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Rapid transitions in eruptive activity during lava dome eruptions pose significant challenges for monitoring and hazard assessment. A comprehensive understanding of the dynamic evolution of active lava dome systems requires extensive sets of multi-parametric datasets to fully constrain and understand shifts in eruptive behavior, but few such datasets have been compiled. The Santiaguito lava dome complex, Guatemala, is a remarkable example of an open-vent volcanic system where continuous eruptive activity has typically been characterized by cycles of effusion and frequent, small to moderate, gas-and-ash explosions. During 2015–2016 the volcano experienced a rapid intensification of activity including large vulcanian explosions, frequently accompanied by pyroclastic density currents. Here we present a chronology of the eruptive activity at Santiaguito from November 2014–May 2017, compiled from field observations (visual and thermal) and activity reports. We also present seismic and acoustic infrasound data collected during the same period, the longest and largest dataset collected at Santiaguito to date. Three major phases of eruptive activity took place during the study period. The first phase was consistent with the long-term eruptive behavior reported at Santiaguito by previous studies: lava effusion simultaneous with small (<1 km plume height), regular (25–200 min intervals), gas-and-ash explosions. The second phase from July 2015 to September 2016 was defined by large (<5–7 km plume height) vulcanian explosions at irregular intervals and often accompanied by pyroclastic density currents. The third phase was marked by a return to effusive activity in October 2016 interspersed by small, gas-rich explosions. Over 6,000 explosive events were recorded by seismic and infrasound during the study period and clearly delineate the three phases of activity at the volcano. Furthermore, we present the first documented geophysical evidence of explosion blast waves and volcano-tectonic earthquake swarms at Santiaguito. An important implication of our observations is that negative trends in explosion rates at silicic lava dome eruptions cannot be used alone as an indicator of future weaker activity and reduced hazard. This case study of Santiaguito will serve as a useful foundation for future studies of long-lived lava dome eruptions featuring rapid transitions between effusive and explosive activity.
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1. INTRODUCTION

Shifts in eruptive behavior at active lava domes present a significant challenge for monitoring and hazard assessment, particularly as transitions from effusive to explosive activity, and vice versa, can be rapid (e.g., Jousset et al., 2012) and often lack obvious geophysical precursors (e.g., Reyes-Dávila et al., 2016). Lava dome eruptions occur over a wide range of timescales, from months to decades, and are characterized by the slow extrusion of highly viscous, degassed magma that can eventually form voluminous edifices (>1 km3; Fink, 1990). However, these generally effusive eruptions often involve multiple episodes of explosive activity and/or collapses which commonly produce hazardous pyroclastic density currents (PDCs; Calder et al., 2015).

Generally, the switch from effusive to explosive activity during lava dome eruptions have been characterized by variations in magma discharge rate (Sparks, 1997) and volcano-seismic activity associated with magmatic or fluid movement (e.g., Neuberg, 2000; Arámbula-Mendoza et al., 2011). Pressurization, due to gas fluxing (e.g., Johnson et al., 1998; Michaut et al., 2013) or fresh magma recharge (e.g., Reyes-Dávila et al., 2016), may trigger explosive activity and evolution in associated monitored signals (Sparks, 1997). It is commonly believed that the competition between gas pressure and the rheology of dome lavas controls the development of fractures (Lavallée et al., 2008; Scheu et al., 2008; Heap et al., 2015a), porosity (Heap et al., 2015b; Rhodes et al., 2018) and coherence (e.g., Tuffisites; Kendrick et al., 2016), and thus permeability (Scheu et al., 2008; Lavallée et al., 2013; Gaunt et al., 2014; Farquharson et al., 2015), leading to either fragmentation and explosive activity (e.g., Dingwell, 1996; Papale, 1999) or outgassing and effusive activity (e.g., Edmonds et al., 2003; Gonnermann and Manga, 2007). To understand the relationships between these key characteristic signals, long-term investigations using multi-parameter datasets are of particular value. Such investigations have become a strategic requirement for the development of more sophisticated models that integrate the spectrum of magmatic processes governing lava dome activity (e.g., Soufrière Hills volcano; Wadge et al., 2014).

The Santiaguito dome complex in Guatemala is a rare example of a long-term lava dome eruption that has experienced multiple transitions between effusive and explosive activity (Harris et al., 2003; Rhodes et al., 2018). From November 2014 to May 2017, the University of Liverpool and the Instituto Nacional de Sismologia, Vulcanologia, Meteorologia, e Hydrologia (INSIVUMEH), deployed a network of seismometers and infrasound microphones around Santiaguito. The deployment was complemented by thermal and optical records of activity recorded during multiple field campaigns. The investigation was motivated by the need to characterize the activity and understand long-term, low-energy explosive behavior at the volcano. Serendipitously, our study covered a period of heightened explosive activity between late 2015 and mid 2016. Here, we present a review of geophysical data and field observations recorded during a long-term, multi-parameter investigation of lava dome activity at Santiaguito, including the aforementioned period of intense explosive activity during 2015-2016. Some discussion is included about potential triggers for the change in activity but no modeling is carried out or hypotheses tested. Instead, we present the observations and geophysical dataset with the intention of providing a useful foundation for future studies of Santiaguito and other silicic lava dome eruptions.

