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ABSTRACT 16 

Cotopaxi is a large, ice-capped stratovolcano located in the Ecuadorian Andes. After 72 years of 17 

repose, Cotopaxi erupted on August 14, 2015.  The precursory activity included long-period (LP) 18 

events followed by volcano-tectonic (VT) earthquakes, very-long-period events accompanying LP 19 

signals (VLP/LP events), tremor, deformation and SO2 emissions. VLP/LP events were first 20 

observed at Cotopaxi in 2002, and occurred persistently occurred from 2009 to 2014 and during 21 

the 2015 eruptions. Previous studies of the VLP/LP seismicity suggested that these events 22 

originated by repetitive volume changes in a crack due to degassing of water from magma at a 23 

depth of 2−3 km beneath the NE flank. Based on this interpretation, we estimated the magma 24 

volumes related to individual VLP/LP events from 2009 to 2015, which were systematically 25 
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extracted from continuous seismic records of the Cotopaxi broadband seismic network. Based on 26 

the accumulated magma volume and the VLP/LP activity, our study is divided into seven periods 27 

(phases A−G), during which the magma supply rate significantly fluctuated. In phase E (June 1− 28 

July 27, 2015), before the eruptions, the magma supply rate increased. Degassing at the VLP source 29 

generated gas flows in the conduit and pre-eruptive tremor, gradually drying out a shallow 30 

hydrothermal system. In phase F (July 28−September 15, 2015), we estimated the highest magma 31 

supply rate, leading to magma fragmentation at the VLP source and eruptions accompanied by 32 

tremor. In phase G (September 16− December 29, 2015), the magma supply rate decreased, and 33 

overall eruptive activity, VLP/LP events, and tremor gradually waned. These results indicate that 34 

the VLP/LP events were likely generated by degassing from magma supplied to the VLP source 35 

through an intruded dike before and during the eruptions. The VLP/LP activity provides critical 36 

useful information about the magma supply rates that controlled eruptive and gas emission activity 37 

at Cotopaxi during this period and may help to constrain magma volumes during future 38 

reactivations. 39 

1. INTRODUCTION  40 

Cotopaxi (elevation 5876 m) is a large, ice-capped volcano, and one of the highest active 41 

stratovolcanoes in the world. Cotopaxi is located south of Quito, Ecuador´s capital city of Ecuador, 42 

and 40 km north of Latacunga (Fig. 1a). Its eruptive activity has been characterized by periodical 43 

andesitic and rhyolitic eruptions (Hall and Mothes, 1995). Over the past 500 years, Cotopaxi has 44 

experienced multiple cycles of eruptions in 1532−1534, 1742−1744, 1766−1768, 1853−1855, 45 

1877−1880, 1903−1906, and 1942 (Coordinated Universal Time, UTC, is used throughout this 46 

paper). During this period, there were 70 eruptions with Volcanic Explosivity Indices (VEIs) of 47 
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2−4, characterized by ash falls, as well as pyroclastic, debris and lava flows (Andrade et al., 2005, 48 

Mothes et al., 1998; Hidalgo et al., 2018). Barberi et al. (1995) estimated the average recurrence 49 

interval of eruptive episodes of Cotopaxi to be 117 years based on historical and stratigraphic 50 

records over the last 2000 years. According to these historical records, smaller and less intense 51 

eruptions, lasting months to years, preceded large eruptions (Hidalgo et al., 2018). Identifying pre-52 

eruptive signals before any unrest is crucial because of the population centers lying near the 53 

volcano, and especially near lahar channels.  54 

 55 

The Cotopaxi seismic network was deployed in 1989 and has been maintained and operated by the 56 

Instituto Geofísico at the Escuela Politécnica Nacional (IG-EPN).  It has recorded various seismic 57 

signals, such as long-period (LP) events, tremor, volcano-tectonic (VT) earthquakes, very-long-58 

period (VLP) events accompanying LP signals (i.e., VLP/LP events), explosions, and ice quakes 59 

in the summit glaciers (e.g., Ruiz et al., 1998; Metaxian et al., 2003; Molina et al., 2008; Kumagai 60 

et al., 2010; Bernard et al., 2016; Hidalgo et al., 2018). According to the classification scheme of 61 

