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Abstract 23 

 24 

Long-term instrumental monitoring of open-vent volcanoes provides the necessary datasets 25 

to characterize volcanic activity and unravel its temporal changes. This is particularly 26 

important for active lava domes, which can undergo rapid transitions in behavior over the 27 

course of their eruption. Here, we analyzed seismic, acoustic infrasound and thermographic 28 

data collected between January 2018 and September 2020 to resolve volcanic processes 29 

taking place at the Santiaguito lava dome complex in Guatemala. During this period lava 30 

effusion filled the crater of the active Caliente lava dome. The extrusive activity was 31 

accompanied by small-to-moderate explosions, prolonged episodes of gas emissions, and 32 

occasional rockfalls. Automated algorithms were applied to identify seismic signals 33 

associated with different processes and to characterize the temporal evolution of activity. We 34 

identified ~70-250 tectonic events per week and detected signals associated with gas-and 35 

ash explosions occurring at a rate of ~70-100 events/week. Lava dome growth activity was 36 

accompanied by the emplacement of a lava flow along the eastern upper flank of Caliente 37 



and seismicity possibly due to the occurrence of rockfalls. We observed episodes of 38 

harmonic tremor in seismic and acoustic data associated with sustained gas emissions, 39 

estimated to originate at shallow depths of about 500-750 m below the crater. Data indicated 40 

that both the recurrence rate of tremor (~10-50 events/week) and its duration (~40-130 41 

minutes/week) were slightly lower and shorter between January 2019 and March 2020 than 42 

in rest of the study period, despite minor variations in explosive activity. Finally, within a 43 

period of 11 weeks, between 18 January and 4 April 2018, we found 129 volcano tectonic 44 

earthquakes; we were able to locate 10 of them at depths between 1.3 and 2.3 km, ~1.5 km 45 

southwest of Caliente. This multi-parametric study provides valuable insights into 46 

geophysical signals and associated processes at Santiaguito, helping to resolve temporal 47 

occurrence of each event type during protracted effusive-explosive activity. 48 

 49 

1 Introduction 50 

 51 

1.1 Formation 52 

Santiaguito (Guatemala) is a lava dome complex forming part of the Central American 53 

Volcanic Arc, located 110 km west of Guatemala City and 11 km south of Quetzaltenango. 54 

Santiaguito consists of four volcanic domes emplaced within the collapse scar produced by 55 

the 1902 eruption at Santa Maria volcano (Harris et al., 2003; Andrews, 2014); El Brujo, El 56 

Monje and La Mitad align on an E-W fault whilst Caliente, the easternmost dome, is slightly 57 

offset (to the south) where the E-W feeder fault intersects the main, regional NE-SW Zunil 58 

fault (Escobar-Wolf et al., 2010; Bennati et al., 2011).  59 

A lava dome eruption began in 1922 at Caliente with a first episode of dome extrusion, which 60 

ended in 1939. Eruptive activity then shifted westward with the protracted dome growth of La 61 

Mitad (1939-1949), El Monje (1949-1958) and El Brujo (1958-1986) (Rose, 1973; Harris et 62 

al., 2003; Scott, 2013). Dome growth resumed at Caliente in 1972, and since 1975 it has 63 

commonly been accompanied by 1-2 small gas-and-ash explosions per hour (Rose et al., 64 

1976; Rose, 1987; Johnson et al., 2014). Since 1986 Caliente is the only active dome at 65 

Santiaguito (Harris et al., 2003; Bluth and Rose, 2004). Lava extrusion rates have been 66 

observed to be cyclic with a shorter (3-6 years) phase of high extrusion followed by a longer 67 

(3-11 years) phase of low extrusion rate, identified by analysis of lava flows (Rose, 1987) and 68 

satellite data (Harris et al., 2003; Ebmeier et al., 2012). At least nine cycles of lava effusion 69 

have been identified since the formation of Santiaguito (Harris et al., 2003; Rhodes et al., 70 

2018).  71 

 72 

1.2 Visual monitoring 73 

 74 



Visual observations at Santiaguito are routinely conducted by two local observers from the 75 

Instituto Nacional de Sismología, Vulcanología, Meteorología e Hidrología (INSIVUMEH, 76 

Guatemala) at OVSAN (Observatorio del volcán Santiaguito), located 7.5 km south of 77 

Caliente. However, visual observations are frequently hindered by inclement weather 78 

conditions. During the dry season (November to April) the view is often clear until around 79 

noon while during the wet season the domes are rarely visible. The summit of Santa Maria 80 

offers an exceptional vantage point to observe the development of both effusive and 81 

explosive volcanic activity and dome surface dynamics, but the abundance of visitors 82 

hampers the deployment of permanent (unguarded) equipment.  83 

 84 

1.3 Short-term instrumental monitoring 85 

  86 

To supplement intermittent visual observations, long-term geophysical monitoring is 87 

conducted. This helps determine the level of unrest and any change in behavior, such as 88 

shifts in eruption style (effusive vs explosive), explosion intensification, surficial mass 89 

movements, quiescence, etc. Analysis and classification of these data helps decipher 90 

eruption mechanisms and assess hazards posed. Permanent monitoring networks and visual 91 

observations can be bolstered by short, intensive, multi-parametric monitoring campaigns, 92 

which provide high-resolution data to elucidate specific eruptive processes. Santiaguito 93 

volcano is a frequent host to such efforts by several international research groups, especially 94 

during the dry season in December and January (e.g., Bluth and Rose, 2004; Johnson et al., 95 

2004; Sahetapy-Engel et al., 2008; Johnson et al., 2008; Johnson et al., 2009; Sanderson et 96 

al., 2010; Johnson et al., 2011; Jones and Johnson, 2011; Holland et al., 2011; Scharff et al., 97 

2012; Scharff et al., 2014; Johnson et al., 2014; Lavallée et al., 2015; Lamb et al., 2019, 98 

Carter et al., 2020, Zorn et al., 2020).  99 

Multi-parametric surveys of dome eruption and associated explosive activity at Santiaguito 100 

have contributed to the elaboration of sophisticated physical models. Bluth and Rose (2004) 101 

observed the occurrence of gas-and-ash emissions along a ring-shape in the dome surface 102 

(ring diameter was 70 m in 2002 and 120 m in 2004). They suggested a model in which 103 

incremental plug flow due to preferential shearing near the conduit boundaries produces a 104 

ring-shape fracture that localizes gas-and-ash emissions. Sahetapy-Engel et al. (2008) 105 

determined the source depths for explosions between 100 and 620 m below the vent and 106 

stated that those must be located within a 500 m thick dacite plug in the uppermost portion of 107 

the conduit. Johnson et al. (2008) described subvertical displacements of the dome surface 108 

of ~0.5 m during explosions, with deformation starting in the center of the dome surface and 109 

propagating outward at 50 m/s. Johnson et al. (2009) performed a multi-parametric 110 

investigation and analyzed tilt, seismic and infrasonic data along with visual observations, 111 



suggesting that explosions are preceded by elevated rates of outgassing. They also 112 

described the occurrence of multiple bursts during a given explosive event. Sanderson et al. 113 

(2010) observed ultra-long period (> 30 s) seismic signals coincident with eruptive activity 114 

centered on the active Caliente vent, which they modelled using a Mogi source located 200 115 

m west of, and 250 m beneath the center of the vent. Holland et al. (2011) ascribed the 116 

occurrence of explosions to sudden decompression of stored gas, triggered by upward stick-117 

slip motion of the magma plug. Scharff et al. (2014) analyzed Doppler radar images and 118 

observed that explosive events developed through multiple pulses over a 3 s period. To 119 

explain this pulsatory character, they suggested a model consisting of a magma-column 120 

containing bubble-bearing magma below a dense carapace (or plug), a few tens of meters 121 

thick. In their view, upon ascent of bubbly magma, the overlying carapace uplifts and 122 

deforms to the point of rupture or until fractures reactivate, permitting gas-and-ash 123 

emissions. They used this model to explain the fact that outgassing commonly initiates at the 124 

center of the dome. As the fractures propagate laterally across the dome, other regions of 125 

the bubbly magma fragment, leading to subsequent explosion pulses. At some point, the 126 

carapace settles back down, compressing the underlying magma once again, which may 127 

start to repressurize and initiate a second cycle of upward motion. Part of the challenge in 128 

understanding the cause for fragmentation is that the erupted lava is commonly blocky with 129 

low vesicularity (<32%), as indicated by detailed textural mapping (Rhodes et al., 2018); so 130 

fragmentation would require large pore overpressure (cf. Spieler et al., 2004) which is not 131 

fully consistent with the observation that the dome’s integrity is largely unaffected by the 132 

explosions, and that they develop along faults, which are likely involved in the trigger source 133 

process. 134 

 135 

Lavallée et al. (2015) combined petrological, geological and geophysical observations 136 

acquired during a week-long multiparametric survey in 2012 and reconciled observations 137 

from previous studies to expand on our model of gas-and-ash explosions at Santiaguito. Tilt 138 

data shows a regularity in inflation-deflation tilt cycles over a 25 min period (Johnson et al., 139 

