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Abstract
Inflations at active volcanoes are indicators of overpressure in the subsurface, which is known to be a phenomenon that precedes eruptions. Volcanic overpressure is induced by the injection of magmatic fluids, accumulated magma, or heat supply from greater depths. Azuma volcano (Japan) has experienced several episodes of volcanic unrest with increases in seismicity at the depth of the hydrothermal system, implying a potential increase in phreatic eruptions. The time series of interferometric synthetic aperture radar data, associated with the unrest episodes occurring in 2014–2015 and 2018–2019, revealed spatiotemporal variations of inflation episodes, centered around Oana crater, the most active fumarole of Azuma volcano. The modeled best-fit geometry of the elongated pressure source for the local deformation has the same dip as the overlying topographic slope direction and angle around Oana crater, suggesting the existence of topography-correlated layered structures within the hydrothermal system. In contrast, the broader deformation associated with the 2014–2015 unrest was explained by the overpressure of a horizontal flat source at 360–1500 m below sea level, showing the similar depth of the top as the conductive low-resistivity or low-viscosity body suggested by previous studies. The unrest episodes were thus interpreted as resulting mainly from the supply of magmatic fluids, or the transfer of heat from greater depths. Our study helps in understanding the shallow structure of this volcanic system and contributes to evaluating the potential for forthcoming eruptions in Azuma volcano.
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Abbreviations
	SAR
	Synthetic aperture radar

	InSAR
	Interferometric synthetic aperture radar

	JMA
	Japan Meteorological Agency

	GNSS
	Global Navigation Satellite System

	ALOS
	Advanced land observing satellite

	PALSAR
	Phased-array L-band synthetic aperture radar

	LOS
	Line-of-sight

	MTI
	Multi-temporal InSAR

	DEM
	Digital elevation model

	AIC
	Akaike’s Information Criterion

	QEW
	Quasi-east–west

	QUD
	Quasi-up–down




Introduction
Evaluating pressure conditions within volcanic systems aids in understanding their potential for eruption. The overpressure in volcanic systems is induced by the accumulation of magma, or the supply of heat, or magmatic fluids from greater depths (Amelung et al. 2000; Feigl et al. 2000). These phenomena are regarded as potential precursors to volcanic eruptions and commonly induce unrests, usually accompanied by seismicity or ground deformations. For phreatic eruptions, subtle and limited precursory seismicity can be detectable (Jolly et al. 2010; Kato et al. 2015) or in some cases, it might be absent (Maeda et al. 2015). Although detecting precursory deformations prior to phreatic eruptions are generally challenging because of small amplitudes or limited spatial extent of the deformation, some studies have succeeded by using interferometric synthetic aperture radar (InSAR) data (Kobayashi et al. 2018; Narita et al. 2020). Revealing the spatial characteristics of ground deformations with a high spatial resolution better constrains the geometry of pressure sources within shallow hydrothermal systems (Hamling et al. 2016; Juncu et al. 2017; Doke et al. 2021; Yunjun et al. 2021). Precise monitoring of ground deformations using InSAR with high spatial resolution is essential for understanding the geometry of subsurface volcanic systems and their pressure conditions.
Azuma volcano is one of the active volcanic groups located in northeastern Japan, including West, Central, and East Azuma volcanoes (Fig. 1). Oana crater is the most active fumarole on East Azuma volcano, which is located within the northwest–southeast alignment of pyroclastic cones/craters (Yamamoto 2005). The latest eruption at Oana crater occurred in 1977 and was accompanied by tephra fall and mud ejection (Kawanabe and Ueki 2013).[image: ]
Fig. 1Study area map. a Topographic map of Azuma volcano. Thick and thin contours were set to 1000 m and 200 m intervals, respectively. b Enlarged topographic map of Oana crater. Thick and thin contours were set to 200 m and 20 m intervals, respectively. Dashed ellipses indicate extents of geothermal area. The background topography map was based on the 10 m grid digital elevation model released by the Geospatial Information Authority of Japan