2. SANTIAGUITO DOME COMPLEX

Santiaguito is a ~1.1 km3 active complex of lava domes located 110 km west and 11 km south of the cities of Guatemala City and Quetzaltenango, respectively (Harris et al., 2003). The dome complex first began extruding in 1922 into an eruption crater on the southwestern flank of Santa Maria volcano (Rose, 1973). The crater formed during the October 1902 eruption of Santa Maria which deposited ~8.3 km3 of dacite over an area of 1.2 × 106 km2 across Central America; one of the largest eruptions of the twentieth century (Williams and Self, 1983). The dome complex has been continuously active from 1922 to the present day, producing four lava domes: El Caliente, La Mitad, El Monje, and El Brujo (Rose, 1973). Extrusion rates have shown a distinctly cyclic nature with at least nine cycles identified with periods of 7–15 years length (Harris et al., 2003; Rhodes et al., 2018). These cycles are also defined by rheological shifts that have promoted different eruptive lava structures (Rhodes et al., 2018). Since 1977, activity has been focused at the El Caliente vent and consists of semi-continuous extrusion of blocky lava flows interspersed by frequent gas-and-ash explosions. Occasional escalations in explosive activity have included dome collapse and PDCs (Rose, 1987; Harris et al., 2003). For the past two decades, explosions have generally been of small to moderate size with volatile-rich, ash-poor plumes typically reaching 1–2 km above the vent (Sahetapy-Engel et al., 2008; Johnson et al., 2014; De Angelis et al., 2016). Through the course of the eruption since 1922, the erupted lava has become progressively less evolved with a ~4 wt.% decrease in bulk SiO2 between 1922 and 2002 (Scott et al., 2013). Given the steadily decreasing extrusion rates and bulk SiO2 composition observed up to the time of writing, Harris et al. (2003) estimated that activity at Santiaguito would terminate in 2014–2024. However, renewed and ongoing eruptive activity since 2010 has raised questions about magmatic processes in the source region (Rhodes et al., 2018).

Santiaguito has been the subject of several multi-parametric monitoring campaigns taking advantage of the continuous nature of the eruption, the regular occurrence of explosive activity, and a direct view into the eruptive vent from a vantage point on Santa Maria (Bluth and Rose, 2004; Johnson et al., 2004, 2008, 2009, 2011, 2014; Sahetapy-Engel et al., 2008; Yamamoto et al., 2008; Johnson and Lees, 2010; Sanderson et al., 2010; Holland et al., 2011; Jones and Johnson, 2011; Scharff et al., 2014; Kim and Lees, 2015; Lavallée et al., 2015; De Angelis et al., 2016). Previous studies have focused on volcano-seismic and infrasound signals generated during small volcanic explosions (Johnson et al., 2008, 2009; Johnson and Lees, 2010). Abrupt vertical displacements of lava at or near the surface of the vent immediately prior to or during explosions are thought to play a significant role in generating long-period volcano-seismic signals (Johnson et al., 2008, 2009) and infrasound signals with peak amplitudes of up to 5 Pa (Johnson and Lees, 2010; De Angelis et al., 2016). The regular explosions at Santiaguito have presented an ideal ground for testing methods designed to accurately locate and characterize explosive activity, including semblance mapping (Johnson et al., 2011; Jones and Johnson, 2011) and Time Reversed Migration (Kim and Lees, 2015). None of the above studies have described and analyzed a dataset that spanned more than a few weeks of eruptive activity.

Most geophysical studies at Santiaguito have aimed to understand the trigger mechanisms for outgassing vs. explosive activity during periods of dome extrusion (Sahetapy-Engel et al., 2008; Sanderson et al., 2010; Holland et al., 2011; Johnson et al., 2014; Scharff et al., 2014; Lavallée et al., 2015). So far, two mechanisms have been proposed to underlie the explosive activity: (1) rupture of magma in marginal shear zones of the lava column, or (2) disruption of a gas-rich magma pocket at a shallow depth. The former mechanism is based on a notion that the upper degassed part of the magma column ascends in a staccato manner causing shear-induced fragmentation at the conduit margins (Goto, 1999; Papale, 1999). The mechanism has been inferred during dome extrusion at Montserrat (Neuberg et al., 2006), the 2004-2008 eruption at Mount St. Helens (Iverson et al., 2006), and during spine extrusion at Unzen volcano (Goto, 1999; Lamb et al., 2015). In turn, this rupture mechanism produces temporary networks of shear fractures near the conduit margins that drive rapid outgassing of shallow (<600 m) magma along arcuate fractures (e.g., Harris et al., 2003; Johnson et al., 2008; Holland et al., 2011; Lavallée et al., 2013; Scharff et al., 2014, Hornby et al. in review, Tensile rupture at lava domes: integrated field and experimental constraints from Santiaguito, Guatemala). At Santiaguito, friction during shear failure has been shown to generate enough heat to partially melt the crystal phases and induce rapid volatile exsolution from the magma, driving explosions from the arcuate fractures (Lavallée et al., 2015). Tests on dome material demonstrate how these arcuate fractures form through coalescence of tensile fractures generated during repeated deformation of the shallow magma conduit (Hornby et al., in review). The second mechanism, where a gas-rich region in the magmatic column drives explosive activity, is based on modeling of a pressure source to explain the cyclic deformation at Santiaguito (Sanderson et al., 2010; Johnson et al., 2014). Brief episodes of strong gas emissions and explosions are commonly observed at the apex of inflation cycles, monitored by tiltmeters or long period seismometers (Johnson et al., 2014). It has been noted that explosions are accompanied by more pronounced inflation/deflation cycles and very long period seismicity, whereas outgassing events are aseismic and accompanied by steady inflation/deflation cycles (Lavallée et al., 2015). It is likely that a combination or sequence of the above mechanisms underlies regular explosive activity at Santiaguito.

