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Abstract
The feeding system of magmatic fluid from the volcanic root to a shallow magma reservoir remains a poorly understood issue. Seismic events, including volcanic tremors and low-frequency earthquakes, in a deep part beneath volcanos are key observations for understanding the feeding system at the depth. Although deep low-frequency (DLF) earthquakes beneath volcanos have been recognized universally through dense seismic observations, volcanic tremors with harmonic frequency components originating at volcanic roots have rarely been observed. Here, we report the observation of a harmonic volcanic tremor event that occurred beneath the Hakone volcano on May 26, 2019. The tremor signal continued for approximately 10 min and was recognized at seismic stations 90 km away from the Hakone volcano. The apparent velocity of the tremor wave train is 5 km/s, corresponding to the S-wave velocity of the lower crust beneath the Hakone volcano. The frequency components varied with time. In the initial part of the tremor signal, a spectrum had a broad peak of around 1.2 Hz, whereas the tremor became harmonic with a sharp fundamental peak at 0.98 Hz in the latter part, increasing its amplitude. We estimated the source location of the volcanic tremor using the relative arrival times of the waveform envelope. The optimal source locations were estimated at a deep extension of the hypocenter distribution of the DLF earthquakes beneath the Hakone volcano, around the depth level of Moho discontinuity. The DLF earthquakes were activated immediately before the onset time of the volcanic tremor and continued for several months. The harmonic volcanic tremor may have been generated by the migration of magmatic fluid in the volcano’s deep region.
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Introduction
A volcanic tremor is defined as a continuous seismic signal observed near active volcanos, lasting from several minutes to days. The seismic signal is observed before and during volcanic eruptions or sometimes independently. Although its driving mechanism is unclear, several physical models, involving the interactions of magmatic fluid, have been proposed (Chouet 1988; Julian 1994; Leet 1988; Rust et al. 2008; Takeo 2020). The location of a volcanic tremor is a key indicator to trace magmatic fluid (Ichihara and Matsumoto 2017) and at times reflects the eruption style (Battaglia et al. 2005). Volcanic tremor often shows harmonic characteristics in its spectrogram, with a fundamental frequency peak and its overtones. Numerous examples of harmonic tremors that occurred in shallow regions immediately below the vents of volcanos have been reported in previous studies (e.g., Ichihara et al. 2013; Kamo et al. 1977; Konstantinou and Schlindwein 2003; Maryanto et al. 2008; Ripepe et al. 2009).
Only few studies on volcanic tremors that occurred in the deep part of volcanos have been reported in the literature. For example, Aki and Koyanagi (1981) reported a deep volcanic tremor originating around a 40-km depth beneath Kilauea, Hawaii. Ukawa and Ohtake (1987) also showed a continuous seismic signal characterized by a nearly monochromatic sinusoidal wave train radiated from a 30 km depth beneath Izu-Ohsima 1 year before the 1986 eruption. The characteristics of observed waveforms reported in these studies are similar to those of volcanic tremors that occurred at shallow volcanos, such as just beneath conduits (e.g., Takeo 2020). Ukawa and Ohtake (1987) interpreted that tremor signals were also induced by the movement of magmatic fluid in the deep part of volcanos.