Two clusters of earthquakes on Azuma volcano were identified by seismic observations (JMA 2020). The shallower cluster was distributed between 1.5 km above sea level (a.s.l.) and 0.5 km below sea level (b.s.l.) beneath Oana crater indicating volcano-tectonic earthquakes and low-frequency earthquakes associated with the unrest episodes. The deeper cluster was distributed at 20–40 km b.s.l. and approximately 5 km east of East Azuma volcano indicating regularly occurring deep low-frequency earthquakes. The extent of the deeper earthquake cluster was assumed to align with a magma reservoir that provided volcanic materials to the shallower magma storage and the hydrothermal system (Ban et al. 2016). The existence of a conductive low-resistivity structure or a low-viscosity body between the two clusters has been reported by a magnetotelluric survey (Ichiki et al. 2021) and geodetic observations (Ozawa and Fujita 2013; Takada and Fukushima 2013).
Episodes of subsidence also occurred at Azuma volcano, driven by the extension of a low viscous body beneath Azuma volcano associated with the 2011 Tohoku–Oki earthquake (Ozawa and Fujita 2013; Takada and Fukushima 2013). The volcanic subsidence induced by the 2011 earthquake was also detected at other volcanoes in the Tohoku region. The subsidence at Azuma extended from the north of East Azuma volcano to Adatara volcano, which is located approximately 12 km south of Azuma. Results from a numerical model suggested that the subsidence was induced by the extension of a long and low viscous body with a top depth of approximately 1260 m b.s.l., cause by the 2011 earthquake (Takada and Fukushima 2013). A similar subsidence at active volcanoes, associated with mega-thrust earthquakes, was also reported in Chile (Pritchard et al. 2013). There have been reports on the activation of seismic swarms in several regions of northeastern Japan due to spatiotemporal variation of pore fluid pressure triggered by the 2011 earthquake (Okada et al. 2011; Yoshida et al. 2016). However, no notable anomalous seismic activity around Azuma volcano from background level was reported.
An increase in both volcano-tectonic and low-frequency earthquakes through 2014–2015 and 2018–2019 was observed within the shallower earthquake cluster along with a GNSS baseline extension crossing over Oana crater (JMA 2020). These observations constrained the position of an isotropic inflation source at approximately 1200 m a.s.l. as the shallowest pressure source of likely hydrothermal origin (JMA 2020). An increase in the composition ratio of SO2/H2S within a fumarole from Oana crater was reported in June 2018, implying that the volcanic volatile responsible for the inflation of this shallow source were supplied from greater depths. In contrast, the count of low-frequency earthquakes within the deeper cluster and the maximum fumarole height of Oana crater have remained consistent since the end of 2011 (JMA 2020). So far, the details of the spatio-temporal characteristics of the ground deformation and the geometry of the pressure source have been still being discussing.
In this study, we present the spatiotemporal variations of ground deformations at Azuma volcano associated with the unrest episodes in 2014–2015 and 2018–2019 using PALSAR-2 and Sentinel-1 data. Based on the detected ground deformations, we explored the geometry of the pressure sources at Azuma volcano compared them with previous models, and discussed the physical mechanisms that drive ground deformations.

Methodology
SAR data and analysis
We processed the L-band ALOS-2/PALSAR-2 data that were acquired during 2014–2020, and C-band Sentinel-1 data during 2017–2020 to reveal the spatiotemporal variations in ground deformation on Azuma volcano (Additional file 1: Table S1, Fig. S1). The time series of line-of-sight (LOS) changes were inferred by solving a least-squares problem using several InSAR with various temporal baselines. This process is known as the multi-temporal InSAR (MTI) analysis (Berardino et al. 2002; Schmidt and Bürgmann 2003). L-band InSAR data tend to avoid decorrelation problems even when the temporal baseline exceeds 1 year, although only 1–4 PALSAR-2 data per year were available in this case. In contrast, C-band InSAR data were strongly affected by variations in the back-scatter characteristics of the ground. Most part of Azuma volcano was covered by vegetation in summer, except for the geothermal area around Oana crater, and heavy snow during the winter. We employed Sentinel-1 data to reveal the time series of LOS changes during the periods with no snow coverage on the exposed ground around this crater. Subsets of the Sentinel-1 LOS changes were used to complement the time series of PALSAR-2 LOS changes. No temporal threshold was set for the temporal baseline of the PALSAR-2 InSAR data unless they were contaminated with strong decorrelation noise. A temporal baseline threshold of 36 days was set for the Sentinel-1 InSAR data.
GAMMA software was used to generate primary InSAR data (Wegmüller and Werner 1997). A power spectrum filter was applied for eliminating uncorrelated noise in each primary InSAR data (Goldstein and Werner 1998) and the minimum cost flow algorithm for phase unwrapping (Costantini 1998). The topographic fringes were corrected by 10 m grid digital elevation model (DEM) provided by the Geospatial Information Authority of Japan. Topography-correlated phase changes, indicating stratified atmospheric delay, were corrected by fitting a linear function to the topographic height. The DEM error, which was proportional to the spatial perpendicular baselines, was simultaneously estimated with displacement rates. A hyperparameter for smoothing temporal variation in the PALSAR-2 data was optimized by using the L-curve criteria (Hansen 1992) (Additional file 1: Fig. S1b, Text S1). We used the hyperparameter values corresponding to the points of maximum curvature in the L-curve plot of the solution norm against the residual norm. To combine the time series of PALSAR-2 and Sentinel-1 LOS changes, we added offsets to the time-series subset of Sentinel-1 LOS change for each year. The adjusted offsets were estimated by minimizing the gap between the PALSAR-2 LOS change and the mean of Sentinel-1 LOS change acquired for 30 days before and after the acquisition date of each PALSAR-2 data (see Additional file 1: Text S2). A reference point for phase unwrapping was set at approximately 3 km northeast of Oana crater.