2.1. Multi-Parametric Observations

An intensive multi-parametric monitoring investigation was conducted at Santiaguito from November 2014 to May 2017, the first such long-term study of the volcano. We conducted 7 multi-parametric field campaigns in November 2014, April 2015, December 2015, January 2016 (as part of the Workshop on Volcanoes), June 2016, February 2017, and May 2017. In November 2014, we deployed a temporary network of geophysical instruments consisting of 11 seismometers and five acoustic infrasound microphones (Figure 1). The seismometer network included five Nanometrics Trillium Compact (T = 120 s) three-component broadband instruments, and six Lennhartz LE-3Dlite (T = 1 s) three-component short-period instruments. The microphones were iTem prs100 instruments (Delle Donne and Ripepe, 2012) and were co-located with the broadband seismometers. Table 1 lists all the stations deployed in the network, along with their dates of deployment and recovery. The stations were strategically deployed around the Santiaguito dome complex to achieve optimal azimuthal coverage (Figure 1). Data were recorded on-site at a rate of 100 Hz, with 24-bit resolution.
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FIGURE 1. Map of the Santiaguito dome complex with the locations of deployed seismic and acoustic stations in the area. Red triangle marks the location of the active El Caliente vent. The summit of Santa Maria volcano summit (SM) and the old Observatorio Volcan Santiaguito (OVSAN) building are marked with inverted triangles (The observatory building has since been moved to a more secure location close to station LB06 due to the threat of pyroclastic density currents). Thick and thin contours mark 500 and 100 m intervals in altitude, respectively. Inset: Map of Guatemala with the location of Santiaguito (SG, red triangle), Guatemala City (GC, red star) and Quetzaltenango (QU, green star) marked. Also plotted are the locations of other Holocene volcanoes along the Central American volcanic arc (black triangles).




Table 1. Details of the stations deployed in the temporary network at Santiaguito dome complex.
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During the visits to Santiaguito, we complemented the geophysical dataset with optical and thermal observations. Thermal infrared (TIR) videos were recorded with a FLIR T450sc infrared camera equipped with a 30 mm lens (FOV: 15 × 11.25, IFOV: 0.82 mrad). During thermal image capture, we recorded the atmospheric temperature, humidity, and the distance from the lava dome for appropriate corrections of signal transmissivity through the atmosphere.

3. ERUPTIVE ACTIVITY DURING 2014–2017

The following chronology is based on a combination of observations compiled by the authors during multiple field campaigns from 2014 to 2017 and are summarized in Figure 2. We have identified three phases of activity at Santiaguito, each defined by changes in eruptive activity: November 2014–June 2015, July 2015–September 2016, and October 2016 to May 2017. We also begin this section by describing the significant eruptive activity which took place at Santiaguito in 2014, before commencement of the field campaigns in November 2014. Further details are derived from monitoring observations at INSIVUMEH, also reported in the Bulletin of the Global Volcanism Network, available on the Global Volcanism Program website (volcano.si.edu).
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FIGURE 2. (A) Timeline of activity at Santiaguito dome complex between November 2014 and May 2017. Gray dashed lines separate different phases of activity. Red dashed lines indicate explosions accompanied by pyroclastic density currents (PDCs). Green dashed lines indicate reported major lahars. Blue dashed lines indicate explosions accompanied by reported blast waves. (B–E) Images of explosions during this period. Images (C–E) were kindly provided by INSIVUMEH, and all images were captured at or near the old OVSAN building, looking NNE (OVSAN in Figure 1). For scale, the height difference between the vent and the summit of Santa Maria volcano (SM, A) is approximately 1.3 km. (F–I) Images of the evolution of El Caliente vent during our period of study, as seen from the summit of Santa Maria volcano, looking SW (SM, A). For scale, the diameter of the vent in panel (H) is 300 m. Image (I) was provided courtesy of A. Pineda.



3.1. Significant 2014 Activity

Regular activity at Santiaguito during 2014 was punctuated by a major dome collapse followed by the emplacement of a lava flow. The collapse, which occurred on 9th May, removed a significant section of the eastern flank of El Caliente vent and produced a PDC that traveled ~7 km to the south; 1 × 106 m3 of tephra was deposited. This was followed in the next 2 weeks by a series of lahars, including two major events on 6th June and 15th July that damaged local infrastructure and forced temporary evacuations. Shortly after the 9th May collapse, a lava flow was observed descending the newly formed collapse scar and generating incandescent rockfalls. The flow continued for the rest of 2014, splitting into two lobes and eventually halting in December at a final length of 3.5 km from the El Caliente vent (Global Volcanism Program, 2015). Throughout this period of activity, small gas-and-ash explosions continued to occur at regular intervals, forming plumes up to 1 km above the vent. No large explosions were reported during this period.