Around a deep part beneath volcanos, deep low-frequency (DLF) earthquakes that have low-frequency components compared to regular tectonic earthquakes with the same magnitude have also been observed. DLF earthquakes have been usually identified as isolated waveforms representing a P- or S-wave, although their onset is often unclear. Within the depth range of the middle crust to the upper mantle on Japanese Island, DLF earthquakes were recognized using a dense seismic observation network (Fig. 1a). DLF earthquakes beneath volcanos have also been detected in various regions (e.g., Nichols et al. 2011; Shapiro et al. 2017; Wech et al. 2020). Several studies have shown the physical model of DLF earthquakes related to the movement of magmatic fluid (Nakamichi et al. 2003) or the cooling of magma bodies (Aso and Tsai 2014; Wech et al. 2020). However, the generation mechanisms of DLF earthquakes, particularly mechanisms for seismic wave excitation with a long duration time, and their relation to deep volcanic tremors are unclear.[image: ]
Fig. 1Map of the Hakone volcano. a Relief map of the Hakone volcano and its vicinity. Triangles show the locations of seismic stations. The seismic data at the red triangle stations were used to analyze the envelope correlation. Spectrograms recorded at OMZ, N.ASGH, SSN, and TNM stations are shown in Fig. 3. The red star shows the location of Owakudani. The red broken rectangle corresponds to the region showing in b. The right figure denotes the target area for the Japanese islands, indicating the deep low-frequency (DLF) earthquake epicenters (red) determined by the Japan Meteorological Agency (JMA) and active volcanos (blue triangles). The distribution of banded hypocenters in southwest Japan corresponds to non-volcanic low-frequency earthquakes that occur at the boundary of the subducting Philippine Sea Slab (Katsumata and Kamaya 2003). The depth–frequency distribution of DLF earthquakes excepted for the non-volcanic event along to the Philippine Sea Slab is also showing. b Seismic activity beneath the Hakone volcano during the past two decades and c projected on the N–S depth section. The open black circles show the hypocenters of volcano tectonic (VT) earthquakes determined by the Hot Springs Research Institute (HSRI). The red circles represent the hypocenter of DLF earthquakes by JMA. The size of each circle corresponds to the local magnitude of the earthquake


In the present study, we report a harmonic volcanic tremor that originated from a deep part beneath Hakone volcano, Central Japan, in the early morning of May 26, 2019. To the best of our knowledge, this constitutes the first report of a harmonic volcanic tremor that occurred in a deep region beneath a volcano, except for that in Hawaii reported by Aki and Koyanagi (1981), while there are numerous reports of shallow harmonic tremors in volcanos, as mentioned previously. This observation is essential for understanding the feeding process of magmatic fluid from volcanic roots. Here, we report the characteristics of the harmonic volcanic tremor as waveform records, spectrograms, and particle motion and estimate its source location. Moreover, we discuss the relationship between the deep harmonic tremor and DLF earthquakes in Hakone.
The Hakone volcano is a volcanic complex formed by several magma eruptions since 60 Ma (Nagai and Takahashi 2008) and a caldera volcano surrounded by the caldera rim with a diameter of approximately 10 km (Fig. 1b). Remarkable earthquake swarms have often been observed within a shallower depth of 7 km (Fig. 1b, c), accompanied by a crustal expansion detected by a Global Navigation Satellite System (Harada et al. 2018). Active fumarolic activity persists in Owakudani on the north flank of the central crone, where a small phreatic eruption occurred at the end of June 2015 (Mannen et al. 2018). DLF earthquakes have also occurred within the depth range of 20–30 km (Fig. 1c). The DLF earthquakes were activated before volcanic activities, such as earthquake swarms, crust expansion due to the inflation of pressure source around the depth of 7 km, and phreatic eruption (Yukutake et al. 2019), suggesting that the activation of DLF earthquakes reflects the increment of the supply of magmatic fluid at the depth. The locations of shallow magma reservoir and dehydrated hydrothermal fluid were estimated to be 9 and 6 km, respectively, using the seismic tomography method (Yukutake et al. 2015, 2021).
