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Abstract

:

An unrest event occurred at the Cerro Azul volcano, Galápagos Islands, South America, in March 2017, leading to significant surface deformation on the southern Isabela Island, without eruption or surface rupture. We collected single-look complex synthetic aperture radar (SAR) images sensed by the Sentinel-1A satellite, obtaining eight differential interferograms, of which four showed extensive surface displacement during the co-unrest period. Geodetic data indicated that the unrest continued from 18 March to 25 March, reaching a negative peak displacement of −32.9 cm in the caldera and a positive peak displacement of 41.8 cm on the south-east plain in the line-of-sight direction. A joint magma source deformation model, consisting of a Mogi source below the caldera and a sill source south-east of the caldera, was inverted by the Markov chain Monte Carlo method combined with the Metropolis–Hasting algorithm, acquiring the best fit with the four interferograms. The magma transport mechanism of the event was explained by magma overflowing from the compressive Mogi to the tensile sill source, resulting in the observed “∞”-shaped deformation fields. Additionally, we investigated previous events with eruption rifts and lava lakes in 1979, 1998, and 2008, and proposed a potential hazard of tectonic volcanic activity for further volcanic susceptibility research in the Cerro Azul area.
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1. Introduction


Volcanic tectonic activity can lead to a series of volcanic eruptions and deformation events, and so understanding internal magma sources is crucial for explaining the deformation and dealing with the disaster risks [1,2,3,4,5]. Volcanic unrest events, including seismic activity and degassing—frequently causing surface deformation—reflect unrest patterns and disturbances from internal pressure sources [6,7]. In a conceptual model, magma sources exist under volcano craters where surface deformation rates occurring with the activity largely depend on magma supply rates and storage depths [1,8,9,10,11,12]. Surface deformation in unrest events is essential for comprehensively understanding volcanic characteristics, where geodetic observations with high precision and wide coverage provide accurate references for volcanic activity and modelling [1]. Modern geodetic techniques have been extensively developed since 1950, while advanced techniques have begun to be widely adopted for crustal and volcanic deformation monitoring, which allow us to study earthquake and volcano events at a larger and wider scale than before [13,14,15].



Observation from interferometric synthetic aperture radar (InSAR) is one of the most easily available data sources in modern geodetic technology and is also one of the most suitable sources for geodetic inversions; as such, it is commonly used in volcanic geodetic research [14,16,17,18,19,20]. The InSAR technique uses complex SAR data to extract surface displacement change in the line-of-sight (LOS) direction. The method depends on the phase interferometry between complex images of the same point, presenting deformation patterns on the surface with high spatial resolution [21].



An unrest event occurred in Cerro Azul volcano, Galápagos Archipelago in March 2017 [22]. Geodetic data show that the caldera subsided accompanying a large surface uplift on the south-east plain [22,23,24]. Neither an eruption nor a surface rupture was caused by magma source deformation during the unrest. In view of the limited number of Global Positioning System (GPS) stations on Isabela, observations from the InSAR technique provided valuable geodetic data, helping us to restore the surface deformation field during the unrest event. In this study, we collected InSAR observations from the Sentinel-1A satellite during the unrest period of the Cerro Azul volcano, recovering the surface deformation field during this event. According to the deformation characteristics, we then estimated the location and pattern parameters of the underground source deformation model and deduced the magma transport mechanism under the Cerro Azul volcano. Finally, we assessed volcanic hazard in this area by comparing magma source deformation models with records from previous eruptions.




2. Background


2.1. Geological Setting


The Galápagos Archipelago is located in the Pacific Ocean, approximately 1000 km from the west coast of South America, and is a part of Ecuador, South America (Figure 1). The archipelago consists of 13 major volcanic islands, on which the volcanos are all “inverted soup bowl”-shaped [14,25]. The archipelago formed on the Nazca Plate, approximately 170 km south of the plate edge, which is moving eastward [26,27,28,29,30]. Volcanism on the archipelago results from a hot spot located below Fernandina Island, north of Cerro Azul [31,32,33,34]. The eastern and western archipelago are divided by a line extending from Wolf to Alcedo on Isabela Island, where volcanoes in the western Galápagos have young structures with large bends and well-established calderas [30,31,35,36,37,38].



