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Abstract
We infer the temporal changes in the pressure sources that induced crustal deformation during the 2018 Shinmoe-dake eruption using strain and tilt observations and discern that the deep magmatic activity associated with the early stage of this eruption began approximately 19 h earlier than the previously defined onset of magmatic activity. Distinct tilt changes were observed from around 09:00 on 6 March to 12:00 on 8 March 2018 (JST), coincident with observed lava outflow into the crater and lava dome formation. Existing studies have attributed this tilt change to the onset of the deflation of a spherical pressure source located at ~ 7 km bsl (below sea level) to the northwest of Shinmoe-dake. Here we examine strain and tilt data that were acquired in the Kirishima volcanic group, and we find that the distinct changes in the measured strain at Isa-Yoshimatsu Observatory began at around 14:00 on 5 March. This change can be explained by the deflation of a spherical pressure source, thereby suggesting that the onset of magma ascent was earlier than previously thought. The time variation in the spherical pressure source is estimated using the time-dependent inversion of the Ensemble Kalman Filter; the deflation source ascended from ~ 11 to 7 km bsl during Phase 1 (14:00 on 5 March to 06:00 on 6 March) and descended from 7 to 8 km bsl during Phase 2 (06:00 on 6 March to 12:00 on 8 March). Interferometric synthetic aperture radar analysis suggests that a dike intrusion had occurred just below Shinmoe-dake crater until 5 March, and this inflatable crustal deformation is attributed to the emplacement of residual volcanic fluids from the 2011 eruption. It is also known that the surface eruptive activity increased during Phase 1, including an increase in ash venting from the night of 5 March. These strain and tilt observations, therefore, suggest that magma ascended from ~ 11 km bsl to the magma reservoir at 7 km bsl during Phase 1, followed by a deflation of the magma reservoir during Phase 2 due to the large magma supply to the surface.
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Introduction
The ability to predict a volcanic eruption and/or elucidate its eruption mechanism is heavily contingent on understanding how magma moves between the summit crater and magma reservoir in a given volcanic system. For example, it is known that the crater-directed tilt at Kilauea volcano, Hawaii, increases before an eruption and decreases during each eruption (Tanner and Calvari 2012). This type of episodic inflation–deflation cycle of the volcanic edifice, whereby the subsurface magma reservoir inflates owing to pressurization before an eruption and then deflates after the eruption begins, is commonly observed at many active volcanoes (e.g., Genco and Ripepe 2010; Bonforte et al. 2008).
However, it is unclear whether effusive eruptions are triggered by pressure changes in either the upper magma plumbing system or the deep magma reservoir. This is because observations with good temporal resolution and observational accuracy are necessary to capture magma movement in detail, and the availability of such high-quality spatial and temporal observations at active volcanoes is currently limited (Nakamichi and Aoyama 2016).
The Kirishima volcanic group consists of over 20 northwest–southeast-aligned craters in the southwestern part of Kyushu. Shinmoe-dake, Ohachi, Iwo-yama, and Ohata-ike are currently the most active craters, and the Japan Meteorological Agency (JMA) carefully monitors these four craters and regularly issues volcanic eruption warning information based on their associated volcanic activity (FDMO and KLMO 2023). Shinmoe-dake, which is the subject of this study, is an andesitic volcano that has erupted frequently in recorded history, and pyroclastic flows were observed during the 1716–1717 eruptions. Small phreatic eruptions also occurred in 1991, 2008, and 2010 (Kato and Yamasato 2013), and the most recent major magmatic eruptions occurred in 2011 and 2018. The 2011 eruption was the first magmatic eruption in about 300 years; lava outflow into the crater was confirmed after three sub-Plinian eruptions (Kato and Yamasato 2013; Nakada et al. 2013). The 2018 eruption began on 1 March and was marked by continuous ash venting during its early stage, followed by both the first observations of lava outflow into the crater and the first vulcanian eruption occurring on 6 March; volcanic glow was also observed at night (JMA 2018).
The Kirishima volcanic group, including Shinmoe-dake, has been the subject of multiple geological and geophysical investigations, resulting in various research studies on the physics, chemistry, and petrology of the 2011 eruption (e.g., Nakao et al. 2013; Suzuki et al. 2013; Tajima et al. 2022). Continuous monitoring of the volcanic activity is primarily undertaken using Global Navigation Satellite System (GNSS), tilt, and strain (extensometer) observations. Geodetic analyses have estimated that the magmatic source of the 2011 and 2018 eruptions was a spherical pressure source at 7–10 km below sea level (bsl) to the northwest of Shinmoe-dake (Ueda et al. 2013; Nakao et al. 2013; JMA 2018).
The 2011 eruption was marked by major strain changes at Isa-Yoshimatsu Observatory during the sub-Plinian eruptions and lava outflows, which indicated deflation of the pressure source and subtle strain changes a few hours before the three sub-Plinian eruptions (Yamazaki et al. 2013). The GNSS baseline length began to increase around December 2009 as a preparatory process for the 2011 eruption, and the strain changed between 15 and 17 December 2009, with these geodetic changes attributed to magma supply from a deep magma reservoir (Yamazaki et al. 2020). GNSS observations can detect subsurface volume changes with an accuracy of the order of 105–106 m3, whereas extensometers can detect those with an accuracy of the order of 104 m3 at depth (several kilometers or deeper) (Yamazaki et al. 2013). Furthermore, extensometers can continuously obtain 1-Hz data with this high accuracy. Therefore, strain measurements are important for estimating deep magma movement in active volcanic environments.
All of these strain-based research results focused on the 2011 eruption, and these geodetic considerations have not been particularly advanced for the 2018 eruption. This study aims to elucidate the mechanism of the Kirishima magma plumbing system by examining the extensometer and tiltmeter data from the 2018 eruption in detail. We specifically investigate how the pressure source changed over time during the early stage of the 2018 eruption by conducting a time-dependent inversion of the strain and tilt data.
Strain and tilt observations and corrections
The strain data are from the extensometers that are maintained by the Disaster Prevention Research Institute, Kyoto University, at Isa-Yoshimatsu Observatory (ISA; 32.0040°N, 130.7254°E; Fig. 1), ~ 18.5 km northwest of Shinmoe-dake crater. The extensometers consist of 30-m-long Super Invar rods (which are insensitive to temperature variations) that have been installed in three horizontal tunnels (E1, E2, and E3; Yamazaki et al. 2013). The displacement of the free end of a given Super Invar rod is measured at a 1-s interval and divided by its length to calculate the strain. The precision of the strain measurement data at ISA is 1 × 10−9 in each direction.[image: ]
Fig. 1Map of the Kirishima volcanic group in Kyushu Island, showing the locations of Shinmoe-dake crater (triangle) and the observation sites. The square, circles, and inverted triangles mark the locations of the extensometer site (ISA), tiltmeter sites (KION, KITK, KRHV, and KRMV), and rain gauges, respectively