2014); this cyclicity may be driven by pulsatory gas fluxes permeating through the magmatic 140 

column (e.g., Michaut et al., 2013). The data shows that the most pronounced inflation cycles 141 

lead to gas-and-ash explosions, whereas less pronounced ones simply result in gas 142 

emission (Lavallée et al., 2015). Upon explosion, the dome surface undergoes rapid uplift/ 143 

subsidence motions of ~0.5 m in 1 s (Johnson et al., 2008) and the subsidence phase is 144 

accompanied by long-period seismicity. Magma shearing during plug flow promotes traction 145 

that generates tilt and rupture would generate the seismicity. The erupted volcanic ash 146 

contains evidence for thermal input preceding fragmentation (both melting and thermal 147 

vesiculation), which suggests that conversion of mechanical work to cataclasis and frictional 148 



heat during fault slip may contribute to the development of volcanic ash clouds; a model 149 

which may explain the fragmentation of dense lavas, whilst ensuring localization along 150 

faults. Hornby et al. (2019a) investigated the rupture of Santiaguito lava under tensional 151 

conditions and suggested that the contrasting rates associated with the inflation phase would 152 

result in variably localized or pervasive fracture: higher strain rates during more pronounced 153 

tilt phases would promote localized fracture, whereas lower strain rates would promote more 154 

pervasive tearing of magma, thus enhancing the permeability of the system to allow 155 

outgassing (e.g., Lavallée et al., 2013). This distinction may be important as following gas or 156 

gas-and-ash emissions, depressurization of the system is accompanied by ~20 min long 157 

deflation cycles observed in the tilt signals (Johnson et al., 2014, Lavallée et al., 2015) during 158 

which gas pressure reduction in shear zones would promote progressive closure of fractures 159 

and settling of the edifice (i.e., causing negative tilt). Thus, explosions at Santiaguito appear 160 

strongly associated with faulting dynamics. 161 

 162 

1.4 Long-term instrumental monitoring 163 

 164 

Recently, efforts have been made to develop long-term monitoring infrastructure to improve 165 

our knowledge of prolonged eruptive behavior at Santiaguito. Between November 2014 and 166 

May 2017 a first long-term seismo-acoustic network was deployed by the University of 167 

Liverpool (De Angelis et al., 2016; Lamb et al., 2019; Carter et al., 2020; Wallace et al., 168 

2020). Lamb et al. (2019) identified signals associated with different types of volcanic activity 169 

during this period, including explosions (of variable sizes), pyroclastic density currents, lahars 170 

and rockfalls. Their analysis revealed a shift in eruptive behavior from low-level effusion 171 

accompanied by regular, small explosions in 2014, which they refer to as the background 172 

activity level, to a highly explosive eruptive regime in late 2015 and 2016, before returning to 173 

a background level of activity in late 2016. During 2015, explosion numbers gradually 174 

reduced and by late 2015 explosions were less regular and more energetic, averaging <10 175 

per day; in April and May 2016 the activity reached maximum intensity with several large 176 

explosions, three of them with seismic energies larger than 1 GJ, excavating a ~300 m wide, 177 

~175 m deep summit crater in the Caliente dome (Wallace et al., 2020). The explosive phase 178 

included ejection of 2-3 m diameter ballistic bombs up to 3 km away from the vent, plumes 179 

rising up to 7 km altitude, ash fall at over 30 km distance and several pyroclastic density 180 

flows (Global Volcanism Program, 2016); in October 2016, lava extrusions began to refill the 181 

summit crater, and the explosion recurrence rate and explosion seismic energy rate returned 182 

to similar levels to 2014 (Lamb et al., 2019; Carter et al., 2020).  183 

 184 



Despite this expanding description of volcanic unrest at Santiaguito, little is known of tremor 185 

activities, as recent studies analyzed the vertical component of seismic data only, and did not 186 

account for tremor signals (e.g., Lamb et al., 2019), which provide crucial information about 187 

magmatic fluid activity at open vent volcanoes. Volcanic tremor signals are commonly 188 

observed at volcanoes worldwide (e.g., Aki et al., 1977; Schlindwein et al., 1995; Benoit and 189 

McNutt, 1997; Konstantinou and Schlindwein, 2002; Jellinek and Bercovici, 2011; Nadeau et 190 

al., 2011). Volcanic tremor signals are characterized by signal durations of minutes to days. 191 

In some cases, frequency analysis reveals a single-frequency sine-wave or a fundamental 192 

frequency (f0) with a set of harmonics. In those cases, the signal is described as a harmonic 193 

tremor signal (e.g., Hellweg, 2000; Lesage et al., 2006; Hotovec et al., 2013; McNutt and 194 

Roman, 2015). The generation of volcanic tremor signals is often attributed to fluid flow 195 

within the volcanic edifice and corresponding gas emissions ( e.g., Seidl et al., 1981; Ripepe, 196 

1996; Ripepe et al., 1996; Hellweg, 2000). At Santiaguito an evaluation of the occurrence of 197 

tremor in recent years has been lacking. Johnson et al. (2009) reported pre-eruptive 198 

harmonic tremor in both infrasound and seismic data for an event on 4 January, 2009. They 199 

noted different onset times prior to an explosion for the infrasound harmonic tremor signal 200 

(128 s prior to eruption) and the seismic harmonic tremor signal (125 s before the eruption), 201 

which lasted at least two minutes, with a fundamental frequency of 0.43 Hz in both and 202 

approximately 10 well-defined harmonics, which they used to infer shallow fluid flow.  203 

 204 

Here we present new instrumental observations from the time period January 2018 to 205 

September 2020 based on a recent upgrade of our newly deployed real-time seismo-206 

acoustic monitoring network together with new continuous thermal imagery to highlight the 207 

diversity of Santiaguito’s seismic signatures and provide a comparison to previously reported 208 

activity. In particular we present some of the first analyses of harmonic tremor signals at 209 

Santiaguito to assess the potential relationships with explosive events.  210 

 211 

2 Instrumentation  212 

 213 

2.1 Seismic and infrasound network 214 

 215 

Since January 2018, a collaboration between the University of Liverpool (UK), the Karlsruhe 216 

Institute of Technology (Germany) and INSIVUMEH (Guatemala) led to the deployment and 217 

operation of a new real-time seismic and infrasonic monitoring network consisting of three 218 

Nanometrics Trillium compact three-component broadband seismometers (T = 120 s) as well 219 

as one Lennartz LE3D-lite three-component seismometer (T = 1 s), three iTem prs100 220 

infrasound sensors (Delle Donne and Ripepe, 2012) and, since 2019, an IST 2018 221 



infrasound sensor. We carefully selected the station locations based on the previous 222 

monitoring campaigns by the University of Liverpool, to provide the best signal to noise ratio 223 

and azimuthal coverage. [Note that during the 2014-2017 campaign, five Nanometrics 224 

Trillium Compact (T = 120 s) three-component broadband seismic instruments, six Lennartz 225 

LE-3Dlite (T = 1 s) three-component short-period seismic instruments and five iTem prs100 226 

infrasonic sensors were installed at Santiaguito volcano. During this period, the network 227 

configuration changed a few times for optimization and due to instrument failures/ repair; the 228 

locations of these stations are shown and described in Lamb et al. (2019).] The instruments 229 

of our new collaborative deployment are distributed across a network of four seismic and 230 

infrasonic stations (STG1, STG2, STG5, and STG8) at distances between 2.2 km (STG8) 231 

and 7.5 km (STG5) from the summit of Caliente (Figure 1a) occupying the positions of former 232 

stations LS07, LS08, LB06 and LB03, respectively, described by Lamb et al. (2019).  233 

 234 

During 5-18 January 2019, we deployed an additional temporary seismic and infrasound 235 

network consisting of three Lennartz LE3D-lite three-component seismometers (stations 236 

LIN1-LIN3). The stations were located at distances between 500 m and 4 km from Caliente 237 

in order to analyze signal amplitude decay with distance (Figure 1a; Table 1). Station LIN2 238 

was also equipped with an IST 2018 infrasound sensor.  239 

 240 

Instrumentation for all stations in our network is summarized in Table 1. The network records 241 

continuously with a sampling frequency of 100 Hz (75 Hz at station STG2 since January 242 

2019). Seismic data from the real-time stations are collected using a 3G modem giving a 243 

real-time understanding of current activity at Santiaguito, and allowing us to check data 244 

quality, power shortages or data loss. All infrasound and additional seismic data are collected 245 

during regular instrument service visits.  246 

 247 

Data recovery at station STG8 amounts to 85%, 81% and 81% in 2018, 2019 and 2020 (until 248 

September), respectively. 249 

 250 



 251 

 252 

Figure 1. (a) Map of station locations around Santa Maria - Santiaguito volcanic complex. Stations 253 

STG1, STG2, STG5 and STG8 were deployed in January 2018 and operated since then. Station LIN1, 254 

LIN2 and LIN3 were temporarily installed for approximately two weeks in January 2019. 255 

Instrumentation for STG and LIN stations are listed in Table 1. LS and LB stations, which were 256 

deployed between November 2014 and May 2017 by the University of Liverpool are shown as well. 257 

Instrumentation for LS and LB stations are detailed in Lamb et al. (2019). Black triangles mark the four 258 

domes of Santiaguito, namely 1) El Brujo, 2) El Monje, 3) La Mitad and 4) Caliente. (b) Photograph of 259 

Caliente’s southern flank taken 3.1 km away from LB02 on 16 January 2019, 17:16 UTC from 14.711 260 

N/ 91.570 W. The photograph orientation is marked on panel (a) by the green region. A thin reddish 261 

veneer is visible on the southern flank of Caliente after a rockfall during the night before. (c-d) 262 

Photographs of the northwestern flank of Caliente dome taken 4.2 km away from LS03 on (c) 7 263 

January 2018 and (d) 5 January 2019 from 14.771 N/ 91.588 W. The photograph orientation is marked 264 

on panel (a) by a blue region. The images reveal the extent of dome growth over one year.  265 

 266 



Station 
name 

Location 
(Lat/ 
Lon) 

Distance 
to 
Caliente 
crater 

Seismic 
sensor 
type 

Deployment 
time seismic 
sensor 

Infrasound 
sensor 
type 

Deployment 
time 
infrasound 
sensor 

Location of 
seismic 
installation 

STG1 14.77/ -
91.59 

4.5 km LE3D 07/01/2018 IST2018 18/01/2019 On a splint 
inside a small 
house. 

