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Imaging the Subsurface Structure of Mount Agung in Bali (Indonesia) Using Volcano-Tectonic (VT) Earthquake Tomography
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Local seismic tomography is a well-known and commonly used method for obtaining detailed information about the internal structure of volcanoes. The eruption of Mt. Agung in 2017 was a vital opportunity scientifically because it is the first eruption that had sufficient seismic observation networks to carry out local seismic tomography at this volcano. In this study, we investigate the subsurface structure of Mt. Agung in Bali, which is one of the highest risk volcanoes in Indonesia. We conducted travel-time tomography using P- and S-wave arrival times of volcano-tectonic (VT) events to determine the three-dimensional (3D) Vp, Vs, and Vp/Vs ratio structure beneath Mt. Agung. We used 1,926 VT events, with corresponding 9482-P and 8683-S wave arrival times recorded by eight seismic stations over an observation time spanning from October 18 to December 31, 2017. We obtain the hypocenter solution for VT events using the maximum likelihood estimation algorithm and use an optimum 1D velocity model as input for the Joint 3-D seismic tomographic inversion. Local earthquake tomography revealed five anomalous regions that are useful to describe the overall seismic activity around Mt. Agung. We interpret these anomalous regions qualitatively due to limited data resolution in this study. We have successfully localized a high Vp/Vs ratio (∼1.82), low Vs (−1.9%) and high Vp (+3.8%), within a low seismicity zone at depths between 2 and 5 km below the Mt. Agung summit, which may be related to a shallow magma reservoir. There is also an anomalous region between Mt. Agung and Batur with moderate to high Vp/Vs ratios (1.76–1.79) where most of the earthquakes recorded before the 2017 eruption originated. We interpret this anomaly to be related to the existence of sub-vertical dyke complex at depths between 8 and 14 km. The results of our study provide new insights into the subsurface structure of the magma plumbing system beneath Mt. Agung, which can be used to improve the quality of determining the location of the hypocenter and source modeling for future eruption forecasting.
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INTRODUCTION

Seismic delay time tomography is one of the most commonly used methods to provide detailed information about the internal structure of a volcano. Subsurface velocity structures can provide knowledge about geometry, location and dimensions of volcano’s plumbing system, and can be used to improve the quality of hypocenter location and source modeling that are useful for eruption forecasting. Seismic tomography has been proven successful in providing images of the magmatic system beneath volcanoes in Indonesia, such as Mt. Merapi (Widiyantoro et al., 2018) and Mt. Sinabung (Nugraha et al., 2019). The 2017 Mt. Agung eruption was a vital opportunity scientifically because it was instrumentally recorded for the first time at this volcano. This event encourages more advanced studies of the subsurface magmatic system of Mt. Agung.

Mt. Agung in Bali island is one of the highest-risk volcanoes in Indonesia, given the dense population and the intense socio-economic activities around the volcano; moreover, the volcano is one of the most popular tourist destinations in Indonesia. In August 2017, Mt. Agung started to show a significant increase in volcanic activity indicated by the emergence of an earthquake swarm, thermal anomaly, and deformation that eventually followed by series of eruptions from November 21, 2017 to June 13, 2019. The overall crisis has triggered the evacuation of ∼140,000 people within an area of 9–12 km from the volcano’s summit (Syahbana et al., 2019). Prior to the 2017 eruption, Mt. Agung experienced a VEI 5 eruption in 1963 that led to ∼1,700 casualties and considerable damage to buildings and infrastructures, mainly due to volcanic bombs, pyroclastic flows, and lahars (Zen and Hadikusumo, 1964). The 1963 eruption produced significant stratospheric aerosol clouds and affected global climate conditions (Rampino and Self, 1982). Consequently, this event was considered one of the most important volcanic eruptions in the twentieth century (Rampino and Self, 1984). Based on tephrostratigraphic analysis, Mt. Agung has, on average, one VEI ≥2–3 eruption per century with the possibility of about 25% of the eruptions having an equal or larger magnitude than the 1963 event (Fontijn et al., 2015). Therefore, studying this volcano’s behavior is very important as a basis in the framework of volcanic disaster mitigation.

