the size of the volcano was already as large as that in the present by
3500 BCE. The current summit of Mt. Fuji is composed of rocks ejected
during this period.

Mt. Fuji erupted explosively between 1500 BCE and 1300 BCE from
the summit with ejections of scoria and pyroclastic flows (e.g.,
Yamamoto et al., 2005a). One of the most notable ejecta is the Zuna-
sawa deposit, ejected around 1300 BCE from the eastern flank, where it
is distributed (e.g., Machida, 1977; Yamamoto et al., 2005b). The Zu-
nasawa deposit contains rocks with SiO2 content of up to 70%, similar
to the scoria ejected by the Hoei eruption.

The debris deposit associated with a flank collapse in the eastern
flank around 900 BCE cover 53 km2 with a volume of 1.05 km3 (Miyaji
et al., 2004; Miyaji, 2007). Whether a phreatic eruption or the shaking
from an earthquake triggered the collapse is unknown.

The flank collapse 2.9 ka ago was followed by a series of summit
eruptions, one of the most significant of which occurred 2.2 ka ago, a
sub-Plinian eruption with an eruptive volume of ∼0.5 km3 (Suzuki and
Fujii, 2010). The eruption 2.2 ka ago was the latest summit eruption of
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Historic eruptions: 864 lava flow (VEI~6), 
1707 explosive eruption (latest: VEI~5) 



Mt. Fuji.
After this summit eruption in 2.2 ka, small-scale flank eruptions

occurred until the 8 th century, after which Mt. Fuji erupted at least ten
times in 781, 800–802, 864–866, 937, 999, 1033, 1083, 1435–1436,
1511, and 1707 (Fig. 5). Dating of these eruptions is difficult, and thus
historical accounts and mapping of eruptive products are the only ways
for constraining the exact dates of these eruptions.

The 800–802 eruption ejected massive tephras from the north-
western and northeastern flanks. Historical accounts suggest that Mt.
Fuji might have erupted in 834–848, 853, 858, and 859 as well
(Koyama, 1998a) but a more careful examination of the documents is
necessary to confirm the dates.

3.2.1. The 864–866 Jogan eruption
The 864–866 Jogan eruption is one of the largest eruptions in last

2200 years with more than 1.4 km3 of lavas from vents aligned on the
northwestern flank with a horizontal extent of ∼6 km. The lavas buried
most of a lake that existed at that time. The interaction between the
lava and lake water triggered a secondary phreatic eruption, generating
pillow lavas (Miyaji et al., 2006).

3.2.2. Eruptions between the Jogan and Hoei eruptions
The 937 eruption was originated from three fissures aligned and

located on the northern flank between 1800 and 2900m above sea
level. Some lavas reached up to 17 km to the northeast from the vent
(Fujita et al., 2002). Yamamoto et al. (2005b) suggested that the 937
eruption was from the southern flank as well as the northern flank,
although the volume of the eruptive product from the southern flank is
estimated to be only 0.01 km3 compared with 0.06 km3 from the
northern flank.

The 1033 eruption also originated from the northern and southern
flanks (Yamamoto et al., 2005b). On the northern flank, a 3 km-long
fissure between 2150 and 3450m above sea level and a vent at 2050m
above sea level were responsible for the eruption. Lavas flowed
northeastward for up to 7 km from the vent (Fujita et al., 2002).

Details of the 1083 eruption are not well known, but Koyama
(1998b) suggested that the eruption was explosive based on a historical
account that the eruption was heard in Kyoto, ∼270 km from Mt. Fuji.
Details of the 1435–1436 and 1511 eruptions are not also well known
but historical accounts suggest that lava effusion might have dominated
the 1435–1436 eruption (Koyama, 1998b). The 1511 eruption might

Fig. 6. Isopach of the tephra ejected from the 1707 Hoei eruption. a) Location of Fuji Volcano. b) Reginal isopach of the total Hoei tephra. c) Local isopach. Solid dots
and stars indicate outcrops and locations where historical documents are available. Thickness is shown in centimeters. Squares indicate cities and villages; N, Narita;
S, Sawara; E, Edo or present Tokyo; Y, Yokohama, H; Hiratsuka; Od, Odawara; O, Oyama; G, Gotemba; Sb, Subashiri; Sn, Susono; Sy, Suyama. After Miyaji et al.
(2011).
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Ashfall by the 
1707 eruption

Miyaji et al.  
(JVGR, 2011)

The 1707 eruption drove 
volcanic ash to Tokyo 
Metropolitan Region (~100 km), 
accumulating up to >100 mm 
of ash. 



Regional stress field

Ukawa et al. (1991)

ü Collision and subduction of 
the Philippine Sea plate.

ü NW-SE contraction, NE-SW 
extension.    