STG2 14.73/ -
91.63 

6.3 km TC120 06/01/2018 iTem 
prs100 

06/01/2018 On a splint 
inside a small 
house. 

STG5 14.67/ -
91.58 

7.5 km LE3D 
 
TC120 

06/01/2018 
 
10/05/2018 

iTem 
prs100 

IST2008 

06/01/2018 
 
07/01/2019  

Within plastic 
barrel with 
concrete 
foundation. 

STG8 
(known 
as VIP 
camp) 

14.75/ -
91.59 

2.2 km TC120 08/01/2018 iTem 
prs100 

08/01/2018 Within plastic 
barrel with 
concrete 
foundation. 

LIN1 14.77/ -
91.59 

3.9 km LE3D 05/01/2019 No sensor - Seismic 
sensor 
buried. 

LIN2 14.76/ -
91.57 

2.6 km LE3D 05/01/2019 IST2018 05/01/2019 Seismic 
sensor 
buried. 

LIN3 14.74/ -
91.56 

0.5 km LE3D 06/01/2019 No sensor - Seismic 
sensor 
buried. 

 267 

Table 1. Location and instrumentation of seismic and infrasound stations. Stations STG1, STG2, 268 

STG5 and STG8 belong to latest long-term deployment since January 2018, stations LIN1, LIN2 and 269 

LIN3 are part of temporary network in January 2019. Station locations are mapped in Figure 1a. 270 

 271 

2.2 Thermographic camera 272 

 273 

In January 2019, we installed an AXIS Q-1942E thermographic camera at OVSAN (co-274 

located with STG5), which is directed northward to resolve proximal activity. With a viewing 275 

angle of 10° the camera captures the southern portion of Caliente and its emissions up to 276 

approximately 500 m above the vent. The thermographic images are recorded every second 277 

at a resolution of 640 x 480 pixels, corresponding to an approximate horizontal resolution of 278 

2 m/pixel at the summit vent. Of these, one image per minute is transmitted in real-time and 279 

the images recorded every second are stored until collection. The images enable continuous 280 

characterization of thermal fluctuations arising from, for instance, gas and ash emissions or 281 

rock falls, during both day and night in clear conditions. Visual observations made in January 282 

and May 2018, as well as in January 2019, complete our survey. 283 

 284 



3 Methods 285 

 286 

This study of the January 2018 – September 2020 activity at Santiaguito focuses primarily on 287 

the seismic signals associated with ongoing eruptive activity and calls upon infrasound, 288 

visual and thermographic data to complement analysis and constrain processes when 289 

possible. Our network has captured seismic events with different signatures, which we 290 

quantify and analyze to characterize long-term seismicity at Santiaguito. 291 

First, a catalogue of seismic events with impulsive onset was created by analyzing for 292 

average amplitude ratio in short to long time windows (STA/LTA), following previous efforts 293 

at Santiaguito (e.g., Lamb et al., 2019; Carter et al., 2020, for more details on the method 294 

see section 3.1). To discriminate between the origin of signals (e.g., from explosions vs fault-295 

related earthquakes), in a second step we used an algorithm based on averaged amplitude 296 

spectra computed for explosion and earthquake signals (section 3.2) resulting in two 297 

separate catalogs (an explosion catalog and an earthquake catalog). Finally, automated 298 

search algorithms were applied to the earthquake catalog in order to detect volcano tectonic 299 

(VT) earthquakes with low s-p arrival delay compared to distal tectonic events (sections 3.3 300 

and 3.4). Tremor signals were detected in a separate analysis making use of spectral 301 

properties of the tremor signal (section 3.5). Finally, a tremor source depth estimation was 302 

performed (section 3.6).  303 

 304 

3.1 Catalog of seismic events by STA/LTA analysis 305 

 306 

An automated moving-window analysis was performed, and averaged amplitudes were 307 

computed for short-term windows of 1 second and long-term-windows of 75 s. In cases 308 

where the STA/LTA ratio exceeded a threshold value of 6 the signal was regarded as an 309 

impulsive signal. The end of the signal was determined by an STA/LTA threshold value of 1.2 310 

or below. The signal was added to the catalog only in the event that the threshold was 311 

exceeded on all three components of station STG8 and three components of any other 312 

seismic station at the same time. 313 

 314 

3.2 Determination of explosion and earthquake seismic signals 315 

 316 

To discriminate between explosion and earthquake seismic signals, we manually inspected 317 

the waveforms and amplitude spectra of the events catalogued during 18-24 January and 19-318 

20 February, 2018, and complemented our discrimination of events by analysis of infrasound 319 

data and thermographic imagery associated with the generation of volcanic plumes during 320 

explosions. During these periods, 60 explosions and 107 earthquakes were identified; these 321 



events were then subjected to waveform analysis to constrain average amplitude spectra of 322 

explosions and earthquakes to use as a template in subsequent automated detection efforts 323 

to construct two separate catalogs of explosions and of earthquakes. Events were classified 324 

provided that their signals fell within one standard deviation of the average template spectra. 325 

 326 

3.3 Automated volcano tectonic (VT) earthquake search by cross-correlation 327 

 328 

To identify the VT earthquakes from our earthquake dataset we computed cross-correlations, 329 

using two template events (10/03/2018 UTC 19:18 and 26/03/2018 00:23 UTC). We selected 330 

these templates by visual inspection of the data at station STG8, as this proximal location 331 

(2.2 km away from Caliente) provides the best signal quality (in our network) and has been 332 

frequently used as a monitoring site in previous campaigns (Lamb et al., 2019; Carter et al., 333 

2020). The search for VTs was then conducted via automated cross-correlation of the two 334 

template events with a length of 30 s, which we filtered between 1 – 8 Hz, the dominant 335 

frequencies of such events at Santiaguito. We determined the correlation coefficient between 336 

the templates and seismic records of 30 s, for three months between January and April 2018, 337 

and classified signals as VTs when they showed a correlation coefficient of ≥0.8. This 338 

criterion is stricter than the minimum cross correlation coefficient threshold of 0.7 commonly 339 

stipulated in previous studies (e.g., Green and Neuberg, 2006; Salvage and Neuberg, 2016). 340 

Furthermore, we imposed that an event must be recorded at two stations, or more, to qualify 341 

as a VT, with the earliest record appearing at station STG8, which is closest to Caliente. 342 

 343 

3.4 Volcano tectonic earthquake hypocenter analysis 344 

 345 

The hypocenters of volcano tectonic earthquakes were determined by triangulation using the 346 

P- and S-wave onsets’ arrival time difference (Δt) and by considering nominal P- and S- 347 

wave velocities (Vp and Vs, respectively). We inverted simultaneously for hypocentral 348 

parameters and Vp/ Vs ratio by minimizing root-mean-square (RMS) errors for arrival times. 349 

 350 

3.5 Automated tremor detection algorithm 351 

 352 

To identify harmonic tremor sequences from the original monitored datasets, we 353 

implemented an automated tremor detection algorithm. The harmonic signals comprise a 354 

fundamental frequency (first harmonic) at f0 and consecutive harmonics at f0 + n ∙ f0 for 355 

integer n. Thus, the second harmonic is located at 2 ∙ f0, and consecutive harmonics at 356 

higher multiples of f0.  357 



The algorithm first computed the amplitude spectra for a certain time window. After having 358 

tested several window lengths, it showed that a time window of 36 s was most appropriate: 359 

The window length needed to be long enough to resolve the fundamental frequency f0 and 360 

integer harmonics in the spectral domain, but short enough to avoid smearing of spectral 361 

peaks when gliding occurred. In a second step, our algorithm searched for the frequency 362 

interval between neighboring peaks in the amplitude spectra. Our method assumed that both 363 

even and odd harmonics are equally present in the waveform, which was checked manually 364 

before automatic application of the search algorithm. To assess uncertainties we computed 365 

the standard deviation of the frequency intervals for neighboring peaks in one time window. 366 