The tilt data are from KITK (31.8865°N, 130.8970°E) and KION (31.9113°N, 130.8352°E), and KRMV (31.9300°N, 130.8101°E) and KRHV (31.9298°N, 130.9394°E), which are maintained by JMA and the National Research Institute for Earth Science and Disaster Prevention (NIED), respectively. Tiltmeters KITK and KION are deployed at the bottom of 100-m-deep boreholes to obtain continuous 1-Hz tilt measurements (VDSVD  2014). Tiltmeters KRMV and KRHV are part of the NIED volcano observation network (V-net) and are deployed at the bottom of 200-m-deep boreholes to obtain continuous 20-Hz tilt measurements (Ueda et al. 2013).
The high precision of the extensometers and tiltmeters means that non-volcanic crustal deformation is introduced to the data as noise owing to tides, rainfall, and instrument drift. Therefore, we used the following procedure to correct the data. We first resampled the strain and tilt data into 1-min bins by calculating the arithmetic mean, and then removed the tidal component using BAYTAP-G (Ishiguro et al. 1984). We then removed the rainfall component following the approach outlined in Ueda et al. (2010) and Kimura et al. (2015). A three-layer tank model is assumed for the subsurface structure, whereby the water level in the [image: $$i$$]-th aquifer at time [image: $${t}_{n}$$] is assumed to be [image: $$y_{i} \left( {t_{n} } \right)$$] , which is assumed to vary according to the following equation:[image: $$ y_{i} \left( {t_{n + 1} } \right)\, = \,({1} - r_{i} )y_{i} + \left( {t_{n} } \right){\text{P}}\left( {t_{n} } \right)\,{\text{for}}\,i = 1 $$]



[image: $$ y_{i} \left( {t_{n + 1} } \right) = \,({1} - r_{i} )y_{i} \left( {t_{n} } \right) + r_{i - 1} y_{i - 1} \left( {t_{n} } \right)\,{\text{for}},\,i\, \ne 1, $$]

 (1)


where [image: $${r}_{i}$$] is the infiltration rate of layer [image: $$i$$] and P([image: $${t}_{n}$$]) is the precipitation at time [image: $${t}_{n}$$]. The crustal deformation due to rainfall [image: $$H\left({t}_{n}\right)$$] is calculated using the response function [image: $${A}_{i}$$]:[image: $$H\left({t}_{n}\right)={\sum }_{i=1}^{3}{A}_{i}{y}_{i}\left({t}_{n}\right)$$]

 (2)



The crustal deformation time series after the precipitation correction [image: $${D}{\prime}\left({t}_{n}\right)$$] can be expressed by subtracting [image: $$H\left({t}_{n}\right)$$] from the times series before the precipitation correction [image: $$D\left({t}_{n}\right)$$]:[image: $${D}{\prime}\left({t}_{n}\right)=D\left({t}_{n}\right)-H({t}_{n})$$]

 (3)



The unknown parameters, [image: $${r}_{i}$$] and [image: $${A}_{i}$$], were determined from our crustal deformation observations (1–10 May 2018 period) via a grid search. These parameters were assumed to be the optimal values that minimized the following objective function [image: $$f$$]:[image: $$ f = \sum\nolimits_{{t_{n}  = 0}}^{T} {\left| {D^{\prime } \left( {t_{n} } \right) - D^{\prime } \left( {t_{n}  - 24} \right) - T_{r} } \right|} , $$]

 (4)


where [image: $${T}_{r}$$] is the trend coefficient from period 0 to [image: $$T$$]. Note that [image: $$f$$] in Eq. (4) will be zero if the rainfall component is removed completely.
We used the precipitation data from a rain gauge that was installed in Yoshimatsu Town by Kagoshima Prefecture (YSMT, Fig. 1) for ISA, and from the JMA Ebino station (EBN, Fig. 1) for the tiltmeters. Finally, we removed the instrument drift from the tide- and precipitation-corrected time series by detrending the time series using a linear approximation. The raw and corrected strain and tilt time series analyzed in this study are provided in Additional file 1: Fig. S1.