3.2. Phase 1: November 2014–June 2015

During the deployment of the instrument network in November/December 2014, regular gas-and-ash explosions were observed from El Caliente (Figure 2B). Incandescence was observed at the vent, although lava effusion was negligible or had ceased (Figures 3A,B). Previous investigations have found correlations between local incandescence intensity and gas fluxing from the vent surface of El Caliente (Johnson et al., 2014). We observe a variation in the location of temperature intensities across the surface of the vent during this time period (white arrows in Figures 3A,B), indicating the dynamic nature of the vent during this phase. Frequent rockfalls occurred at the top of the lava flow on the El Caliente vent rim, and at or near the front of the lava flow lobes. Rockfalls were also frequently observed descending the unstable 1902 crater wall on the southwestern flank of Santa Maria (not linked to the ongoing effusive activity). No large explosions or PDCs were reported during this period.
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FIGURE 3. Composite thermal images of the El Caliente dome and vent recorded from the vantage point on Santa Maria during (A) 29/11/2014, (B) 27/03–03/04/2015, and (C) 07–09/01/2016. The images were generated by stacking the frames of thermal videos taken during these time periods (63,424, 115,650, and 81,964 frames for each panel, respectively). Thus each panel represents an average of the relative dome temperature distributions during each period. For scale, the hot region within the vent is 200 m in diameter. The white arrows in (A,B) highlight the change from a concentrated hotspot to concentric fractures between the two dates.



3.3. Phase 2: July 2015–September 2016

Regular explosive activity continued until July/August 2015. At this point explosions were less regular (<10 per day) and more energetic than before, sometimes accompanied by PDCs (Figure 2C). The largest group of explosions in 2015 were observed in December, producing ash plumes up to 7 km above sea level (a.s.l.). The explosions during this phase of activity were visually darker and thus more ash-rich than in 2014. Fine ash fell at least 10 km from the vent in all directions, and eruptive plumes were tracked by the Washington VAAC for 280 km before dissipating. During this phase, heavy rainfall triggered hot lahars that descended along river drainages to the south on 8th September, 11th September, 21st October, and 30th October (Global Volcanism Program, 2016a).

From January to June 2016, major ash-rich explosions and PDCs occurred at irregular intervals with smaller explosions in between. Plumes rose to 5 km a.s.l. with ash regularly falling on villages up to 20 km from the vent. Thermal images captured in January 2016 indicate higher temperatures over a broader area of the vent surface (Figure 3C). In February 2016, a series of strong explosions were reported to be producing dense ash clouds up to 6 km a.s.l. and accompanied by PDCs. Explosions on 7th February were heard up to 25 km away (Global Volcanism Program, 2016b). The largest explosions of the entire 2-year period, observed in April and May 2016, ejected 2–3 m diameter blocks up to 3 km away from the vent, and excavated the summit crater to ~300 m width and ~175 m depth (Figure 2H). In early July, large meter-size, breadcrust bombs were discovered ~1.8 km away from the vent (Figure S1). Heavy rainfall triggered two lahars in May, five in June, four in August, and a further ten in September (Global Volcanism Program, 2016b, 2017). Irregular, large, explosions occasionally accompanied by PDCs continued through July, August, and into September.

3.4. Phase 3: October 2016–May 2017

In October 2016, a new phase of activity was observed, characterized by the extrusion of lava into the summit crater of El Caliente (Figure 2I). By February 2017, this new lava extrusion had filled over 60% of the summit crater. By March 2017, the extrusion had grown large enough that lava could overflow the vent rim and occasional block-and-ash flows descended tens of meters down the flanks of El Caliente. Concurrently, the number of low- to moderate-energy explosions from the El Caliente was reported to increase gradually, reaching up to 35 events per day in May 2017 (Global Volcanism Program, 2017). No large vulcanian explosions were reported during this phase.

4. SEISMIC AND ACOUSTIC INFRASOUND

The characteristics of seismic and acoustic signals recorded by our network of instruments during 2014-2017 exhibit substantial variability. Here we provide a synopsis of key geophysical observations within the context of the activity described in section 3, and observations of past eruptive activity as reported by previous studies.

4.1. Activity Overview

An overview of seismic activity between November 2014 and May 2017 is provided by the network-averaged Real-Time Seismic Amplitude Measurement (henceforth referred to as the Network RSAM) shown in Figure 4. RSAM is a continuous measurement of the seismic intensity recorded at a station and was developed to quickly assess volcanic activity (Endo and Murray, 1991). As no station operated continuously throughout the whole study period, it was necessary to construct a Network RSAM, which uses data from multiple stations across the network. (A detailed description of how Network RSAM was generated is provided in section 1.1 of the Supplementary Material). Network RSAM is generally low throughout our entire period of study, although frequently punctuated by large spikes in amplitude (Figure 4A). The size and frequency of these spikes increase after July 2015, the largest occurring in March 2016. Most of these spikes are associated with explosive activity at Santiaguito, with some produced by tectonic earthquakes within 800 km of the volcano (M6+, marked by red triangles in Figure 4A), or lahars in the region.
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FIGURE 4. (A) Network real-time seismic amplitude measurement (Network RSAM) between November 2014 and May 2017. Red triangles indicate M6+ tectonic earthquakes located within 800 km of Santiaguito. (B) Daily counts of explosive events detected at Santiaguito dome complex over the same time period (blue bars) and the cumulative explosion seismic energy (orange line). Periods shaded in light red indicate when no stations in the network were recording data. Dotted lines separate the three phases of eruptive activity as described in the text.