For standard deviations equal to or less than 0.1, a signal was classified as harmonic tremor, 367 

provided that this condition was met more than once when interrogating the continuous 368 

signal in sequential time windows over an interval of 100 s. A similar algorithm was proposed 369 

by Roman (2017), who opted to designate the frequency with the maximum power as 370 

fundamental frequency. Our algorithm allows the amplitude of the fundamental frequency to 371 

be lower than the amplitude of subsequent harmonics.   372 

 373 

 374 

3.6 Automated tremor source depth determination 375 

 376 

The source depth of tremor was estimated in order to resolve source processes associated 377 

with the volcanic activity observed. This was possible by evaluating the amplitude decay of 378 

signals as a function of distance from the volcano. From the amplitude spectra, we obtained 379 

AN, which is the spectral amplitude A of the second harmonic at the Nth station, as the 380 

amplitude of the fundamental frequency, or first harmonic, was often superimposed by low-381 

frequency noise. We performed a linear fit using the function  382 

 383 

log AN(RN) = log A0 - n ∙ log RN                 (1) 384 

 385 

where RN is the hypocentral distance between the source and station N, A0 is the signal 386 

amplitude at the source and n is the gradient of the linear regression, thus when n=1, 1/R 387 

constrains the reciprocal fall-off of amplitude with distance. This assumption is valid for body 388 

waves in a homogeneous medium neglecting attenuation, providing a first-order 389 

approximation of source depth. The hypocentral distance RN depends on source depth z, 390 

which we varied in our analysis, and on distances XN between the N stations and Caliente 391 

and is expressed as  392 

RN = √XN
2 − z² 394 

    (2) 393 



 395 

for each station. This restricts the source location to the area directly below the crater of 396 

Caliente. We computed linear regressions considering depths between 0 and 8000 m and 397 

evaluated their misfit; the source depth resulting in the smallest misfit was identified as the 398 

most likely source depth for the harmonic tremor signal.  399 

 400 

4 Observations and Analysis 401 

 402 

The following visual descriptions of volcanic activity are based on our observations during 403 

field campaigns and monitoring work from OVSAN. During January 2018 – September 2020, 404 

the activity at Santiaguito remained centered at Caliente lava dome. It was characterized by 405 

the extrusion of blocky lava along with the emissions of gas and ash several times a day. 406 

The gas-and-ash plumes generally reached up to 600-700 m above the dome. Rockfalls and 407 

small pyroclastic density currents were also observed on the eastern flank of Caliente, and 408 

during Guatemala’s rainy season, small lahars occurred down the main local tributaries. 409 

[Note that more detail is available through the 2018-2020 weekly volcanic activity reports at 410 

Santa Maria; see Global Volcanism Program website of the Smithsonian Institution.]  411 

 412 

Between January 2018 (Figure 1c) and January 2019 (Figure 1d) we observed substantial 413 

dome growth at Caliente, clearly visible by eye from a distance of 4 km. We estimated the 414 

elevation difference at several tens of meters. During one of our campaigns on 16 January 415 

2019, we witnessed a gas-and-ash explosion followed by a large breakoff of rocks, which 416 

triggered rockfalls along the southern flank of the dome; this activity resulted in the transport 417 

and deposition of ash at OVSAN (7.5 km away) and left an extensive exposed reddish area 418 

covering about 104-105 m2 on the flank of Caliente (Figure 1b).  419 

 420 

We evaluated the occurrence of characteristic signals monitored at Santiaguito to constrain 421 

volcanic activity during the study period (Figure 2). The different types of seismic signals 422 

recorded are presented and analyzed, and supplemented by acoustic infrasound and 423 

thermographic data (when available and required) to support our interpretation of the seismic 424 

observations.  425 

 426 



 427 

Figure 2. Classified seismic events recorded at Santiaguito in the study period January 2018 to 428 

September 2020. The light grey boxes indicate periods in which some stations were not operational 429 

which prevented identification of events: (a) Number of earthquakes per week. (b) Number of 430 

explosions per week. (c) Number of tremor events per week. (d) Tremor signal duration in minutes per 431 

week (Tr. dur., mins/week).  432 

 433 

4.1 Regional tectonic earthquakes 434 

 435 

The seismic network monitoring activity at Santiaguito inevitably recorded local and regional 436 

tectonic earthquakes, as the volcano is situated in the Central American Volcanic Arc, 437 

associated with active subduction of the Cocos plate under the Caribbean plate (Burbach et 438 

al., 1984). We identified tectonic earthquakes as signals with frequencies between 2 and 12 439 

Hz, and impulsive P- and S-wave onsets with an arrival time difference of several seconds 440 

(3-20 s; Figure 3a-d). The spectrograms computed for velocity showed clear distinctions 441 

between the P and S waves, as S-wave onsets were characterized by higher amplitudes and 442 

slightly higher frequencies than the P waves (Figure 3e-h). 443 

 444 

We identified 16,362 earthquakes during 2018-2020 (7,486 in 2018; 4,698 in 2019, and 445 

4,178 in 2020 before 30 September, with data gaps of 53, 169 and 51 days in each year, 446 

respectively, Figure 2a); these numbers are considerably larger than those routinely 447 

catalogued by INSIVUMEH (e.g., 866 events of local magnitudes between 2.4 and 6.1 during 448 

2018; 3640 events of local magnitude between 1.8 and 5.6, INSIVUMEH, 2019) due to 449 

different thresholding of equipment and analysis. During the study period, we identified 450 

generally between ~70 and 250 earthquake events per week, except for a brief spike of 390 451 

events per week in February 2019, attributed to a magnitude M=6.7 event (and aftershocks) 452 



which occurred 88 km away in southern Mexico (2019-02-01,16:14:12 UTC) and produced 453 

multiple aftershocks. Overall the dataset constrained on average 22.4 daily earthquakes 454 

between January 2018 and the end of September 2020. 455 

 456 

A magnitude 4.1 earthquake on 14 July 2018 (06:20 UTC), located about 11 km south of 457 

Caliente, close to the village of El Nuevo Palmar, at an approximate depth of 50 km is shown 458 

in Figure 3. This earthquake displayed P- and S-wave onset arrival time difference of the 459 

order of about 10-13 s, thus providing a clear distinction to VT events with shorter arrival time 460 

differences (see section 4.2). 461 

 462 

Figure 3. Tectonic earthquake recorded on 14 July 2018 (06:20 UTC). Top row: Vertical component of 463 

velocity seismograms for the four long-term stations (a) STG1, (b) STG2, (c) STG5, and (d) STG8. 464 

The seismic data were bandpass filtered between 0.3 and 15 Hz. The tectonic earthquake was located 465 

by INSIVUMEH at a distance of about 11 km south of Caliente close to the village of El Nuevo Palmar 466 

at a hypocentral depth of 50 km and was the closest tectonic event to Caliente reported by 467 

INSIVUMEH during the study period. Impulsive P- and S-waves can clearly be distinguished and are 468 

marked in the seismograms. (e-h) Spectrograms or the above seismograms. Most of the energy is 469 

found above 2 Hz for all four stations.  470 

 471 

4.2 Volcano tectonic earthquakes 472 

 473 

Volcano-tectonic (VT) earthquakes are events generated in the vicinity of volcanic edifices, 474 

with sharp, mostly impulsive P-wave arrivals, whilst S-wave arrivals are often difficult to 475 

distinguish because of their short travel distances (e.g., Chouet and Matoza, 2013). Between 476 

18 January and 4 April 2018, we identified 129 VT events that met our identification 477 

requirements (i.e., recorded at two stations including STG8, with the earliest arrival at STG8). 478 



Typical signal durations are around 30 s, and the difference in arrival times between P- and 479 

S-waves (Δt) are on the order of 0.6 s at station STG8, the closest to the crater. In a joint 480 

inversion of hypocentral parameters, Vp, and Vp/ Vs ratio, hypocenters were calculated for 10 481 

VT events, which had been recorded at ≥ 3 stations. Hypocenters are marked as yellow stars 482 

in Figure 4. The hypocenter locations are aligned at depths between 1.3 and 2.3 km about 483 

1.5 km south-west of Caliente. The horizontal and vertical uncertainties in the hypocenter 484 

determination amount to 100 m and 200 m, respectively. We observed no spatial migration of 485 

hypocenters with time. The inversion yields Vp of 3.85 km/s, and a Vp/ Vs ratio of 1.73. Figure 486 

5 displays the two horizontal (NS and EW) and the vertical component of seismic data (along 487 

with its amplitude spectra) recorded on 10 March 2018 (19:18 UTC) at STG8. It can clearly 488 

be seen that the frequency content of the VTs is higher than for the case of regional tectonic 489 

activity (Figure 3); most of the energy is found between 6 and 12 Hz (Figure 5) and, like the 490 

tectonic events, the signal does not contain significant energy at frequencies below 2 Hz.  491 

 492 

Figure 4. Location of ten volcano tectonic earthquakes recorded between 26 January and 4 April, 493 

2018. The epicenters are indicated as yellow stars in the map. They are located closely together about 494 

1.5 km southwest of Caliente. The cross sections show that the hypocenters for those events are 495 

located at depths between 1.3 and 2.3 km. 496 

 497 



 498 

Figure 5. (a) vertical, Z, and (b-c) horizontal, N and E components respectively, of velocity 499 

seismograms for a volcano tectonic earthquake recorded at station STG8 on 10 March 2018 (19:18 500 

