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Abstract
Mt. Ontake is an active volcano in central Japan where phreatic eruption activity is prominent. A shallow subsurface structure in the summit region of this volcano has been scarcely studied despite its importance. Our study examines the structure from three seismic analyses: a typical P-wave velocity from the semblance of the vertical propagation of intermediate-depth earthquakes (IDEs), a layered velocity model from P- and S-wave arrival times of shallow volcanic earthquakes, and a pseudoreflection profile from the autocorrelation functions of the IDEs. Our results consistently indicate the presence of three layers, which are interpreted as younger (> 0.1 Ma) and older (0.39–0.78 Ma) eruptive deposits and the basement. A comparison of the structure with hypocentres and deformation sources suggests fluid migration controlled by the structure.
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Introduction
Phreatic eruptions of volcanoes do not involve juvenile materials but are hazardous to near-crater regions, as they sometimes occur without clear precursors (e.g. Christenson et al. 2010; Maeda et al. 2015a; Dempsey et al. 2020; Terada et al. 2021). Our understanding of the mechanisms of phreatic eruptions is not sufficient, although it is rapidly growing owing to recent geophysical or multidisciplinary studies: examples include Tongariro, New Zealand, in 2012 (Jolly et al. 2014); Kverkfjoll, Iceland, in 2013 (Montanaro et al. 2016); Merapi, Indonesia, in 2014 (Metaxian et al. 2020); Hakone, Japan, in 2015 (Mannen et al. 2019); and Lascar, Chile, in 2015 (Gaete et al. 2020). Subsurface structural surveys by electromagnetic (e.g. Miller et al. 2018; Tsukamoto et al. 2018) or seismic (e.g. Wu et al. 2017; Yukutake et al. 2021) approaches have also been conducted at several volcanic fields where hydrothermal activities are dominant. Stix and de Moor (2018) proposed conceptual models for two end members of phreatic eruptions (overpressurization of a relatively deep, sealed hydrothermal system or vaporization of liquid water in a relatively shallow, open hydrothermal system caused by magmatic gas supplies) from case studies at six volcanoes. These studies show recent progress in our understanding of the mechanisms of phreatic eruptions.
Mt. Ontake, central Japan, is an active volcano located behind the volcanic front developed by the subduction of the Pacific plate. The edifice comprised older (0.78–0.39 Ma) and younger (< 0.1 Ma) eruptive deposits (OED and YED, respectively) which cover the surface of this volcano (e.g. Oikawa et al. 2016). The YED–OED boundary (Y–O boundary) is close to or lower than a topography contour of 1.9 km above sea level (asl.) in most directions (Fig. 1a). Asai et al. (2006) proposed an underground water flow along the Y–O boundary based on the spatial distribution of water discharge rates. Mt. Ontake has a ridge with several crater lakes along the north–south (N–S) direction, and the summit is at the southern end of the ridge (Fig. 1b). Recent activities, including the phreatic eruptions in 1979, 1991, 2007, and 2014, occurred from the southwestern flank (Fig. 1b; Kaneko et al. 2016).[image: ]
Fig. 1Seismometer network around Mt. Ontake. Circles and squares are short-period and broadband seismometers, respectively. Green colours show the stations used in the analysis 1. Stations starting with “NU.” and “V.” are maintained by Nagoya University and the Japan Meteorological Agency, respectively; the other stations are maintained by Nagano and Gifu Prefectures. Blue colours are the lakes and rivers from digital map data from the Geospatial Information Authority of Japan (GSI). a Map of a 20 km [image: $$\times$$] 20 km area centred on the summit of Mt. Ontake. Orange and purple colours show the transects used for Fig. 7. Brown contours indicate the topography at 0.2 km intervals. The red line shows a topography contour at 1.9 km asl. The grey area shows the surface covered by the younger eruptive deposits (YED). The inset indicates the locations of the Japanese active volcanoes (black) and Mt. Ontake (red). b Enlarged map of the area shown by the black rectangle in a. The contour interval is 0.05 km. The red outlines are the locations of 2014 eruptive craters from the GSI