Results
The results of MTI analysis using PALSAR-2 and Sentinel-1 data revealed spatiotemporal variation in ground deformation at Azuma volcano between 2014 and 2020 (Fig. 2, Additional file 1: Figs. S2 and S3). The LOS shortening in 2015 and 2019 was observed at Oana crater and elongated in the northwest–southeast direction (Fig. 2). The LOS shortening in both orbits implied that the uplifts were more dominant than the horizontal displacement components. The time series of PALSAR-2 data at Oana crater showed LOS shortening reaching 10 cm in 2015 and 2019 in Path 124, and 9 cm and 11 cm in 2015 and 2019 in Path 18 with reference to October–November 2017, respectively (Point S and S′ in Fig. 3). These timings of LOS shortening corresponded with the periods of intense seismic activity. Although the first acquisition date of Path 18 PALSAR-2 data was during the period of unrest in 2015, the PALSAR-2 LOS changes for both orbits exhibited similar temporal characteristics throughout the observation period, implying the dominance of the vertical displacement component. The magnitudes of the LOS shortenings associated with the unrest episodes were diminishing in 2016–2017 and late-2019–2020, which corresponds to the quiescent periods (Fig. 3).[image: ]
Fig. 2Cumulative PALSAR-2 LOS change associated with the 2014–2015 and 2018–2019 unrests. a Path 124 LOS change from September 9, 2014 to August 11, 2015 and b to May 14, 2019. c Topographic relief map lighting from WSW. d Path 18 LOS change from November 30, 2017 to July 30, 2015 and e to March 21, 2019. f Topographic relief map lighting from ESE. Boxes indicate the extracted point of the temporal LOS change shown in Fig. 3. Dashed lines indicate the position of the LOS change cross section in Fig. 4, and thin dashed lines show data extracted regions for LOS change cross section. Black arrows indicate the position of Oana crater

[image: ]
Fig. 3Temporal LOS changes on Oana crater. a, b LOS changes acquired from PALSAR-2 (P2) Path 124 (red circles and triangles) and Sentinel-1 (S1) Path 141 (black dots), and PALSAR-2 Path 18 (blue circles and triangles) and Sentinel-1 Path 46 (black dots). Plots of Sentinel-1 data were extracted on only Point S and S′. The positions of Point S, S′, T, T′ are shown in Fig. 2. Reference dates are October 17, 2017 and November 30, 2017 for P2 A124 and P2 D18, respectively. Incidence angles of PALSAR-2 Path 124 and that of Sentinel-1 Path 141 are 33.2 and 35.3 degrees, respectively


Cross section of Path 124 LOS change in the northwest–southeast direction over Oana crater showed that the peak position of LOS shortening in 2019 had shifted approximately 300 m away to the northwest direction from that of 2015 (Fig. 4). Another minor peak of LOS shortening in 2019 was also identified at the peak position of 2015. The northwest–southeast cross section of LOS changes in Path 18 showed that the extent of LOS shortening increased in 2019 towards northwest compared to the extent in 2015 (Fig. 4b). The extension of LOS shortening area implied the spread of pressurized regions associated with the unrest in 2018–2019. A geothermal area was identified approximately 300 m from Oana crater, towards the northwest (JMA 2020; Fig. 1). We extracted another time series of PALSAR-2 LOS changes at this point, 300 m northwest of the deformation peak in 2015 (Fig. 3). During the period between two unrest episodes, we can still identify 4 cm of LOS shortening in Path 124 in the northwest geothermal area on Point T at the time. After the 2018–2019 unrest, the magnitude of LOS shortening at Point S was considerably smaller than that at Point T, and the difference in Path 124 reached approximately 5 cm during mid-2020. Increase in the extent of the deformed area implied the enlargement of the pressurized region associated with the unrest during 2018–2019 which led to geothermal activity at the northwestern part of the geothermal area. The differences in the LOS change in Path 18 between Point S and T were almost constant during the period of 2018–2020. The decomposed quasi-east–west and quasi-vertical displacement maps show about 200–300 m shift of displacement peaks in uplift and that of westward displacement (Fig. 5). The uplift peak in 2019 is located at the extent of the geothermal area which is 300 m northwest of Oana crater.[image: ]
Fig. 4Cross section of the PALSAR-2 LOS changes over Oana crater. PALSAR-2 LOS change acquired from a Path 124, and b Path 18. The original LOS change maps are shown in Fig. 2. The black arrow indicates the position of Oana crater
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Fig. 5Quasi-east–west (QEW) and quasi-vertical (QUD) displacement map and their cross section over Oana crater. a–c QEW displacement and d–f quasi-up–down (QUD) displacement component. From the left column, the decomposed displacement associated with the 2014–2015 and 2018–2019 unrests, and the cross sections. Thin dashed lines show data extracted regions for the QEW and QUD cross section