Isabela Island has the largest land area among the Galápagos Islands and contains six active volcanoes (Figure 1). Geodetic data show that all the volcanoes on this island except for Ecuador have experienced deformation events to different degrees in the past 20 years [39]. Previous studies based on satellite geodetic and seismic data suggested that the active volcanoes on the island have similar caldera configurations in which the deformation is mainly caused by magma intrusion or dike intrusion, circumferential caldera ring or unusual intra-caldera faulting, and irregular faults [16,39,40,41,42,43,44]. Among the volcanoes, the magmatic mechanism of the Sierra Negra volcano has been interpreted to have a layered spheroidal structure. When activity occurred, the intrusion and eruption were divided into two intervals: From the magma chamber beneath to the magma chamber above, and from the chamber above to the caldera [45]. Wolf volcano, located on northern Isabela Island, recorded lava eruption and overflowed in May 2015, when the magma was believed to have flowed through the layered dike chamber and dipping ring faults and then overflowed outward from caldera rifts. These ring-shaped faults with composite radial rifts, as well as deep trapdoors in the calderas, are common in the Wolf, Cerro Azul and Fernandina volcanoes in Galápagos [14]. Repeated unrest events without eruption occurred in Alcedo from 1992 to 2011, where three of the events were all interpreted by the magma intrusion of platform-shaped sill deformation sources underground. A sill source model was adapted in the magma system, whose inflation was the origin of two events; the third was explained by the magma propagation from the current deflation sill to a new one [6]. The uplift event in the Fernandina volcano, on Fernandina Island, was presumed to be related to an inflation of a pipe-shaped magma chamber in 2012–2013 [46].



The Cerro Azul volcano is located in southernmost Isabela Island, western Galápagos, with a height of 1640 m above sea level. Cerro Azul has an irregular soup-bowl-shaped caldera with a diameter of 4 km × 5 km and a depth of 650 m. It is the smallest but deepest caldera on Isabela, and it is also the second highest volcano on the island [47]. Previous studies have indicated that Cerro Azul has a larger and deeper caldera than other volcanos on Isabela, and it also has a deep magma system with minute extension and high temperature [20,36].




2.2. Recent Eruption


Observations have confirmed that 13 deformation events have occurred at Cerro Azul since 1932, of which 11 erupted and two did not but did deform continuously for a long time [39,47]. The most recent eruptions of Cerro Azul occurred in 1979, 1998 and 2008. The latest eruption occurred from 29 May to 11 June, 2008, and was divided into two periods according to the intervals of activity. During these periods, emitted lava overflowed several times from the ring fault rim of the caldera and from radial rifts east and south-east of the caldera. Several surface rifts recorded were consistent with the rift location and lava lake flow fields in the 1998 eruption event [49].



Nine years after the latest eruption, Cerro Azul resumed unrest activity on 18 March, 2017, although no eruption occurred during this event, as usual. Internal magma in the chamber rifts did not flow to the caldera, while the resulting deformation did not cause surface rupture during the whole period of unrest. Widespread deformation began on 18 March, lasting for a week to 25 March. In a report by the Instituto Geofísico (IG), earthquakes below the caldera began to increase their seismic activity earlier on 15 February, and a 30-minute quake swarm was observed on 18 March, indicating the beginning of the volcano unrest event [23]. Swarms became more frequent after 19 March, while the activity reached its summit scale. The location of swarms migrated south-eastward and was located south-east of the caldera after 20 March, with a persistence of unrest until activity decreased on 25 March [22,23,24].