Studies on the seismic and geodetic activities of Mt. Ontake have been relatively abundant. Nakamichi et al. (2009) analysed increased seismicity associated with crustal deformation during the 3 months before the 2007 eruption. Kato et al. (2015) and Terakawa et al. (2016) analysed intense seismicity from a month before to several months after the 2014 eruption. Maeda et al. (2015b, 2017) and Ogiso et al. (2015) analysed seismic signals immediately before the onset of the 2014 eruption. Takagi and Onizawa (2016), Murase et al. (2016), and Miyaoka and Takagi (2016) analysed crustal deformations over the periods encompassing the 2007 and 2014 eruptions. Narita and Murakami (2018) and Narita et al. (2019) analysed long-term posteruptive deflation after 2014. Geochemical (e.g. Sano et al. 2015) and petrological (e.g. Ikehata and Maruoka 2016; Maeno et al. 2016; Miyagi et al. 2020) studies on the 2014 eruption have also been conducted.
Compared to these studies on volcanic activities or related temporal changes in observables, studies on the subsurface structure of Mt. Ontake have been limited. Several structural surveys at regional (> 100 km) scales in central Japan (e.g. Ikami et al. 1986; Hirahara et al. 1989; Nakajima and Hasegawa 2007; Hirose et al. 2008) consisted of the Ontake region but did not pay particular attention to Mt. Ontake. Structural surveys at local scales (e.g. Hirahara et al. 1992; Ikami et al. 1992; Inamori et al. 1992; Kosuga 1992; Doi et al. 2013; Ichihara et al. 2018) focused on a seismogenic region to the southeast of the summit. Regarding the subsurface structure of a shallow (1–2 km depth) part beneath the summit, an airborne electromagnetic survey by Abd Allar and Mogi (2016) has been the only published research. Even a typical P-wave velocity in the summit region has not been known, which has prevented the determination of the absolute hypocentre depths of the shallow volcanic earthquakes (SVEs). A reliable P-wave velocity model, even if it is one-dimensional (1-D), can provide a basis to obtain a better understanding this volcano.
A trial seismic observation in the summit region of Mt. Ontake started in November 2017 (Horikawa et al. 2017) and has continued over several years. The data from this observation were exceptional, both in its time length and spatial density, compared to all previous seismic observations in the summit region of this volcano. A structural survey in the summit region was enabled for the first time owing to this data.
In this study, we investigated a shallow subsurface structure beneath the summit region of Mt. Ontake. We did not investigate a detailed three-dimensional (3-D) model because its reliability could be affected by localized spatial distributions of hypocentres and stations at Mt. Ontake. Instead, this study aimed at a reliable and stable estimation of a 1-D model by selecting data and free parameters. Our results provided a basis for the interpretation of phenomena related to fluid migration in a shallow part of this volcano and for better analyses of the seismic data.

Data and methods
Data
We used a seismometer network around Mt. Ontake (Fig. 1) maintained by Nagoya University, the Japan Meteorological Agency (JMA), and the Nagano and Gifu Prefectures. All data were sampled at 100 Hz and telemetered to Nagoya University. We used data from November 1, 2017, when the trial observation in the summit region (green circles in Fig. 1b; Horikawa et al. 2017) started, to the end of 2021.
The seismicity around Mt. Ontake is spatially separated into three groups (Fig. 2): SVEs beneath the summit region, local tectonic earthquakes (LTEs) in the surrounding region, and intermediate-depth (~ 250 km) earthquakes (IDEs) along the subducted Pacific plate. We used the P- and S-wave arrival times of the SVEs and the vertical waveforms of the IDEs.[image: ]
Fig. 2Hypocentres of the earthquakes around Mt. Ontake during the study period. a Local earthquakes located via the routine monitoring of Nagoya University. The black cylinder shows a region of hypocentres regarded as shallow volcanic earthquakes (SVEs). b Deep (> 100 km) earthquakes located by the Japan Meteorological Agency. Circles with bold borders show the intermediate-depth earthquakes (IDEs) used in this study. Those with red borders show the IDEs used for the analysis 1