Mt. Agung is an active Sunda arc stratovolcano which was formed in the subduction zone where the Indo-Australian plate subducts below the Sunda block (Figure 1A). The edifice of Mt. Agung consists of an almost symmetrical cone, aligned along a NW-SE direction with the nearby Abang and Batur-Pawon volcanoes (PVMBG, 2014). Mt. Agung’s composition range is limited to basaltic andesite, and occasionally andesite, e.g., the 1963 lava flow and the 1843 eruption, and there is no evidence for large Plinian-style fall or ignimbrite deposits (Fontijn et al., 2015). In contrast Mt. Batur has a broader compositional range from basalt to rhyolite, over time the composition of erupted rocks becomes more mafic (Sutawidjaja, 2009). Mt. Batur has several dacitic ignimbrite deposits as markers of the formation of Batur Caldera. The volcanic activities of Mt. Agung and Mt. Batur were correlated a number of times, such as in the eruptions in 1821 and 1963 (PVMBG, 2014). This temporal correlation and occurrence of an earthquake swarm between Mt. Agung and Mt. Batur before the 2017 eruption raises the possibility of a subsurface connection between these two volcanoes. However, currently there is no concrete evidence regarding the connectivity of the magma chamber between Mt. Agung and Mt. Batur. Furthermore, the lavas from the two volcanoes have different compositions (Geiger et al., 2018), and fumarolic activity prior to the 2017 eruption was limited to the Mt. Agung crater (Syahbana et al., 2019).
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FIGURE 1. (A) Map of Indonesia: jagged black lines denote the subduction trench; the black square denotes the local area of Bali (right); the red square in the inset map defines the study area. (B) Map of the study area. The red triangles represents the summits of Mt. Agung and Mt. Batur; blue and black inverted triangles show the distribution of the one and three component seismic stations used in this study; exact locations of the seismic stations are provided in Supplementary Table 1. The grid node location used for tomographic inversion is denoted by black plus symbols. (C) Epicenter and hypocenter distributions of 1, 926 VT events used in this study are shown as colored dots; color indicates the event focal depth. The hypocenters are projected along longitude (below) to show focus depth distribution. Three labeled black lines: A-A’ (east to west), B-B’ (southwest to northeast), and C-C’ (north to south) depict the locations of the vertical cross-sections through Mt. Agung; these sections are used for plotting the synthetic resolution test results (Figure 2) and the seismic velocity structures (Figures 3, 4).


Several studies have been conducted to infer the structure of the volcanic features. A petrological analysis using mineral-melt thermobarometry data of the 1963 lava flows shows the existence of two major magma storage regions: the first region is located around the Moho depth at about 18–22 km, and the second one is in the shallower region at about 3–7 km depth (Geiger et al., 2018). The most recent study of the ambient seismic noise tomography around the areas also shows a low-velocity anomaly zone between Mt. Agung and Mt. Batur at a depth of about 2 km below the surface (Zulfakriza et al., 2020). The authors interpreted the low-velocity zone as volcanic deposits from past eruptions in the topographic saddle between Mt. Batur and Mt. Agung and the presence of over-pressurized hydrothermal fluids where seismicity may be induced at shallow depths. Unfortunately, these studies were limited to the shallower structures; thus, there is still little information about this volcano’s magma plumbing system.

Syahbana et al. (2019) proposed two conceptual models of Mt. Agung, using multi-disciplinary approaches, including seismicity, deformation, geochemistry, and remote sensing analysis. The authors explained that the first model was initially used during the beginning of the crisis; they speculated that the magma rising beneath the Agung volcano led to over-pressurization of groundwater; the stress then activated a pre-stressed fault causing VT earthquakes between Mt. Agung and the Batur Caldera. The fault geometry was deduced based on the focal mechanism of the existing earthquake swarm. However, the authors found that this model was not consistent with the newly acquired InSAR Sentinel-1 data (i.e., Albino et al., 2019). Therefore, they preferred the second model based on the intrusion of a dyke at ∼10 km depth northwest of Mt. Agung. This dyke intrusion model would further imply that pre-eruptive seismicity was due to magma intrusion. However, pressurization of groundwater or magmatic fluids in the region above the inferred dyke could have played a role in triggering earthquakes. The intrusion of the dyke was responsible for the observed inflation and the swarm of VT earthquakes. These conceptual models provide an opportunity for more detailed subsurface investigations for validation.

In developing the previous conceptual models, the authors have used the data from the Center for Volcanology and Geological Hazard Mitigation (CVGHM) of Indonesia and the regional station network of the Indonesian Meteorology, Climatology, and Geophysics Agency (BMKG). The seismicity analysis used local observation networks. In this paper, we mainly employed seismic tomography to provide more detailed information on subsurface structures and refine the aforementioned conceptual models.