Chouet (1996a), LP and VLP denote seismic events with frequency ranges of 0.5− Hz (0.2–2 s) 62 

and 0.01− Hz (2–100 s), respectively. LP events display multiple oscillation cycles, while VLP 63 

events often show one cycle, except for some unusual events reported at Mt. Erebus and Kilauea 64 

(Waite, 2015). LP events are interpreted as acoustic vibrations of fluid-filled resonators in 65 

magmatic and hydrothermal systems (e.g., Chouet, 1996b). VLP events are linked to mass transport 66 

processes in magmatic and hydrothermal systems (e.g., Chouet and Matoza, 2013, and references 67 

cited therein) related to magma intrusion and eruptive activity (e.g., Arciniega-Ceballos et al., 68 

1999; Molina et al., 2008; Maeda and Takeo, 2011; Park et al., 2020). VLP events exhibit high-69 

frequency signals at event onsets when they are associated with explosions (see Fig. 1d of Ripepe 70 
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et al., 2021). However, VLP events are not always associated with explosions or surface activity 71 

(e.g., Hill et al., 2002; Marchetti and Ripepe, 2005). VLP/LP events at Cotopaxi show both VLP 72 

and LP signatures (Molina et al., 2008).  73 

 74 

Alternatively, tremor usually displays emergent onsets and dominant frequencies in the range of 75 

0.066− Hz (0.1–15 s) (e.g., McNutt, 1992; Yukutake et al., 2017). The source processes of 76 

tremor are interpreted as (i) flow-induced oscillations of conduit walls, (ii) successive cracking of 77 

rocks due to injection of fluids, and (iii) hydrothermal interaction with magmatic gas and ash 78 

emissions (Li et al., 2022 and references cited therein).  79 

 80 

According to Ruiz et al. (1998), the seismic activity at Cotopaxi between 1989 and 1997 was caused 81 

by the interaction between magmatic heat and the shallow hydrothermal system. During renewed 82 

seismic activity in 2001–2003, VLP/LP events were observed at Cotopaxi for the first time between 83 

June and September 2002 (Molina et al., 2008). Later, VLP/LP events from 2002 to 2015 were 84 

reported by Molina et al. (2008), Kumagai et al. (2010), Arias (2016), and Anzieta et al. (2019). 85 

VLP/LP sources were located below the NE flank of the volcano at a depth of 2–3 km (Molina et 86 

al., 2008; Kumagai et al., 2010; Arias, 2016; Anzieta et al., 2019). During the seismic crisis from 87 

2001 to 2003, Molina et al. (2008) reported on an increasing number of LP events in January 2001, 88 

which were followed by a VT swarm in November 2001 and subsequent deformation beneath the 89 

NE flank in or earlier than November 2001, prior to the appearance of fumarolic activity in early 90 

January 2002 (Global Volcanism Program, 2002) (Fig. 2a). These changes led to the interpretation 91 

of a magmatic intrusion beneath the NE flank. Continuing into late June 2002, impulsive VLP 92 

signals accompanied by LP signals (i.e., VLP/LP events), characterized by a transition from non-93 
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harmonic to harmonic oscillations were observed. VLP signals displayed a broad spectral peak of 94 

around 0.5 Hz (2 s), and accompanied LP signals characterized by non-harmonic oscillations in 95 

0.5−5 Hz (0.2−2 s) (see Figs. 3 and 6 of Molina et al., 2008). Molina et al. (2008) performed 96 

waveform inversion of VLP signals and suggested that these VLP and LP signals were produced 97 

by volume changes in the crack due to degassing of water at the top of an intruded magma and the 98 

resonance of a crack filled with ash-laden gases released from the magma, respectively. The crack 99 

was located beneath the NE flank at a depth of 2−3 km. Molina et al. (2008) also performed particle 100 

motion analyses for the initiation onset (onset) portions of the VLPs events and found that these 101 

events were located beneath the NE flank. Using waveform inversion analysis Kumagai et al. 102 