Characteristics of volcanic tremor
Figure 2 shows the record section of vertical velocity waveforms observed at the seismic stations installed by the Hot Springs Research Institute of Kanagawa Prefecture and the National Research Institute for Earth Science and Disaster Resilience Hi-net (NIED 2019) within 100 km (Fig. 2d) from the Hakone volcano during 03:00–04:00 on May 26, 2019 (JST = UT + 9 h). The main tremor started at around 3:28 (1680 s in Fig. 2a–c) and lasted 10 min, increasing in amplitude at its later part. The tremor signal was initially observed at the N.ASGH Hi-net station (Fig. 1a) located at the northern part of the Hakone volcano and recognized at the stations approximately 90 km away from Hakone, propagating at an apparent velocity of 5 km/s. Another tremor signal with a duration of 2 min can also be seen at around 3:03 (180 s in Fig. 2a, b).[image: ]
Fig. 2Record section of velocity waveforms recorded at HSRI and Hi-net stations within 100 km from N.ASGH station during 03:00–04:00 on May 26, 2019 (JST = UT + 9 h). a and b show the record sections along to N–S (red triangles in d) and WSW–ENE (blue triangles in d) sections, respectively. c A magnified plot of a during the main tremor signal between 1560 and 2400 s. The two blue broken lines correspond to the traces with the apparent velocity of 3 and 5 km/s. The amplitude of each station was normalized. d Station distribution


Figure 3 shows the spectra of the volcanic tremor starting from 03:28 at the stations near the Hakone volcano. The early part of the tremor, 200–600 s in Fig. 3, shows a broad spectral peak around 1.2 Hz (Fig. 3e). The peak at 1.2 Hz in the spectrum was observed at multiple stations; however, the spectral characteristics at a higher frequency differed at each station. The results suggest that the peak at 1.2 Hz reflected the source effect. Meanwhile, the spectrum component at a higher frequency was affected by the path effect from source to station. The amplitude of the tremor gradually increased after 600 s and became a maximum of around 700 s. After the peak of the root mean square (RMS) amplitude, the tremor signal decayed abruptly. As the tremor amplitude increases after 600 s, the frequency component of the tremor changes to a harmonic with a fundamental mode at approximately 0.98 Hz, showing several spectral peaks corresponding to the overtone modes (Fig. 3f). These peaks in the spectra and overtone modes were observed at several stations; thus, the harmonic feature of a spectrum was influenced by the source effect. We also observed the gliding of peaks during the initial part of the harmonic tremor (600–760 s), during which the frequency of the fundamental peak changed from 0.90 to 0.98 Hz. The particle motion of each station in the horizontal plane during the early part of the tremor is unstable and varies in time. In the latter part, when its amplitude increases, the trajectory is stable, which seems to be mainly oriented to the radial directions toward the N.ASGH station (Additional file 1: Figure S1 and Additional file 2: Movie S1). The particle motions in the radial–vertical plane toward the N.ASGH station are shown in Additional file 1: Figure S2. The particle motions at multiple stations were not consistent with the Rayleigh wave trajectory. The trajectories were also oriented predominantly to the horizontal direction.[image: ]
Fig. 3Vertical velocity waveforms and their running spectrograms at a N.ASGH, b OMZ, c TNM, and d SSN stations during the main volcanic tremor (03:25–03:45). The red line shows the temporal change of RMS amplitude. e, f show the spectrograms during the onset of the tremor (210–270 s) and the harmonic tremor (720–780 s), respectively


Estimation of source location
We estimated the source location of the volcanic tremor using the relative arrival times of waveform envelopes across the stations. The spatial distribution of seismic amplitudes has often been used to estimate the source location of tremors (Battaglia and Aki 2003; Kumagai et al. 2010). For the Hakone volcano, a highly resolved three-dimensional (3-D) velocity structure was obtained using the tomography method (Yukutake et al. 2015), which enables the estimation of the travel time difference between each station pair precisely, resulting in the reliable estimation of the tremor source location. We obtained the differential arrival times of the coherent phases by the cross-correlation of waveform envelopes, following a procedure developed by Obara (2002). Some studies have successfully determined the location of tremor sources in the volcanic region using the differential arrival times (Uchida 2014; Yukutake et al. 2017).