Another characteristic of deformation was the broad-scale LOS shortening in Path 124 in 2015, distributing from Central Azuma to East Azuma volcano (Fig. 2a, Additional file 1: Fig. S3). The extent of the broad-scale deformation signal was approximately 6 km in the north–south direction and 8 km in the east–west direction. The broader LOS shortening with a maximum amplitude of 2 cm overlapped with the deformation signals at Oana crater (Fig. 5). The broader LOS shortening in 2015 ceased during mid-2017, as did the local deformation on Oana crater. There were no broader deformation signals associated with the unrest in 2018–2019, unlike that of 2015 (Additional file 1: Fig. S3). Two independent InSAR data with different observation periods in 2014–2016 show the broader LOS change at the same extent (Additional file 1: Fig. S4). Therefore, we can regard the identified broader signal as a plausible deformation signal and can eliminate the effect of tropospheric phase delay. For the Path 18 LOS change, we identified no similar broader deformation signals through the observation period.
The Sentinel-1 data were used to observe the LOS change with high temporal resolution (approximately every 12 days) from April to November in each year (Additional file 1: Fig. S5). The coherence of Sentinel-1 data on the bare geothermal areas at Oana crater was greater than 0.1 through no snow coverage seasons because of smaller variations in the backscatter characteristics. The Sentinel-1 data we used complements the sparse PALSAR-2 time-series data, although appropriate offsets were required to match the temporal variation in the PALSAR-2 LOS changes (Additional file 1: Table S2). The subsets of the Sentinel-1 LOS changes extracted at Point S in the ascending and at Point S’ in the descending orbits were consistent with the temporal variations of the PALSAR-2 LOS change in 2019 in Path 124 and in 2017–2019 in Path 18 (Fig. 3). The temporal variation in the ascending LOS change (Point S) revealed LOS shortening of 4 cm for 2018 and LOS extending of 2 cm for 2020 with approximate variance of 1 cm, although only one PALSAR-2 data was available for these years. We can regard nearly the same observation geometry of PALSAR-2 and Sentinel-1 data, because the incidence angle of PALSAR-2 and Sentinel-1 data at Oana crater were 33.2 and 33.5 degrees, respectively. The extent of the cumulative Sentinel-1 LOS change in 2018 almost coincides with that of the PALSAR-2 LOS shortening in 2018–2019 (Additional file 1: Fig. S5). Based on this, the Sentinel-1 MTI results were limited to the detection of deformation signals only on bare ground during periods with no snow coverage, while successfully revealing high-frequency temporal variations in the LOS change.
Modeling of pressure source geometry
Estimating the geometry of the pressure source that induces ground deformation is essential for understanding the structure of subsurface volcanic systems, with regard to the distribution of magma and the existence of pressurized hydrothermal systems. We inferred the geometries of the pressure sources using analytical solutions for ground deformation caused by pressure changes in a point source, a prolate spheroid source, and a rectangular flat source (Mogi 1958; Okada 1985; Yang et al. 1988). These parameters were optimized using the Markov-chain Monte Carlo algorithm with Metropolis–Hasting sampling, which is an approach for stochastic parameter optimization (Hastings 1970). The algorithm reduces computing cost through effective parameter sampling, as opposed to deterministic approaches such as a grid search algorithm. It derives a marginal posterior distribution that elucidates the likelihood of parameter values and their uncertainty. The posterior probability density function [image: $$p({\mathbf{m}}|{\mathbf{d}})$$] was expressed as[image: $$\begin{array}{*{20}c} {p\left( {{\mathbf{m}}{|}{\mathbf{d}}} \right) = \frac{{p\left( {{\mathbf{d}}{|}{\mathbf{m}}} \right)p\left( {\mathbf{m}} \right)}}{{p\left( {\mathbf{d}} \right)}},} \\ \end{array}$$]