(2010) estimated an inclined tensile crack mechanism for a VLP/LP event in 2009. This VLP/LP 103 

event displayed impulsive VLP signals at its onset in a frequency band of 0.08 and 0.2 Hz (5−12.5 104 

s), followed by LP signals consisting of non-harmonic oscillations with dominant peaks in 0.5−10 105 

Hz (0.1−2 s) (see Figs. 4 and 5 of Kumagai et al., 2010). The source of this VLP event was located 106 

at 2 km depth below the NE flank. In 2009, Cotopaxi´s activity was accompanied by an increase 107 

in LP events and sporadic SO2 emissions of around 500 t/d (Bourquin et al., 2009). Small increases 108 

in LP events also occurred in 2010 and 2011, and an active fumarole became more evident on the 109 

western flank.  110 

 111 

In early April 2015, a swarm of LP events was registered (Hidalgo et al., 2018; Gaunt et al., 2016), 112 

peaking to 8–12 VLP/LP events per day in early May 2015 (Anzieta et al., 2019). On 4 June 2015, 113 

LP activity transitioned to tremor characterized by broadband and non-harmonic oscillations, 114 

which occurred almost continuously over the following two months (Hidalgo et al., 2018). This 115 

tremor preceded a VT swarm, which then coincided with four phreatomagmatic eruptions with 116 
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VEI=2 on August 14 and 15, 2015 (Hidalgo et al., 2018; Bernard et al., 2016). These eruptions 117 

were associated with numerous VLP/LP events (Anzieta et al., 2019) and tremor, which notably 118 

increased on 21 August 2015 (Hidalgo et al., 2018). Ash emissions characterized the eruptive 119 

activity that continued until the end of November 2015 (Bernard et al., 2016; Gaunt et al., 2016; 120 

Hidalgo et al., 2018).  121 

 122 

From 2001–2002, ground deformation was detected under the NE (Molina et al., 2008) and SW 123 

flanks of the volcano, indicating magma migration from the SW to NE flanks along NNE−SSW 124 

trending faults (Hickey et al., 2015). Morales Rivera et al. (2017) proposed that the observed 125 

deformation between April and August 2015 resulted from an inclined sheet intrusion located a 126 

few kilometers SW of the summit. The volume was estimated to be 6.8 × 106 m3, extending from 127 

a depth of 12.1 km to 5.5 km below the summit. Based on petrological experiments, Martel et al. 128 

(2018) proposed that the 2015 eruptions were fed by a continuous flux of magma with an average 129 

water content of 3.5 wt%, originating from depths of 16 km to 7 km below the summit.  130 

 131 

Aerial surveys conducted by IG-EPN revealed that the crater lake that existed before 14 August 132 

2015 had disappeared, suggesting that the magmatic heat dried out water in the shallower system 133 

(Gaunt et al., 2016). Hidalgo et al. (2018) estimated a magma volume of 65.3 × 106 m3 to supply 134 

the emitted SO2 gases during the 2015 eruptions. According to Bernard et al. (2016), the volume 135 

of erupted materials was estimated to be 8.6 × 105 m3 based on the analysis of tephra falls. They 136 

found that the amplitude variations of seismic tremors were correlated with the variations of ash 137 

fallout mass emitted during the 2015 eruptions. Based on satellite images, Arnold et al. (2018) 138 

estimated an erupted volume between 5 × 105 and 1.5 × 106 m3.  139 

 140 
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In this paper, we perform an analysis of VLP/LP events associated with the reawakening of 141 

Cotopaxi Volcano during 2009–2015 (Fig. 2) to estimate the temporal evolution of the VLP/LP 142 

activity and its relation to eruptive activity. Waveform inversion, as performed by Kumagai et al. 143 

(2010), is the direct approach to quantifying VLP/LP sources. However, the VLP/LP event 144 

analyzed by Kumagai et al. (2010) was the largest event during the studied period, and our 145 

application of waveform inversion to other smaller events was unsuccessful due to low signal-to-146 

noise ratios in these signals. Therefore, we took another approach to estimate the source volumes 147 

of the individual VLP/LP events by using their observed amplitudes. We assume that all the 148 