In this study, we used the velocity waveform record from 17 stations with high signal-to-noise ratios located in and around the Hakone volcano (Fig. 1). The natural frequencies of the seismometers at these stations were 1 Hz. The sampling frequency is 200 Hz for the stations of HSRI and 100 Hz for the other stations. We calculated the RMS envelope using the three-component waveform within a 1-min time window after the frequency response of a seismometer was removed. We applied a band-pass filter between 0.5 and 5.0 Hz, given the frequency components of the tremor, and a 2-s sliding time window to obtain the RMS amplitude at each station. The cross-correlation coefficients of 1-min envelope traces across all station pairs were obtained by moving the traces with every sampling interval. The lag time with the maximum correlation coefficient was used as the differential arrival time. We only used differential arrival times that had a correlation coefficient ≥ 0.8.
When we obtained the differential arrival times meeting the condition of the cross-correlation for at least 100 station pairs, we estimated the tremor source location. This threshold for the station pairs was met only by the time windows during the onsets of the tremor starting at 3:03 and 3:28. We performed a grid search at intervals of 2 km, setting the nodes of grids within ± 20 km in the E–W and N–S directions and from 0 to 100 km in the vertical direction, centered at the N.ASGH station. We calculated the synthetic arrival times from each grid node to the stations using the three-dimensional velocity structure of the Hakone volcano by Yukutake et al. (2015), assuming that the seismic waves represented by the envelopes propagated at S-wave velocities. The tremor onset propagated with an apparent velocity of 5 km/s (Fig. 2c), which agrees with the S-wave velocity in the lower crust beneath the Hakone volcano (Yukutake et al. 2021). The particle motions on the radial–vertical plane (Additional file 1: Figure S2), in which oscillations along the horizontal direction is dominant, also suggest that the wave train of the volcanic tremors primarily comprise the S wave. We calculated the residuals as the sum of misfit between the observed and synthetic differential arrival times for all station pairs and searched for the optimal tremor source location that minimized the residual. We applied a bootstrap resampling method 500 times to assess the tremor location uncertainties.
Figure 4 shows the results of tremor source estimation for the waveform records of two tremor onsets. The optimal solutions for the two time windows were determined at the depths of 37 and 45 km in the northern part of the Hakone caldera. These locations correspond to the deep extension of the region where the DLF earthquakes have occurred in the past two decades. On the other hand, the hypocenter of DLF earthquakes by Japan Meteorological Agency (JMA) were determined by the 1-D velocity structure model. Meanwhile, we estimated the source locations of the volcanic tremors using the 3-D velocity structure. Yukutake et al. (2021) determined the hypocenters of DLF earthquakes using the 3-D velocity structure and showed that DLF earthquakes distribute within the depth range of 17–25 km. Therefore, the difference in velocity structures does not affect the discussion on the source depth between DLF earthquakes and volcanic tremors.[image: ]
Fig. 4Results of the envelope correlation method. a Velocity vertical waveform at the N.ASGH station during 03:00–04:00 May 26, 2019. The orange broken rectangles indicate the 1-min time window used for the envelope correlation analysis. b and c show the results of source estimation for the earlier and later time windows in a. The red stars in b and c show the best locations of volcanic tremors for each time window. The color contours represent the normalized residual projected on the horizontal plane at a depth of 37 km, N–S, and E–W sections. The white circles show the result of the bootstrap resampling method. The blue stars indicate the hypocenters of DLF earthquakes based on the JMA unified hypocenter catalog


Discussion