Regional stress field

Araragi, Savage, Ohminato, and Aoki (2015, JGR Solid Earth)



Seismic sites

Araragi et al. (2015)
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Seismic anisotropy

Araragi et al. (2015)

2009). These observations confirm the collision and subduction of the
Philippine Sea plate control the regional stress field.

The local stress field on the edifice of Mt. Fuji is not only controlled
by the collision and subduction of the Philippine Sea plate but also by
the stress field exerted by the loading of the volcano itself. Araragi et al.
(2015) investigated seismic anisotropy around Mt. Fuji at depths shal-
lower than ∼4 km, and found that while the fast direction of the
seismic wavespeed is radially distributed near the summit of Mt. Fuji, it
roughly strikes northwest-southeast (Fig. 3). The differential stress,
orientation of cracks, or lattice preferred orientation of rocks generate
anisotropy of seismic velocity. In this case, the origin of seismic

anisotropy is likely the differential stress. Their study suggests that the
stress field around Mt. Fuji at shallow (≤4 km) depths is, at least, a
combination of the regional stress field and the stress from volcano
loading.

3. Evolution of Mt. Fuji and recent eruptions

The evolution and geology of Mt. Fuji have been extensively in-
vestigated since pioneering studies by Prof. Hiromichi Tsuya in the
1930s (e.g., Tsuya, 1955, 1962), leading to the most recent version of
the geological map (Takada et al., 2016). Thus, we do not attempt to

Fig. 2. Close-up views of (a) Mt. Fuji, (b) Izu-Oshima, and (c) Miyakejima volcanoes, whose locations are shown in Fig. 1. The shape of Mt. Fuji and Izu-Oshima
volcanoes are more elliptical than Miyakejima because the ambient stress fields around them are more deviatoric than the stress field around Miyakejima.

Fig. 3. Rose diagrams of fast polarization directions obtained from a shear-wave splitting analysis for each seismic site. Gray lines indicate directions of the maximum
compression at a depth of 2.0 km that fits with the obtained fast polarization directions; they are obtained by a combination of the point load at the summit of Mt. Fuji
and an appropriate ambient stress field (see Araragi et al., 2015, for details). Modified from Araragi et al. (2015).
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ü The local stress field
generates seismic 
anisotropy in this case. 

Stress field =
Tectonic stress field + 
Flank loading



Seismic anisotropy

Araragi et al. (2015)
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anisotropy is likely the differential stress. Their study suggests that the
stress field around Mt. Fuji at shallow (≤4 km) depths is, at least, a
combination of the regional stress field and the stress from volcano
loading.

3. Evolution of Mt. Fuji and recent eruptions

The evolution and geology of Mt. Fuji have been extensively in-
vestigated since pioneering studies by Prof. Hiromichi Tsuya in the
1930s (e.g., Tsuya, 1955, 1962), leading to the most recent version of
the geological map (Takada et al., 2016). Thus, we do not attempt to

Fig. 2. Close-up views of (a) Mt. Fuji, (b) Izu-Oshima, and (c) Miyakejima volcanoes, whose locations are shown in Fig. 1. The shape of Mt. Fuji and Izu-Oshima
volcanoes are more elliptical than Miyakejima because the ambient stress fields around them are more deviatoric than the stress field around Miyakejima.

Fig. 3. Rose diagrams of fast polarization directions obtained from a shear-wave splitting analysis for each seismic site. Gray lines indicate directions of the maximum
compression at a depth of 2.0 km that fits with the obtained fast polarization directions; they are obtained by a combination of the point load at the summit of Mt. Fuji
and an appropriate ambient stress field (see Araragi et al., 2015, for details). Modified from Araragi et al. (2015).
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ü The local stress field 
generates seismic 
anisotropy in this case. 

Stress field = 
Tectonic stress field + 
Flank loading

ü Consistent with vent
location.



have originated from the northern flank (Koyama, 1998b).

3.2.3. The 1707 Hoei eruption
The 1707 Hoei eruption, the most recent one, is one of the most

explosive eruptions in Mt. Fuji in historical time. The eruption started
on 16 December 1707, 49 days after the 1707 Hoei earthquake
(M=8.7) occurred in the Nankai trough, southwest Japan. This tem-
poral coincidence and static stress changes in Mt. Fuji by the Hoei
earthquake led Chesley et al. (2012) to suggest that the extensional
stress changes of about 0.1MPa by the Hoei earthquake might have
triggered the eruption. The Hoei eruption lasted for 16 days until 1
January 1708.

The eruption has been reconstructed in detail by Miyaji et al.
(2011). The total ejected volume is estimated to be 1.6 km3 with a
Volcano Explosivity Index (Newhall and Self, 1982) of 5. The eruption
started by two energetic eruptive pulses with an ash column higher than
20 km. The energetic pulses gave way to discrete sub-Plinian basaltic
eruptions before sustained activity with column heights of more than
13 km, during which there were at least two heightened phases with

column heights of more than 16 km. A sudden process such as conduit
collapse, rather than a gradual process such as decompression of the
magma chamber, halted the eruption.