UTC). The data have been bandpass filtered between 0.5 and 15 Hz. (d-f) Amplitude spectra for the 501 

three time series in a-c.  502 

 503 

4.3 Explosion seismic signal analysis 504 

 505 

Gas-and-ash explosions were witnessed several times per day in the study period (see 506 

Global Volcanism Program for further detail), as Santiaguito exhibiting activity comparable to 507 

non-paroxysmal periods (e.g., Carter et al., 2020) commonly described in several studies 508 

(e.g., Sahetapy-Engel et al., 2008; Johnson et al., 2009; Johnson et al., 2011; Lamb et al., 509 

2019). These resulted in the generation of seismic and acoustic infrasound signals. Using an 510 

automated detection algorithm on the data stream (see section 3), we identified the frequent 511 



occurrence of explosions. The signals of explosions were characterized by an impulsive 512 

onset preceded by a low-amplitude precursory signal with a duration of approximately 2-4 s 513 

(Figure 6a-c). These explosions had characteristic frequencies of 1-4 Hz and the amplitudes 514 

generally decayed rapidly to background levels within 60-90 s.  515 

 516 

At stations where a seismometer was co-located with an acoustic infrasound sensor, the 517 

onset time of a seismic signal of the explosion was generally followed by arrival of an 518 

acoustic wave. At the closest station STG8 we observed 6.9 s of delay whereas at station 519 

STG5, located at a distance of 7.5 km from Caliente, the seismic signal arrived 520 

approximately 20 s earlier than the infrasound signal (Figures 6c and d showing the 521 

comparison for STG5). The corresponding spectrograms in Figure 6e-h suggested that the 522 

main energy of both the seismic and infrasound signals generated by these gas-and-ash 523 

explosions was primarily below 4 Hz. 524 

 525 

Thermographic images simultaneously recorded at the location of STG5 provided invaluable 526 

visual information for correlating the seismic and infrasonic data with volcanic activity (Figure 527 

6i). Images recorded at 12:07:20 UTC (i.e., before the seismic signal), 12:07:30 UTC, 528 

12:07:45 UTC, and 12:08:00 UTC confirmed that the seismicity characterized by frequencies 529 

below 4 Hz corresponds to explosions from Caliente’s central vent. The images also reveal 530 

that the seismic signal was short in comparison to the thermal anomaly associated with 531 

prolonged venting from the crater. 532 

 533 

Altogether, the explosion catalog indicated the frequent occurrence of gas-and-ash 534 

explosions at Santiaguito, with on average 70-100 weekly explosions (Figure 2b). The study 535 

period shows no long-term increase or decrease in activity; instead, the data appear to show 536 

slight variations in explosion recurrence rate in ~6-month intervals. 537 



 538 

Figure 6. Normalized vertical component of velocity seismograms for stations (a) STG5 (7.5 km away 539 

from Caliente), (b) STG8 (2.2 km) and (c) LIN3 (0.5 km), and (d) normalized infrasound signal (N. 540 

pressure a.) recorded at STG5 for a central vent explosion on 10 January 2019. Data have been 541 

filtered between 0.5 Hz and 10 Hz. (e-h) Spectrograms of the corresponding seismograms above. (i-l) 542 

Thermographic images recorded viewing NNE from STG5 prior to (i) and during (j-l) the seismic signal 543 

(timing indicated on panel a). C (marked in panel i) shows Caliente. The length of the arrow in panel i) 544 

corresponds to approximately 300 m at Caliente summit. White colors indicate the relatively warm 545 

regions, blue colors indicate relatively cold regions. 546 

 547 

4.4 Analysis of eastern flank activity 548 

 549 



Thermographic image analysis revealed the occasional upwelling of hot plumes from the 550 

eastern flank of Caliente that we associate to the lava flow (Figure 7). The plumes are not 551 

long-lived and display a discrete appearance. Visual correlation of those episodes with the 552 

seismic signal shows that the episodes are accompanied by seismic signals with a variably 553 

emergent onset, a long duration (up to several minutes) and slowly decaying coda; yet, no 554 

acoustic signals are associated with their occurrence.  555 

 556 

We perform a spectral analysis for the seismic signals during those episodes in order to 557 

enable their clear distinction from explosive signals (described in section 4.3). Our analysis 558 

indicated that most of the energy is located at frequencies between 2-14 Hz with a maximum 559 

energy at around 8-10 Hz; that is at higher frequencies than signals associated with 560 

explosions from the central vent. Analysis of the monitored records in the study periods 561 

indicated that flank activity occurred across the whole study period. 562 

 563 

 564 

Figure 7. Signals of flank activity. (a) Vertical velocity seismogram along with (b) spectrogram 565 

recorded on 7 January 2019, between 02:25 UTC and 02:35 UTC at station STG8 (at 2.2 km from the 566 

active vent Caliente). c-g) Thermographic snapshots of persisting fumarolic flank activity prior to (c) 567 

and after the start of the seismic signal at (d-g) (marked by arrows in panel a). C and SM (in panel c) 568 

mark Caliente and Santa Maria, respectively. The length of the arrow in panel c) corresponds to 569 

approximately 300 m at Caliente summit. White colors indicate the relatively warm regions, blue colors 570 

indicate relatively cold regions. 571 

 572 

4.5 Tremor signal analysis 573 



 574 

Between January 2018 and September 2020, our search algorithm revealed between 10 and 575 

50 harmonic tremor events per week in the seismic record (Figure 2c). We observed around 576 

20, and sometimes up to 30, even and odd integer harmonics in the seismic records. The 577 

seismic tremor sometimes coincided with up to 7 faintly developed harmonics in the 578 

infrasound data (Figures 8 and 9). The length of the tremor signals varied from 100 s, which 579 

is our minimum detection threshold, up to 20 minutes. However, most of the signals had a 580 

duration of 3-4 minutes. The total duration of tremor varies between 20 and 130 minutes per 581 

week (Figure 2d). Whenever thermographic images were available (when operational and 582 

weather permitted), we observed that tremor signals coincided with the emission of hot gas 583 

(and possibly ash) clouds (Figure 10). The tremor signals were observed either directly or a 584 

few minutes after the onset of an explosion. Below, we describe the variable character of 585 

three tremor sequences to show typical occurrences and analyze their source depth as these 586 

signals have seldom been examined at Santiaguito. 587 

 588 

4.5.1 Tremor observation 589 

 590 

Figure 8 shows a tremor signal that occurred on 8 February 2018. The tremor signal 591 

exhibited an emergent onset; overall, the signal showed amplitude modulations and 592 

consisted of three broad bursts with increasing amplitude. The first burst was clearly 593 

distinguishable from the second burst, while the second and the third bursts seemed to 594 

overlap. The fundamental frequency f0 observed in the spectrograms of this tremor amounted 595 

to approximately 0.5 Hz and varied slightly (Figure 7 bottom). Up to 27 evenly spaced 596 

harmonics were recorded at station STG8 while at stations STG1, STG2, and STG5, 597 

harmonics above 6 Hz were hardly visible. The first three harmonics were visible in the 598 

infrasound recording. The three bursts, which were observed in the seismic traces were also 599 

identified in the spectrograms. At the end of the first burst (around 180 s), the fundamental 600 

frequency glided up and with the start of the second burst the fundamental frequency glided 601 

down. A sudden decrease in fundamental frequency was observed upon transition from the 602 

second to the third burst around 310 s; this corresponded to a sudden increase in amplitude.  603 

 604 



 605 

Figure 8. (a) Vertical (Z) velocity seismogram recorded on 08 February 2018 (02:03 UTC-02:10 UTC) 606 

at station STG8 (at 2.2 km from the active vent Caliente). The data have been bandpass filtered 607 

between 0.1 and 15 Hz. (b-f) Spectrograms computed from vertical velocity seismograms for same 608 

event as in panel a, at stations (b) STG1 (4.5 km), (c) STG2 (6.3 km), (d) STG5 (7.5 km), (e) STG8 609 

(2.2 km), and (f) infrasound data at station STG8. The tremor signal is composed of distinct 610 

frequencies. The fundamental frequency (f0) amounts to 0.5 Hz and shows upward and downward 611 

gliding. Up to 28 evenly spaced harmonics can be found at station STG8. The fundamental frequency 612 

and the first two harmonics can even be detected in the infrasound signal. 613 

 614 

Figure 9 shows a tremor signal that occurred on 21 February 2018. Here, the tremor signal 615 

consisted of two clearly distinguishable bursts. The first burst started about 10 s after the 616 

beginning of the record shown and reached a low peak amplitude, which then decreased 617 

gradually. The second burst started after ~45 s and exhibited a marked increase in amplitude 618 

over about 30 s, before decreasing in amplitude over a period of ~6 minutes. The 619 

fundamental frequency f0 observed in the spectrograms (Figure 9 bottom) of this tremor was 620 

0.8 Hz, and momentarily reduced to 0.65 Hz between ~30 and 150 s. Up to 30 evenly 621 

spaced harmonics were determined at station STG8 while at stations STG1, STG2, and 622 

STG5, harmonics above 6 Hz were less energetic. The first three harmonics were visible in 623 

the infrasound recording for the first 150 s. 624 

 625 



 626 

Figure 9. (a) Vertical (Z) velocity seismogram recorded on 21 February 2018 (02:49 UTC-02:56 UTC) 627 

at station STG8 (at 2.2 km from the active vent Caliente). (b-f) Spectrograms computed from vertical 628 

velocity seismograms for same event as in panel a, at stations (b) STG1 (4.5 km), (c) STG2 (6.3 km), 629 