DATA AND METHOD


Data

The data used throughout this paper were obtained from eight seismic stations installed around Mt. Agung by the CVGHM (Figure 1B). Initially, there were only 2 vertical (1-C) short-period seismometers (TMKS and PSAG) to monitor seismic activity on Mt. Agung. In response to increased seismic activity, 6 three components (3-C) broadband seismometers (ABNG, CEGI, REND, YHKR, BATU, and DUKU) were deployed and the installation was completed on 18 October 2017. All stations record seismic data continuously with sample rates of 100 and 50 samples per second. We analyzed seismic data from 18 October to 31 December 2017, where the station network was sufficiently large. This timeframe includes the period before, during, and after the Mt. Agung eruption, which occurred on November 21, 2017. Syahbana et al. (2019) show that the seismic activity increased rapidly in mid-September 2017 and then started to decrease significantly on 20 October. Our data captured the end of the seismic crisis. The spatiotemporal distributions of the earthquake hypocenter we used (Supplementary Figure 1) showed an earthquake swarm at a shallow depth between Mt. Agung and Batur, and then the seismicity cluster moved toward Mt. Agung. After the eruption, the number of recorded VT earthquakes decreased and the distribution of the hypocenter location became more diffuse than before the eruption.

Data processing begins with event identification; we used the Filter Picker algorithm from Lomax et al. (2012) for automatic event detection. The minimum signal to noise ratio (SNR) value for the signal categorized as an event is 1.5 in all detecting stations. Additionally, at least two other stations are required to have identified the signal as an event within 10 s of the detection time from one of the stations. This criteria effectively reduces false positives, which may occur due to random noise. We have successfully used this algorithm for identifying the aftershocks of the 2018 Lombok earthquakes (Sasmi et al., 2020).

Afterward, the waveform traces were manually picked using Seisgram2K software (Lomax and Michelini, 2009) to determine the P- and S-wave first arrival times of each identified event. Only local volcano-tectonic (VT) earthquake arrival times that were successfully determined by at least three stations were used in the next stage. In total, 4,618 VT events were identified using automatic event detection. The events’ selection and arrival times picking resulted in 3,948 VT events with 18,741 P- and 17,237 S-phases, respectively. Our results show that most of the VT events occurred in October 2017 and diminished as the date of the initial eruption drew nearer; this result is in accordance with that described by Syahbana et al. (2019).



Determination of VT Events Hypocenter

We used the Non-LinLoc program (Lomax et al., 2000), a non-linear inversion method to determine the hypocenter’s location and its origin time. The program uses the octree approach, namely, recursive sampling and division of cells in 3D space based on the maximum posterior density function (pdf) in the center of the cell being evaluated. The optimum solution for the hypocenter location and origin time is obtained based on the maximum likelihood or the minimum misfit. The Non-LinLoc hypocenter solution’s quality is evaluated using the RMS error value and the largest principal axis value of 68% confidence ellipsoid, which was obtained by conducting singular value decomposition (SVD) of the matrix covariance.

The initial hypocenter solution and its origin time were obtained using the 1D seismic velocity model of Central Java (Koulakov et al., 2009) to generate the travel time calculated; this model was used because there is no local seismic velocity model available in this area. The 1D velocity model was then updated using the VELEST program (Kissling et al., 1994) to obtain the optimum local 1D velocity model. The seismicity catalog used for inversion tomography was obtained after inverting the data using Non-LinLoc by utilizing the optimum 1D velocity model. Further details regarding the hypocenter location’s determination and the final catalog can be seen in Sahara et al. (2020), along with this publication.



Tomographic Inversion

We used the 3-D inversion program SIMULPS12 (Evans et al., 1994) to invert the 3-D velocity structure and relocate the hypocenter solution. This program applied an iterative, damped least-squares algorithm to simultaneously update the hypocenter solution and 3-D Vp and Vp/Vs structure. The Vp/Vs structure was updated using S-P times directly; this approach is considered to be more robust than computing Vp/Vs by Vp and Vs division (Eberhart-Phillips, 1986). The synthetic travel times for P- and S-waves were solved using a pseudo-bending technique through an updated 3D velocity model (Um and Thurber, 1987; Supplementary Figure 2).

Prior to the stated processes, we selected events from the seismic catalog based on the following criteria: hypocenter spatial uncertainty of less than 5 km, an azimuthal gap of less than 300°, and the number of recorded P and S phase pairs at more than three stations. After the quality control process, there were a total of 1,926 VT events, corresponding to 9,482 and 8,683 P- and S-wave arrival times, respectively. Although this selection process significantly reduced the number of used events, it yields well-constrained hypocenters to stabilize inversion results. The hypocenter distribution used as input can be seen in Figure 1C. Most of the VT events were located inside the seismic network between Mt. Agung and Mt. Batur. The VT event’s focus depth is shallower than 30 km, with the highest density of VT events located at a depth range of 5–15 km on the northwest side of Mt. Agung.