Routine seismicity monitoring by Nagoya University did not use data from the summit trial stations due to the delay in data transmission. Therefore, small SVEs in the summit region could potentially be missed in the earthquake catalogue created by the routine monitoring (a routine catalogue). To make a more complete SVE catalogue, we detected the SVEs independently of the routine catalogue using all continuous waveforms around Mt. Ontake including the summit trial stations. We used the WIN system (Urabe and Tsukada 1992) for automatic event detection and initial location. This system used the ratios of short- to long-term averages at multiple stations for the event detection and an autoregression algorithm for automatic picking of P- and S-wave arrival times. The initial hypocenters were estimated using these arrival times with the hypocenter determination algorithm proposed by Hirata and Matsu’ura (1987). We regarded the earthquakes that fell in the cylindrical region marked by the black lines in Fig. 2a as SVEs. The results were 1542 SVEs, approximately four times more than the 393 SVEs in the routine catalogue. We manually picked the P- and S-wave arrival times of [image: $$M\ge 0$$] SVEs at stations within 10 km from the summit (Fig. 1). Waveforms that showed unclear arrival times because of an emergent onset, a low signal-to-noise (S/N) ratio, or contamination of another earthquake signal were excluded from the analysis to maintain the quality of our picks. The results were 2369 P- and 1723 S-wave arrival times from 89 relatively large and clear SVEs.
We selected [image: $$M\ge 2$$] IDEs that occurred at [image: $$\ge$$] 100 km depths from an earthquake catalogue issued by the JMA. We used the IDE waveforms at stations where the incident angles were less than 10° on the basis of the JMA2001 velocity model (Ueno et al. 2002). We manually identified the P-wave arrival time ([image: $${t}_{p}$$]) of each waveform; it was rejected if the arrival time was difficult to identify or the record was contaminated by another event signal. We also examined the S/N ratio in a high-pass (1 Hz) waveform; both the maximum and root-mean-square (RMS) amplitudes in the signal window (from 2 s before to 18 s after [image: $${t}_{p}$$]) were required to be more than twice the corresponding quantities in the noise window (22–2 s before [image: $${t}_{p}$$]). We used the waveforms that satisfied all these requirements (2393 waveforms from 179 IDEs; bold circles in Fig. 2b). Figure 3 shows an example of IDE waveforms with the noise and signal windows.[image: ]
Fig. 3Example of IDE waveforms. Blue and pink shaded areas are the noise window (22–2 s before [image: $${t}_{p}$$]) and the signal window (from 2 s before to 18 s after [image: $${t}_{p}$$]), respectively, where [image: $${t}_{p}$$] is a manually identified P-wave arrival time. In this example, data from stations NU.9GM and NU.IMS were not used because of a low signal-to-noise ratio or contamination by impulsive noise


The use of IDEs was essential to a reliable estimate of the velocity structure. If only the SVEs were used, the reliability of the estimated structure would have been degraded due to the mutual dependence of the SVE altitudes and the velocity structure; the velocity model needed to be assumed to locate the SVEs, and the uncertainty in the model was mapped to the errors in the hypocentres, which in turn affected the estimated velocity model. This loop-back effect was mitigated by the use of the IDEs in addition to the SVEs; the uncertainty in the local structure had almost no effect on the hypocentres of the IDEs. We performed three analyses as described below.

Analysis 1: estimating a typical P-wave velocity in the summit region
Even a typical P-wave velocity was not known in the summit region of Mt. Ontake. We investigated it using the propagation velocity of the IDEs. The P-waves of the IDEs arrived sequentially from lower- to higher-altitude stations because of their almost vertical incidence. We used only the IDE-station pairs that satisfied < 5° incident angles to suppress the deviation from the vertical incidence approximation. We used stations located at > 1.5 km asl. (green symbols in Fig. 1), which were close to the summit region. We used only the IDEs that had [image: $$\ge$$] 10 waveforms, including [image: $$\ge$$] 2 in each altitude range of 1.5–2.0, 2.0–2.5, and > 2.5 km asl. For each IDE, we computed the semblance values (Neidell and Taner 1971), assuming vertical propagation at a constant velocity. We performed grid searches to obtain the maximum semblance, varying the assumed velocity (every 0.1 km/s in 1.0–5.0 km/s) and a time window of 1-s long (every 0.01 s in 25–45 s after the origin time of the IDE). This time window range consisted of expected P-wave arrival times (30–35 s) and did not consist of S-wave arrival times (55–60 s) for the IDEs at ~ 250 km depths.

Analysis 2: estimating a layered P-wave velocity model
We estimated a layered model using the P- and S-wave arrival times of the SVEs. We searched for the optimal model that best explained the arrival times assuming 1–3 horizontal layers, where the deepest layer was a half space. The 3-layer model was expressed by the P-wave velocities in individual layers ([image: $${V}_{p1}$$]–[image: $${V}_{p3}$$] from shallower to deeper) and the shallower ([image: $${z}_{12}$$]) and deeper ([image: $${z}_{23}$$]) boundary altitudes. We assumed the S-wave velocity in each layer to be [image: $$1/\sqrt{3}$$] times the P-wave velocity.
We performed grid searches for four structural parameters ([image: $${V}_{p2}$$], [image: $${V}_{p3}$$], [image: $${z}_{12}$$], [image: $${z}_{23}$$]) and the hypocentres of individual SVEs. The location that minimized the RMS traveltime residual was considered the hypocentre of each SVE, and the structural parameters that minimized the residuals averaged over all SVEs were considered to be the optimal model. To reduce the number of free parameters, we determined [image: $${V}_{p1}$$] from the other four parameters by letting the average P-wave velocity above 1.5 km asl. from the layered model to be equal to that from the analysis 1. We used grid intervals of 0.1 km for the hypocentres. We sequentially narrowed the search ranges and intervals of the structural parameters as 0.4 km/s and 0.4 km in the first search, 0.2 km/s and 0.2 km in the second search, and 0.1 km/s and 0.1 km in the third search.