(d) STG5 (7.5 km), (e) STG8 (2.2 km), and (f) infrasound data at station STG8. The fundamental 630 

frequency (f0) amounts to 0.8 Hz and shows gliding. Up to 30 evenly spaced harmonics can be found 631 

at station STG8. The fundamental frequency and the first two harmonics can even be detected in the 632 

infrasound signal. 633 

 634 

Figure 10 shows a complex explosion followed by tremor, monitored by thermography and 635 

seismicity. The thermographic data revealed that the emission of hot material was initiated 636 

with a low-amplitude seismic precursor, 2 s before arrival of the main explosion-type signal 637 

(marked by an abrupt increase in amplitude); arrival of the main seismic signal coincided with 638 

temperature increase associated with an emitted plume (Figure 10c). As the explosion signal 639 

amplitude waned, the seismic signals showed the overprint by tremor activity (blue to red 640 

transition on Fig. 10a); the tremor persisted in bursts and emission ensued with a 641 

considerable volume of hot material. The seismic signal was followed by tremor starting 642 

around 06:47 UTC. Unfortunately, clouds then obscured the volcanic activity in the final 643 

phase of seismicity. Yet, the thermographic data indicated that volcanic emissions persisted 644 

despite the reduction in seismic amplitude, suggesting gas emissions can outlast seismicity 645 



in the detectable amplitude range (for closest station STG8). This event is analyzed in further 646 

detail in section 4.5.2 647 

 648 

Figure 10. (a) Velocity seismogram recorded on 13 January 2019 (06:42 UTC-06:52 UTC) at station 649 

STG8 (at 2.2 km from the active vent Caliente), vertical component. The data have been bandpass 650 

filtered between 0.1 and 15 Hz. An explosion signal at 06:42:49 UTC is preceded by a low-amplitude 651 

precursor 2 s before the main explosion signal (blue box) and closely followed by a tremor sequence 652 

(pink box), which starts around 06:47 UTC. The red horizontal arrow marks the time for which 653 

amplitude spectra are shown in Figure 12. (b-e) Thermographic images recorded from (b) STG5 654 

before the explosion (06:42:30 UTC), (c) simultaneously with the seismic explosion signal (06:43:00 655 

UTC), (d) during low seismic amplitude (06:45:03 UTC) and (e) during the seismic recording of the 656 

tremor event (06:49:00 UTC), where clouds start to cover the dome of Caliente. The times are marked 657 

with black arrows in (a). C and SM (in panel b) mark Caliente and Santa Maria, respectively. The 658 

length of the arrow in panel b) corresponds to approximately 300 m at Caliente summit. White colors 659 

indicate the relatively warm regions, blue colors indicate relatively cold regions. 660 

 661 

Compilation of the tremor data in 2018 indicated that the fundamental harmonic of those 662 

events (at frequency f0) ranged between 0.2 and 0.8 Hz (Figure 11). Note that tremor events 663 

lasting more than 100 s were represented by consecutive data points in Figure 11 to account 664 

for frequency gliding (shown in Figures 8 and 9), as the fundamental frequency f0 commonly 665 

evolved during a single tremor event. In these cases, consecutive data points in Figure 11 666 

appear at increasing/ decreasing frequencies. 667 

 668 



 669 

Figure 11: Fundamental frequencies f0 computed for all harmonic tremor events during 2018 for time 670 

windows of 36 s each. The fundamental frequencies observed are entirely found in a frequency band 671 

between 0.2 Hz and 0.8 Hz. Tremor events that last longer than 100 s are presented by multiple, 672 

consecutive data points.  673 

 674 

During the study period we observed variable numbers of harmonic tremor events. [Here we 675 

note that the detection of tremor was not ubiquitous at all stations; for instance, in 2018 we 676 

detected 1523 harmonic tremor events in the records of station STG8, but only 838 and 823 677 

events at stations STG2 and STG5, respectively. Hence, we imposed the presence of 678 

harmonic tremor signals in the STG8 data as a criterion for the identification of all tremor.] 679 

During January 2019-March 2020, the average weekly occurrence of tremors was lower (10-680 

40 events/week) than in 2018 (20-50 events/week) and since April 2020 (25-45 events/week. 681 

A similar distinction between these periods can be seen in the total average duration of 682 

tremor events which initially fluctuated between 40 and 130 minutes/week in 2018, 20-90 683 

minutes per week in January 2019-March 2020, and 50-100 minutes per week after April 684 

2020. Contrasting tremor durations in these periods suggests that the recurrence rate 685 

changed during the 33 months investigated. 686 

 687 

4.5.2 Tremor depth estimation 688 

 689 

Here we further our analysis of tremor signals by resolving their source depth. Our dataset 690 

allowed us to estimate the source depth of harmonic tremor signals by examining the decay 691 

of harmonics’ amplitudes. We analyzed the amplitude decay of the harmonics with distance 692 

from the active crater for an event on 13 January 2020, 06:42:49 UTC-06:42:50 UTC (time 693 

indicated by red arrow in Figure 10). Amplitude spectra have been computed for stations 694 

LIN1-3, STG1, STG2, STG5 and STG8 and are shown in Figure 12. The fundamental 695 

frequency f0 of this harmonic tremor signal is 0.405 Hz, whilst higher harmonics are clearly 696 

present in the spectra. The lowest panel shows a stacked amplitude spectrum computed 697 



from the trace normalized spectra at stations STG8 and LIN3, and at least 24 harmonics 698 

were clearly distinguished.  699 

 700 

The amplitude A of the second harmonic (2 · f0) at each station was used to compute 701 

amplitude decay for different source depths (equation 1) z between 0 and 8000 m below the 702 

crater. Figure 13a shows the regression determined for a source depth z = 500 m for all 703 

stations (solid line); in contrast, the dashed-line regression determined for the same depth, 704 

but with all stations apart from station STG8, as this station is deployed close to a dry river 705 

bed, which systematically lowered the spectral amplitudes. The misfit of the regression is 706 

determined, considering all stations (solid curve) or all stations excluding STG8 (dash curve); 707 

the minimum of the misfit function is regarded as most probable source depth (Figure 13b). 708 

Here, both misfit functions have their smallest value for source depths z around or below 709 

500-750 m, thus constraining tremor origin. 710 

 711 

Figure 12. Normalized amplitude spectra computed for vertical velocity seismograms on January 13, 712 

06:49 UTC-06:50 UTC (the period from which the spectra were computed is marked by a red arrow on 713 

Figure 10). LIN1-LIN3 were stations temporarily deployed in January 2019 at 3.9 km, 2.6 km and 0.5 714 

km from the active vent Caliente. STG1 (4.5 km), STG2 (6.3 km), STG5 (7.5 km), and STG8 (2.2. km) 715 

are our four long-term stations. The data have been restituted using their instrument response function 716 

and highpass filtered at 0.25 Hz in order to suppress low frequency noise. The fundamental frequency 717 



of the tremor signal amounts to 0.405 Hz and higher harmonics are visible at all stations. The lower 718 

panel displays the stacked spectrum computed from individually normalized spectra at the two closest 719 

stations STG8 and LIN3, highlighting over 24 harmonics (where even harmonics have been labelled). 720 

 721 

Figure 13. Tremor depth analysis. (a) Logarithm of spectral amplitudes AN for the second harmonic for 722 

N stations (as displayed in Figure 12). For the determination of the hypocentral distance RN, the 723 

source depth was 500 m in this Figure. The solid line shows the regression of the function log AN(RN) 724 

= log A0 - n log RN for all stations while the dashed line shows the regression for all stations but STG8 725 

(as it shows relatively low amplitudes due to proximity to a river bed). (b) Misfits of the functions 726 

computed as norm of the residuals for different source depths z between 0 and 8000 m. The solid line 727 

shows the misfit function for all stations, whereas the dashed line shows a smaller misfit when 728 

excluding STG8. The smallest misfit values are resolved for source depths below or around 500-750 729 

m, irrespective of the choice of stations. 730 



 731 

5 Interpretation and Discussion 732 

 733 

The observations made from our long-term, multiparametric instrument deployment allow us 734 

to get a better understanding of the range and level of volcanic activity, and of the potential 735 

source processes taking place at Santiaguito. Below we focus our interpretation and 736 

discussion on the seismic signals associated with volcanic activity at Santiaguito, and assess 737 

how the level of unrest varied over the course of our prolonged monitoring campaign 738 

 739 

5.1 Volcano tectonic earthquakes 740 

 741 

We recorded 129 individual VT earthquakes between January and April 2018. VTs are 742 

commonly inferred to result from brittle failure of sub-volcanic environments and have 743 

previously been attributed to wallrock faulting associated with, for instances, magma 744 

transport and creation of a magmatic conduit (Neuberg, 2000; Smith and Kilburn, 2010; 745 