 (1)


where [image: $$p({\mathbf{d}}|{\mathbf{m}})$$] is the likelihood function of [image: $${\mathbf{d}}$$] given that model [image: $${\mathbf{m}}$$], [image: $$p\left( {\mathbf{m}} \right)$$] is a priori probability density function, and [image: $$p\left( {\mathbf{d}} \right)$$] is a normalized constant. The observed data were subsampled based on the quad-tree algorithm to reduce computing costs and the remaining spatial features of the deformation fields (Jónsson et al. 2002). The number of data and variances are as presented in Additional file 1: Table S3. A Poisson’s ratio of 0.25 was assigned when computing surface deformation. In our modeling, we assigned height offsets to each subsampled data point for the first-order approximation of the topography effect when computing surface displacements using analytical solutions (Williams and Wadge 1998). First, we fitted the broader deformation signal in Path 124 PALSAR-2 LOS change in 2015 to infer the pressure source geometry. Based on the best-fit geometry of the pressure source for the broader deformation in 2015, we subtracted the broader deformation signal from the original Path 124 LOS change to isolate the local deformation signals at Oana crater (Additional file 1: Fig. S6). Next, we inferred geometries of the pressure sources using a set of LOS changes showing the local deformation at Oana crater for PALSAR-2 Path 18 and 124. The prior ranges for solution spaces in each model are shown in Additional file 1: Tables S4–S6. The corner plot of parameters for each model are shown in Additional file 1: Figs. S7–S15. We regard a parameter combination of each model that minimizes AIC values as the best-fit model in this study.
For the broader deformation in 2015, a horizontal rectangular source (sill) was the best-fit model in terms of compared to those of a spheroid or a point source (Additional file 1: Table S7, Fig. S16). The best-fit sill position was inferred at 360 m b.s.l.in the east to approximately 1500 m b.s.l. in the west (Fig. 6). The extent of the sill almost covered the region with the broad deformation signals (Additional file 1: Fig. S16). The best-fit sill was not reproduced the local deformation at Oana crater, and it became one of the input data for modeling geometry of the shallowest pressure source in the next step. Although the modeled geometry was constrained by only a PALSAR-2 Path 124 LOS change, the flat source was a plausible geometry for the broader deformation in 2015. The best-fit synthetic deformation was employed to correct the broader deformation signal in the original Path 124 LOS change in 2015 for the next step (Additional file 1: Fig. S6).[image: ]
Fig. 6Schematic of modeled geometry of the pressure source for the observation data. a Longitudinal projection of pressure source geometry for the local deformation around Oana crater and b for the broader deformation in 2015. Blue and red symbols indicate the outline of the pressure source geometry for the data in 2015 and 2019, respectively. Gray lines show a topographic height cross section at Profile P–P′ in a and a cross section in longitude direction at N37.724° in b


For the geometry of the local deformation at Oana crater, a prolate spheroid source was the best-fit model in terms of AIC value for the 2015 and 2019 data (Additional file 1: Figs. S17, S18, Table S7). The prolate spheroid sources were located beneath Oana crater and elongated in a northwest–southeast direction. The best-fit geometries of the prolate spheroid dips towards the southeast, and these angles were similar to the topographic slope around Oana crater (Fig. 6a; Additional file 1: Fig. S19). The similar characteristics was also suggested in the best-fit geometry of sill. The inferred pressure source for the local deformation on Oana crater were inferred to be located 1270–1360 m a.s.l.. The strike angle of the major axis of the prolate spheroid (20–60 degrees anti-clockwise from the north) was similar azimuth angle with the alignment of the pyroclastic cone of East Azuma volcano in the northwest–southeast direction (Figs. 1 and 7). The similarity between the strike angle of the spheroid major axis and that of the alignment of the pyroclastic cones at East Azuma volcano implies the shallow stress regime, rather than the far-field east–west compressional stress regime which is induced by plate motion (Terakawa and Matsu’ura 2010; Uchide et al. 2022). Pressure sources with a prolate spheroid geometry have been previously proposed as inducing deformation in geothermal areas (Fialko and Simons 2000; Juncu et al. 2017).[image: ]
Fig. 7Two-dimensional map of the pressure source geometry for the observation data. The details are the same for Fig. 6