Strain and tilt changes during lava effusion
The 2018 Shinmoe-dake eruption began on 1 March with ash venting and the formation of an ash cloud at the summit crater. Ash venting continued until 5 March, during which time the volcano is thought to have been sweeping away material from the 2011 eruption that was present in the upper part of the magma plumbing system (Matsumoto and Geshi 2021). The first visual observation of lava outflow into the crater was 13:35 on 6 March (FDMO and KLMO 2018), with synthetic aperture radar (SAR) analysis estimating that lava outflow began on the morning of 6 March (NIED 2018), although the exact start time is unknown. The first explosive eruption occurred on 6 March, with an additional 18 and 16 eruptions on 6 and 7 March, respectively. The SO2 flux also increased dramatically to 34,000 tons/day on 7 March (JMA 2018). The lava dome in the crater continued to grow significantly through 8 March, with a final estimated dense-rock-equivalent (DRE) volume of ~ 1.5 × 107 m3 (The Asia Air Survey Co. Ltd. et al. 2018). We, therefore, assume that the climax phase of the 2018 eruption occurred during the 6–8 March period.
The crustal deformation data for the Kirishima area show that there were significant changes in both strain and tilt during the 6–8 March period (Fig. 2). The JMA (2018) reported that distinct tilt changes were observed in the tiltmeters from around 09:00 on 6 March to 12:00 on 8 March, with our tiltmeter observations (KITK, KION, KRMV, and KRHV in Fig. 2) also detecting distinct changes during the same time period.[image: ]
Fig. 2Strain (extension; upper panel) and tilt (lower panel) time series for the 3–9 March 2018 period, after removal of the tidal, precipitation, and instrument drift components. The gray bars at the bottom of each panel represent hourly precipitation measurements at Yoshimatsu (YSMT, Fig. 1; upper panel) and Ebino (EBN, Fig. 1; lower panel). Gray dashed lines denote the start and end times of clear changes in the tiltmeter observations (09:00 on 6 March to 12:00 on 8 March) based on JMA (2018). The red dashed line denotes the start time of clear changes in the extensometer observations (14:00 on 5 March)


However, the strain time series at ISA shows that the strain change started around 14:00 on 5 March (Fig. 2). Although 47 mm of rainfall was observed at YSMT (Fig. 1) on the morning of 5 March, we interpret this strain change as volcanic crustal deformation, since we applied tidal, rainfall, and instrument drift corrections using the method described in the “Strain and tilt observations and corrections” section. Although it was previously thought that distinct crustal deformation occurred from around 09:00 on 6 March to 12:00 on 8 March based on tiltmeter observations (JMA, 2018), our analysis of the tiltmeter data, in combination with the strain data at ISA, indicates that crustal deformation actually began at around 14:00 on 5 March.

Phases of the 2018 eruption
We examined the time period of observed crustal deformation in detail to better understand the evolution of the 2018 Shinmoe-dake eruption. Using the strain time series from 14:00 on 5 March to 12:00 on 8 March (Fig. 3a), we noted a significant change in each strain component after around 06:00 on 6 March and set this time as the boundary between two phases of crustal deformation during the eruption: Phase 1 (from 14:00 on 5 March to 06:00 on 6 March) and Phase 2 (from 6:00 on 6 March to 12:00 on 8 March). The magnitude of volcanic tremors increased from around 21:00 on 5 March, with the ejection of larger cinders from around 24:00 on 5 March until the early morning of 6 March. Furthermore, video images of the Shinmoe-dake crater (Fig. 4) recorded an increase in the amount of plumes from around 23:00 on 5 March. These observations indicate that explosive activity had already commenced during Phase 1.[image: ]
Fig. 3a Strain (extension) time series at ISA from 14:00 on 5 March to 12:00 on 8 March. Black dashed lines in a and b mark the boundary between Phases 1 and 2 of the eruption (06:00 on 6 March). b Observed |E2/E1| ratio of the extensometers at ISA from 14:00 on 5 March to 12:00 on 8 March. The gray area denotes the error range of observed |E2/E1| ratio calculated from the observation errors of E1 and E2

[image: ]
Fig. 4Still images from the video data recorded at Karakunidake station (operated by the JMA) during the 2018 eruption. a 13:06 on 4 March. b 00:54 on 6 March