To follow trends in eruptive activity during our study period, we have automatically tracked the rate of explosive activity at Santiaguito using the seismic and infrasound datasets. Explosive activity at Santiaguito has previously been observed to frequently occur with a pulsatory nature, with multiple distinct explosions occurring within a relatively short interval of time (<30 s spacing; Johnson et al., 2014; Scharff et al., 2014). The distinct explosion pulses may erupt from one or more different fractures across the surface of the active El Caliente vent (Jones and Johnson, 2011; Scharff et al., 2014). Here we define a single “explosive event” as that which includes at least one explosive pulse within a short time interval (<120 s). Seismic waveforms from each event were detected using an envelope matching algorithm and cross-referenced with acoustic triggers selected via a waveform characterization algorithm (Bueno et al., preparation, VINEDA—Volcanic Infrasound Explosions Detector Algorithm). The algorithm uses infrasound waveform shape, amplitude and frequency content to search for explosion waveforms and includes noise reduction techniques to amplify signals of low signal-to-noise ratio.

To quantify the changes in relative explosivity during our period of study, we have estimated the seismic energy produced during each detected event. We adopt an approach that assumes seismic velocity waveforms are representative of the kinetic energy density at individual station locations around the volcano (Johnson and Aster, 2005) (A detailed description of the approach and equation used is provided in section 1.2 of the Supplementary Material). This approach includes a number of generalizations, such as assuming a homogenous half-space, and a fixed P-wave velocity throughout the period of study. However, this approach allows us to quickly assess the relative explosivity of individual events over a large time series. Acoustic energy for the explosions may be calculated from the infrasound dataset, but the acoustic dataset is relatively incomplete and more work is needed to constrain the effects of topography and variable atmospheric conditions.

In total, 6,101 explosive events were detected between November 2014 and May 2017, with large variations in the number of events per day (Figure 4B). In December 2014 and during the first half of 2015 (Phase 1), explosions occurred at high rates (>20 events per day) and relatively low energies, similar to activity reported in previous studies and reports (e.g., Johnson et al., 2014). However, it is clear that the daily rate of explosive events fluctuates about a generally decreasing trend through the latter half of Phase 1 and into Phase 2. This indicates that the transition between Phase 1 and 2 was gradual instead of sudden, as might be inferred from activity reports (section 3). Event rates between mid-2015 and the end of September 2016 (Phase 2) consistently remained at low levels, with <10 events per day. The most energetic explosions during this phase occurred during March to May of 2016 (Figure 4B), which agrees with the activity reported at that time (section 3.3). In late 2016, phase 3 begins with a 2-month long period of increased explosion rate, which coincided with the beginning of effusive activity (section 3.4). Explosion energies during this phase stay relatively low with a few events of relatively large seismic energy (Figure 4B). We note here that the explosion rates characterized using waveform picking in late 2016 and into 2017 falls below the explosion rates presented in activity reports (section 3.4). This may be due to our definition of an “explosive event”, low signal-to-noise ratios or data dropouts due to technical issues. Therefore, we acknowledge that this dataset likely underrepresents the true number of low-energy explosions that occurred during our period of study. Nevertheless, the results plotted in Figure 4B are a good indicator of the changes in activity taking place at the volcano.

4.2. Regular Low-Energy Explosions

Phase 1 was characterized by regular gas-and-ash plumes at intervals of 0.5–1 h (Figure 4B). This behavior had been observed at Santiaguito since 1975 (Rose, 1987) and has been well-documented and analyzed through multiple field studies and methods (Bluth and Rose, 2004; Johnson et al., 2004, 2008, 2009, 2011, 2014; Sahetapy-Engel et al., 2008; Yamamoto et al., 2008; Johnson and Lees, 2010; Sanderson et al., 2010; Holland et al., 2011; Scharff et al., 2014; Lavallée et al., 2015; De Angelis et al., 2016). A typical example of the seismic waveform generated by explosions of this magnitude is presented in Figure 5, along with a thermal image of the same event. The seismic waveform shares characteristics with those previously described at Santiaguito (e.g., Johnson et al., 2008), with peak frequencies concentrated below 5 Hz (Figure 5B). Analysis of acoustic and thermal data recorded during a similar explosion on 30th November 2014 finds that these events contain only minor fractions of ash, therefore little magma fragmentation is taking place in the conduit (De Angelis et al., 2016).
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FIGURE 5. Seismic record (A) and frequency spectrogram (B) of a small explosion recorded on 09/01/2016 at station LB02. A 0.1 Hz high-pass filter has been applied to the seismic record. (C) Thermal image of the explosion event captured at 09/01/2016 13:48:49.456 (UTC), 16 s after the explosion plume first appeared at the surface. For scale, the plume is over 300 m in height above the surface of the vent.



4.3. Deformation Cycles

In 2012, the regular low-energy explosions were observed to coincide with ~26-min inflation-deflation deformation cycles of the volcanic edifice, with peak inflation commonly culminating in an outgassing event or an explosion (Johnson et al., 2014; Lavallée et al., 2015). We tested whether the eruptive activity during the first few months of our study was similar to that reported by Johnson et al. (2014). Radial tilt can be derived from broadband seismic data by a magnification of the low-pass filtered integral of the displacement time-series (De Angelis and Bodin, 2012). Here, we used data recorded on 1st December 2014 by one of the closest stations, LB04 (Figures 1, 6B), located 500 m from the eruptive vent. The calculated radial tilt (Figure 6A) displays similar cyclic deformation characteristics to those observed in 2012 at the same location (Figures 6C,D; Johnson et al., 2014), but with a periodicity of 30–90 min. The most pronounced inflation phase commonly culminated with explosions (marked by more pronounced peaks in Figure 6B), whereas smaller inflation phases resulted in outgassing events (Figures 6A,B). Our observations suggest that activity observed until June 2015 was a continuation of the eruptive activity that had been characteristic of El Caliente since 1975.
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FIGURE 6. Radial tilt (red) derived from ground velocity (blue) recorded from seismometers or tiltmeters located close to El Caliente vent during two studies: LB04 (A,B) from our study, and SJAK (C,D) from Johnson et al. (2014). Station SJAK was deployed in the approximately the same location as station LB04.