3. Data and Methods


In this paper, we used Sentinel-1A radar images transmitted by the European Space Agency (ESA), where the Sentinel-1A satellite is equipped with C-band SAR (C-SAR), divided into ascending and descending orbital images with a revisiting phase of 12 days each [50]. Observations on the ascending satellite orbit occur approximately 12 hours earlier than those on the descending satellite orbit in the Galápagos area. Single-look complex (SLC) images were provided by the ESA, while pre-processing and differential interferometry of images are based on the Switzerland GAMMA software [51]. The multi-look ratio of range and azimuth was set as 10:2 in processing. To avoid the phase jump in adjacent bursts, accuracy in co-registration should reach the per thousand-pixel level in the azimuth direction [52]. Therefore, a method based on topography and the enhanced spectral diversity (ESD) method was used for co-registration processing [53]. Then, the Shuttle Radar Topography Mission (SRTM) elevation model with a ground resolution of 30 m was used to remove the topographic contribution in the interferograms [48]. Finally, all interferograms were unwrapped using branch-cut method and geocoded to World Geodetic System 1984 (WGS84) geographic coordinates.



Due to the large amount of data produced by the high spatial resolution of InSAR observations, the quadtree down-sampling process was performed on the data set to appropriately improve the computational efficiency and retain the deformation information during inversion. The grid’s variance threshold was set to 10-4 cm2 during the down-sampling for interferograms [54]. As a result, approximately 700,000 observations were compressed to hundreds in each interferogram. Among these observations, 1149 sampling points with the maximum number were sent to the inverting process in interferogram V, and 108 sampling points with the minimum number were selected in interferogram III (Table 1).



The open-source geodetic Bayesian inversion software (GBIS) [17] was used in establishing the underground deformation source model, including speculating on the location and patterns of the source model. The GBIS can provide the efficient execution of volcanic source model inversion, including a series of pre- and post-processing tools with seven source models (Mogi: A point source model, McTigue: Finite spherical source model; Yang: Prolate spheroid source model; Penny: Penny-shaped sill-like source model; Sill: Horizontal rectangular sill with uniform opening model; Dike: Dipping dike with uniform opening model; and Fault: Dipping fault with uniform slip model) available for both Global Positing System (GPS) and InSAR data [17]. During the inversion, magma source location and patterns were estimated from the Markov chain Monte Carlo method combined with the Metropolis–Hastings (MH) algorithm, assuming that the errors in the data were drawn from a zero-mean Gaussian distribution [17,55,56]. In addition, the Bayesian approach was applied to the inversion, which contained the uncertainties of the parameter set and prior information, proposing a posterior parameter distribution to acquire the best fitting model as well as parameter uncertainties.




4. Results


4.1. Surface Deformation


Given that data with different imaging geometrics could provide more information on surface displacement fields [57,58,59], we collected 10 SLC images from 23 February, 2017, to 13 April, 2017, sensed from both ascending and descending mode. We performed differential interferometry for adjacent image pairs, obtaining the displacement fields in the LOS direction in an interferogram sequence from I to VIII (Table 1). According to the satellite revisit, each interferogram had a short time baseline of 12 days, and perpendicular baselines were short enough within 62 m. During the event, the volcanic activity could be divided into three periods, namely: The pre-unrest period (consisting of interferograms I and II, where widespread regular deformation had not occurred among the precursor activity); the co-unrest period (consisting of interferograms III–VI, where extensive deformation was observed); and the post-unrest period (consisting of interferograms VII and VIII, where the activities had ceased).