The time series of the |E2/E1| ratio at ISA shows that the |E2/E1| ratio rapidly dropped from 3–4 to ~ 1.5 during Phase 1, whereas it rapidly stabilized to 0.6–0.8 during Phase 2 (Fig. 3b). Furthermore, the tilt vectors and the relationship between the changes in tilt magnitude of the observation stations (Fig. 5) were constant during Phase 2. The strain component ratio and tilt vector direction should remain constant if a single pressure source continues to inflate or deflate the same volume. This indicates that there may have been a change in the position of the pressure source between Phases 1 and 2. Therefore, it is necessary to estimate the detailed positional changes of the pressure source (i.e., magma movement) using the continuous extensometer and tiltmeter records.[image: ]
Fig. 5a Variations in the tilt-down vector direction recorded at each station. The blue lines are the vector directions that were recorded during Phase 1, and the red lines are the vector directions that were recorded during Phase 2. b Relationship between the change in tilt magnitude at KRHV and the other stations (KRMV, KION, and KITK)



Source estimation
Phase 2 source
We previously considered that the location and shape of the pressure source remained almost constant and continued to deflate during Phase 2. Therefore, we first estimated the parameters of this pressure source, including its horizontal position and shape, using the crustal deformation data from Phase 2 prior to estimating the Phase 1 source parameters. Here, we only use the Phase 2 data for the source estimation to apply the resultant fixed horizontal position to the time-dependent inversion in the “Time-dependent inversion for the Phase 1 and Phase 2 source parameters using the ensemble Kalman filter” subsection. We adopted an integrated Markov Chain Monte Carlo (MCMC) and inverse analysis approach as the calculation method. More specifically, the optimal solution determined by the MCMC method was used as the initial value for the nonlinear inversion to improve the efficiency of the calculation. The same MCMC method as in Munekane et al. (2016) was employed in the calculation, whereby the posterior probability distributions of the pressure source parameters were randomly sampled. We applied the varying depth model (Williams and Wadge 1998, 2000) in this analysis and assumed a half-infinite homogeneous elastic solid.
Three sub-Plinian eruptions and lava outflow were confirmed during the 2011 Shinmoe-dake eruption, and a single Mogi model pressure source (Mogi 1958) was estimated to the northwest of the crater at 7–10 km bsl based on the GNSS and tiltmeter crustal deformation observations (Nakao et al. 2013; Ueda et al. 2013). The Mogi model source was estimated at almost the same location for the 2018 eruption (JMA 2018), and this pressure source is inferred to have been a magma reservoir that repeatedly accumulates and supplies magma to Shinmoe-dake crater. Therefore, we used a finite spherical pressure source model (McTigue 1987) because this model assumes that a pressure source isotropically inflates and deflates, as in the Mogi model.
The optimal solution in our calculation is a deflation source at 7.1 km bsl to the northwest of Shinmoe-dake crater during Phase 2 (source A, Fig. 6a). Both the horizontal position and depth are determined in almost the same location as the deflation source that was estimated using GNSS data (JMA 2018), but with a smaller volume change (Table 1). The reason for the difference in volume change is that the analysis period for the GNSS-based volume is 1–10 March, whereas the analysis period for the strain- and tilt-based volume is only 6–8 March.[image: ]
Fig. 6a Location of the obtained spherical source (source A, blue star) during Phase 2 and a comparison of the observed (white) and calculated (red) downward tilts. The yellow star is the Mogi model source location that was determined by JMA (2018). b Comparison of the observed (white) and calculated (red) E1, E2, and E3 strains at ISA. The error bars are for the 95% confidence level but are too small to discriminate in the plot. c Corner plot for the MCMC inversion for the Phase 2 source parameters. Only the parameters shown in Table 1 are plotted. Dashed lines in the diagonal plots represent the bounds for the 95% confidence level

Table 1Comparison of the estimated model parameters in this study and JMA (2018)


	 	Latitude
([image: $$^\circ $$]N)
	Longitude
([image: $$^\circ $$]E)
	Depth
(km)
	dV
(× 106 m3)

	Spherical Source (source A)
	31.9331
	130.8139
	7.1
	− 4.8

	Mogi model Source (JMA 2018)
	31.9331
	130.8167
	7.2
	− 7.1





Time-dependent inversion for the Phase 1 and Phase 2 source parameters using the ensemble Kalman filter
We tested two models with different numbers of set spherical pressure sources for the Phase 1 source based on the Phase 2 source (source A) estimation results due to the observed |E2/E1| changes during Phase 1.
We first considered the case of two spherical pressure sources, whereby magma migration between the two sources is assumed during Phase 1. However, we found that this model was not appropriate for this study, as explained below. We assumed that source A was one of the two pressure sources, such that its position (horizontal position and depth) was fixed; the volume change of source A and all of the parameters of the other pressure source were then estimated via the MCMC method. These parameters were estimated via the deflation due to two pressure sources, sources A and A'. Source A' was modeled ~ 7 km to the northwest and 3 km shallower than source A; the modeled parameters for these two sources are listed in Table 2. Magma movement between these two pressure sources was unlikely during Phase 1 due to the modeled locations of these two pressure sources relative to Shinmoe-dake crater. Therefore, the two-source model is not suitable for modeling Phase 1 of the 2018 eruption.Table 2Estimated model parameters during Phase 1 for the case of two spherical sources