Analysis 3: estimating a reflection profile
The autocorrelation function (ACF) of a vertically incident seismic wave at a station provides the reflection response at the station (Claerbout 1968). We computed the ACFs of the vertical waveforms of IDEs that satisfied < 10° incident angles at each station. We used the signal and noise windows (see “Data” section and Fig. 3) to estimate the ACF and its error of each IDE using the method proposed by Maeda and Watanabe (2022). From the ACFs, we computed the reflection responses using the relationship proposed by Claerbout (1968). The reflection responses from all IDEs were then stacked at each station. The stacked reflection response was a function of the lag time. We computed the depth of a reflector corresponding to each lag time, assuming vertical propagation and a single reflection of the P-wave through the velocity structure estimated from the analysis 2. We used a frequency band of 1–10 Hz that was shown to be effective in imaging the depth range of approximately 1–2 km (Maeda and Watanabe 2022), where the shallow hydrothermal system was expected to be present at Mt. Ontake. Throughout this paper, we show the ratio [image: $${a}^{\mathrm{ave}}\left(z\right)/{\sigma }^{a}(z)$$], where [image: $${a}^{\mathrm{ave}}$$](z) and [image: $${\sigma }^{a}(z)$$] are the ensemble average and standard deviation of the reflection response at each station, respectively; their explicit formulas are provided in Maeda and Watanabe (2022).


Results
Analysis 1: typical P-wave velocity in the summit region
Figure 4a shows the waveform semblance ([image: $$S$$]) values for each IDE plotted against the assumed P-wave velocity. Although several IDEs showed low [image: $$S$$] values for all P-wave velocities, most IDEs showed peaks at 2–3 km/s. This feature was more clearly recognized in Fig. 4b, in which the maximum semblance ([image: $${S}_{\mathrm{max}}$$]) and the range of [image: $$S\ge {S}_{\mathrm{max}}-0.05$$] were plotted. Among the 18 analysed IDEs, 15 showed [image: $${S}_{\mathrm{max}}\ge 0.4$$] and relatively narrow velocity ranges for [image: $$S\ge {S}_{\mathrm{max}}-0.05$$]. For these events, the P-wave velocity corresponding to [image: $${S}_{\mathrm{max}}$$] was 2.3–2.9 km/s with an average of 2.6 km/s, a median of 2.5 km/s, and a mode of 2.5–2.6 km/s. The number of IDEs that showed [image: $$S\ge {S}_{\mathrm{max}}-0.05$$] was maximal (13 IDEs) for 2.6 km/s. We concluded that 2.6 km/s was the optimal value of the typical P-wave velocity for [image: $$\ge$$] 1.5 km asl. beneath Mt. Ontake.[image: ]
Fig. 4Results from the analysis 1. a Semblance values ([image: $$S$$]) versus assumed P-wave velocities ([image: $${V}_{p}$$]) for each intermediate-depth earthquake (IDE). b Maximum semblance ([image: $${S}_{max}$$]; the dot) and the range of [image: $$S\ge {S}_{max}-0.05$$] (the bar) for each IDE. c Example of IDE waveforms plotted along the station altitudes. The orange time window corresponds to the maximum semblance for this IDE


Figure 4c shows the waveforms of a typical IDE plotted versus the station altitudes, indicating a clear vertical propagation of P-wave arrivals. The orange box in this figure shows the time window for the maximum [image: $$S$$], indicating that the maximum semblance corresponds to the propagation of the P-wave arrivals.

Analysis 2: layered P-wave velocity model
Table 1 shows the traveltime residuals and Akaike Information Criterion (AIC; Akaike 1974) values obtained assuming 1–3 layers. The AIC values were computed as follows:[image: $$AIC=2N\mathrm{ln}E+2M,$$]

 (1)


where [image: $$N$$] is the number of data samples, [image: $$E$$] is the traveltime residual, and [image: $$M$$] is the number of model parameters. We used [image: $$N=$$] 4092, which was the total number of P- and S-wave arrival times. We used [image: $$M=$$] 267 (89 SVEs [image: $$\times$$] 3 components of locations) for the 1-layer (homogeneous) model; there was no structural parameter in this model because we used the P-wave velocity of 2.6 km/s from the result of the analysis 1. The 3-layer model consisted of four independent structural parameters ([image: $${V}_{p2}$$], [image: $${V}_{p3}$$], [image: $${z}_{12}$$], and [image: $${z}_{23}$$]), resulting in [image: $$M=267+4=271$$]. The 2-layer model was the 3-layer model with [image: $${V}_{p2}={V}_{p3}$$] and [image: $${z}_{12}={z}_{23}$$]; two structural parameters were independent in this model, giving [image: $$M=267+2=269$$]. For [image: $$E$$], we used the RMS traveltime residuals (s) averaged over all SVEs. We did not normalize [image: $$E$$]; the normalization resulted in a constant shift in the AIC values and did not affect the choice of the optimal model. The traveltime residuals and AIC values (Table 1) indicated that the 3-layer model was optimal.Table 1Traveltime residuals and Akaike Information Criterion (AIC; Akaike 1974) values in the analysis 2 assuming 1–3 layers