Chouet and Mantoza, 2013). The VTs detected at Santiaguito were able to be identified on 746 

the seismic traces at several (minimum three) distal stations, which gave us the opportunity 747 

to locate hypocenters. Ten VTs were constrained to originate at depths between 1.3 and 2.3 748 

km, approximately 1.5 km south-west of Caliente. This location is not coincidental as it sits 749 

along the regional NE-SW Zunil fault zone that links Santiaguito to Santa Maria (including the 750 

direction of sector collapse) and Volcán Cerro Quemado (to the NW of Santa Maria; 751 

Escobar-Wolf et al., 2010; Bennati et al., 2011); yet, before inferring any links between the 752 

recent VTs and regional faults, we turn to previous observations of such seismic signals. The 753 

occurrence of a volcano tectonic earthquake swarms at Santiaguito was, to our knowledge, 754 

reported for the first time by Lamb et al. (2019), who observed 275 VT earthquakes (from 755 

their station LB03 equivalent to our proximal station STG8) during an 11-hour period on 24 756 

July 2016 (the hypocentral location was however not analyzed). VT events were recorded at 757 

this station until August 2016, which marked the end of the highly-explosive paroxysmal 758 

phase 2 (July 2015 – September 2016) and transition to renewed dome growth (phase 3). 759 

We found no swarms of VT earthquakes in the 2018-2020 period, nor did Lamb et al. (2019) 760 

during the dominantly effusive phase 3 in late 2016-2017, which may reflect the presence of 761 

an active (open) conduit associated with the ongoing dome growth. Thus, it may be that the 762 

2015-2016 paroxysmal activity caused fracture damage around the Caliente magmatic 763 

conduit, which could have extended along the Zunil feeder fault zone in 2018. 764 

 765 

5.2 Explosion seismic signals 766 

 767 



Between January 2018 and September 2020, we recorded 70-100 explosions weekly. The 768 

above averages starkly contrast with the 300~500 weekly explosions that took place in the 769 

early 2015 dome growth phase that preceded the paroxysmal activity in July 2015 – 770 

September 2016 (Lamb et al., 2019; Carter et al., 2020). If the cause and mechanism of 771 

explosions remained the same in January 2018 – September 2020 as they were in early 772 

2015, then the large difference in explosion recurrence rates between the two periods may 773 

provide us with information about the magmatic conditions.  774 

 775 

Multiple studies suggest that the explosions are influenced by the presence of a relatively 776 

dense magma plug within the crater of Caliente (e.g., Bluth and Rose, 2004; Sahetapy-Engel 777 

et al., 2008). The momentary development of high strain rates near the conduit margins 778 

during magma ascent has been suggested to locally promote the brittle rupture of an 779 

otherwise ductile magma (during periods of, or in areas of, lower strain rates; Hornby et al., 780 

2019a). Holland et al. (2011) suggested that explosions are the result of a sudden 781 

decompression of stored gas due to incremental movement of this plug during rupture 782 

events. The faint precursory signals which we observed 2-4 s before the seismic explosion 783 

signal might be related to opening of fractures upon shear near the conduit margin (e.g., 784 

Hornby et al., 2019a), before the whole magma column starts to slip (e.g., Lavallée et al., 785 

2015). The fact that the explosion seismic signals were short in comparison to gas emissions 786 

observed on the thermographic images could be interpreted as a relatively fast crack 787 

opening with subsequent gas escape. This might continue as long as the crack remains open 788 

or until the tapped gas reservoir is discharged, which lends itself to a period of quiescence 789 

and volcanic edifice repose between explosions (e.g., Johnson et al., 2014; Lavallée et al., 790 

2015). So, differences in explosion recurrence rates between early 2015 and 2018-2019 may 791 

be caused by different ascent rate conditions (e.g., Bain et al., 2019) combined with different 792 

recurrence rates of high gas fluxes (e.g., Michaut et al., 2013), possibly resulting from 793 

contrasting volatile concentration at the source in each period, and/ or permeability of the 794 

shallow magmatic conduit (e.g., Edmonds et al., 2003; Edmonds and Herd, 2007). Faster 795 

magma ascent rate (e.g., Bain et al., in review) and longer repose time between periods of 796 

high volatile fluxes associated with explosions would favor magma densification (e.g., 797 

Ashwell et al., 2015; Kennedy et al., 2016), fracture closure (Lamur et al., 2017) and 798 

enhance the likelihood (and thus degree) of fracture healing (Lamur et al., 2019); thus 799 

overall, the permeability of the shallow magma would have been lower, essentially plugging 800 

the upper conduit. Indeed, the 2018-2019 eruptive phase has been characterized by faster 801 

extrusion rates than those observed in 2014-2015, which may corroborate this interpretation 802 

of observed explosion recurrence rates in recent years. 803 

 804 



Beyond the eruptive constraints afforded by explosion seismicity, conditions in the 805 

subsurface may also be inferred. We observed that the seismic signals associated with 806 

explosions are closely followed by an acoustic wave at co-located infrasound stations, which 807 

helped us approximate velocity in the subsurface. The explosion signals have previously 808 

been constrained to occur at a depth of ~300 m (Johnson et al., 2014); at station STG5, 7.5 809 

km from Caliente, we can reasonably assume that the source of seismicity and acoustic 810 

signals are equally distant. With this assumption, and considering typical atmosphere sound 811 

velocities of 330-340 m/s, we used the 20-s arrival time difference between both signals to 812 

approximate seismic velocity Vp of the shallow subsurface between 3.0-3.5 km/s. 813 

 814 

5.3 Eastern flank activity 815 

 816 

Flank activity was characterized by variably emergent seismic signals, which occurred 817 

concurrently with the emission of hot plumes, commonly on the eastern flank of Caliente 818 

whenever thermal observations were available. Although active lava domes overspill ing 819 

crater walls are common sites of rockfalls (e.g., Rose, 1972; Mueller et al., 2013), here we 820 

found subtle nuances which prevented us from ascertaining rockfalls as the origin of flank 821 

activity. Some of the events observed (e.g., Figure 7) showed more impulsive onset than the 822 

typical seismic signatures from rockfalls, lahars or pyroclastic density currents, as described 823 

by Lamb et al. (2019). The seismic signals of rockfalls described by Lamb et al. (2019) are 824 

marked by emergent onsets and decays with a slowly increasing and decreasing amplitude, 825 

so that their shape resembles a cigar. Our signals exhibit slightly sharper onset and longer 826 

duration than those observed by Lamb et al. (2019). We propose that the flank-activity-827 

seismic signals with the sharpest onsets may have indicated a process with a more sudden 828 

start, such as a rupture in the edifice associated with prolonged fumarolic activity or large 829 

surficial breakoff leading to rockfalls. The subsequent release of hot material visible in the 830 

thermographic images may support this speculation, as the signals could stem from crack 831 

openings leading to prolonged fumarolic activity along the flank of Caliente or from sudden 832 

large-scale brecciation of the lava flow front descending the eastern flank. Zorn et al. (2020) 833 

constrained the lava flow velocities at approximately 15 m per day in February 2019. Flow 834 

front break-ups associated with upwelling of hot gases were witnessed during that particular 835 

(and other) field campaigns, but in our analysis of the signals of these events, we found that 836 

the seismic signals displayed lower amplitudes than, for instance, that described in Figure 7. 837 

Whilst it is very likely that the signals of flank activity were caused by rockfalls of variable 838 

sizes, it may be that other processes also took place; good visual observations will be 839 

required to examine these signals further in future multi-parametric studies. 840 

 841 



5.4 Tremor signals 842 

 843 

In January 2018 – September 2020 the monitoring record indicated extensive tremor activity 844 

with characteristic harmonics in the seismic and acoustic datasets. Tremor activity has 845 

previously been observed at Santiaguito; for instance, Johnson et al. (2009) also recorded 846 

volcanic tremor signals in seismic and infrasound datasets. They described harmonic 847 

tremors with a fundamental frequency f0 of 0.43 Hz and approximately 10 well-defined 848 

harmonics; in the 1523 harmonic tremor sequences analyzed for 2018 we found fundamental 849 

frequencies f0 in the range between 0.2 and 0.8 Hz and up to 30 harmonics. A key difference 850 

between our observations and previous ones is that Johnson et al. (2009) occasionally 851 

observed signals preceding explosive events and used this observation to associate tremor 852 

to increased gas emission ahead of an explosion. Here, we observed no tremor before, only 853 

directly or briefly (a few minutes) after an explosion.  854 

 855 

The observation of harmonic tremor in the seismic and acoustic datasets suggests that the 856 

signal signature (i.e., harmonics) at the source is transferred to the atmosphere upon 857 

emission and may indicate a relatively shallow source connected to the atmosphere via 858 

fractures. A similar interpretation has been reached by Johnson et al. (2009) for tremor at 859 

Santiaguito, as well as at the active Sangay (Ecuador) and Karymsky (Russia) volcanoes, 860 

where the term “chugging events” was introduced to describe the flow of compressed gas in 861 

fractures (Lees and Ruiz, 2008; Lees et al., 2004; Johnson and Lees, 2000). Even though 862 