Appropriate grid parameters were obtained by considering the recovery of checkerboard resolution tests (CRT) for a wide variety of grid sizes. Due to the inverse problem’s mix-determined nature, damping was imposed to produce a stable solution for each tested grid parameter. Optimum values for Vp and Vp/Vs initial damping parameters were derived by comparing data variance (misfit) with model variance for a series of one-step inversions with a variation of damping values forming an L-curve or trade-off curve (Eberhart-Phillips, 1986), and we allow the SIMULPS program to automatically update the damping values for succeeding iterations. CRT was performed using these damping parameters for each tested grid parameter. In order to evaluate the synthetic resolution test results more appropriately, we add Gaussian noise with a mean of 0 and a standard deviation of 0.2 s to the synthetic data. The grid parameters that provided the best recovery for this data set were a grid node size of 3 × 3 km horizontally and 4 km for vertical parameterization (Figure 1B). The appropriate station, Vp, and Vp/Vs damping values for this configuration are 10, 50, and 40, respectively (Supplementary Figure 3).

The tomographic inversion was first performed to obtain a 3-D Vp model using the optimum 1-D velocity in determining the hypocenter solution as the initial velocity model (Supplementary Figure 4). We used an initial Vp/Vs value of 1.70 as constant, estimated from a Wadati diagram of the data recorded on our local network (Sahara et al., 2020). We compared the results of the two tomographic inversion workflows. The first method starts with generating a detailed Vp model and then proceeds to a simultaneous inversion for both Vp and Vp/Vs. When inverting the 3-D Vp model, the S-wave travel time was used to constrain the hypocenter location, but the Vp/Vs value was kept constant. The 3-D Vp model was used as the initial model for the Vp/Vs inversion. This second inversion process allows for updating both 3-D Vp and Vp/Vs. The second method is to directly invert Vp and Vp/Vs simultaneously from the initial 1D velocity model. Both inversion processes use the same grid and damping parameters, as obtained in the preliminary steps.

Then we evaluate the effect of the inversion grid by comparing the inversion results of the grid parameters that have been shifted from their initial position. We shift the grid 1 km upward, eastward, and northward. For the initial grid velocity model that is shifted eastward and northward, it remains the same as the initial grid, because the initial model used is 1D, but in the upward direction it is necessary to make adjustments by doing linear interpolation. If the grid spacing is close to the true resolution capability and the damping is properly chosen, then the inversion result of the shifted grid should give comparable results.



Resolution Testing

To investigate the robustness of our new 3-D seismic velocity model, the inversion result was tested using mathematical parameters and a synthetic model. The mathematical parameters used are: ray hit count (RHC), derivative weight sum (DWS) (Toomey and Foulger, 1989), and diagonal resolution elements (DRE) (Menke, 1989), while checkerboard resolution tests (CRT) were used for synthetic tests. The synthetic test was first performed by making a synthetic velocity model, an alternating positive and negative perturbation (±10%) of the optimum 1D velocity model. We added Gaussian noise with a mean of 0 and a standard deviation of 0.2 s to the synthetic data. Then the inversion was carried out using the same procedure, parameters, and grid spacing as used in the inversion of real observation data. The well-resolved regions are indicated by the excellent recovery of synthetic velocity anomaly patterns in CRT and high RHC, DWS, and DRE values. In general, this method is useful for detecting regions that lack resolution but provides limited information regarding the real model recovery (Lévěque et al., 1993; Rawlinson and Spakman, 2016).



RESULTS

First, we compare the results of the two inversion workflows. The resulting total weighted RMS, final P- and S-P data variance from the first method (first invert 3D Vp with constant Vp/Vs, then do simultaneous inversion of Vp, Vp/Vs, and hypocenter from the initial 3D Vp velocity model) is 0.09030 s, 0.00773 s2, and 0.00860 s2, respectively. Whereas the second method (simultaneous inversion of Vp, Vp/Vs, and hypocenter from the 1D velocity model) is 0.09057 s, 0.00788 s2, and 0.00855 s2. Comparison of the final travel time residuals for P- and S-waves of the two methods is plotted as histograms in Supplementary Figure 5 and seismic velocity structure in vertical cross-sections (A-A’, B-B’, C-C’) in Supplementary Figures 6–10. It can be observed that the first method can give better results in terms of misfit compared to the second method. The Vp and Vp/Vs results of the two methods appear comparable, but Vs produces a slightly different pattern. However, in the first method, it can be seen that the result of the velocity structure Vs is very similar to the Vp. This may be due to the inversion scheme. Because the Vp value is optimum and the program inverts the Vp/Vs value instead of Vs, so the Vs value will only be slightly updated. These two factors cause the anomaly pattern of Vs to have a tendency to follow the anomaly pattern of Vp, while the second method does not have such a tendency. We, therefore, decided to use the second method even though first method has a smaller misfit.