	Model
	[image: $$E$$]
	[image: $$N$$]
	[image: $$M$$]
	AIC

	1 layer
	0.4626 s
	4092
	267
	− 5775

	2 layers
	0.0804 s
	4092
	269
	− 20092

	3 layers (global minimum model)
	0.0733 s
	4092
	271
	− 20844

	3 layers (final model)
	0.0746 s
	4092
	271
	− 20701

	NU-summit
	0.0931 s
	4092
	267
	− 18895




Figure 5a shows the traveltime residuals of the 2- and 3-layer models plotted in structural parameter space. The minimum traveltime residual of 0.0733 s was obtained for [image: $${V}_{p2}=$$] 4.3 km/s, [image: $${V}_{p3}=$$] 5.6 km/s, [image: $${z}_{12}=1.6$$] km, and [image: $${z}_{23}=0.8$$] km (global minimum model). However, the model was not well constrained, with some trade-off among the structural parameters. For example, increasing [image: $${z}_{12}$$] and decreasing [image: $${V}_{p2}$$] simultaneously from the global minimum model did not significantly increase the traveltime residuals (Fig. 5a). This issue is addressed after obtaining a reflection profile.[image: ]
Fig. 5Results from the analysis 2. a Root mean square (RMS) traveltime residuals for the four structural parameters searched. Stars indicate the solution that minimized the residual. b Same as Fig. 5a but for limited combinations of the four parameters that satisfied less than [image: $$\pm$$] 0.05 km differences between the layer boundary altitudes from the analysis 2 and the reflector altitudes from the analysis 3. c Hypocentres of the shallow volcanic earthquakes (SVEs) used for the analysis 2 from the global minimum model (a) and d final model (b). Horizontal bars show the layer boundaries



Analysis 3: reflection profile
Figure 6a shows the reflection responses from higher to lower altitude stations. They were converted to depth-sections (Fig. 6b) assuming the global minimum velocity model of the analysis 2. The [image: $${a}^{\mathrm{ave}}\left(z\right)/{\sigma }^{a}(z)$$] ratios >  + 3 and < − 3 were plotted by red and blue colours, respectively; these values corresponded to positive and negative reflectors of > 99% significance level (Maeda and Watanabe 2022).[image: ]
Fig. 6Results from the analysis 3. a Reflection responses at individual stations from higher to lower altitudes. The station codes are shown at the top. The responses are normalized via the standard deviation at each lag time (Maeda and Watanabe 2022). Red and blue colours show the normalized responses of [image: $$&gt;3$$] and [image: $$&lt;-3$$], respectively. Green bars show the second zero-crossing. b Depth section of the responses calculated from Fig. 6a assuming the global minimum velocity model of the analysis 2. c Reflection responses stacked for the same altitudes. d P-wave velocities (global minimum model) used for the conversion from the time-section to depth-section in b. e–g Same as b–d except that the final velocity model of the analysis 2 was used


The ACFs have the largest peak at zero lag time (zero depth), and the following signals in the ACFs could be caused by band-limited incident waves rather than actual reflections in the structure. The shallowest negative peak of ~ 60 m thick and the underlying positive peak of ~ 300–400 m thick in Fig. 6b could be the artefacts caused by this effect, since their presence beneath all stations was unnatural. A similar pair of negative and positive peaks was observed in the metropolitan area of Japan (Maeda and Watanabe 2022). To avoid these potential artefacts in interpretation, we focused on the reflection responses below the second zero-crossing hereafter (green lines in Fig. 6b).
To discover subhorizontal reflectors, we horizontally stacked the reflection responses below the second zero-crossing over all high-altitude (> 2 km) stations. We used weighted stacking, where the inverse of the variance was used as the weight. The result (Fig. 6c) showed clear positive peaks at 1.8 km asl., 0.9 km asl., and 0.4 km below sea level (bsl.). The altitudes of the upper two peaks were close to those of the velocity discontinuities estimated in the analysis 2 (Fig. 6d), suggesting that the two analyses pointed to the same material boundary.