The wrapped and unwrapped surface displacement fields of eight interferograms are shown in Figure 2 and A1, respectively, where each interferometric fringe represents the displacement of 2.8 cm in the LOS direction. The field around Cerro Azul presented slight inflation around the caldera, while deformation was irregular overall according to interferograms I and II. Deformation in interferogram III remained weak, while fringe characteristics could be clearly recognized, with a maximal subsidence displacement near the caldera of −4.8 cm in the LOS direction. Extensive surface deformation occurred mainly on interferograms IV–VI from the caldera of the Cerro Azul volcano to the south-eastern plain, even reaching the southern coast of Isabela. Seismic data from the Global Volcanism Program (GVP) showed that the extensive deformation of Cerro Azul began on 18 March, 2017, reaching a peak of swarm activity on 21 March [22,23,24]. Both geodetic and seismic data indicated that swarms were not restored to daily activity until 25 March [24], and deformation ended after 31 March, when small regular interferometric fringes could be observed in the fields according to interferograms VII and VIII.



The fringes are clearly visible with the absence of large continuous decorrelation in the major deformation area. The decorrelation region on the southern slope of Sierra Negra, deviating east from the main deformation area, is speculated as being due to the vegetation cover. The deformation field shows two central points surrounded by ring fringes forming a “∞”-shaped field, which was produced by the combination of the overall contraction and subsidence at the caldera of Cerro Azul, and the surface inflation on the south-east plain (Figure 2). The surface deformation field reached the negative peak displacement of −32.9 cm near the caldera, while the positive peak displacement of 41.8 cm on the south-east plain between the caldera and the southern coast in the LOS direction during the whole co-unrest period; the positive displacement represents deformation toward the satellite, and the negative displacement means deformation away from the satellite (Figure A1).



The errors caused by orbital ramps and atmospheric delay in InSAR observations were often corrected by models. The most widely used method of satellite orbital ramps is to remove a best-fit plane or surface from the interferogram [60,61]. The atmospheric delay is mainly caused by the spatiotemporal variation in water vapor content in the atmosphere—this is called the wet tropospheric delay [62,63]—and is generally considered to be topographically linearly correlated. In addition, the Generic Atmospheric Correction Online Service (GACOS) for InSAR supported by the UK Natural Environment Research Council (NERC) provides atmospheric delay models with a ground resolution of 90 m × 90 m [64,65,66]. Here, six models were applied on the correction: A plane removing the orbit ramp, a surface removing the orbit ramp, topographic linear correlated model removing the atmospheric delay, a GACOS model removing the atmospheric delay and their combinations (Table A1). In order to quantify the effect of these correction models, we estimated the covariance (standard deviations) to semi-variograms [17] of corrected interferograms on the whole of Isabela Island (for interferograms III and V) or part of Isabela south of Alcedo volcano (for interferograms IV and VI). As the derived standard deviations were not significant (Figure A2 and Table A1), none of these corrections were used in the study.




4.2. Geodetic Modelling


Significant differences between the ascending and descending differential interferograms in the same revisit phase can be found in interferograms III–VI (Figure 2), which suggested that the caldera overall contracted, where the offset and positive peak values of displacement fields in the LOS direction caused by different incident angles between ascending and descending images were not distinct. Because of the different observation times between the ascending and descending images, while the deformation field showed no significant deformation before 8 March and after 1 April, we considered that the differences between interferograms III and IV were mainly caused by the different observation times, which means that intra-day displacement on 19 March directly reflected these differences. Considering that the “narrow slit” in time differed, we decided to estimate model parameters for each interferogram instead of combined phases.



Model inversion is an effective method of volcanic mechanism determination within an elastic half space [67,68,69]. The Mogi model is the most widely used model for inverting underground magma sources from surface deformation and is commonly used on annular fringes in deformation fields. Volcanic activity is regarded as an equivalent point source for estimating the surface displacement caused by subsurface pressure changes when the size of the magma source is much smaller than the depth of the source [70]. The Dike model with dipping dike and uniform opening based on dislocation theory can be regarded as a fault with a uniform tensile opening into which magma flows, forming the pressure source [71]. The Sill model is a special condition of the Dike model, which means that Sill is established only when the dip angle of the fault plane is zero. Under this condition, the magma chamber presents the characteristics of horizontal extension and vertical tensile opening, while circular surface deformation field fringes appear. However, the ellipse-shaped field caused by a Sill source deformation model is particularly different from that caused by a Mogi model, which shows uniform ring-shaped deformation field fringes without any anisotropy with double rotational symmetry on the surface.