The RHC, DWS, and DRE values for horizontal and vertical cross-sections are presented in Supplementary Figures 11–18. The CRT results for horizontal slices and vertical cross-sections are presented in Supplementary Figures 19–23 and Figure 2. Reconstruction of the synthetic test results shows reasonably good recovery for depths from 0 to 8 km but lower resolution for the deeper layer (Supplementary Figures 19–23); this is similar to regions with relatively high DRE, DWS, and RHC values. A fair resolution was achieved in the area between Mt. Agung and Batur (northwest of Mt. Agung). The eastern region of Mt. Agung lacks resolution because most of the events and the stations are in the western part of the volcano. The results of the inversion of the velocity model obtained have sufficient resolution, this is indicated by the similarity of the Vp, Vs, and Vp/Vs patterns between the initial grid parameters and those that have been shifted upward, eastward, and northward (Supplementary Figures 24–26).


[image: image]

FIGURE 2. Vertical cross-sections of recovered Vp checkerboard resolution tests (CRT) model (top row), and recovered Vp/Vs CRT model (bottom row). The thin black line is the contour of the initial CRT model for Vp and Vp/Vs with interval of 4. Dashed black lines define the area which has a good resolution. Blue and red colors respectively represent high and low seismic velocity anomaly values, according to the scale at the bottom of each row. The vertical cross-section is taken at (A-A’) (first column), (B-B’) (second column), (C-C’) (third column), the spatial location of each cross-section, as seen in Figure 1C.


Our tomographic inversion procedure produced a 3-D velocity model and relocated the VT events, which led to a total weighted RMS reduction from 0.125 to 0.09057 s. The initial P- and S-P data variance associated with the initial model is 0.01588 and 0.01522 s2. The P- and S-P data variances for the final model are 0.00788 and 0.00855 s2, respectively. This inversion procedure allowed to simultaneously update the velocity model and hypocenter solution resulting in a reduction of the total RMS to 27.5%, with a 90% value of travel time between 1.65 and 4 s, so the average percentage of data misfit estimates from source to receiver ranges from 2.5 to 5.5%. We visualize the final 3-D Vp, Vs, and Vp/Vs ratio model along with the CRT results as a series of horizontal slice sections in Supplementary Figures 19–23. We also show three vertical cross-sections (A-A’, B-B’, C-C’) for CRT results, 3-D velocity models, and 3-D absolute velocity in Figures 2–4, respectively. In these figures, the Vp and Vs are plotted as percent perturbations relative to the 1-D initial velocity model, while Vp/Vs are plotted as absolute values.

There are three relocated VT event clusters visible in vertical cross-sections (Figures 3, 4). The first cluster is a swarm earthquake with a depth of 5–15 km below sea level between Mt. Agung and Mt. Batur, shown in vertical cross-sections of A-A’, and B-B’. The second cluster is located below the summit of Mt. Agung at depths of about 1–5 km below sea level; this cluster appears in three vertical cross-sections. The third cluster is located west of Mt. Agung at depths of about 1–5 km below sea level, trending southwest to northeast as identified in the A-A’ slice but less visible in the B-B’ cross-section. The fact that the third cluster is only clearly visible in cross-section A-A’ shows this only appears in a limited area. Based on these relocated hypocenters and 3-D velocity structure results, we identified five anomalous regions (marked as R1–R5 in Figures 3, 4).
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FIGURE 3. The vertical cross-sections of the Vp, Vs, and Vp/Vs models from top to bottom, respectively; for slice (A-A’) (first column), (B-B’) (second column), (C-C’) (third column), the spatial location of each cross-section can be seen in Figure 1C. Blue and red colors respectively represent high and low seismic velocity anomaly values and inverted for Vp/Vs, according to the scale at the bottom of each column. Vp and Vs are plotted as percent perturbations relative to the 1-D optimum initial velocity model, and Vp/Vs are plotted as absolute values. The white dot represents the hypocenter’s projection to the vertical cross-section; only events with depths less than 0.5 km from the centerline are plotted here. Dashed black lines define the area which has a good resolution based on resolution test results. Labeled regions (R1–R5) depicted by these figures are discussed in the text.
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FIGURE 4. The vertical cross-sections of the Vp, Vs, and Vp/Vs models from top to bottom, respectively; for slice (A-A’) (first column), (B-B’) (second column), (C-C’) (third column), the spatial location of each cross-section can be seen in Figure 1C. Vp, Vs and Vp/Vs are plotted as absolute values. The white dot represents the hypocenter’s projection to the vertical cross-section; only events with depths less than 0.5 km from the centerline are plotted here. Dashed black lines define the area which has a good resolution based on resolution test results. Labeled regions (R1–R5) depicted by these figures are discussed in the text.


1. Region 1 (R1) is identified in cross-section A-A’, B-B’, and C-C’; this region is located right below the summit of Mt. Agung at depths between −2 and 2 km relative to sea level or ∼1 to 5 km relative to the summit of the volcano and has high Vp (+3.8%), low Vs (−1.9%), and high Vp/Vs (1.82) with low seismicity.