The optimal tremor source locations were determined at deep extensions of the DLF earthquake distribution (Fig. 4). According to the bootstrap results, the uncertainty of hypocenter location in the vertical direction is more than that in the horizontal direction because we estimated the tremor location considering the only differential time of S wave. However, the source regions of the two seismic activities are separated, given the confidence region of tremor locations defined by the distribution of solutions due to the bootstrap resampling. The volcanic tremors likely occurred in the deep extensions of the DLF earthquake distribution. We also show the record section along the same N–S section in Fig. 2a and c for the tectonic earthquake that occurred 10 km NNE from the epicenters of the volcanic tremors and at a 28 km depth (Additional file 1: Figure S3), respectively. The apparent velocity of S-wave onsets was ~ 5 km/s, which is consistent with the propagation of tremor onsets (Fig. 2c) and the S-wave velocities in the lower crust (Matsubara et al. 2008). When we estimated the location of the tremor source using the three-dimensional P wave velocity structure by Yukutake et al. (2015), the optimal source depths for the two time windows were 16 and 25 km (Additional file 1: Figure S4). However, the rms residuals for the travel time difference using the P wave velocity structure were larger compared with the S-wave velocity. The residual values using the P wave velocity were 1.308 and 1.441 s for the two time windows. The values were 1.265 and 1.409 s using the S-wave velocity. The particle motions in the radial–vertical plane (Additional file 1: Figure S2) suggested a dominant oscillation that was oriented to the horizontal direction at multiple stations. These results agree with our estimations that the tremor signals radiated from the deep part beneath the Hakone volcano, and propagated with the S-wave velocity. Ishise et al. (2021) estimated that the depth of Moho discontinuity beneath the Hakone volcano is approximately 40 km using the anisotropic tomography method. These results suggest that the tremor signal radiated around the depth level of the uppermost mantle or lower crust. The harmonic tremor in this depth region beneath the volcano is quite rare. Aki and Koyanagi (1981) reported the deep volcanic tremor radiated from a depth around 40 km beneath Kilauea. Although the tectonic setting between two regions is different; Kilauea volcano is a hot spot volcano, while the Hakone volcano is an island arc volcano; the volcanic tremor reported herein is one of the deepest cases ever reported globally.
The duration time of the tremor is approximately 10 min; the frequency components change with time. In the latter part of the signal, the tremor became harmonic, increasing its amplitude. The harmonic features of the volcanic tremor were observed at several stations around the tremor epicenter (Fig. 3f). Therefore, the frequency components reflect not the path or site effect but the source process. One model that explains a harmonic tremor is the resonance of fluid-filled crack (Chouet 1988; Kumagai et al. 2002). If we consider the resonance model, the gliding of the frequency component in the later part of the tremor signal might reflect the temporal variation of the resonator size such as a magmatic fluid reservoir or the sound velocity of the fluid within the resonator. For example, Maeda and Kumagai (2013) showed an analytical solution for longitudinal resonance frequencies of a fluid-filled crack. Based on the theoretical model, the gliding of the frequency from 0.90 to 0.98 Hz at the fundamental mode during the initial part of the harmonic tremor (Fig. 3) can be explained by considering the length change of the crack with 0.5 m aperture from 265 to 250 m, assuming basaltic magma with bulk modulus and fluid density of 18 GPa and 2650 kg/m3, respectively (Schubert 2015). Using numerical waveform modeling, Haruyama et al. (2020) demonstrated that successive impulsive pressure transients must act on the resonator to generate the harmonic seismic signal within a long duration. They also showed that a remarkable harmonic signal with increasing its amplitude generates, when the time interval of impulsive pressure is close to a two-way travel time in the resonator. The increase in tremor amplitude in the later part of the signal might reflect the temporal change of the time interval of impulsive pressure. However, a physical mechanism for this successive impulsive pressure has not been well-modeled. Another model for a volcanic tremor is a self-excited oscillation induced by fluid flow within an elastic channel (Julian 1994). Ozaki et al. (2022) successfully modeled the tremor signal presented in this study, including the frequency components and duration, by modifying Julian’s model to oscillations in an elliptical channel, assuming elastic parameters at the depth level of the lower crust.