4.4. Large Explosions and Blast Waves

Eruptive activity during Phase 2 (July 2015 to September 2016) at Santiaguito was defined by the irregular occurrence of large explosions, producing ash plumes up to 7 km a.s.l. The most intense eruptions were reported in the first half of 2016, between February and May (Figure 2D, section 3.3). This series of large explosions caused the excavation of the eruptive vent at the Caliente dome (Figure 2H). The explosions in early February 2016 generated powerful blast waves that were heard up to 25 km away from the vent, resulted in minor damage to nearby buildings, including shattered windows (section 3.3), and were recorded by the acoustic microphones deployed around the volcano (Figure 7).
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FIGURE 7. Infrasonic acoustic waveforms (blue line) from three large explosions in early February 2016 as recorded at station LB02. Each event is overlain with the modeled Friedlander wave (red dashed line) that indicates the blast wave nature of the events.



Blast waves (a.k.a. shock waves) are generated by the supersonic release of pressure from a confined small volume (Needham, 2010). Blast waves generated during volcanic explosions are often observed visually but are rarely seen in the acoustic record (Marchetti et al., 2013). The acoustic waveforms generated during such events are characterized by the sharp compressive onset immediately followed by a longer-lasting rarefaction wave of smaller amplitude (Needham, 2010), a sequence well-defined by the Friedlander equation (section 1.3 in Supplementary Material; Marchetti et al., 2013). Indeed, the acoustic waveforms recorded during the large explosions in early February 2016 are well-approximated by the Friedlander equation (Figure 7). This represents the first such direct geophysical measurement of blast waves at Santiaguito dome complex (to our knowledge).

4.5. Pyroclastic Density Currents

PDCs were often reported on the flanks of Santiaguito during the period of heightened explosive activity of Phase 2. Large explosions were frequently accompanied by one or multiple PDCs descending the SW, S or SE flanks of the El Caliente dome with run-out distances of up to 3 km. No significant PDC was reported without an accompanying explosion. Most PDCs resulted from partial collapse of the eruptive column during explosive events. One PDC on 8th March 2016 was reported as caused by an additional collapse of part of the El Caliente dome, triggered by a moderate explosion (Global Volcanism Program, 2016b). It remains unconfirmed that several PDCs could have been caused by the excavation of the El Caliente vent during large explosive activity (section 3.3, Figure 2H).

Multiple PDC events were recorded in our dataset during our period of study. A seismic waveform for a PDC observed on 19th June 2016 is plotted in Figure 8C. This event was reported by the Santiaguito Volcano Observatory (OVSAN) and the accompanying explosion produced a plume up to a height of 5 km a.s.l. (Global Volcanism Program, 2016a). The PDC waveform has a duration of only a few minutes, consistent with a relatively short run-out distance down the south or south-western flanks of El Caliente.


[image: image]

FIGURE 8. Example seismic records (A,C) and frequency spectrograms (B,D) of a lahar on 13th June 2016 (A,B) and an explosion followed by a pyroclastic density current on 19th June 2016 (C,D). The unfiltered seismic waveforms were recorded at station LS04. The waveform and frequency characteristics shown here are typical for these types of events as recorded at this station. Spectral scale is identical to that in Figure 5.



4.6. Lahars

Deposits from PDCs and explosions since May 2014 have provided a large supply of sediment to the fluvial systems around Santiaguito. Mobilization of the volcanic material in the annual rainy season triggers lahars and aggradation. Lahar activity typically impacts a fluvial system extending as much as 60 km SW from Santiaguito to the Pacific coast of Guatemala, a heavily populated and farmed zone (Harris et al., 2006). Here we focus on the largest lahars that occurred during our period of analysis, particularly those reported by INSIVUMEH and the Bulletin of the Global Volcanism Network, published on the Global Volcanism Program website (volcano.si.edu). Smaller, unreported lahars will be difficult to distinguish from PDCs without additional information, since both types of events share similar frequency content and amplitudes (e.g., Figure 8; Huang et al., 2007).

Between November 2014 and May 2017, at least 16 major lahars were observed and reported descending the barrancas (steep-sided valleys) on the south-western flank of Santiaguito. In the seismic record, these events were characterized by emergent waveforms with durations of up to 1 h (Figure 8A). The energy in the lahar signals was broadly distributed below 25 Hz, but the majority was concentrated below 10 Hz (Figure 8B). Six major barrancas lie between stations LB01 and LS04 (Figure 1), and it is important to know which of these barrancas the lahars are descending so that timely and correct warnings can be released to the public. However, it is difficult to assess within which of these the lahars traveled based on the seismic and acoustic data presented here.