The Hoei eruption accumulated more than a meter of ash within a
few kilometers from the vent, and more than 100mm of ash accumu-
lated 100 km away from the vent in the downwind direction (Fig. 6).
The Japanese government predicts an economic loss of ∼2.5 trillion
yen (or 25 billion US dollars) if a Hoei-type eruption would occur red
today (Aramaki, 2007).

3.2.4. Modern activity
While Mt. Fuji has not erupted since 1707, deep low-frequency

earthquakes have been persisting at least since the first seismic ob-
servations in the 1980s (Kanjo et al., 1984; Ukawa, 2005). The number
of deep low-frequency earthquakes increased in 2000–2001 but this
unrest did not result in surficial expressions (Ukawa, 2005). The East
Shizuoka earthquake (Mw 6.0) four days after the 2011 Tohoku-oki
earthquake was located right beneath Mt. Fuji but did not trigger the
volcanic activity of Mt. Fuji. Also, the earthquake did not trigger any

Fig. 7. (a) Distribution of hypocenters around Mt.
Fuji between 1 January 1995 and 31 December 2018
with depths shallower than 30 km and M=1.0.
Focal mechanisms are also shown. Focal mechanisms
in red correspond to earthquakes with significant
number aftershocks in 2011 and 2012. Large and
small green triangles indicate the location of the
summit of Mt. Fuji and Hakone Volcano, respec-
tively. (b) The cumulative number of earthquakes of
M≥ 1 between 1 January 1995 and 31 December
2018. The earthquake rate is stationary except when
aftershocks of the East Shizuoka earthquake on 15
March 2011 and a M=5.4 earthquake on 27
January 2012 occurred. A significant increase of
seismicity in 2015 is due to elevated volcanic activity
in Hakone Volcano (e.g., Mannen et al., 2018). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Y. Aoki, et al. Earth-Science Reviews 194 (2019) 264–282

269

Seismic activity

Aoki et al. (2019)

Mw 5.9 on 15 March 2011
(4 days after the 2011 Tohoku-oki earthquake)

The 2011 Tohoku-oki earthquake might have 
triggered a Mw 5.9 earthquake, but otherwise 
the seismic activity is (more or less) 
stationary over time. 

Mount Fuji: a unique dormant volcano

Major volcanic risk for the country

Ashes of last major eruption of 1707A volcano at a triple intersection

But

No degassing…
No major volcanic deformation…

At least some seismic activity

Let’s assess the risk with seismology 

2



Waveforms of M~2 volcano-tectonic 
and low-frequency earthquakes
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Fig. 1. Location map showing the seismic stations near Mt. Fuji and the
location of Mt. Fuji (inset map). The solid lines in the inset map in-
dicate plate boundaries. EUR, NAM and PHS represent the Eurasian,
Northern American and Philippine Sea plates, respectively. The plate
boundary between EUR and NAM is not shown, because the boundary
is under debate. The thick arrow indicates the direction of Philippine
Sea plate motion. We use the data from 58 seismic stations within 100
km from Mt. Fuji. Stations within 15 km from the summit are shown.
Dotted lines show elevation contours at 500 m intervals. Crosses: per-
manent stations maintained by ERI; Diamond: station in the Mount Fuji
Weather Station on the summit maintained since 1987 by JMA; Open
circles: stations maintained by NIED. Stations FJH, FJN, FJS and FJY
have borehole type tiltmeters and seismometers installed at 200 m depth.
All stations are equipped with three-component short-period seismome-
ters.

hypocenters of the MLFs during 1998–2003, combining
the seismograms independently recorded by NIED, ERI and
JMA.

2. Data and Analysis
Figure 2(a) shows three-component seismograms of a

MLF event on April 30, 2001, which is the largest event
we have observed since 1990. Seismograms of MLFs differ
from the much more common broadband signature of HF
earthquakes (see Fig. 2(b)) in their relatively low energy at
frequencies above 5 Hz and their ringing coda. Their on-
sets are sometimes impulsive with relatively clear P and
S phases, unlike those of shallow LFs, but are more com-
monly rather emergent. P and S waves of the MLFs are of-
ten associated with high-frequency (> 5 Hz) waves at close
stations (e.g., FJN, FJY and FJH). An additional feature of
the MLFs was their unusual tendency to occur in swarm in
which the largest events occurred between the middle and
end of the sequence.