	 	Latitude ([image: $$^\circ $$]N)
	Longitude ([image: $$^\circ $$]E)
	Depth (km)
	dV (× 106 m3)

	Source A (sphere)
	31.9331 (fixed)
	130.8139 (fixed)
	7.1 (fixed)
	− 0.27

	Source A' (sphere)
	31.9713
	130.7465
	3.8
	− 0.04




We then considered the case of a single spherical pressure source with an ascending deflation front during Phase 1. Note that we considered a single stationary spherical pressure source that deflated during Phase 2 (“The Phase 2 source” subsection). Therefore, we modeled a spherical pressure source with a continuously ascending deflation front during Phase 1. The results of the Phase 2 pressure source estimation show that the E1 and E2 azimuths at ISA are generally radial and transverse to source A, respectively. If we use the Mogi model for simplicity and assume that E1 and E2 are radial and transverse to the Mogi model, respectively, then the |E2/E1| ratio can be expressed as:[image: $$ \left| {\frac{E2}{{E1}}} \right| \approx \left| {\frac{{r^{2} + h^{2} }}{{ - 2r^{2} + h^{2} }}} \right|, $$]

 (5)


where [image: $$r$$] is the horizontal distance from ISA to the source and [image: $$h$$] is the depth of the source. If we assume that [image: $$r$$] is constant over time, then the observed convergence of |E2/E1| to ~ 0.7 from 3–4 during the period from the onset of Phase 1 to the early stage of Phase 2 (Fig. 3b) corresponds to a decrease in depth [image: $$h$$]. Therefore, if we assume a single pressure source during Phase 1, then the continuous ascension of the deflation front to source A can be used explain the strain observations.
We specifically want to know how the pressure source changed over time from Phase 1 to Phase 2. Here, we introduced a time-dependent inversion analysis (Segall and Matthews 1997) using the ensemble Kalman filter (EnKF) to solve this problem.
We solved two equations, the equation of state and the observation equation, during our time-dependent inversion analysis. The equation of state describes the change in model parameters between the current and previous epochs, and the observation equation links the model parameters to the observed values. We dealt with the nonlinear problem of simultaneously estimating the source location and pressure change by treating the source parameters as an ensemble. Here, the equation of state is written as:[image: $$ {\varvec{X}}_{k|k - 1}^{l} = {\varvec{F}}\left( {{\varvec{X}}_{k - 1|k - 1}^{l} } \right) + {\varvec{\delta}}_{k}^{l} , $$]

 (6)


where the superscript l indicates the lth ensemble member, [image: $${{\varvec{X}}}_{k|k-1}^{l}$$] is the state-space vector at time [image: $$k$$], [image: $${{\varvec{X}}}_{k-1|k-1}^{l}$$] is the state-space vector at time [image: $$k$$]–1, and [image: $${{\varvec{\delta}}}_{k}^{l}$$] is the system noise. The observation equation is written as:[image: $$ {\varvec{y}}_{k} = {\varvec{h}}\left( {{\varvec{X}}_{k}^{true} } \right) + {\varvec{\varepsilon}}_{k} , $$]

 (7)


where [image: $${{\varvec{y}}}_{k}$$] is the cumulative crustal deformation vector, the superscript true indicates that [image: $${{\varvec{X}}}_{k}$$] is a true value, and [image: $${{\varvec{\varepsilon}}}_{k}$$] is the observation error. The Kalman filter is defined from Eqs. (6) and (7) as:[image: $$ {\varvec{X}}_{k|k}^{l} = {\varvec{X}}_{k|k - 1}^{l} + \overline{{ {\varvec{K}}_{{\varvec{K}}} }} \left( {{\varvec{y}}_{k} + {\varvec{r}}_{k}^{l} - {\varvec{h}}\left( {{\varvec{X}}_{k|k - 1}^{l} } \right)} \right), $$]

 (8)


where [image: $$\overline{{{\varvec{K}} }_{{\varvec{K}}}}$$] is the Kalman gain and [image: $${{\varvec{r}}}_{k}^{l}$$] is the pseudo-observation error. Note that the [image: $$l$$]-th state space vector [image: $${{\varvec{X}}}_{k}^{l}$$] is expressed as Eq. (9), since the cumulative crustal deformation is used as data:[image: $$ {\varvec{X}}_{k}^{l} = \left[ {\begin{array}{*{20}c} {{\varvec{m}}_{k}^{l} \circ } \\ {{\varvec{c}}_{k - 1}^{l} \circ } \\ \end{array} } \right] $$]