Combined analysis
Figure 5a shows that the structural model was not well constrained by the traveltime residuals alone. We aimed to better constrain it by combining the reflection responses. As the reflection occurs at the velocity discontinuities, the modelled layer boundaries in the analysis 2 were expected to be consistent with reflector altitudes in the analysis 3. This assumption was supported by Fig. 6c, which showed prominent reflectors at altitudes close to [image: $${z}_{12}$$] and [image: $${z}_{23}$$] (Fig. 6d). However, there were some differences between the reflector and discontinuity altitudes. We attributed this difference to an inaccurate velocity model due to the poor constraints in the analysis 2 (Fig. 5a). We searched for an alternative model that could provide a better match between the discontinuity and reflector altitudes.
Figure 5b shows the traveltime residuals for limited combinations of the values of the four parameters that satisfied less than [image: $$\pm$$] 0.05 km differences between the discontinuity and reflector altitudes; since we used 0.1 km for the search intervals of [image: $${z}_{12}$$] and [image: $${z}_{23}$$], the differences of less than [image: $$\pm$$] 0.05 km meant the best possible consistency between the altitudes. Among the velocity models that satisfied this requirement, the traveltime residual was minimal for [image: $${V}_{p2}=$$] 3.6 km/s, [image: $${V}_{p3}=$$] 5.6 km/s, [image: $${z}_{12}=1.9$$] km, and [image: $${z}_{23}=0.9$$] km (final model). This model increased the traveltime residual from the global minimum model by only 0.0013 s (Table 1), which was one-seventh the sampling interval of the seismic records, indicating that both models nearly equally explained the traveltimes.
Figure 5c and d shows the hypocentres from the global minimum and final models, respectively. They were located on search grids with 100 m intervals. The hypocentres from the two models showed similar patterns, composed of subvertical (slightly southwest-dipping) and subhorizontal hypocentre distributions below and around 1.9 km asl., respectively, and a shallower cluster to the southwest. The subhorizontal part of the hypocentres was shallower than [image: $${z}_{12}$$] in the global minimum model and close to [image: $${z}_{12}$$] in the final model.
Figure 6e and f shows the reflection responses obtained by the final model. Three reflectors were prominent at 1.9 km asl., 0.9 km asl., and 0.3 km bsl., and the upper two were consistent with [image: $${z}_{12}$$] and [image: $${z}_{23}$$] (Fig. 6g). Figure 7 shows the reflection responses along the N–S and northwest–southeast (NW–SE) transects (Fig. 1a). Four horizontally continuous positive reflectors (i–iv) were prominent. The altitudes of reflectors (i), (iii), and (iv) were close to those of the three positive peaks in Fig. 6f. Reflector (ii) could potentially be a branch of reflector (iii) or an independent local reflector. Reflector (iv) was localized beneath the summit region.[image: ]
Fig. 7Results from the analysis 3. The north–south and northwest–southeast transects (purple and orange colours in Fig. 1) are shown. The maximum incident angle of the intermediate-depth earthquakes (10°) was considered in this plot. a Number of events stacked for each station. b Reflection responses obtained via the final velocity model of the analysis 2. c Same as b with interpretation. The background brown colour shows layer 2 from the analysis 2




Discussion
Reliability and importance of the estimated structure
Although this study was the first seismic structural survey in the summit region of Mt. Ontake, there were several surveys in the surrounding region. Ikami et al. (1986) conducted a ~ 200 km length refraction experiment with artificial explosion sources. One end of the survey line was ~ 10 km southeast from the summit of Mt. Ontake. In this region, they found three layers with P-wave velocities of 2.8, 3.9, and 5.9 km/s. These values are close to the results of our study (2.4, 3.6, and 5.6 km/s). Doi et al. (2013) performed tomography in the southeastern region of Mt. Ontake using the LTEs. Although their result was a continuous rather than a layered velocity model for a relatively deep ([image: $$\le$$] 1 km asl.) part, their estimated P-wave velocity of ~ 5 km/s at 1 km asl. did not conflict with the velocity estimated in our study, which increased from 3.6 to 5.6 km/s near this altitude. The velocity of ~ 5.6 km/s at ~ 1–3 km bsl. from Doi et al. (2013) was also consistent with the results of our study.
The analyses 2 and 3 comprised largely independent investigations of subsurface boundaries. Although the velocity model from the analysis 2 was used to convert from the time-section to depth-sections of the reflection responses in the analysis 3, this had only subtle effects on the estimated reflection profiles (Fig. 6c and f). The reflectors from the analysis 3 were imaged near the altitudes of velocity discontinuities from the analysis 2, even in the case of separate analyses (Fig. 6c and d). Therefore, the results from the two analyses are mutually supported.
The subsurface structure has significant effects on the determination of the hypocentres of SVEs. The blue line in Fig. 8a is the velocity model used for routine seismicity monitoring by Nagoya University (the NU-routine model). The red line is the final velocity model of this study, and the green line is an approximated model (the NU-summit model) to accommodate the monitoring system which requires that the velocities vary linearly with the altitudes above sea level. Because a direct comparison of the NU-routine and final models was not available, we first compared the NU-routine and NU-summit models. Approximately one-third of the SVEs were located above the ground surface with the NU-routine model when the data from the summit trial stations were included. Most of these SVEs were located below the ground surface with the NU-summit model, showing its superior performance compared to the NU-routine model. We concluded that the NU-summit model was better than the NU-routine model in terms of stable estimation of hypocenters. We now move to a comparison of the NU-summit and final models. From Fig. 8b, the altitudes of relatively deep SVEs from the NU-summit model were underestimated compared to those from the final model. This was probably because the NU-summit model underestimated and overestimated the traveltimes at summit and flank stations, respectively (Fig. 8c). As a result, an observed traveltime difference between summit and flank stations was explained by a deeper source in the NU-summit than in the final model, causing the hypocentre depth difference (Fig. 8b). A comparison of the traveltime residuals from the two models (Table 1) showed that the final model was better. In conclusion, the approximation of the final model by the NU-summit model introduced some errors in the hypocentre altitudes, especially for relatively deep SVEs.[image: ]
Fig. 8Effects of assumed velocity structures on hypocentre locations. a Three velocity models considered (blue: the NU-routine model, green: the NU-summit model, red: the final model). b Comparison of the hypocentre altitudes of shallow volcanic earthquakes (SVEs) used for the analysis 2. The lateral and vertical axes are the altitudes obtained via the NU-summit and final models, respectively. c Theoretical traveltimes from various hypocentre altitudes assuming the NU-summit (green) and final (red) models. Solid and dashed lines are the traveltimes at typical summit (epicentral distance: 1 km, altitude: 3 km asl.) and flank (epicentral distance: 5 km, altitude: 1.5 km asl.) stations, respectively