4.7. Rockfalls

Rockfall were frequently recorded throughout our period of study. Three sources of rockfall were identified around Santiaguito during field campaigns. The first, and the source of a clear majority of rockfalls in our dataset, was the unstable scarp formed on the southwestern flank of Santa Maria volcano during the 1902 eruption (Williams and Self, 1983). Rockfalls were also observed along the flanks of the El Caliente (Figure 9, Movie S1) and La Mitad lava domes, an indication of their instability. Rockfalls originated on the southwestern flank of Santa Maria could be easily identified by their seismic amplitude distribution across the network (larger amplitude waveforms were recorded at station LS06 for rockfalls from the unstable scarp) and by visual observations in the field. On inspection of the seismic data, the number of rockfalls inferred to have originated from the lava domes showed no obvious correlation with the number and energy of explosive events during the study period. Small and infrequent rockfalls from the front and flank of the 2014 lava flow were also witnessed but rarely recorded.
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FIGURE 9. Seismic record (A) and frequency spectrogram (B) of rockfall recorded at station LB02 on 9th January 2016. A high-pass filter at 0.5 Hz has been applied to the seismic record. The source location for this event was down the western flank of Caliente dome. A thermal recording of the event can be seen in Movie S1. Spectral scale is identical to that in Figure 5.



4.8. Volcano-Tectonic Swarms

Volcano-tectonic (VT) earthquakes are characterized by sharp, mostly impulsive onsets of P- and S-waves with broad spectra up to 15 Hz (Lahr et al., 1994). They share similarities with tectonic earthquakes, but are instead interpreted as the result of stress perturbation due to magmatic intrusion (e.g., Sigmundsson et al., 2015) or by hydrothermal fluids expelled from a magmatic body (e.g., Hill, 1996). Rather than mainshock-aftershock sequences that define major tectonic earthquakes, VTs often occur as intense swarms of earthquakes located beneath or near a volcano. Here, we report the first evidence of VT swarm activity recorded at Santiaguito volcano (to our knowledge).

At least one VT swarm was detected during mid-2016. Figure 10 shows seismic data for the swarm recorded on the 24th July 2016 which started after 00:00 (UTC) and continued for a total of 11 h. During that time, 275 VT earthquakes were recorded at station LB03. The average repose interval between individual earthquakes throughout the swarm decreased from 600 to 120 s. Concurrently, their amplitudes slowly increased through the swarm. Waveform correlation analysis of the events suggests there is very little degree of repetitiveness throughout the swarm, suggesting no VTs repeatedly occurred in the same location. The swarm ended concurrently with a relatively minor explosion, although it is unclear if the two events are related. VT events continued to be recorded until the end of July, with a few events seen in August. However, VT events were only discernible in data recorded at LB03 which had many data gaps during this period so it is difficult to assess the total number of events occurred.
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FIGURE 10. (A) 24-h helicorder from station LB03 on 24th July 2016 showing a short swarm of volcano-tectonic earthquakes from 00:00 to 11:00 UTC, followed closely by an explosive event (red star). The explosion is followed by a sequence of rockfall events, as well as two seismo-tectonic events. The long-lived high amplitude event from 21:00 to 22:30 is likely an unreported lahar. (B) The waveform and (C) frequency spectrum of one volcano-tectonic earthquake during the swarm in (A), demonstrating the high-frequency nature of the volcano-tectonic events.



4.9. Absence of Precursory Long-Period Seismicity

Long-period (LP) seismicity are transient signals characterized by emergent P-waves and Rayleigh waves with a lack of distinct S-waves, dominated by frequencies in the 0.5–5 Hz range (Chouet, 1996). LP seismicity are commonly observed at volcanic systems all around the globe and are attributed to various mechanisms such as the resonance of fluid-filled cavities (e.g., Chouet, 1996), slow-rupture failure in volcanic material (e.g., Lamb et al., 2015), or magma failure (e.g., Neuberg et al., 2006). At Santiaguito, seismic waveforms of LP frequencies have been observed during explosions and were attributed to an abrupt mass shift of solidified or degassed magma (Johnson et al., 2008). Indeed, we have observed similar LP frequencies during explosions in the dataset described here (section 4.2, Figure 5).

More notable for Santiaguito is the apparent absence of LP seismic events prior to explosive events. Swarms of LP events have been frequently observed before major explosive events at volcanoes and have been attributed to pressurization beneath an impermeable cap (e.g., Chouet, 1996) or brittle fracturing of ascending magma (e.g., Varley et al., 2010). It appears the conditions to generate LP seismicity prior to explosions were not present at Santiaguito, or the earthquakes could not be distinguishable above the background noise levels.

5. DISCUSSION AND CONCLUDING REMARKS

The progression in explosive activity at Santiaguito from 2014 to 2017 has been recorded in detail by the seismic and infrasound dataset, complemented by detailed optical and thermal observations made during field campaigns (Figures 2–4). The regular explosive activity seen in the first phase of our dataset appears to be a clear continuation of that reported at Santiaguito by previous studies (Sahetapy-Engel et al., 2008; Johnson et al., 2014). The first indication for a change in explosive behavior occurred when the first large vulcanian explosions appeared in late 2015. However, it is clear from the explosion time series compiled here that the transition from regular, low-energy explosions to irregular, occasionally high-energy explosions took place gradually over the latter half of 2015, with the highest energy explosions taking place in March to May 2016 (Figure 4B). Decreases in daily explosion rate at Santiaguito (and other silicic lava dome eruptions) cannot be assessed alone and interpreted as an indicator of weaker future eruptive activity and, therefore, decreased hazard. Interpretations must instead be corroborated by other supporting evidence and hazard assessments must now include the possibility that such trends may instead lead to increased volcanic intensity and in turn, increased hazard to surrounding population areas.