 (9)


where [image: $${{\varvec{m}}}_{k}^{l}$$] is the model parameter at the current epoch and [image: $${{\varvec{c}}}_{k-1}^{l}$$] is the cumulative crustal deformation up to the previous epoch.
Munekane and Oikawa (2017) have demonstrated the effectiveness of using EnKF in the time-dependent inversion analysis of volcanic crustal deformation problems. Here, the depth and pressure of the spherical source were both varied over time. We first defined a set of pressure source parameters and simulated the source parameters using the same arrangement of actual observation stations that obtained the real data prior to performing the calculations using the real data (Additional file 1: Fig. S2). After calculating the strain and tilt changes from these set pressure source parameters via a forward analysis, we added white noise levels of 1 × 10−8 and 2 × 10−8 to the simulated strain and tilt data to obtain the pseudo-observed values. The trend of the pressure source depth over time was consistent with the simulation data, and the estimated volume change was within the margin of error. These results confirmed the effectiveness of the time-dependent inversion using EnKF.
The model setup for the real data was as follows. A 70-h analysis period was defined from the start of Phase 1 to the end of Phase 2 (14:00 on 5 March to 12:00 on 8 March), with each epoch being 1 h in length, resulting in 70 epochs. The total number of data observations was 770, as the tilt data consisted of two-component observations from four stations and the strain data consisted of three-component data from one station. Here, we assumed that the crustal deformation was caused by the movement of a finite spherical pressure source, which was used as the source model. The horizontal position (latitude and longitude) of the spherical pressure source was fixed based on the estimated position during Phase 2, and the depth and pressure change (i.e., volume change) were then treated as the unknown parameters that were estimated at each epoch, resulting in 140 unknown parameters for the entire analysis period. We fixed the horizontal position in the model owing to the limited number of observation data and the fact that the depth provides more important information on the pressure source movement than the horizontal position in this study. We also employed a backward smoothing process with fixed-lag smoothing in the inversion, whereby we set the smoothing length to 10 epochs.
It is necessary to determine the optimal balance between the smoothness and residuals of the unknown parameters to ensure the convergence and reliability of the inversion results. Here, we introduced [image: $${\alpha }_{dep}$$] and [image: $${\alpha }_{cap}$$] as smoothing parameters for the depth and pressure change, respectively, since these two parameters are free in the inversion. The [image: $${\alpha }_{dep}$$] and [image: $${\alpha }_{cap}$$] were incorporated into Eq. (7) to obtain:[image: $$ \left[ {\begin{array}{*{20}c} {{\varvec{y}}_{k} } \\ 0 \\ 0 \\ \end{array} } \right] = \left[ {\begin{array}{*{20}c} h \\ {\alpha_{dep} {\varvec{H}}_{{{\varvec{dep}}}} } \\ {\alpha_{cap} {\varvec{H}}_{{{\varvec{cap}}}} } \\ \end{array} } \right]\left( {{\varvec{X}}_{k}^{true} } \right) + {\varvec{\varepsilon}}_{k} $$]

 (10)


where [image: $${{\varvec{H}}}_{{\varvec{d}}{\varvec{e}}{\varvec{p}}}$$] and [image: $${{\varvec{H}}}_{{\varvec{c}}{\varvec{a}}{\varvec{p}}}$$] represent the smoothing matrices that provide the temporal parameter gradients for the depth and pressure change, respectively. We calculated the maximum likelihood based on Segall and Matthews (1997) and obtained the optimal hyperparameter values when the maximum likelihood was minimized:[image: $$ \left( {Maximum \,likelihood} \right) = \mathop \sum \limits_{k = 1}^{S} log\left| {{\varvec{V}}_{k} } \right| + Slog\left[ {\mathop \sum \limits_{k = 1}^{S} {\varvec{\nu}}_{k}^{T} {\varvec{V}}_{k}^{ - 1} {\varvec{\nu}}_{k} } \right] $$]

 (11)


where [image: $$S$$] is the total number of epochs, [image: $${{\varvec{V}}}_{k}$$] is the covariance matrix, and [image: $${{\varvec{\nu}}}_{k}$$] is prediction residual, which is the difference between the observed data at time [image: $${t}_{k}$$] and that predicted by the state-space vector conditioned using data up to time [image: $${t}_{k-1}$$]. However, because the different parameter values in this study did not change the maximum likelihood much, we also determined the optimal hyperparameter values by checking the calculated time series in Eq. (8) to verify the results of Eq. (11).


Deformation source time series
The results of the time-dependent inversion analysis for the Phase 1–Phase 2 period are shown in Fig. 7, and the time series of the observed and calculated values for each station are provided in Additional file 1: Fig. S3. The depth time series of the deflation source indicates that the source ascended from 11 to 7 km bsl during Phase 1, although the error is large at the beginning of the analysis period, and then gradually descended to around 8 km bsl during Phase 2 (Fig. 7a). The volume change decreased at almost the same rate (− 50,000 to − 80,000 m3/h) during Phase 1, followed by a sudden increase in the rate of deflation at around 06:00 on 6 March (boundary between Phase 1 and Phase 2) that reached a stable peak from the afternoon of 6 March to the morning of 7 March, and then decreased to the initial rate of deflation by the morning of 8 March. The optimal values of the hyperparameters are found to be [image: $${\alpha }_{dep}{=\alpha }_{cap}=$$] 0.001 (Additional file 1: Fig. S4). Although the number of strain data is low compared with that of the tilt data, the results of this inversion analysis reproduce the decrease in the |E2/E1| ratio during Phase 1 at ISA (Fig. 7b), which indicates that the calculation was able to account for the strain change. We consider these results reliable because the depth and volume changes exhibit the same trends for various initial values and hyperparameters in the inversion.[image: ]
Fig. 7a Estimated depth and volume change for a source using EnKF. Red lines are calculated values, and gray areas correspond to the 95% confidence level. b Comparison of the observed (black) and calculated (red) |E2/E1| ratios at ISA