Each organization has routinely located MLFs using its
own seismic network. We firstly combined data of the
three organizations collected during 1998–2003, picked up
arrival times of MLFs with careful identification of phases
and determined their hypocenters precisely. We limited the
arrival time data to stations with epicentral distance smaller
than 100 km. The number of events with an acceptable
signal-to-noise ratio was 80, about 16% of all events in
the MLFs catalog routinely obtained by NIED for this time
period. We carefully measured the arrival times of P and S
phases of MLFs on the three-component seismograms and
obtained 1744 P and 2424 S picks. We repeated the repick
procedure several times in a short time to reduce bias of
reading the arrival times. The reading accuracies of P and
S wave arrival times are better than 0.20 s.

We relocated the selected 80 MLFs that occurred during
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Fig. 2. (a) Three-component waveforms for the MLF event at 21:42
Japan standard time (JST) on April 30, 2001. This MLF has the best
signal-to-noise ratio and clearest P and S waves of those recorded since
1998. U, N and E: vertical, north-south and east-west components. (b)
Three-component waveforms for the high-frequency (HF) event at 8:03
JST on February 17, 2001. This HF event occurred beneath the south
flank of Mt. Fuji.

Table 1. Velocity structure used for hypocenter determination.

Depth (km) VP (km/s) VS (km/s)
0–4 5.50 3.18
4–15 6.10 3.53

15–32 6.70 3.87
32– 8.00 4.62

1998–2003 beneath Mt. Fuji, using the hypoDD earthquake
location program of Waldhauser and Ellsworth (2000) and
the arrival time readings. The hypoDD program minimizes
the residuals between observed and calculated travel time
differences for pairs of earthquakes at common stations by
iteratively adjusting the hypocenters. Thus, the hypoDD
program minimizes the effects of unknown earth structure
without the need for station corrections. We obtain travel-
time differences for each event pair with a separation dis-
tance less than 4 km at stations located within 100 km of
the cluster centroid. Travel-time differences were weighted
based on the quality of the arrival time picks. RMS travel-
time residuals for the used stations are between 0.08 s and
0.36 s and the average is 0.21 s. The velocity structure
used for the hypocenter relocation is shown in Table 1. We
also calculate hypocenters using several velocity structures
with low velocity top layers for considering volcanic sur-
face structure. No significant (over 1 km) difference of the
hypocenter distribution between the velocity structures.

We also estimate the source mechanism of the largest
MLF event (see Fig. 2(a)) using body-wave ratio method
(Nakamichi et al., 2003). 21 P wave polarities and 10
SH/P amplitude ratios are used for the source mechanism
estimation. The obtained source mechanism is shown in
Fig. 3.
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Fig. 1. Location map showing the seismic stations near Mt. Fuji and the
location of Mt. Fuji (inset map). The solid lines in the inset map in-
dicate plate boundaries. EUR, NAM and PHS represent the Eurasian,
Northern American and Philippine Sea plates, respectively. The plate
boundary between EUR and NAM is not shown, because the boundary
is under debate. The thick arrow indicates the direction of Philippine
Sea plate motion. We use the data from 58 seismic stations within 100
km from Mt. Fuji. Stations within 15 km from the summit are shown.
Dotted lines show elevation contours at 500 m intervals. Crosses: per-
manent stations maintained by ERI; Diamond: station in the Mount Fuji
Weather Station on the summit maintained since 1987 by JMA; Open
circles: stations maintained by NIED. Stations FJH, FJN, FJS and FJY
have borehole type tiltmeters and seismometers installed at 200 m depth.
All stations are equipped with three-component short-period seismome-
ters.

hypocenters of the MLFs during 1998–2003, combining
the seismograms independently recorded by NIED, ERI and
JMA.

2. Data and Analysis
Figure 2(a) shows three-component seismograms of a

MLF event on April 30, 2001, which is the largest event
we have observed since 1990. Seismograms of MLFs differ
from the much more common broadband signature of HF
earthquakes (see Fig. 2(b)) in their relatively low energy at
frequencies above 5 Hz and their ringing coda. Their on-
sets are sometimes impulsive with relatively clear P and
S phases, unlike those of shallow LFs, but are more com-
monly rather emergent. P and S waves of the MLFs are of-
ten associated with high-frequency (> 5 Hz) waves at close
stations (e.g., FJN, FJY and FJH). An additional feature of
the MLFs was their unusual tendency to occur in swarm in
which the largest events occurred between the middle and
end of the sequence.

Each organization has routinely located MLFs using its
own seismic network. We firstly combined data of the
three organizations collected during 1998–2003, picked up
arrival times of MLFs with careful identification of phases
and determined their hypocenters precisely. We limited the
arrival time data to stations with epicentral distance smaller
than 100 km. The number of events with an acceptable
signal-to-noise ratio was 80, about 16% of all events in
the MLFs catalog routinely obtained by NIED for this time
period. We carefully measured the arrival times of P and S
phases of MLFs on the three-component seismograms and
obtained 1744 P and 2424 S picks. We repeated the repick
procedure several times in a short time to reduce bias of
reading the arrival times. The reading accuracies of P and
S wave arrival times are better than 0.20 s.