2. Region 2 (R2) is located around 10 km west of the Mt. Agung (section C-C’) with depths of 0–4 km below sea level; this region is characterized by low Vp (−16%) and Vs (−8.5%), and low Vp/Vs (1.55) with high seismicity.

3. Region 3 (R3) is located slightly northwest of Mt. Agung (section A-A’ and B-B’) at depths between 6 and 10 km below sea level; this region is characterized by low Vp (−8.1%), low Vs (−4.2%), and low Vp/Vs (1.63) with high seismicity.

4. Region 4 (R4) is located beneath the summit of Mt. Agung at a depth 6–10 km below sea level; it is identified in cross-sections A-A’, B-B’, and C-C’ as low Vp (−4.5%), low Vs (−8.1%), and moderate to high Vp/Vs (1.77) with low seismicity. High Vp/Vs indicates that Vs’ value is reduced more than the Vp anomaly value in this area.

5. Region 5 (R5) is co-located with a large cluster of VT events 6 km northwest of Mt. Agung at depths between 8 and 14 km below sea level (sections A-A’ and B-B’). This region is imaged as a sub-vertical structure characterized by a transition from low to high Vp and Vs, moderate to high Vp/Vs (1.76–1.79), and very high seismicity.



DISCUSSION

We qualitatively interpret our results using known relationships between seismic velocity and rock physics parameters. A quantitative analysis of volcanic tomography data (such as temperature determination or fractions of partial melt) has two sources of uncertainty; namely, the inaccuracy of the amplitude determination of the anomalous seismic velocity due to limited resolution and an imperfect understanding of the relationship between physical parameters and seismic velocity (Hammond and Humphreys, 2000). Besides, there are many physical rock parameters such as pressure, temperature, rock composition, porosity, fluid content, saturation, and crack density, which can affect the Vp, Vs values and Vp/Vs ratios (Nur and Simmons, 1969; Toksoz et al., 1976; Moos and Zoback, 1983; Hammond and Humphreys, 2000; Takei, 2002; Lees, 2007). Therefore, if we want to make a quantitative analysis of rock physic parameters using seismic tomograms, this problem will be highly underdetermined. We also acknowledge that our seismic observation network is less than ideal due to the lack of ray path coverage in the eastern part of Mt. Agung, limiting the resolution beneath the volcano. Because most of the VT events are located within the station’s coverage the data set is sufficient to produce a subsurface velocity structure that can be interpreted qualitatively.

Considering the limitations mentioned earlier, we interpret the five anomalous regions labeled in Figure 3 as follows. The first region (R1) has low seismicity, high Vp (+3.8%), low Vs (−1.9%), and is characterized by a high Vp/Vs value, reaching 1.82 at that location. We interpret this region as a shallow magma reservoir confined by consolidated, older volcanic intrusive rocks from previous large eruptions. Similar conditions are also observed at other stratovolcanoes, such as Mt. Etna (Laigle et al., 2000), Tungurahua volcano (Molina et al., 2005), and Sinabung volcano (Nugraha et al., 2019). The location of the high Vp/Vs anomaly (∼1.82) is at the sea level and the Vp/Vs value is significantly reduced to 1.7 at a depth of 4 km. Based on these significant changes in Vp/Vs value, we speculate that there may be shallow magma reservoirs at a depth of between −2 and 2 km relative to the sea level or about 1–5 km below the summit of the volcano.

There have been several studies regarding the presence of shallow magma reservoirs at Mt. Agung. Chaussard and Amelung (2012) conducted deformation analysis using ALOS InSAR time-series data from 2006 to 2009. Their results showed a clear uplift signal in a circular pattern inflating at rates of 3–8 cm/yr. Using inversion with the pressurized finite spheres approach in an elastic half-space, they estimated the existence of a pressure source at a depth of 4.4 km below the summit. But based on the results of a recent study for that data, Yip et al. (2019) show that the deformation signals previously reported at Agung are not the result of magmatic sources but correlate with atmospheric artifacts. Albino et al. (2019) after correcting the atmosphere and removing the deformation related to the dyke intrusion found a small concentric pattern of uplift remains at the summit of Agung. They interpret this inflation as pressurization of the hydrothermal system rather than magmatic source because the location of the source is very shallow and local. Despite the absence of evidence of sufficient surface deformation, the shallow magma chambers at Mt. Agung can still exist because it is probably not resolved by the data; this depends on the rate of accumulation and the depth of the source (Yip et al., 2019). The existence of shallow magma chambers is supported by the results of Geiger et al. (2018), based on mineral-melt equilibrium thermobarometry of lavas produced by the 1963 eruption, Their results show the existence of magma from an upper crustal chamber at 3–5 km depth.