The deformation fields (Figure 2) show that there were two deformation centers in this event located at and near the caldera and on the plain south of the caldera. These features were inconsistent with a simple source deformation models. Therefore, we considered a joint model inversion consisting of two simple magma source deformation models to estimate location and pattern parameters based on interferograms III–VI in the co-unrest period. Here, a point Mogi model and a long rectangular platform-shaped Sill model were jointly used in recovering the surface deformation field in this study, where the combination obtained the best fit for this event after several simulation experiments. The Mogi model was applied to circular subsidence around the caldera, while the Sill model was applied to the inflation field over the south-eastern plain, which led to an elliptical ring-shaped deformation field extending from the caldera south-east to the island coast, showing significant anisotropy with a west–north-west to east–south-east major axis. It should be noted that the inversion took no account of the topography, as the topography changes could be regarded as small value compared with the source depth.



The joint source deformation model achieved a good fit in recovering surface displacement fields for this event at Cerro Azul from 7 March to 1 April (Figure 3 and Table 2), where the boundary values of each parameter represent a 97.5% confidence interval. In addition, we show a comparison between modelling surface deformation and actual observations in interferograms III–VI in the co-unrest period (Figure 3). In order to distinguish the residuals, the deformation field was wrapped, and every interferometric fringe in Figure 3 represents a displacement of 2.8 cm in the LOS direction. The residuals and the root-mean-square (RMS) of each interferogram are shown in Figure 3c,f,i,l.



To further evaluate the fitness of the joint model, we selected three profiles—A-A’, B-B’ and C-C’; profile A-A’ on the surface connects the area with a negative peak displacement near the caldera and the area with a positive peak displacement on the south-eastern plain, and B-B’ and C-C’ are perpendicular to A-A’ (Figure 4). Good consistency between the observed and modelled displacement was exhibited, especially at the positive and negative peak values, except in interferogram III, as insufficient pressure of the magma chamber was provided in the earlier co-unrest period before 19 March, when a tiny displacement occurred (Table 2). The consistency of both ascending and descending images confirmed the feasibility of the magma transportation mechanism analysis based on the simulated joint deformation model.





5. Discussion


5.1. Interpretation of Four Interferograms in Co-Unrest Period


After the unrest occurred, the Centre for the Observation and Modelling of Earthquakes, Volcanoes and Tectonics (COMET) first proposed a set of observations from geodetic satellites and seismometers on 27 March, speculating a source model for this event [22,23,72]; the IG in Ecuador subsequently proposed supplementary data on 6 April [24]. The locations and patterns of the joint model in this study are consistent with the report calculated by the Sentinel-1A satellite from 8 March to 20 March [23,72].



Through Sentinel-1A observations, the surface deformation field associated with the Cerro Azul volcanic unrest activity was restored, and the location and pattern parameters of the underground joint source deformation model were inverted. Next, we speculated on the status and changes in the joint model in different interferograms. In the pre-unrest period, the caldera was surrounded by continuous weak activity. More InSAR satellite observations from the COMET [72] showed a weak contraction of the caldera between 30 January and 12 February, and then expansion between 12 February and 8 March. The weak activities of contraction and expansion, which were recurrent several times surrounding the caldera, may be regarded as the topographical linear correlated phase delay, rather than a precursor to strong volcanic activity.