Discussion
Implications for the shallow hydrothermal system of Azuma volcano
For the prolate spheroid as a deformation source, rigidity is required to assign for evaluating the pressure changes. When assigning the rigidity of 1.0 GPa which is a plausible value for shallower depths in the geothermal area (Lynne et al. 2013), the overpressure of the derived prolate spheroid becomes 2.2–4.3 MPa (Additional file 1: Table S5). The continuous emission of volcanic gas and steam from Oana crater since 2000 implies a continuous supply of heat or hydrothermal fluid from the depths. This phenomenon would cause hydrothermal alteration of the crust due to the continuous contact of the high-temperature hydrothermal fluid with volcanic rocks. This hydrothermal alteration has the potential to induce variation in the permeability and porosity of volcanic rocks which controls the elastic moduli (Browne 1978; Wyering et al. 2014; Heap et al. 2017, 2020). Evolution of fractures or the variation of the chemical properties of minerals, such as dissolution, precipitation, or sulphates, causes an increase in porosity, while filling materials into microcracks decreases porosity. Wyering et al. (2014) proposed that altered rock samples with low or moderate temperatures and at shallower depths had smaller densities and larger porosity, although these were also impacted by other factors, such as primary rock property. The elastic moduli become smaller due to the hydrothermal alteration at shallower depths, which requires smaller pressure changes; however, more petrological evidence is necessary for supporting this assumption.
Volcano-tectonic and low-frequency earthquakes were reported at shallower depths ranging 1500 m a.s.l. to 500 m b.s.l. around Oana crater due to the unrest episodes in 2014–2015 and 2018–2019 (JMA 2020). Volcano-tectonic earthquakes imply the occurrence of brittle failures of rock, and low-frequency earthquakes on active volcanoes are caused by the excitation of a fluid-crack system, implying the migration of magmatic fluid or magma (Ukawa and Ohtake 1987; Kaneshima et al. 1996; Kumagai and Chouet 1999). The characteristics of volcano-tectonic earthquakes suggest magmatic fluid migration, inducing overpressure that causes brittle failures within or around the volcanic system of Azuma volcano (Wicks et al. 1998; Hurwitz et al. 2007). In the case of the 2018–2019 unrest, an increase in the composition ratio of SO2/H2S within a fumarole from Oana crater implies the supply of high-temperature volcanic gas from greater depths (JMA 2020). A geological survey proposed that eruptions or unrests since the 1711 eruption were related to overpressure at shallow hydrothermal system (Yamamoto 2005). Thus, these unrests are also related to the overpressure at the hydrothermal system.
For the local deformation at Oana crater, the correlation between the topographic feature around Oana crater and the geometry of best-fit pressure sources suggests the existence of a possible pre-existing impermeable structure with a layered topography-correlated structure, rather than a horizontal layered structure (Fig. 8; Additional file 1: Fig. S19). The standard deviation of the plunge angle for the best-fit prolate sphere was about 15 degrees (Additional file 1: Table S5, Figs. S11 and S12). The narrower marginal posterior distribution of the plunge angle, compared to that of the pressure change or the aspect ratio of the major and minor axes, implies a better fit of the plunge angle (Additional file 1: Figs. S11 and S12). Variation in plunge angles for the prolate spheroid result in variations in both the magnitude and spatial characteristics of deformation, and these differences are enough to distinguish them from the best-fit synthetic deformations (Additional file 1: Fig. S20).[image: ]
Fig. 8Schematic image of the pressure sources beneath Azuma volcano. Note that the diagram is for explanation purpose only and is not to scale


Another potential factor contributing to the overpressure of the hydrothermal system is the increasing temperature due to heat transfer from the greater depths. We examined the pressure change that caused such temperature changes in the hydrothermal system. The overpressure associated with volumetric expansion can be caused by an increase in temperature of a hydrothermal system. Based on the state equation, the pressure change [image: $${\text{d}}p$$] is expressed as a function of the volume [image: $$V$$] and temperature [image: $$T$$] as follows:[image: $$\begin{array}{*{20}c} {{\text{d}}p = \left( {\frac{\partial p}{{\partial V}}} \right)_{T} {\text{d}}V + \left( {\frac{\partial p}{{\partial T}}} \right)_{V} {\text{d}}T. } \\ \end{array}$$]

 (2)



Based on the definition of the bulk modulus of water [image: $$k_{{\text{f}}}$$] and the coefficient of thermal expansion of fluid [image: $$\alpha_{{\text{f}}}$$], Eq. (2) becomes:[image: $$\begin{array}{*{20}c} {\Delta p = - k_{{\text{f}}} \frac{\Delta V}{V} + \alpha_{{\text{f}}} k_{{\text{f}}} \Delta T. } \\ \end{array}$$]

