FEAR KL T DT e = & R R OiF BT =2 U 7

5T

Activity monitoring of deep low-frequency earthquakes and deep high-frequency
earthquakes in Hakone volcano

by
Ryo KURIHARA

Abstract

Deep low-frequency (DLF) earthquakes occur around volcanic area at the depths of 10-50 km. In Hakone volcano, it
was reported that DLF earthquakes increased before the phreatic eruptions of Hakone volcano in 2015. In this study, I
newly constructed detection system based on matched filter technique. I replaced template events and observation station
in the new system from previous studies. In results, I found that activity of DLF earthquake was activated in 2015, 2019,
2021 and 2023. These activities of DLF earthquakes preceded volcanic unrest such as crustal deformation in 2015 and
2023, whereas they occurred synchronously with the unrest in 2021. In contrast, although a certain level of activity was
also observed during the active period in 2019, the most active phase lagged behind the volcanic unrest by approximately
six months. Among these, in 2015, 2021, and 2023, earthquake swarms that emitted high-frequency seismic waves from
nearly identical hypocenters occurred within the swarm activity of DLF earthquakes. In all cases, these high-frequency
swarms occurred during the ongoing swarms of DLF earthquakes.

These observations suggest that the DLF earthquakes are related to magma supply to Hakone volcano, and that the
occurrence of earthquakes with distinct waveform characteristics indicates that DLF earthquakes are generated by a
mechanism different from that of ordinary earthquakes. Therefore, it is plausible that DLF earthquakes are produced by

a mechanism that radiates low-frequency seismic waves associated with fluid oscillations.
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Fig. 1 Location of Hakone volcano (left) and observation stations around the volcano (right). The light blue
circles indicate the locations of deep low-frequency earthquakes, while the white inverted triangles mark seismic

observation stations. The orange squares represent the GNSS stations GEONET Odawara and Susono-2.
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Fig. 2 Distribution of deep earthquakes in the
Hakone volcano region. The plot uses the Japan
Meteorological Agency catalog, covering the period
from January 2010 to July 2025. Green dots represent
deep low-frequency earthquakes, while orange dots
indicate deep high-frequency earthquakes. The black
lines denote prefectural boundaries and the location
of the outer ring of the Hakone caldera. Blue shading
indicates Lake Ashinoko. The red solid line marks
the position of surrounding faults. The black border
outlines the area of deep hypocenters that formed the

focus of this study.
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Fig. 3 Waveforms of a deep low-frequency earthquake
that occurred at 17:44:40 on June 3, 2023. The

waveforms are normalized by their maximum

o WY RNRIXT7 4K —

amplitude at each station (indicated on the right). No

bandpass filter has been applied.
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Fig. 4 Waveforms of a deep high-frequency
earthquake that occurred on April 28, 2023 at
14:37:56. The waveforms are normalized by their
maximum amplitude at each station (indicated on the

right). No bandpass filter has been applied.
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Fig. 5 Three-component spectrograms and waveforms
of a deep low-frequency earthquake that occurred at
17:44:40 on June 3, 2023, at YDR station.
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Fig. 6 Three-component spectrograms and waveforms
of a deep high-frequency earthquake that occurred at
14:37:56 on April 28, 2023, at YDR station.
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Fig. 7 Observation stations used in the matched filter
technique (white inverted triangles) and distribution

of deep low-frequency earthquakes.
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Fig. 9 Number of earthquakes occurring in the Hakone volcano from January 2014 to September 2025 (top row;
data from the Hot Springs Research Institute catalog, blue circles indicate magnitudes, and red lines show
cumulative counts), detections of deep low-frequency earthquakes and deep high-frequency earthquakes (middle
row; green represents deep low-frequency earthquakes, orange represents high-frequency earthquakes, with
the vertical axis showing the correlation coefficient used for detection, red lines indicate cumulative counts), and

changes in baseline length between GNSS Odawara and Susono-2 stations (bottom row).
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Fig. 13 Enlarged view of Fig. 9 covering the entirety of
2023.
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Fig. 14 Schematic figure illustrating fluid supply mechanisms with occurrences of deep low-frequency earthquakes

and deep high-frequency earthquakes.
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