The inversion results of the joint source deformation model for the four interferograms in the co-unrest period indicate that the surface displacement fields of the Cerro Azul unrest event can be well simulated by a point source Mogi model and a long rectangular platform source Sill model, which extended from the southern caldera to the positive peak displacement area on the south-eastern plain during the earlier co-unrest period. The Mogi source below the caldera had a depth of 3–4 km below sea level (bsl), and the Sill model below the south-eastern plain had a depth of 4–5 km bsl with a length of 7 km in interferogram III. In interferogram IV, the Mogi had a depth of 5–6 km bsl, while the Sill model had an approximately similar depth yet a longer length of 17 km. The widths of the two Sill models were both around 0.7 km, and they exhibited long pipe shapes on the surface projection in these two interferograms.



The location and pattern of the Sill changed greatly in the later co-unrest period, which became a square rectangular platform shape instead of a long pipe shape. The square-shaped Sill had a length and width of 9 m × 7 km in interferogram V and 9 m × 1.2 km in interferogram VI. Considering the confidence interval of model parameters, the depth of inversion models always has a larger uncertainty; neither Mogi nor Sill revealed prominent migration through the earlier co-unrest to the later co-unrest period, whose depth was within 4–6 km. Here we speculate that the Sill transferred south-eastward and deformed from a long pipe shape to a square-shaped rectangle through the earlier co-unrest period to the later co-unrest period, where flowing magma diffused into a larger area underground.




5.2. Conceptual Model for Unrest Event


Based on previous research in the Galápagos Archipelago, the Cerro Azul volcano has an irregular soup-bowl-shaped caldera, and the younger structure here produced a type of caldera similar to those of other volcanoes in the western Galápagos, which have deep trapdoors and potential ring faults with surrounding radial rifts [6,14,16,20,43,73]. Above all, magma systems with small volumes and great depths occur in these structures [6,20,30]. According to the joint deformation model in Section 5.1, Cerro Azul tends to possess a peculiar structure with two composite causal deformation sources at the similar depth on Galápagos Archipelago.



The Mogi and the Sill sources always produced a similar depth in the collected interferograms at approximately 5 km bsl (Table 2). The Mogi model was adjacent to the north-west endpoint of the Sill source in interferograms III and IV, while the Sill deformed into a square and transferred south-eastward with magma continually delivered from Mogi to the square Sill in interferograms V and VI. Thus, we reasonably speculated on the transport mechanism of underground magma. The unrest deformation event was generated by the contraction of the Mogi magma source below the caldera, with the expansion and cracking of the south-eastern Sill magma source. Pressure was given from the internal Mogi by accumulated magma to the south-east dyke, bringing on the magma discharge of the Mogi chamber and resulting in the overall contraction of the Cerro Azul caldera and surface subsidence of the surrounding area. Meanwhile, the long rectangular platform-shaped Sill source connected its north-west endpoint with the adjacent Mogi, directing the deflated magma through cracks and rifts and delivering the magma to the south-eastern plain, causing extensive inflation on the surface. This continued throughout the whole co-unrest period even after the transference of the Sill, as the ancient Sill pipe inflation ceased in the earlier unrest period and served as the magma corridor, connecting the Mogi and the fresh Sill in the later co-unrest period.



One piece of proof of the speculation is that the volume of magma lost from the Mogi source should be equal to the increased volume of the Sill source when the assumption was established. The absolute differences between the Mogi and Sill volume changes in the four interferograms are listed in Table 3, where the ratios are calculated by the difference in the absolute magma volume change in the Mogi and Sill sources divided by the absolute magma volume change in the Sill source. In these four inversion models, ratios for interferograms IV and V are close to zero, while ratios of models for interferograms III and VI do not exceed 0.5, which supports the speculation.



To concretely describe the system of the underground magma source and the process of magma delivery in the joint source deformation model at Cerro Azul, we drew a schematic diagram (Figure 5) of the joint model of the vertical profile A-A’ in Figure 3. The diagram shows the three stages of the unrest event. Surface deformation fields in interferogram I and II with interferometric fringes centered on the caldera, which denied the origin of the magma being pumped into the Mogi just prior the co-unrest. According to the unrest cycle of a volcano, the point-shaped Mogi chamber accumulated magma from the deeper crust and asthenosphere during the long period of inter-unrest after the last eruption in 2008 and the pre-unrest period before 23 February in interferograms I and II through diminutive tectonic activities at Cerro Azul (Figure 5a).