Discussion
Comparison of the geodetic volume change and extruded lava volume
We compare our estimated geodetic volume change during Phases 1 and 2 with the SAR-derived volume change of the lava dome (NIED 2018) during the same time period. The lava dome DRE volume time series ([image: $${V}_{D}$$]) is larger than the estimated geodetic volume change results ([image: $${V}_{G}$$]) at all three times when the SAR-derived volume changes were calculated during Phases 1 and 2 (Fig. 8). This variation between the deeper geodetic volume changes and surface-based lava dome volume changes is consistent with the fact that the magma in the magma reservoir is compressible (e.g., Segall 2010).[image: ]
Fig. 8Comparison of the geodetic volume change ([image: $${V}_{G}$$]) and DRE volume ([image: $${V}_{D}$$]) during Phases 1 and 2 of the eruption. The red line is the cumulative [image: $${V}_{G}$$] for the analysis period (Phases 1 and 2), taken from Fig. 7a, and the gray area corresponds to the cumulative 95% confidence level taken from Fig. 7a. The blue circles are the SAR-estimated [image: $${V}_{D}$$] time series (modified from NIED (2018))



Kirishima magma plumbing system and ascending deflation source model
Here we incorporate seismic constraints on the Kirishima magma plumbing system to further refine the proposed magma plumbing system during the 2018 Shinmoe-dake eruption. Various seismic studies have imaged compressional-wave low-velocity regions (Yamamoto and Ida 1994), shear-wave low-velocity regions (Nagaoka et al. 2019), and seismic reflection surfaces (Mikada 1996) at 10–15 km bsl. We therefore assume that another magma reservoir exists below source A at 10–15 km bsl, which we define as reservoir B. Note that we use the term “reservoir” for B instead of “source” because its shape is not clearly defined. Reservoir B coincides with the depth at which the deflation source begins to ascend during Phase 1 of the time-dependent inversion analysis. Therefore, we estimate that the deflation source ascended from reservoir B to source A during Phase 1.
We propose the following model for the ascending deflation source during Phase 1. Magma is supplied from reservoir B to source A before the deflation source begins to ascend (Fig. 9a). The conduit above reservoir B then narrows during Phase 1, resulting in a reduced magma supply from reservoir B to source A (Fig. 9b). The magma in the conduit continues to ascend toward source A because of its steady buoyancy, but the supply flux from reservoir B is greatly reduced due to the narrowing conduit, resulting in the onset of decompression from depth. Magma continues to ascend, causing the deflation source to ascend toward source A (Fig. 9c and d). Although it is possible that the conduit in the upper part of reservoir B becomes completely closed during this process, it is difficult to estimate whether the magma supply completely ceases during the 2018 eruption using the limited observations in this study.[image: ]
Fig. 9Model of the ascending deflation source mechanism. a Before the eruption. b, c, and d During Phase 1 (14:00 on 5 March to 06:00 on 6 March)



Mechanism of pressure source movement
Before an eruption
We first describe the magma plumbing system of the Kirishima volcanic group. Two magma reservoirs, source A and reservoir B, exist at around 7 and 11 km bsl, respectively, beneath the Kirishima volcanic group (Fig. 10a). The conduit between source A and Shinmoe-dake crater is closed before a given eruption, whereas source A continues to receive magma from reservoir B. In fact, GNSS observations indicated inflation at around 7 km bsl from about July 2017 until just before the 2018 eruption (JMA 2018; GSI 2018). The inflation and deflation of source A during periods of volcanic quiescence are controlled by the magma supply from reservoir B.[image: ]
Fig. 10Model of the magma ascent mechanism. a Before the 2018 Shinmoe-dake eruption. b 1 March (start of eruption) to 5 March (before Phase 1). c During Phase 1 (14:00 on 5 March to 06:00 on 6 March). d During Phase 2 (06:00 on 6 March to 12:00 on 8 March)



Start of the 2018 eruption, prior to Phase 1
The start of the 2018 eruption was coincident with the opening of the dike (conduit) from source A to Shinmoe-dake crater, thereby allowing the ascent of magma toward the surface. This led to the ejection of the remnants of the 2011 eruption that had remained in the crater, resulting in continuous ash venting from 1 to 5 March (Fig. 10b). This is based on the assertion by Matsumoto and Geshi (2021) that the 1–5 March activity was emitting magma that was emplaced during the 2011 eruption. Furthermore, there were interferometric synthetic aperture radar (InSAR) observations of inflatable crustal deformation just below the crater during the 22 January–5 March 2018 period (Fujiwara et al. 2018). This crustal deformation can be explained by the opening of a dike, with an estimated volume change of 4.8 × 104 m3 ~ 700 m below the crater (Additional file 1: Fig. S5). The ascent of this residual material (volcanic fluid), which was mainly from the 2011 eruption, is considered to be captured by the InSAR observations as crustal deformation. It is important to note that the observed deformation in the InSAR image (until 12:18 on 5 March) occurred up to just before Phase 1, which indicates that the dike opened as the precursor of a clear eruptive process (Fig. 11).[image: ]
Fig. 11Timeline of volcanic activity during the early stages of the 2018 Shinmoe-dake eruption. a to d refer to the presented magma ascent mechanisms in Fig. 10