To discuss the relationship between the volcanic tremor and DLF earthquakes beneath the Hakone volcano, we investigated the activity of the DLF earthquakes before and after the tremor signal. We used a seismic catalog of the DLF earthquakes detected by a matched filter method, following the procedure in Yukutake et al. (2019). In the matched filter method, the DLF earthquakes during the past two decades listed in the JMA unified seismic catalog were used as template events. The activation of the DLF earthquakes started immediately before the onset of the tremor and continued after the occurrence of the tremor (Fig. 5d, e). The DLF earthquakes had been quiescent for two years before May 25, 2019 (Fig. 5d) and become active just before this volcanic tremor. The seismic rate of the DLF earthquakes maintained a high level for several months, showing bust-like increases several times (Fig. 5d). During the initial term of the activity (May–August 2019), the DLF earthquake mainly occurred in the region deeper than 25 km (Fig. 5d). On the other hand, the centroid of the DLF earthquake distribution shifted to the shallow part (≤ 25-km depth) during the latter term (October–November 2019), indicating the migration of the hypocenter region from the deep to shallow part. The activation of the DLF earthquakes beneath the Hakone volcano is interpreted to reflect an increase in the feeding rate of magmatic fluid at this depth (Yukutake et al. 2019). The intrusion of magmatic fluid from the depth around the Moho discontinuity likely triggers the DLF earthquakes and the volcanic tremor. Notably, the DLF earthquakes activated several hours before the onset of the volcanic tremor (Fig. 5e). This result suggests that the fluid supply started at the timing of the DLF earthquake activation before the volcanic tremor. The harmonic tremor signal may be generated when several factors such as velocity, density, or viscosity of fluid match the condition to cause a nonlinear oscillation of the channel (Julian 1994). The difference in the source depth between the DLF earthquakes and volcanic tremor might reflect differences in the properties of magmatic fluid, geometry of fluid path, and rheology of surrounding host rock. No DLF earthquake could be detected during the wave trains of the volcanic tremors by the matched filter method, suggesting that the radiation pattern or location of the tremor differs from those of the DLF earthquakes.[image: ]
Fig. 5Seismic activity beneath the Hakone volcano before and after the volcanic tremor. a Epicentral distribution of volcanic tremor and DLF earthquakes and b their depth distribution along with the N–S section. The black (or orange) open and red solid circles show the hypocenters of VT and DLF earthquakes, respectively. The orange circles denote the hypocenters of the earthquake swarm that occurred in May 2019. c The cumulative and the daily number of VT earthquakes, and d the cumulative number of DLF earthquakes. The two broken lines in d show the cumulative curves of DLF earthquakes at shallower and deeper depths than 25 km. e A magnified plot of the cumulative curve of DLF earthquakes during May 24–27, 2019. The vertical blue broken lines indicate the occurrence times of the volcanic tremors. The DLF earthquakes were detected by a matched filter method, whereas the VT earthquakes are based on the hypocenter catalog obtained by HSRI routine analysis


The earthquake swarm in the shallow part of the Hakone volcano was observed 2 weeks before the tremor and at the activation of the DLF earthquakes and volcanic tremor (Fig. 5c). Yukutake et al. (2019) indicated that most past swarm activities occurred after the DLF earthquake activation. The reason the earthquake swarm in 2019 occurred before the DLF activation is unclear. Because the swarm activity occurred on the western part of Hakone caldera (orange circles in Fig. 5a, b), the seismicity in this area might not be linked to the activity in the deep part of the volcano.
Conclusion
In this study, we show the harmonic volcanic tremor observed at the seismic stations near the Hakone volcano on May 26, 2019. The main part of the tremor signal continued for approximately 10 min. The frequency components change with time. In the latter part of the signal, the tremor became a harmonic, increasing its amplitude. The source locations of the volcanic tremors were estimated at deep extensions of the DLF earthquake distribution, around the depth level of Moho discontinuity beneath the Hakone volcano. The DLF earthquakes activated immediately before the onset of the volcanic tremor and continued for several months. This volcanic tremor likely occurred in relation to the DLF earthquake activation. The harmonic volcanic tremor may be generated by the migration of magmatic fluid in the deep region of the volcano. Quantitative physical modeling for the volcanic tremor is a future research direction and will provide relevant information to obtain the mechanism of magma movement at volcano roots.
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