In the earlier co-unrest period, overpressure in the magma chamber was sufficient to overcome the resistance of the surrounding rocks triggering magma flow into a dyke. Consequently, the pressure in the magma chamber was reduced, with the magma withdrawn from the chamber leading to a magma chamber deflation. The magma sought an outlet in the south-east dyke, pouring out under the pressure. Magma flowing over made up the long pipe-shaped Sill, where the dyke appeared to be fragile or rift distributed, which led to the tension of the Sill. The north-western adjacent endpoint of the Sill became the delivering hinge between the contracting Mogi and extending Sill in the earlier co-unrest period (Figure 5b).



Several days after the first intrusion in this event, magma overflowed to an extensive area underground, when the ancient Sill in the earlier co-unrest period was no longer tensile, yet it transferred into the corridor of magma delivered from the Mogi to the fresh Sill in the later co-unrest period (Figure 5c). In this period, the fresh Sill source appeared to be a square rectangular shape instead of a long pipe, while the fresh tensile area tended to transported south-eastward underground.




5.3. Volcanic Hazard


Two eruptions of Cerro Azul occurred in September 1998 and May 2008, which were recorded in detail by the GVP [47]. In the subsequent eruption incident from 29 May to 11 June, 2008, magma spewed out from the caldera and radial rifts near the caldera on the eastern slope; 40 swarm events involved were recorded within only seven hours after the eruption, among which the largest quake had a magnitude of MW 3.7. Later, on 1 June, the eruption was suspended; then, after a day of rest, lava emerged through wide rifts on the farther east slope, where the terrain is flatter than near the caldera, which produced an extensive lava lake fed by flowing lava [39]. From 15 September to 21 October, 1998, a volcanic eruption continued for 36 days, and seven plumes were observed in total. A lava lake covered 16 km2 of the area with an equivalent compact rock volume attaining 54 km3 [74,75]. Earlier, in February 1979, Cerro Azul also erupted and was accompanied by volcanic unrest lasting for several weeks [76].



Figure 6 shows the locations of the rifts on the slope east and south-east of the caldera in the above events, as well as the lava traces from every eruption above, observed or speculated. Comparing earlier events with the unrest event occurring in March 2017, several facts can be cited. First, three periods of severe tectonic activity have occurred in Cerro Azul in the last 20 years at time intervals of approximately nine years. Second, four radial magma rifts have spewed lava on the ridge and flank, and all the rifts have been located on the east to south-east side of the volcano and distributed radially. Rift locations in previous events were close to the projected position of the Sill magma source on the surface estimated for this unrest event. In addition, eruption events occurred in 1979, 1998 and 2008 in Cerro Azul, but the 2017 unrest took place nine years after the latest eruption without leading to any magma eruption or surface rupture. Whether this lack is a sign of activity reduction in Cerro Azul is still unknown.



According to the past two events in 1998 and 2008, only one eruption occurred from the caldera in Cerro Azul, but three lava eruptions were recorded from rifts on the eastern and south-eastern slopes. Eruptions occurring on slopes, rather than from the caldera or surrounding ring faults, are rare in volcanic activity. The structure of Cerro Azul has been confirmed to be similar to those of other volcanoes on the island with a deep caldera, irregular internal annular faults within the caldera, and dense radial rifts around the caldera [14,16]. Additionally, Cerro Azul has the deepest volcanic caldera and the densest radial rifts on the island [20,31,43,47]. The underground magma channels in Cerro Azul do not surround the caldera but extend to the south-east. From the locations of the underground magma source and the spewing rifts, as well as the lava lake shown in Figure 6, we infer that the dyke surrounding the eastern and south-eastern vent is extremely fragile where magma intrusions tend to take place. We propose that the area, where dense magmatic channels are centered underground from the caldera to the east and south-east slope and plain, should be crucially evaluated for volcanic hazard if subsequent volcanic susceptibility of Cerro Azul analysis will be made.