We relocated the selected 80 MLFs that occurred during
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Fig. 2. (a) Three-component waveforms for the MLF event at 21:42
Japan standard time (JST) on April 30, 2001. This MLF has the best
signal-to-noise ratio and clearest P and S waves of those recorded since
1998. U, N and E: vertical, north-south and east-west components. (b)
Three-component waveforms for the high-frequency (HF) event at 8:03
JST on February 17, 2001. This HF event occurred beneath the south
flank of Mt. Fuji.

Table 1. Velocity structure used for hypocenter determination.

Depth (km) VP (km/s) VS (km/s)
0–4 5.50 3.18
4–15 6.10 3.53

15–32 6.70 3.87
32– 8.00 4.62

1998–2003 beneath Mt. Fuji, using the hypoDD earthquake
location program of Waldhauser and Ellsworth (2000) and
the arrival time readings. The hypoDD program minimizes
the residuals between observed and calculated travel time
differences for pairs of earthquakes at common stations by
iteratively adjusting the hypocenters. Thus, the hypoDD
program minimizes the effects of unknown earth structure
without the need for station corrections. We obtain travel-
time differences for each event pair with a separation dis-
tance less than 4 km at stations located within 100 km of
the cluster centroid. Travel-time differences were weighted
based on the quality of the arrival time picks. RMS travel-
time residuals for the used stations are between 0.08 s and
0.36 s and the average is 0.21 s. The velocity structure
used for the hypocenter relocation is shown in Table 1. We
also calculate hypocenters using several velocity structures
with low velocity top layers for considering volcanic sur-
face structure. No significant (over 1 km) difference of the
hypocenter distribution between the velocity structures.

We also estimate the source mechanism of the largest
MLF event (see Fig. 2(a)) using body-wave ratio method
(Nakamichi et al., 2003). 21 P wave polarities and 10
SH/P amplitude ratios are used for the source mechanism
estimation. The obtained source mechanism is shown in
Fig. 3.
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Inter-event statistics
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This distinct di!erence in time interval between LFEs and EQs alone can motivate us158

to develop a novel automated methodology to categorize di!erent types of seismic activities159

happening at our region of interest.160

Note that this JMA catalog is mainly based on the handpicking and it could contain161

systematic observer’s bias. This is one of the reasons that we are interested in the year 2008162

barely throughout this paper in order to exclude the influence due to the number of stations163

and the observers’ ‘psychological’ criteria to infer and dintinguish LFEs and EQs.164

NF: here I want to hint that maybe plots given by Marine Laporte can be used for165

another context and not in this paper. Since Adèle will be working on the entire dataset166

this year, we will be able to have a new catalog and based on this we can run again Marine’s167

code to see the b-value dependency as a function of time. We can even discuss the static168

bias of human eyeball based analysis vs. UMAP+Covseisnet and it should be a beautiful169

paper.170

Figure 2. Time intervals between consecutive events in the JMA catalog for Low-Frequency

Earthquakes and tectonic earthquakes in 2008. Left panels: Time intervals between consecutive

Low-Frequency Earthquakes (green) and tectonic earthquakes (blue) plotted chronologically over

time. Right panels: Histograms of the time intervals for events in 2008 (in color), with gray bars

showing the historical distribution of intervals from 1997 to 2008 for comparison.
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Gray: Probability distribution 1997—2022

Inter-event time of

Tectonic earthquakes:
Exponential or power-law 
distribution 

Low-frequency earthquakes:
Bimodal  

Low-frequency earthquakes 
occur in bursts. 



Seismic activity
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Figure 1. (A)Map of mount Fuji (summit in yellow triangle) showing seismic stations (black

triangles), local earthquakes (blue circles), and LFEs (green circles). The bottom map represent

the tectonic setting in which mount Fuji lies on, the background map is adapted from (Kashiwagi

& Nakajima, 2019) . (B)Vertical cross-section through the region, showing the depth distribution

of the seismic events. The subducting Philippine sea plate is indicated in blue, and the main

conductive area, as identified in (Aizawa, 2004), is shown in red
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ü Low-frequency earthquake in the 
northeastern flank at ~15 km depths

ü Aftershocks of the 2011 Mw 5.9 
earthquake. 

ü Tectonic earthquakes associated with 
plate subduction.

(Ultimate) Purpose of this
study:
To classify low-frequency
earthquakes gain more insights 
into the mechanics of volcanic 
earthquakes.   



Calculating coherency

Subwindow = 100 s 

Averaging window = 500 s 
(Number of averaging windows=5)

Seydoux et al. (2016, GJI)

1432 L. Seydoux et al.

where ν2(f) is the spectral density of the non-propagating noise and
I is the N × N identity matrix. Therefore, this term is of rank N, that
is, the eigenvalue distribution is flat, with all eigenvalues equal to
ν2(f).