Phase 1
The magma supply from reservoir B to source A, which had persisted since before the eruption, began to decrease as the conduit above reservoir B began to narrow. Magma continued to ascend in the conduit owing to buoyancy, which is observed in the crustal deformation as the ascent of a deflation source (Fig. 10c); this is the Phase 1 mechanism that is described in the “Kirishima magma plumbing system and ascending deflation source model” subsection. Although magma is injected into the base of source A, the crustal movement can be explained by the movement of a single deflation source when approximately the same amount of magma outflow from source A is considered.
Phase 2. The ascending deflation source then reaches source A. The magma supply from below source A is now negligible, such that the deflation of a single pressure source (source A) can be considered (Fig. 10d). The rate and amount of deflation are both about one order of magnitude greater than those during Phase 1, with the magma ascent to the surface causing the lava effusion and explosive eruptions in the crater (Fig. 11). This magma outflows from source A, causing the center of the deflation source to descend to around 8 km bsl.
We then focus on the properties of the conduit that connects source A to the crater. Source A is located at 7 km bsl, such that the magma must ascend through a long conduit to the surface; however, we have not found any observations of either crustal deformation or tremors occurring along this conduit before and/or during the eruption. The lack of observations does not mean that there was no deformation within the conduit; however, any deformation must have been extremely small. Furthermore, the short lag time between the deflation of source A and the eruption suggests that the magma was able to quickly ascend through the conduit relatively unimpeded, with lava effusion and explosive activity only occurring after the magma ascended from source A. A slight deflation of source A during the preliminary stage of the eruption likely propagated directly through the conduit and caused the dike intrusion just beneath the crater, as indicated in the InSAR observations. Therefore, these observations suggest that the conduit had been filled with fluid magma since the 2011 eruption, such that the magma ascended smoothly through the conduit without any deformation.
The results of the geodetic analysis in this study suggest that the magma ascent and deflation began at depth prior to the visual observations of lava effusion. Although this time scale was short, being within one day of the visual observations, the highly accurate continuous strain and tilt observations around Shinmoe-dake made it possible to estimate detailed temporal changes in the pressure source.


Differences between the 2011 and 2018 eruptions
Here, we focused our analysis on the strain changes at ISA during the 2018 eruption; however, we did not observe strain changes preceding either the sub-Plinian eruptions or lava effusion during the 2011 eruption (see Yamazaki et al. (2013) for the details of the 2011 eruption). This suggests that the 2011 and 2018 eruptions were caused by different magma ascent mechanisms.
Petrological studies have suggested that the 2011 eruption was caused by the mixing of mafic magma ascending from a magma reservoir around 8 km bsl (source A in this study) and silicic magma around 5 km bsl (Suzuki et al. 2013; Saito et al. 2023). The mixed magma that did not erupt in 2011 remained in the subsurface, and the magma that reached chemical equilibrium erupted during the 2018 eruption; Saito et al. (2023) attributed this eruption of 2011 materials to the injection of magma into the 8 km bsl magma reservoir. Therefore, the results of the present study provide geodetic support for the petrological inferences of different magmatic ascent processes during the 2011 and 2018 eruptions.


Conclusions
We analyzed the strain and tilt time series that were recorded during the 2018 Shinmoe-dake eruption to elucidate the magma ascent mechanism. The intensity of the eruption peaked during the 6–8 March period, which was marked by lava dome formation in the crater and frequent explosive eruptions. Previous studies have shown a distinct change in the tiltmeter observations from around 09:00 on 6 March to 12:00 on 8 March, thereby suggesting that the lava effusion occurred as the pressure source deflated. However, the strain data analysis in this study indicated that the crustal deformation caused by the deflation of the pressure source began about 19 h earlier, at around 14:00 on 5 March, and continued until 12:00 on 8 March. We divided this period into Phases 1 and 2 based on the changes in the |E2/E1| strain ratio and performed a time-dependent inversion analysis of the pressure source throughout this period. The inversion results showed that the deflation source ascended from ~ 11 to 7 km bsl during Phase 1, and then gradually descended from 7 to 8 km bsl during Phase 2. This study provides the first evidence of an ascending deflation source during the early stage of the 2018 eruptions, with this deflation source initiating at a deeper location than the source that was estimated during lava effusion. We attribute the ascension of the deflation source during Phase 1 to the narrowing (and possible closure) of the conduit from reservoir B, whereas the slight deepening of the deflation source during Phase 2 is attributed to the increased magma outflow from source A to the crater. The results of this study suggest that magma can ascend from depth to the surface within a short time period, thereby providing new insights into potential eruption mechanisms.
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