Interpretation
Figure 9 compiles the final velocity model (Fig. 9b), hypocentres of the SVEs from the analysis 2 (Fig. 9a, green), and the reflection profile from the analysis 3. Also shown are the hypocentres of all SVEs during the study period (Fig. 9a, grey); we relocated them using the P- and S-wave arrival times picked via the routine seismicity monitoring of Nagoya University but with the final velocity model. We used a grid search of 20 m intervals to relocate them.[image: ]
Fig. 9Summary and interpretation of this study on the north–south transect. The reflection responses from the analysis 3 (Fig. 7b) and the final velocity model from the analysis 2 are plotted with hypocentres and crustal deformation sources. Green circles are the hypocentres of shallow volcanic earthquakes (SVEs) from the analysis 2. Grey circles are the hypocentres of all SVEs during the study period relocated using the final model and the P- and S-wave arrival times picked by the routine analysis of Nagoya University. The circle size scales with the magnitude shown at the bottom right. The purple circles, star, square, and diamond are the sources of inflation two months before the 2007 eruption (Takagi and Onizawa 2016), a tilt change that started 450 s before the 2014 eruption (Maeda et al. 2017), a very long period seismic event 25 s before the 2014 eruption (Maeda et al. 2015b), and a deflation that has continued over several years after the 2014 eruption (Narita and Murakami 2018), respectively. The broken arrow indicates a possible pathway of the fluid migration suggested by the hypocentre distribution