Scharff et al. (2014) did not observe tremor signals in their Doppler radar study they 863 

suggested that their fault-related explosion model could explain syn-eruption tremor signals, 864 

invoking free oscillation of the magmatic column when gas escapes through peripheral 865 

fractures near the conduit margin, causing local variations in friction, as described by the 866 

wagging model of Jellinek and Bercovici (2011). However, the difference in timescale and 867 

depth between our long-lasting seismic tremor and the 3 s long explosions originating at 868 

shallow depth (e.g., Scharff et al., 2014) demands further appraisal. Some studies have 869 

advanced that any kind of repeated movement in close succession could cause the 870 

generation of periodic waves. Neuberg et al. (2000) and Powell and Neuberg (2003) 871 

reproduced volcanic tremor at Soufrière Hills volcano (Montserrat) by superposition of long-872 

period events at regular intervals. Hotovec et al. (2013) introduced a model in which closely 873 

repeating earthquakes, generated via stick-slip motion, created a periodic signal. Dmitrieva 874 

et al. (2013) evaluated the viability and implications of this tremor mechanism by introducing 875 

a frictional-faulting model, as Iverson et al. (2006) and Kendrick et al. (2014) showed that 876 

repetitive volcanic seismicity (drumbeat) can be caused by stick-slip motion of active faults in 877 

conduits; however, Powell and Neuberg (2003) indicated that the triggering mechanism and 878 



timing of each sub-event need to be very stable and constant in order to generate harmonic 879 

signals. Hotovec at el. (2013) analyzed the stability of their harmonic signals by numerically 880 

increasing the error in periodicity of the Dirac comb signal. They observed that an increased 881 

error degrades the harmonic nature of the signal and decreases the number of harmonics. In 882 

both models (i.e., that of Neuberg et al. (2000) and Powell and Neuberg (2003) vs. that of 883 

Hotovec et al. (2013) and Dmitrieva et al. (2013)), the fundamental frequency of the signal 884 

showed strong and continuous up-gliding and preceded explosive events. Our signals, 885 

however, showed up- and down-gliding of the fundamental frequency with less pronounced 886 

amplitude, and followed explosive events. Thus, we advance that none of these rhythmic 887 

seismicity models adequately explain our tremor observations, and it might be that fracture 888 

outgassing and closure (due to gas depressurization; Lamur et al., 2017) as the dome settles 889 

following an explosion (indicated by negative tilt; Lavallée et al., 2015), better explains the 890 

occurrence of tremor at Santiaguito. In this case, the source of tremor must be associated 891 

with the point at which gas is subjected to volume changes when exposed to lower pressures 892 

in fractures.  893 

 894 

We estimated the source depth of harmonic tremor signals to originate at, or above, a depth 895 

of 1000 m, via the assumption that the geometrical amplitude decay is inversely proportional 896 

to the distance (i.e., ∝1/R). Although this approach is simplistic and the estimate from the 897 

best fit is widely ranging, we believe that this depth estimate agrees well with the 898 

observations that harmonic tremor signals are contemporaneous with a continuous discharge 899 

of hot material (for those we observed), even after conclusion of the explosion seismic signal; 900 

this would be feasible by the existence of opened fractures following explosions. Johnson et 901 

al. (2009) reported diminished spectral amplitudes for the 2nd and 4th harmonics in the 902 

tremor data, which they take as indication for a nonlinear excitation from fluid flow (cf. Julian 903 

et al., 1994); an observation we cannot confirm from our data and analysis herein. It should 904 

be noted that the model of Julian et al. (1994) was developed for low-viscosity magma 905 

exhibiting laminar flow, which may not necessarily lead to similar observations if one 906 

considers turbulence during fluid flow in fractures and high viscosities, as constrained for the 907 

shallow magma at Santiaguito (e.g., Avard and Whittington, 2012). Our long-term 908 

observations of small to moderate gas-and-ash explosive activity and tremor events provided 909 

an excellent database to further the analysis of volcano-seismic signals in future studies. 910 

 911 

5.5 Protracted activity at Santiaguito lava dome 912 

 913 

The analysis afforded by the long-term monitored datasets provide a view into the steadiness 914 

or the occurrence of shifts in activity and behavior (Figure 2), not resolvable with short 915 



monitoring campaigns. Here we noted that the recurrence rate of explosions remains 916 

relatively steady during January 2018 – September 2020; yet, scrutinizing the dataset in 917 

2018-2019, we observed slight fluctuations in explosion rates. The periods with slightly 918 

higher activity (e.g., April and October 2018, and March 2019, do not coincide with the height 919 

of the rainy or dry seasons (which characterize the tropical climate of Guatemala), so, we 920 

conclude that this variation likely reflected subtle fluctuations in the level of volcanic unrest, 921 

which we propose ought to be examined over longer timeframe. In comparison, the 922 

occurrence and duration of tremor showed no variations in ~6-months period, but activity 923 

appeared to be slightly lower during January 2019 - March 2020 than in the rest of the study 924 

period (although we are missing ~4 months of data to more robustly support this 925 

observation).  926 

 927 

At Santiaguito, gas-and-ash explosions as well as gas emission events share a close 928 

relationship with faults and fractures in the lava dome (e.g., Johnson et al., 2008; Scharff et 929 

al., 2014; Lavallée et al., 2015; Hornby et al., 2019), accumulated over the course of regular 930 

inflation-deflation cycles (e.g., Johnson et al., 2014), faulting events and cataclasis (e.g., 931 

Hornby et al., 2019b), and explosions (e.g., Carter et al., 2020). Additionally, our 932 

observations point to a strong synergy between explosions and gas emissions, as tremors 933 

generally accompany and follow explosions. Magma ascent and eruptive cyclicity are 934 

commonly linked to gas flux (e.g., Michaut et al., 2013), hence one may expect that 935 

variations in recurrence rates would be comparable in both types of signals; yet, we 936 

observed contrasting periodicity for the explosions versus tremor, although these are only 937 

faintly defined. The cause for such differences may rest in the way in which pore pressure 938 

develops and accumulates in the magmatic column: whilst harmonic tremor likely reflects gas 939 

flow in fractures, explosions represent a complex pressure accumulation in both fractures 940 

and the vesicular network of the magmatic column; thus, we surmise that whilst their 941 

occurrence may be related, they represent different manifestations of physical and 942 

mechanical controls. We advance that future studies should examine the relationships 943 

between explosions and harmonic tremor resulting from vigorous gas emissions further to 944 

identify the degree of fluid pressure accumulation in shallow magmatic conduits. The 945 

observation of subtle variations in activity at Santiaguito in periods of 6 months or longer, 946 

points to the importance of integrating long-term, multiparametric field campaigns to resolve 947 

relationships between magmatism, structural development and volcanic activity. 948 

 949 

6 Summary 950 

 951 



Analysis of seismic and infrasound data recorded during January 2018-September 2020 at 952 

Santiaguito lava dome complex reveals a variety of signals and activity. The data were 953 

classified using automated search algorithms and correlated with Caliente’s surface activity 954 

via thermographic imagery and visual observations.  955 

 956 

Seismic signals from both regional tectonic earthquakes and volcano tectonic earthquakes 957 

were found in the dataset. Overall, we identified between ~70 and 250 earthquake 958 

events/week (not associated to explosions) and observed that the number of earthquakes 959 

was slightly higher during January and October of 2018 than during the rest of the study 960 

period. We have identified 129 volcano-tectonic earthquakes in January-April 2018, of which 961 

ten were constrained to originate at source depths between 1.3-2.3 km, 1.5 km southwest of 962 

Caliente, likely located along the regional Zunil fault. The data contained seismic signals with 963 

variably emergent onsets, concomitant with lofting of hot plumes visible above the flank of 964 

the dome in the thermographic imagery, likely resulting from rockfalls along the flanks of 965 

Caliente. The seismic analysis revealed the occurrence of signals associated with gas-and-966 

ash explosions from the dome surface (these were confirmed by thermal, visual and 967 

infrasound data). The signals of explosions typically showed an impulsive onset and their 968 

amplitude decayed rapidly within 60-90 s. Low-amplitude signals occasionally preceded 969 

explosions by 2-4 s. Overall, we identified, on average, around ~70-100 weekly explosions. 970 

Finally, we observed harmonic tremor signals in the seismic, and occasionally acoustic, data 971 

with fundamental frequencies between 0.2 and 0.8 Hz, and up to 30 harmonics. Harmonic 972 

tremor signals were observed directly after (up to a few minutes) explosions, and whenever 973 

thermographic images were available we observed gas emissions from the central vent 974 

during their occurrence. Harmonic tremor persisted for up to 20 minutes and showed clear 975 

evidence of frequency gliding (up and down). Using the spectral amplitude decay of the first 976 

harmonic with distance we estimated the source depth of harmonic tremor at shallow depths, 977 

about 500-750 m below the crater. The monitored dataset indicated that tremor recurrence 978 

rate and duration where slightly lower and shorter, respectively, in January 2019-March 979 

2020, than in the rest of the investigated period. Together, the frequency of explosions and 980 

harmonic tremor showed slight variations during the study period; the former showed a slight 981 

periodicity of ~6 months whereas the latter showed no clear periodicity. Differences in 982 

occurrence rate may reflect the different conduit regions in which volatiles accumulate; 983 

tremor signals are associated with gas flow in fractures, whereas explosions are associated 984 

with gas accumulation in both magma vesicles and fractures. We advance that the long-term 985 

multiparametric dataset presented in this study provides a strong baseline to resolve long-986 

term volcanic behavior and elaborate more sophisticated eruption and signal source models 987 

at Santiaguito. 988 
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