 (3)



The ratio of the volume change of the spheroid [image: $${\Delta }V/V$$] is given by a function of the pressure change [image: $$\Delta p$$] and the rigidity of the medium [image: $$\mu$$], where [image: $$\Delta V/V = \left( {3/4\mu } \right)\Delta p$$], such that (Segall 2010):[image: $$\begin{array}{*{20}c} {\Delta T = \left( {\frac{1}{{k_{{\text{f}}} }} + \frac{3}{4\mu }} \right)\frac{\Delta p}{{\alpha_{{\text{f}}} }}.} \\ \end{array}$$]

 (4)



For the shallower hydrothermal system, the range of the best-fit pressure increase was between 2.2 and 4.3 MPa for a prolate spheroid beneath Oana crater under the assumption of rigidity [image: $$\mu$$] of 1.0 GPa (Lynne et al. 2013; Lesage et al. 2018). The bulk modulus of water and the coefficient of fluid expansion at 60 °C were assigned to 2.0 × 109 Pa and 0.3 × 10–3 K−1, respectively (see Additional file 1: Text S3). By assigning the values for these parameters, we can estimate that the inferred pressure change was altered by a temperature change of 9.3–17.8 K. This pressure change corresponded to a 0.17–0.32% increase in volume, if the volume change was caused by fluid expansion that occurred due to an increase in temperature. A geothermal survey reported that the surface temperature of the geothermal area around Oana crater increased by approximately 20 K compared to the temperature before the unrest in 2018–2019 (JMA 2020). The inferred increase in the temperature was sufficient to induce volumetric expansion of water within the shallow hydrothermal system. However, we consider that the thermal expansion of the water within the shallow hydrothermal system is not the unique mechanism to induce the detected deformation because the number of volcanic earthquakes and of low-frequency earthquakes increased during the unrest.
In contrast, deflation at volcanoes related to hydrothermal activity is interpreted as a mechanical response to decrease in pore pressure that is caused by the diffusion of magmatic volatile or heat (Fialko and Simons 2000; Todesco et al. 2004; Peltier et al. 2009), poroelastic contraction (Barbour et al. 2016). In this case, the volcanic volatiles that were supplied from deeper depths during the unrest were mainly diffused laterally or downward through porous rock, rather than from the active craters or the geothermal areas (Denlinger 1997; Nakaboh et al. 2003). This is because the maximum fumarole height from Oana crater remained stable through the observation period. Similar cyclic pattern of uplift and subsidence at volcanoes was also proposed to be induced by change in pore pressure within shallow hydrothermal system in response to variation of heat or gas flux (Peltier et al. 2009). Drain-back or thermal contraction of magma also induces subsidence as a post-process of magma ascent or emplacement (Watanabe et al. 1998; Fujiwara et al. 2017), however no evidence of magma ascent has been reported during the unrests in 2014–2015 and 2018–2019. Therefore, the deflations during the post-unrest periods can be interpreted as a relaxation of pressure within the hydrothermal system, likely resulting from the diffusion of volcanic volatile.
Detailed structures of the two pressure sources were inferred from satellite SAR data, modeled geometry, and the above discussion (Fig. 8). It is challenging to identify the certain physical mechanism inducing the ground deformation of Azuma volcano, since several processes can be acceptable explanations for the ground deformation. Although satellite SAR data can be used to reveal ground deformation with high spatial resolution, other observation data are required to support the interpretation of the SAR data processing results.