We know that the ambient seismic noise is dominated by surface
waves (Friedrich et al. 1998). Therefore, we assume the propagating
noise to be 2-D, and for simplicity, to be isotropic. If, in addition,
we consider the media to be homogeneous, we can use at any given
frequency f the analytic solution of Cox (1973) for the propagating
noise covariance matrix :

"
p
i j ( f ) = J0(2π f γ ‖r j − ri‖) , (7)

where γ is the slowness of the waves, ri is the planar coordinates of
the sensor i at the Earth’s surface, such as ‖r j − ri‖ is the distance
between the sensors i and j and J0 represent the Bessel function of
the first kind. An asymptotical form of the eigenvalue distribution
of the 2-D isotropic noise covariance matrix is given for the case of a
linear array by Gerstoft et al. (2012) who shown that the eigenvalue
distribution of this matrix depends on the typical sensor-spacing
d and the wavelength λϕ = cϕ/f (where cϕ is the phase velocity).
Indeed, when 2d/λϕ > 1, the covariance matrix is full rank, and
with the increasing value of this ratio the eigenvalue distribution
becomes flatter. Inversely, 2d/λϕ < 1 implies a rank deficiency,
so that the number of non-zero eigenvalues decreases when this
ratio tends to zero. A simple explanation of this deficiency is that
at low frequencies the array aperture is too small compared to the
wavelength to measure the wavefield oscillations, and the seismic
noise is seen as coherent.

3 M E T H O D : C OVA R I A N C E M AT R I X
E S T I M AT E D F RO M T H E DATA

The different steps of the computation and the analysis of the ar-
ray covariance matrix are presented in Fig. 1. First, the signals
are divided into overlapping time windows (averaging windows) in
which energy normalization is applied (temporal normalization and
spectral whitening). Then, we compute the Fourier transform of the
pre-processed signal within smaller subwindows and calculate the
array cross-spectra matrices in each of the subwindows. The array
covariance matrix is obtained from the average of the cross-spectra
matrices. The covariance matrix is thus computed over a set of M
subwindows within each averaging window. We finally compute the
spectral width of all the obtained covariance matrices, in different
averaging windows as a function of the frequency.

3.1 Array covariance matrix estimation

We estimate the covariance matrix C( f ) from the time average of the
Fourier cross-spectra matrices computed over a set of M overlapping
subwindows (see Fig. 1) of length δt:

C( f ) =
〈
u( f )u†( f )

〉
(t

= 1
M

M∑

m=1

um( f )u†
m( f ) , (8)

where um( f ) is the vector of data Fourier spectra in the subwindow
m. The total duration of the window in which the array covariance
matrix is estimated is thus (t ≈ Mrδt, where r is the overlapping
ratio. Note that the array covariance matrix is inherently Hermitian,
and therefore is, diagonalizable.

Figure 1. Sequence of operations used for estimating the array covariance
matrix from continuous seismic records, and computing the spectral width.
See the text for details.

3.2 Array covariance matrix eigenvalue distribution

We obtain the eigenvalues of the covariance matrix with using al-
gorithms from the Eigen 3.2.6 C++ library. Because we estimate
the covariance matrix from a finite set of subwindows, its eigenvalue
distribution differs from the theoretical one described in Section 2.
Marchenko & Pastur (1967) proposed an description of the eigen-
value probability of distribution of estimated covariance matrices.
These results were applied to underwater acoustics in Gerstoft et al.
(2012) in order to qualify the effect of the estimation on the co-
variance matrix of ocean propagating and non-propagating noises
recorded by a linear array of hydrophones. A main result is that the
non-propagating noise eigenvalue spectrum estimated from a finite
number of subwindows is not anymore constant but decays steadily.
It slowly converges to a flat distribution with an increasing number
of subwindows.

3.3 Array covariance matrix spectral width

The eigenvalues λi of the Hermitian matrix C( f ) are real and posi-
tive numbers. We arrange them in decreasing order. The covariance
matrix spectral width is then computed as a function of frequency
as:

σ ( f ) =
∑N

i=1(i − 1)λi ( f )
∑N

i=1 λi ( f )
. (9)

The values of σ estimated within different time windows become
nearly zero when the analysed records are dominated by a single
strong source and they approach some maximal value σ max(f) when
a window containing only non-propagating noise is analysed. The
value of σ max(f) depends on the relative amplitudes of the non-
propagating and the propagating noises and on the wavelength-to-
interstation-distance ratio 2d/λϕ .
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Figure 3. (a) Seismic coherence between horizontal components recorded at 6 stations over

one year, computed using covseisnet method. (b) Zoomed-in view of a period of one day on

May, 29. The frames highlight events of interest which waveforms are presented in panels (c–e).