VLP/LP events occurred at the same source location and with the same mechanism as those of the 149 

largest VLP/LP event estimated by Kumagai et al. (2010). This assumption is justified by the 150 

existence of a unique family of VLP/LP events in 2009–2015 as indicated by Anzieta et al. (2019) 151 

and Arias (2016). Anzieta et al. (2019) employed unsupervised machine learning techniques in a 152 

two-stage process to analyze seismic events using waveform data at station BREF (Fig. 1). Their 153 

findings identified a unique family of VLP/LP events registered throughout 2015. This same study 154 

also showed that VLP events disappeared during periods of heightened tremor activity and resurged 155 

just before eruptions on August 14, 2015. Additionally, Arias (2016) applied a waveform cross-156 

correlation method to study waveform data at BTAM (Fig. 1). The result was an average cross-157 

correlation value of 0.8 between the largest VLP/LP event reported by Kumagai et al. (2010) and 158 

VLP/LP events in 2009−2015, indicating that the same source repetitively triggered these VLP/LP 159 

events.  160 

 161 

We then estimated the magma volume related to the source of each VLP/LP event caused by H2O 162 

degassing following the interpretation of Molina et al. (2008).  Accumulating these estimates, we 163 

derived the temporal evolution of magma supply rate in 2009–2015. We found that a sharp increase 164 
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in magma supply rate occurred at the beginning of the 2015 eruptive activity. We also note that the 165 

amplitudes and the daily number of VLP events were correlated with tremor amplitudes and SO2 166 

emissions during the eruptive activity. Based on these results and other observations, we discuss 167 

the source processes of VLP/LP events and tremor and their implications for magmatic activity 168 

before and during the 2015 eruptions at Cotopaxi Volcano. 169 

 170 

2. DATA  171 

A network of four permanent seismic stations equipped with 1 Hz seismometers was deployed in 172 

1989 at Cotopaxi. The network was reinforced in 2001 by three additional permanent stations with 173 

1 Hz seismometers and one temporal station featuring a seismometer with bandwidths of 0.2–40 174 

Hz (Molina et al., 2008). In 2006, a joint project between the Japan International Cooperation 175 

Agency (JICA) and IG-EPN (Kumagai et al., 2007; 2010) installed a seismic network (Fig. 1b) in 176 

which each seismic station is comprised of a triaxial broadband seismometer (Güralp CMG-4T: 177 

0.02–50 Hz). Seismic waveform data were digitized by a 24-bit data logger (Geotech Smart24D) 178 

with a sampling frequency of 50 Hz at each station and then transmitted by a digital telemetry 179 

system using 2.4 and 5 GHz wireless LAN to the central office of IG‐EPN in Quito through 180 

repeaters. 181 

 182 

Waveform data acquired from the Cotopaxi broadband seismic network (Fig. 1b) was continuously 183 

sampled and triggered by a detection system using filtered waveform amplitudes (Kumagai et al., 184 

2010). In this system, the maximum filtered waveform amplitudes using the latest one-minute files 185 

were estimated. If the maximum amplitude at each station during the latest one-minute interval 186 
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exceeded a pre-established threshold, and if the number of triggered stations exceeded a pre-set 187 

number, the waveform data were saved as an event for the latest three-minute-long files. Two 188 

frequency bands for this detection trigger system were used: 0.3–2 Hz (LP band) and 0.02–0.1 Hz 189 

(VLP band). These bands were empirically determined by performing tests for efficient triggering 190 

of LP and VLP events at Cotopaxi by Kumagai et al. (2010). In this study, we observe that VLP/LP 191 

events were triggered in the LP band because their amplitudes were larger in this band (Fig. A1). 192 

The trigger level was set according to the noise level at each station. We used waveform data from 193 

four broadband stations (BREF, BVC2, BTAM, and BMOR; Fig. 1b) to identify a long-term trend 194 

in the VLP/LP activity. Due to poor data quality, waveform data at BNAS (Fig. 1b) were excluded. 195 