Region 2 (R2) is located 10 km west of the Mt. Agung summit with high seismic activity and is just low Vp (−16%), Vs (−8.5%), and low Vp/Vs (1.55). This region is on the boundary of the area with resolution, so the interpretation of this seismic velocity anomaly should be performed carefully. However, considering this area is located in the lowlands west of Mt. Agung and that there is a continuation of low-velocity patterns at shallow depths between Mt. Agung and this area, we associate this low-velocity anomaly with the accumulation of volcanic deposits. Previous studies using ambient seismic noise tomography also describe the low Vs at depths up to 2 km at the topographic saddle between Mt. Agung and Mt. Batur (Zulfakriza et al., 2020). High seismicity in this area forms a separate cluster in a fairly limited area; it may be related to activated faults triggered by the over-pressurization of groundwater or gas exsolution from the magma intrusion beneath the volcano (Coulon et al., 2017; Syahbana et al., 2019).

Region 3 (R3) is located between 5 and 10 km below the summit characterized by low Vp (−8.1%), low Vs (−4.2%), and low Vp/Vs (1.63), and high seismic activity during the observation period. The anomaly may indicate that the rock mass has a high crack density that is dry or filled with supercritical fluid. The effect of supercritical fluid is similar to adding a small amount of gas: the reduction in Vp value will be much faster than that in the Vs, so that the Vp/Vs value will also decrease (Ponko and Sanders, 1994). Because of its location, which is close enough to a high-temperature heat source to cause evaporation of fluids and gas expansion, this can further reduce seismic velocity and become one of the factors that affect seismic activity in these fractured rocks. An increase in pore-pressure decreases the normal stress on the rock volume, which becomes more prone to slippage (Pearson, 1981). In their study, Bachmann et al. (2012) use data from the natural laboratory of the Basel-1 enhanced geothermal systems to explain the mechanism of pore-pressure changes that causes the presence of high b-value anomalies (increased probability of small earthquakes); similar mechanisms can also occur in volcanoes.

Region 4 (R4) is under the summit at a depth of 6–10 km; this area is next to Region 3. Similar to R3, this area has low Vp (−4.5%), low Vs (−8.1%), anomalies but moderate to high Vp/Vs (1.77) values, and low seismicity. Low Vp, low Vs, and high Vp/Vs anomalies are often found in active volcanic areas (Nakajima and Hasegawa, 2003; Lees, 2007; Ramdhan et al., 2019). These researchers agree that this anomaly provides evidence of melt or fluid accumulation. Therefore, we interpret that this region may be related to high crack density rock mass with high-temperature melts or increased fluid content saturation, compared to R3. Differentiation between high temperatures and fluid melts can be achieved with additional information, such as heat flow or earthquake occurrence (Sanders et al., 1995); therefore, we consider this area to be more affected by melts due to low seismicity.

Region 5 (R5) has low to high Vp and Vs, moderate to high Vp/Vs (1.77–1.79), which is similar to R1; however, this region has significantly high seismic activity. The results of earthquake relocation using a 3D velocity model, or using a 1D velocity model from the initial location, show that most of the recorded earthquakes are around the anomalous zone at a depth of 8–14 km. We interpret this as a dyke complex; the observed seismic swarm during the observation period was related to the dyke intrusion. Albino et al. (2019) performed a non-linear inversion using InSAR deformation data to obtain the position and the volume change of the dyke and then viewed the temporal relationship with seismic activity. They conclude that the optimum location of the dyke is between Mt. Agung and Mt. Batur at a depth of ∼10 km below sea level. They also find a positive correlation between the rate of change in dyke volume and seismic activity. The compatibility of this anomaly location and the spatio-temporal relationship between seismicity and the dyke volume can further confirm that the second conceptual model proposed by Syahbana et al. (2019) is the most appropriate for describing the subsurface structures of Mt. Agung.

The high temperature melts described as high Vp values in R1 and R5 seem quite puzzling. However, this type of anomalies is frequently found in seismic tomography results carried out at active stratovolcanoes around the world and often interpreted as new magma penetrated through older intrusives rock (Lees, 2007). In our study, most stations are located in the low-velocity zone (Zulfakriza et al., 2020); therefore, the 1D optimum velocity model produced by VELEST for shallow depths is low. As a result, the anomaly below the top of the mountain is described as high velocity. This argument is acceptable to explain R1 but not R5. Perhaps using a denser seismic network and a 3D initial velocity model, or a graded inversion scheme (inversing using a finer and finer grid) could produce appropriate anomalies in these regions. De Natale et al. (2004) analyzed the Somma-Vesuvius volcano using local earthquake data and dense artificial sources as well as a 3D initial velocity model. Their results show these anomalous features (high Vp, high Vp/Vs, and high seismicity) as found by previous studies, but with detailed petrological analysis they interpreted this as a region of quenched magma.