(c–e) Examples of waveforms recorded at station FJZ (Distant Earthquake) and FUJ(Tectonic

Earthquake and Low Frequency Earthquake) corresponding to individual events occurring during

the coherency peak shown in (b). The events include a teleseismic event (gray),a local tectonic

earthquake (blue), and low-frequency event (green). All waveforms are bandpass filtered between

1 and 5 Hz. The red dashed line marks the origin time of each event. The x-axis represents UTC

time, that is the time of a large window tW; the y-axis indicates station name and is unitless.

4.2 Low-dimensional atlas of the coherence301

We calculate the low-dimensional projection of the seismic wavefield coherence for the302

year 2008. Following (Steinmann et al., 2024), we refer to this low-dimensional representa-303

tion as the atlas of coherence in the following lines. First, we project the coherence as is,304

with results presented in the supplementary materials. We clearly observe the domination305

of the monochromatic signals highlighted in Fig. 3, forming several islands in the coherence306

atlas, likely hindering the signals of interest here. In order to mitigate the influence of these307

signals, we calculate the UMAP atlas with a smoothing filter applied in the frequency di-308
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Tectonic earthquakes exhibit 
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frequency (>3 Hz). 

Low-frequency earthquakes 
exhibit high coherency in low 
frequency (1—3 Hz).

Monochromatic signals at ~1 
Hz (unknown origin).  



Mapping 1-year coherency 
into a 2D atlas

Uniform Manifold Approximation and Projection (UMAP) maps high-
dimensional data into two (in this case) or three dimensions by preserving 
the global and local structures of the data (McInnes et al., 2020, arXiv;  
Steinmann et al., 2024, JGR Solid Earth).    
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Uniform Manifold Approximation and Projection (UMAP) maps high-
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Figure 4. Atlas result constructed after applying smoothing and filtering to the coherency.

Each light blue point represents a time window, projected in the atlas space based on its coherence.

Behind the atlas there is examples of waveforms and their corresponding coherence in specific

windows that are located in the atlas with black point.

4.3 Atlas exploration with the catalog344

To better visualize the Atlas, we can project the JMA catalog on the Atlas to know345

where the windows that contain events are located. We know the beginning time and end of346

each of our windows W, so we can find in which window an event, or multiple, is supposed347

to be. Then we can just highlight the point that corresponds to the window of interest.348

That’s what we did in figure 5. We highlight four classes of events that belong to the JMA349

catalog into the second atlas representation we have figure 4, with filtering and smothering.350

The two upper plots (a) and (b) represent the events in the Fuji area defined in the351

data those two classes represent the local activity at Mount Fuji. The first one is the LFE352

(green) location in the Atlas. We can see that they are located in the upper part of the353

Atlas, mostly in the less dense area where activity is visible in the waveform and coherency354

of points in this part 2 in figure 4. More specifically, in one part of this area — the east355
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Mapping coherency 
into a 2D atlas



Mapping coherency into a 2D atlas
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Figure 5. Four representations of the atlas test (see panel B in Figure 4). Each plot shows all

the windows that compose the atlas in gray and show in which windows seismic events from four

di!erent event classes occur. (a) Green markers indicate the location of Low-Frequency Earthquake

events within the atlas. (b) Blue shows local tectonic earthquakes near Mount Fuji. (c) Violet

corresponds to distant events (1,000–10,000 km from Fuji) with magnitudes greater than 4. (d)

Orange represents events occurring close to the Fuji region but not classified as local or LFE events.

Events are projected into the atlas space based on their time define in the catalog of JMA.

For all the events of the class determined thanks to the joint UMAP and the JMA376

catalog, we plot in figure 6 the coherency signature of each one of the windows that contain377

a catalog event. We have four plots that show the coherence as a function of the frequency378

for each window WW that contains events. Each one of those windows W is represented379

by a thin colored line. We can also see the mean coherency signature with a thick colored380

line. And finally, in each one of the plots, there is the mean coherency signature for all the381

points of the atlas represented by a thick black line.382

The first upper-left panel (a) is the representation of the coherency signature of the383

local LFE activity (green). If we look at the mean representation, we can see that across384

the whole frequency band the maximum coherence is 0.37 and the minimum is about 0.2.385

This minimum is the same as the whole atlas mean band. The maximum of 0.37 is reached386

between 1.5 and 2 Hz. There is a value of the coherence above 0.3 between 1 and 3 Hz. But387
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ü Low-frequency earthquakes and 
local tectonic earthquakes are 
well discriminated. 

ü Low-frequency earthquakes and 
large regional earthquakes are 
not separated effectively. 