The analyses 2 and 3 indicated layer boundaries at ~ 1.9 and 0.9 km asl. The altitude of 1.9 km was close to the surface distribution of the Y–O boundary except for several leaves of flow-like parts to downwards (Fig. 1a), suggesting that the first and second layers were the YED and OED, respectively (Fig. 9a). Due to the long (~ 0.3 Ma) dormant period after the older activity, the OED was expected to be more compacted and cemented than the YED, causing a velocity discontinuity. A resultant water saturation differences could also have affected the velocity differences between the two layers. The flowing parts of the YED could be too thin to be imaged seismically. Asai et al. (2006) showed a large amount of water discharge along the Y–O boundary and proposed a groundwater flow along the boundary. From Fig. 1a, most rivers around Mt. Ontake originated from ~ 1.9 km asl. These observations were consistent with the hypothesis of a relatively low permeability in the OED beneath ~ 1.9 km asl. due to physical compaction or chemical cementation.
We interpreted the third layer as the basement (Fig. 9a) because the top of the basement was the most likely discontinuity that was expected to be present beneath the OED. The P-wave velocity of 5.6 km/s in the third layer was close to the value of 5.9 km/s from Ikami et al. (1986), who interpreted the third layer as the basement. Figure 7 suggests that this boundary had a complicated geometry.
The purple star in Fig. 9a is the modelled source location of a tilt change that started 450 s before the 2014 eruption. Maeda et al. (2017) interpreted this tilt change as having been caused by the upward migration of water vapour creating a new pathway by breaking intact rock that had acted as a permeability barrier at this depth. The horizontal location of the tilt source was not constrained within the search range of 0.8 × 0.8 km, whereas the depth was relatively well constrained (Maeda et al. 2017). The source was in the OED layer (Fig. 9a), suggesting that the OED acted as a barrier for fluid migration at the time of the 2014 eruption.
The hypocentres were elongated horizontally along the Y–O boundary and subvertically through the OED layer (Fig. 9a). We considered these features as an indicator of subsurface fluid flow because an increased pore fluid pressure decreases the effective strength of the host rock, which could cause earthquakes. We speculated two potential sources of fluids. One was abundant underground water along the Y–O boundary, as suggested by the subhorizontal distribution of the hypocenters along the boundary and the model of Asai et al. (2006). The other was volcanic fluid from a greater depth, as suggested by the subvertical distribution of the hypocenters through the OED layer. Seismicity in the YED layer occurred in the southwestern side from the summit, where the 2014 eruptive craters (Fig. 1b), the source of a very long period event 25 s before the 2014 eruption (the purple square in Fig. 9a; Maeda et al. 2015b) and the source of deflation after 2014 (the purple diamond in Fig. 9a; Narita and Murakami 2018) were present. The entire hypocentre distribution in Fig. 9a suggested that the volcanic fluid migrated upwards through the OED, stopped ascending at the Y–O boundary, and moved horizontally southwestward until it reached below the currently active site. The lateral movement of the fluid implied a localized low-permeability cap in the YED layer immediately above the bending point of the seismicity (Fig. 9a). Although we have no structural evidence for this cap, the presence of crater lakes from the summit to the north of Mt. Ontake (Fig. 1b) implied that the shallow part in this region was not highly permeable. In this region, the solidification of past activity deposits may have been conductive to the development of the low-permeability cap. A similar scenario was proposed for Asama volcano, Japan (Aizawa et al. 2008).
Another localized reflector was imaged at ~ 0.3 km bsl. (Fig. 6f) beneath the summit region (Fig. 7). A possible explanation for this reflector may be the roof of a magma reservoir. A high-temperature molten magma was unlikely since the positive polarity of the reflector indicated a higher velocity beneath it than above. Tomographic studies at several volcanoes consistently showed a high-velocity anomaly at a few kilometre depths interpreted as an old, solidified magma (e.g. Tanaka et al. 2002; Yamawaki et al. 2004; Aoki et al. 2009). The roof depths and horizontal dimensions of these anomalies were similar to those of the localized reflector obtained in our study (Fig. 7), suggesting that the scenario of an old, solidified magma may be a clue to interpret the reflector. However, the hypocentre distribution suggested fluid migration from near this reflector, implying some fluid-related activity in this region (Fig. 9a). There was almost no seismicity beneath this reflector. We speculated that the region beneath this reflector was a mostly solidified crystal mush at a temperature slightly above the brittle‒ductile transition. The cooling and resultant crystallization of the mush was still ongoing, which may have caused the exsolution of volatiles (e.g. Edmonds and Woods 2018). Despite a slightly higher temperature than the surroundings, an absence of fractures could result in a high-velocity anomaly (Scheu et al. 2006). The crustal deformation source near the roof of this potential reservoir (the lower purple circle in Fig. 9a; Takagi and Onizawa 2016) supported this interpretation. The deformation likely occurs not at the centre but near the roof of a magma reservoir (e.g. Edmonds and Woods 2018; Tameguri et al. 2022). Narita et al. (2019) proposed a deep source of the deflation after the 2014 eruption at 0–3 km bsl., consistent with the cooling magma reservoir in Fig. 9a.
The discussion above is based on the 1-D velocity model, a reflection image, and the spatial distributions of hypocentres and crustal deformation sources. Direct investigations of the P- and S-wave velocities are the next research step to examine the hypothesis of the localized low-permeability cap in the YED and the mostly solidified magma.


Conclusions
We investigated a shallow subsurface structure in the summit region of Mt. Ontake, central Japan, from three seismic analyses. First, we estimated a typical P-wave velocity for > 1.5 km asl. from the semblance analysis of the vertical propagation velocity of the IDEs. Second, we estimated a layered structure from the P- and S-wave arrival times of SVEs. Third, we performed pseudoreflection imaging from the ACFs of the IDE waveforms. The results consistently showed three layers with boundaries at 1.9 and 0.9 km asl. They were interpreted as the YED, OED, and the basement. The OED potentially had relatively low permeability due to long-term compaction and cementation and acted as a permeability barrier. The hypocentre distribution suggested a subvertical fluid flow through the OED and a subhorizontal flow along the Y–O boundary towards the currently active craters.
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