6. Conclusions


In this paper, we analysed the surface deformation fields and speculated on the underground source deformation models and the magma transport mechanism for the unrest event at the Cerro Azul volcano, Galápagos Archipelago, South America, from 18 March to 25 March, 2017, using InSAR observations from the Sentinel-1A satellite. We inverted the location and pattern parameters of the underground deformation sources, simulating the structure as a joint model consisting of a point Mogi source and a rectangular platform-shaped Sill source. The Mogi source, located approximately 5–6 km bsl below the caldera, accumulated magma before the tectonic activity began, and the Sill extended from the caldera to the south-eastern plain at the similar depth.



The inversion shows that the magma was released from the Mogi source into the Sill source during the co-unrest period, flowing south-eastward through the long platform-shaped channel and resulting in the overall contraction of the caldera and surface uplift of the south-eastern plain. The volume of flowing magma reached 6 × 107 m3 according to the source model during this event. The effects caused by magma delivery and tectonic activity formed “∞”-shaped surface deformation fields in the western Galápagos Archipelago.



Finally, we combined our results with three previous eruption events that occurred in Cerro Azul over the past 40 years, comparing the recorded eruptions and emitting rifts with the positions of the joint models during this unrest activity. Considering that the underground areas east and south-east of the caldera are densely penetrated with magma channels and rifts where tectonic activity and lava eruption events have occurred, we proposed the qualitative reference of areas liable to undergo magma intrusion events underground on the eastern and south-eastern slope and plain—where complex assessment of volcanic hazards exceeds the scope of the study.
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Figure A1. Unwrapped surface deformation fields from Sentinel-1A satellite observations in the Cerro Azul volcano area from 23 February to 13 April. The annotations are the same as in Figure 2. 
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Figure A2. Six correction models with different combinations of parameters and coefficients removing the satellite orbit ramp and atmospheric delay from interferograms III–VI. Four columns represent four interferograms. Seven rows from top to bottom represent different correction models, which are: Obs: Observed data originally; Plane: Orbit ramp corrected by a plane; Surface: Orbit ramp corrected by a surface; DEM: Atmospheric delaying corrected by linear correlated with the digital elevation model (DEM); GACOS: Atmospheric delaying corrected by Generic Atmospheric Correction Online Service for InSAR (GACOS); Plane+DEM: Orbit ramp corrected by a plane and atmospheric delaying corrected by linear correlated with the DEM; and Plane+GACOS: Orbit ramp corrected by a plane and atmospheric delaying corrected by GACOS. 
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Table A1. Estimated standard deviations for different corrected interferograms (in cm).
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	Interferogram
	Observation
	Plane †
	Quadric

Surface ‡
	DEM §
	GACOS *
	Plane

+DEM ††
	Plane

+GACOS ‡‡





	III
	3.93
	3.95
	2.85
	3.87
	3.72
	3.91
	3.75



	IV
	0.81
	0.84
	0.74
	0.83
	0.97
	0.82
	0.99



	V
	3.12
	3.07
	2.41
	2.77
	3.68
	2.89
	3.87



	VI
	0.86
	0.88
	0.84
	0.87
	1.29
	0.90
	1.16







† Plane: orbit ramp corrected by a plane. ‡ Quadric Surface: orbit ramp corrected by a surface. § DEM: atmospheric delaying corrected by linear correlated with the digital elevation model (DEM). * GACOS: atmospheric delaying corrected by GACOS. †† Plane+DEM: orbit ramp corrected by a plane and atmospheric delaying corrected by linear correlated with the DEM. ‡‡ Plane+GACOS: orbit ramp corrected by a plane and atmospheric delaying corrected by GACOS.
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