Based on our hypocenter relocation and 3D Vp, Vs, and Vp/Vs model, and the results of previous studies, we summarize our interpretation using a schematic model, as shown in Figure 5. First, magma rose from deep magma storage up to a depth of about 14 km from the mean sea level below R3. This first phase occurred between mid-May and late August 2017; sufficient seismicity has been detected to confirm this, but no significant surface deformation has been observed; this may be because the source is still very deep. The magma then migrated to Region 4 with a flow rate lower than the inflow from the deep magma reservoir, accounting for the accumulation of high melt temperature under R3. An increase in temperature or magma devolatilization in this area caused an increase in pressure distributed to the surrounding area, which explains the triggered VT events in R2 and R3. Then the dyke penetrated upward toward the west-northwest of Mt. Agung (R5) and its size continued to increase, although at a decreasing rate; this may have been due to an increased flow rate from Region 4 to Region 1 or reduced inflow from the deep magma reservoir. Then, between November 8 and November 20, 2017 (1 day before the first eruption), a significant reduction in intrusion dyke volume took place, which is interpreted as magma withdrawal into a shallow reservoir.


[image: image]

FIGURE 5. (A) Vp/Vs vertical cross-sections along section A-A’, This image description is the same as in Figure 3 with the addition of the Vp/Vs contour. (B) The schematic diagram for interpretation of the results along section A-A’ is derived from the Vp/Vs ratio structure. Dyke intrusion penetrated upward toward the west-northwest of Mt. Agung. Based on the resolution test results, we define well-resolved regions inside dashed black lines.


Based on our ray coverage, getting a more accurate picture of the subsurface beneath Mt. Agung would need to add seismic stations on the east side. If we aim at defining the shallow magma reservoir geometry we would have to rearrange or add observation stations, so that the spacing between stations reaches the same order as the minimum size of the target anomalies. Then the resolved depth of the local tomography would not be larger than the maximum depths of sources, so that the seismic station should fully capture a seismic crisis and give information about the deeper location of the magma.



CONCLUSION

We have successfully relocated the VT earthquakes and determined the first 3D seismic velocity structure (Vp, Vs, and Vp/Vs ratio) to describe subsurface conditions beneath Mt. Agung. We used a combination of permanent [2 vertical short-period seismometers (1-C)] and temporary [6 three components (3-C) broadband seismometers] observation stations installed by the CVGHM during the period from October 18 to December 31, 2017. Based on resolution tests, the area between Mt. Agung and Mt. Batur has a reasonably satisfactory resolution down to a depth of 15 km.

The results of our VT earthquakes tomography reveal five anomalous regions, which we interpret as follows: (i) a shallow magma reservoir located just below the summit of Mt. Agung at depths between ∼1 and 5 km, which is characterized by very high Vp/Vs ratio and low seismicity; (ii) a fault zone characterized by shallow seismicity with depths up to ∼5 km below sea level, which may be triggered by over-pressurization of groundwater due to magma intrusion; (iii) high crack density dry rock mass or filled with a supercritical fluid, as indicated as low Vp, Vs, and Vp/Vs with high seismicity; (iv) the same rock mass as Region 3 but dominated by high-temperature melt. This area is probably a conduit associated with a shallow magma reservoir as characterized by moderate to high Vp/Vs and low seismicity; (v) a sub-vertical dyke complex at depths of 8–14 km below sea level, which is described as moderate to high Vp/Vs with significantly high seismicity around this anomalous body.

Our study reveals new insight into the magma plumbing system’s subsurface structure beneath Mt. Agung. However, we are not able to delineate the deeper magma storage due to the limited resolution. We have succeeded in obtaining the shallow magma reservoir’s location, and the estimated location and dimensions show good agreement with previous studies (Chaussard and Amelung, 2012; Geiger et al., 2018). We confirm the presence of a dyke complex intrusion with an accompanying seismic swarm prior to the 2017 eruption of Mt. Agung (Albino et al., 2019; Syahbana et al., 2019). The temporal relationship between seismicity and changes in dyke volume (Albino et al., 2019) and the spatial relationship between the hypocenter solution and the high Vp/Vs anomaly increases the level of confidence for our interpretation of the dyke complex intrusion. Further research is still needed, employing different geophysical methods such as gravity, magnetic, electromagnetic, to provide better constraints in the conceptual model, especially at greater depths, so that we can have a better comprehension of the subsurface conditions of Mt. Agung, which may contribute to better mitigation of volcanic disasters in the future.
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