The escalation to more explosive activity at Santiaguito raises the question of what process had occurred within the volcanic system that promoted this transition in activity. Similar escalations in activity have been observed at other long-term silicic effusive eruptions, including Volcán de Colima (Mexico) and Soufrière Hills volcano (Montserrat). Cyclic effusive activity at Volcán de Colima from 1998 to 2017 was interrupted by heightened explosive activity in 2005 and 2015. The high pressures needed to produce the vulcanian explosions in 2005 were explained by strong vertical gradients in viscosity within the magma column as well as the growth of microlites in the upper conduit (Arámbula-Mendoza et al., 2011). The rapid transition to dome collapse and explosive activity in 2015 was linked to the arrival of relatively volatile-rich magma into the shallow magma column (Reyes-Dávila et al., 2016). Soufrière Hills volcano underwent multiple phases of effusive and explosive activity between 1995 and 2010 (Wadge et al., 2014). Christopher et al. (2015) proposed the presence of a multi-level, mature magmatic system beneath the volcano and theorized that destabilization of the system can lead to elevated levels of volcanic activity at the surface. Destabilization may be caused by mixing of magmas of different compositions which triggers degassing and pressurization of the system. The magmas of varying compositions may come from different sections of the system, or from an intrusion of new magma from greater depths. The latter example has been suggested based on evidence of mafic inclusions and disequilibrium textures in crystals within erupted lavas (e.g., Saunders et al., 2012). The timing of new magma intrusions into the volcanic system, constrained by diffuse chronometry, has appeared to correlate with deep-seated seismicity at, for example, Mount St. Helens (Saunders et al., 2012) and Mt. Ruapehu (Kilgour et al., 2014). However, no such deep-seated seismicity indicating magma movement was observed at Santiaguito prior to the escalated activity in 2015–2016. It is possible any intrusion may have occurred prior to the instrument deployment in November 2014 as the effects on surface activity may not occur until years afterwards (Saunders et al., 2012). At Santiaguito, the 2015–2016 escalation in activity was preceded by a long-term decay in extrusion rates since 1922 (Harris et al., 2003) and a decrease in the bulk SiO2 content of the eruptive products (Scott et al., 2013), suggesting a magmatic system becoming increasingly depleted of eruptible magma. It is also worth noting that this period of escalated activity followed a short period of relatively heightened effusion rates, manifested by three lava flows since 2010 (Rhodes et al., 2018; Hornby et al., in review). Further work is needed, particularly with geochemical analyses of the eruptive products, before conclusions can be drawn regarding the trigger mechanism for escalated eruptive activity at Santiaguito.

The preliminary overview of the activity and our observations presented here represent the foundations for future studies which we speculate will demonstrate the value of investment in long-term multi-parametric monitoring of active volcanoes. A detailed study into the trigger mechanisms of the large vulcanian explosions in 2015 can lead to improved near-real time emergency responses (e.g., Arámbula-Mendoza et al., 2011) as well as more accurate ash-tracking systems, an important tool for the aviation industry (e.g., Mastin et al., 2009). Detailed analysis of the seismic and infrasonic signals generated during lahars or PDCs, combined with studies of their physical characteristics, could produce improved hazard assessments (e.g., Johnson and Palma, 2015). Locating and tracking the evolution of the volcano-tectonic seismic swarms in mid-2016 may give useful insights into the short- and long-term behavior of Santiaguito, particularly with regards to the transition from explosive to effusive activity in late 2016 (e.g., White and McCausland, 2016). Complementary insights may also be gained from studies carried out on the geochemical and rheological properties of the recent eruptive products (e.g., Rhodes et al., 2018), changes in the morphology of the dome in relation to eruptive activity (e.g., James and Varley, 2012) as well from the thermal and optical images of the explosions collected during field campaigns (e.g., Sahetapy-Engel et al., 2008). Altogether, these studies have the potential for improving our understanding of long-lived silicic dome eruptions. In turn, their findings will help refine and enhance the hazard assessments needed to protect nearby populations during such activity.
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Station Installed Recovered Seismometer Microphone

LBO1 20/11/2014 16/06/2017 Trillium T120 Compact iTem prs100
LB02 21/11/2014 16/05/2017 Trillium T120 Compact iTem prs100
LB03 23/11/2014 20/06/2017 Trillium T120 Compact iTem prs100
LBO4 24/11/2014 01/12/2015* Trillium T120 Compact iTem prs100
LB0S 24/11/2014 01/12/2015* Trillium T120 Compact iTem prs100
LBO6 15/06/2016 16/05/2017 Trillium T120 Compact iTem prs100
LBO7 16/06/2016 19/06/2017 Trillium T120 Compact iTem prs100
Lso1 19/11/2014 17/05/2017 Lennhartz LE-3Dite -
Ls02 19/11/2014 17/06/2017 Lennhartz LE-3Dlite =
Ls03 19/11/2014 05/12/2015 Lennhartz LE-3Dlite =
LS04 24/11/2014 18/06/2017 Lennhartz LE-3Dlite -
LS05 27/11/2014 19/05/2017 Lennhartz LE-3Dite -
LS06 28/11/2014 20/06/2017 Lennhartz LE-3Dlite b
Lso07 06/12/20156 18/06/2017 Lennhartz LE-3Dlite -

Station short-hand names are shown in first column, along with date of installation, and specific type of instruments used. “LB" indicates the station used a broadband seismometer;
whereas ‘LS used a short-period seismormeter. Alo indicated are stations whose equipment were removed from their original locations due to technical diffculties. *LB04,” *LB0S,”
and “LS03" were moved to “LBOB,” “LBO7,” and “LS07," respectively. *Stations LBO4 and LBOS were inactive from Mid-December 2014 onwards, but only removed 12 months later
due to inaccessibilty.
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