Low-freq. EQs.         Local EQs

Regional EQs. (M>4)    Regional EQs
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Figure 6. Coherence signatures corresponding to four di!erent event classes, based on selected

time windows from the atlas (highlighted in Figure 5). Each panel shows the coherence as a function

of frequency for all windows associated with a given class. The thick colored line shows the mean

coherence for the selected windows of a specific event class, and the thin colored lines represent

individual window coherence signatures. The thick black line represents the average coherence

signature computed over all windows in the full atlas (i.e., all gray points in Figure 5). Event

classes are color-coded as follows: (a) in green for Low-Frequency Earthquakes, (b) in blue for local

earthquakes near Mount Fuji, (c) in violet for distant events (1,000–10,000 km from Fuji, magnitude

¿ 4), and (d) in orange for events close to Fuji that do not fall into the previous categories. Events

are projected into the atlas based on their origin time defined in the JMA catalog.

5 Discussion406

5.1 Coherence407

In figure 3, we observe di!erent patterns corresponding to various types of signals.408

We can have a detection of a wide range of types of activity thanks to this method. The409

frequency bands in which these patterns appear are linked to the frequency ranges where410

the signals are active.411

Oceanic microseisms generate emergent signals that are visible in a very low frequency412

band, which are responsible for the corresponding signature observed in the coherency plot413

(Figure 3) in between 0.1–0.5 Hz. This phenomenon is also reported by Seydoux et al.414

(2016), who identified oceanic microseism activity within the 0.07–0.2 Hz range in their415

coherency analysis.416

–16–

Coherency as a function of frequency

The difficulty of discriminating 
between Low-frequency 
earthquakes and large 
regional earthquakes comes 
from their similar coherence 
as a function of frequency. 

Low-freq. EQs.             Local EQs

Regional EQs. (M>4)      Regional EQs
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Figure 5. Four representations of the atlas test (see panel B in Figure 4). Each plot shows all

the windows that compose the atlas in gray and show in which windows seismic events from four

di!erent event classes occur. (a) Green markers indicate the location of Low-Frequency Earthquake

events within the atlas. (b) Blue shows local tectonic earthquakes near Mount Fuji. (c) Violet

corresponds to distant events (1,000–10,000 km from Fuji) with magnitudes greater than 4. (d)

Orange represents events occurring close to the Fuji region but not classified as local or LFE events.

Events are projected into the atlas space based on their time define in the catalog of JMA.

For all the events of the class determined thanks to the joint UMAP and the JMA376

catalog, we plot in figure 6 the coherency signature of each one of the windows that contain377

a catalog event. We have four plots that show the coherence as a function of the frequency378

for each window WW that contains events. Each one of those windows W is represented379

by a thin colored line. We can also see the mean coherency signature with a thick colored380

line. And finally, in each one of the plots, there is the mean coherency signature for all the381

points of the atlas represented by a thick black line.382

The first upper-left panel (a) is the representation of the coherency signature of the383

local LFE activity (green). If we look at the mean representation, we can see that across384

the whole frequency band the maximum coherence is 0.37 and the minimum is about 0.2.385

This minimum is the same as the whole atlas mean band. The maximum of 0.37 is reached386

between 1.5 and 2 Hz. There is a value of the coherence above 0.3 between 1 and 3 Hz. But387
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Figure 6. Coherence signatures corresponding to four di!erent event classes, based on selected
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of frequency for all windows associated with a given class. The thick colored line shows the mean
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classes are color-coded as follows: (a) in green for Low-Frequency Earthquakes, (b) in blue for local

earthquakes near Mount Fuji, (c) in violet for distant events (1,000–10,000 km from Fuji, magnitude

¿ 4), and (d) in orange for events close to Fuji that do not fall into the previous categories. Events

are projected into the atlas based on their origin time defined in the JMA catalog.
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In figure 3, we observe di!erent patterns corresponding to various types of signals.408

We can have a detection of a wide range of types of activity thanks to this method. The409

frequency bands in which these patterns appear are linked to the frequency ranges where410

the signals are active.411

Oceanic microseisms generate emergent signals that are visible in a very low frequency412

band, which are responsible for the corresponding signature observed in the coherency plot413

(Figure 3) in between 0.1–0.5 Hz. This phenomenon is also reported by Seydoux et al.414

(2016), who identified oceanic microseism activity within the 0.07–0.2 Hz range in their415

coherency analysis.416
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Regional EQs. (M>4)      Regional EQs

Low-freq. EQs.             Local EQs



Summary
ü Mt. Fuji has been dormant for 300+ years, but is active with many low-

frequency earthquakes at depths around 15 km. 

ü We employed UMAP to classify low-frequency earthquakes, but currently 
it is hard to discriminate between low-frequency earthquakes and 
regional large earthquakes. 

Future:
ü Including seismic sites far from Mt. Fuji to discriminate between 

regional and low-frequency earthquakes. 

ü Temporal evolution over time

ü Detecting uncataloged low-frequency earthquakes. 