Deeper pressure source inducing the broad deformation
Although the broad deformation was detected in PALSAR-2 LOS change in Path 124 in 2015, we could not detect such similar broad deformation signals associated with the 2018–2019 unrest (Additional file 1: Fig. S3). In contrast, continuous GNSS data showed increases in the short (~ 1 km, over Oana crater) and long (> 10 km, over the eastern side of Azuma volcano) baselines, which crossed the cluster position of the deep low-frequency earthquake at depths of 20–40 km b.s.l. (JMA 2020). The magnitude of the GNSS baseline change was similar in 2014–2015 and 2018–2019. The increases of both short GNSS baseline crossing Oana crater and long GNSS baselines crossing Azuma volcano were almost simultaneously initiated in relation to the unrest episodes of 2014–2015 and 2018–2019. This suggests instantaneous propagation of pressure changes from greater depths.
A bandpass filter is sometimes applied to eliminate spatially correlated phase changes, such as tropospheric phase screens or residuals of phase change correction that are proportional to the baselines when applying the SAR time-series analysis. Spatial filtering has the potential to eliminate the broad deformation signals because of the similar spatial correlation distance of a few kilometers and the tropospheric phase screen. In this case, we ruled out this possibility because we did not apply a spatial filter for the SAR time-series data. Although we corrected topography-correlation signals in each InSAR dataset to eliminate the effect of stratified water vapor distribution, similar broad deformations should have been detected if the spatial characteristics were similar to those detected in 2015. Combinations of geodetic observations, such as GNSS and tiltmeter data, would be effective in improving the robustness of monitoring broad ground deformations.
The extent of broader LOS shortening in Path 124 in 2015 almost overlapped with that of the LOS extending (maximum of 9 cm) in 2011, that was caused by the 2011 Tohoku–Oki earthquake (Additional file 1: Fig. S21). The LOS extending for 2011 was derived by subtracting the original ALOS/PALSAR InSAR data from the co-seismic displacement of the Tohoku–Oki earthquake approximated by a quadratic surface (Additional file 1: Fig. S21). The best-fit model geometry for the broad deformation in 2015 was a flat-source located at approximately 360–1500 m b.s.l. Volcanic earthquakes were absent across most of the extent of the flat-source, except beneath Oana crater (JMA 2020). A previous magnetotelluric survey revealed a convex-shaped low-resistivity structure in the east–west direction and north–south direction at depths of 3–10 km b.s.l. and 3–15 km b.s.l., respectively, composed of a dacitic melt–rock–hydrothermal fluid complex (Ichiki et al. 2021). The horizontal extent of the shallowest region of the low resistivity structure was almost consistent with the extent of the broad deformation in 2015, although the modeled flat-source depth was approximately 1.5 km away from the top position of the low resistivity structure or approximately 240–900 m away from the top of the low viscous body (Takada and Fukushima 2013; Ichiki et al. 2021). Based on the results of our modeling and findings from previous surveys, the modeled flat-source can be interpreted as barriers to fluid and volatile migration within the dacitic melt–rock–hydrothermal fluid complex, serving as a part of impermeable structure, rather than as a magmatic body (Christenson et al. 2010). Impermeable structures distributed above hydrothermal systems accumulate pressure within the hydrothermal system (Kaneshima et al. 1996; Stix and de Moor 2018). Assuming that the impermeable layer was located above the dacitic melt–rock–hydrothermal fluid complex, a portion of the impermeable layer beneath Oana crater was of low density or broken, and allowed the passage of ascending magmatic fluids from greater depths (Fig. 8).


Conclusion
We investigated the spatiotemporal variation in ground deformations at Azuma volcano (Japan) during 2014–2020 based on the results of MTI analysis and the geometries of pressure sources that caused ground deformations associated with the 2014–2015 and 2018–2019 volcanic unrest episodes.
The PALSAR-2 MTI results revealed repeated inflations with peaks in 2015 and 2019, which corresponded with periods that showed an increase in volcanic earthquakes beneath Oana crater. Sentinel-1 MTI results showed deformation signals with almost 12 days of temporal resolution only in the exposed geothermal regions (Oana crater) during periods with no snow coverage. These results could enhance the temporal characteristics of the sparse PALSAR-2 LOS changes by adding suitable offsets.
Our model proposed the following best-fit geometries of pressure source for the detected ground deformation at Azuma volcano: a centroid of the prolate spheroid located at a depth of 1270–1360 m a.s.l. for the local deformation of Oana crater and a horizontal flat source at approximately 360–1500 m b.s.l. for the broader deformation observed in 2015. Not only the supply of the magmatic fluids from deeper depths but also the volumetric expansion due to an increase in temperature can also be a potential explanation for the overpressure inducing the local inflation centering at Oana crater. The flat-source for the broader deformation can be interpreted as an upper portion of barriers of fluids or volatile migration within the dacitic melt–rock–hydrothermal fluid complex as suggested by a previous magnetotelluric survey.
The continuous fumarole from Oana crater and unrest episodes at Azuma volcano imply a potential for continuous inflow of volcanic gas or fluids from deeper depths. Frequent observations from next-generation L-band SAR satellites in the future could help improve the temporal resolution of ground deformation monitoring, even in cases where the volcanoes are covered with dense vegetation. To elucidate the pressure conditions in shallower hydrothermal systems, it is necessary to enhance the time-dependent numerical modeling by incorporating the circulation of magmatic–hydrothermal fluid and considering heat transfer within a porous medium.
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