BREF provided the highest quality data due to its proximity to the VLP/LP events, although this 196 

station was occasionally affected by seismic signals from the descent of secondary lahars, mainly 197 

occurring on the western flank after the eruption onset in August 2015. To examine the relationship 198 

between VLP/LP events and tremor, we used the tremor data from Bernard et al. (2016) during the 199 

2015 eruptive activity, which was derived from continuous waveform data at BREF. They manually 200 

filtered out tectonic earthquakes to calculate the median and root mean square (RMS) amplitudes 201 

of tremor signals. This process was performed using 10-minute sliding windows (without overlap) 202 

in the 0.5–5 Hz band. We also generated similar tremor data in 2009–2015 using 1-day sliding 203 

windows (without overlap) in the 0.5–5 Hz band. Using the solution for the moment source time 204 

function of the largest VLP/LP event recorded at Cotopaxi on January 14, 2009 at 18:54 (Kumagai 205 

et al., 2010), we calculated the magma supply rate as explained below (see Section 3.1).  206 

 207 

Since 2008, SO2 has been measured at Cotopaxi by two permanent scanning Differential Optical 208 

Absorption Spectroscopy (DOAS) stations located 2.5 km north (REF) and 5 km west (NASA) of 209 

the crater (Fig. 1b). Two additional stations were installed in 2015 (Hidalgo et al., 2018). The 210 
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processed data provided the mass emission of SO2 in tons per month in 2009–2013 and the detailed 211 

evolution in tons per day in 2015 (Hidalgo et al., 2018). Since 2010, IG-EPN has conducted 212 

geodetic measurements using two surface and two borehole tiltmeters designed to detect small 213 

ground deformation changes. From 2010 to 2015, the data acquisition procedures remained 214 

unchanged, in which digital data were recorded every 5 minutes and simultaneously transmitted to 215 

IG-EPN. Tiltmeters on the NE sector responded very well to magma ascent, and VC1 showed 216 

notable changes (Fig. 1b). At VC1, a biaxial surface-mount tiltmeter is set on a cement base within 217 

an old, well-settled massive lava. The summit glaciers are located 3.5 km upslope and have no 218 

direct contact with VC1, which ensures that this tiltmeter has no relation to the changes in the 219 

glacier thickness or melting. The distance from the VLP source to the tiltmeter is 6.1 km. Another 220 

tiltmeter above the Refuge (close to REF DOAS station in Fig. 1b) also recorded moderate signals. 221 

 222 

3. METHODS 223 

3.1 VLP/LP EVENT SELECTION AND AMPLITUDE DETERMINATION 224 

We used the catalog of LP and VLP events triggered by the automatic system between 2009 and 225 

2015. From this catalog, we extracted the VLP/LP events by visually inspecting waveform plots 226 

with 10-minute durations. According to Peterson (1993) and Webb (1998), the microseism falls 227 

within the range of approximately 0.04−0.2 Hz (5−25 s). This microseism band overlaps with the 228 

regional and teleseismic earthquakes and VLP events in a frequency band of approximately 0.04–229 

0.2 Hz. To distinguish a microseism from VLP/LP events, we followed the procedure proposed by 230 

Dawson and Chouet (2014), which uses the power spectral density (PSD) for noise over 1 hour 231 

before a VLP/LP event and the PSD for the same 1-hour length of both noise and VLP/LP signals. 232 
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Based on the spectral comparison, we determined that an amplitude larger than approximately 10-233 

6 m/s for VLP/LP events is a suitable threshold for selecting events in our catalog. To avoid 234 

incorporating false VLP/LP events into our database, we eliminated events classified as regional 235 

or teleseismic earthquakes by the Ecuadorian National Seismic Network of IG-EPN and USGS 236 

catalogs. We then performed the following operations to select VLP/LP events with good signal-237 

to-noise ratios. After instrumental correction, vertical (UD) displacement seismograms were band-238 

passed between 0.08 and 1.0 Hz using a two-pole Butterworth filter to cut a time window of 30 s 239 

for each VLP/LP event. This window consisted of 10 s before and 20 s after the maximum peak-240 

to-peak amplitude. We then selected VLP/LP events whose maximum amplitudes were three times 241 

larger than the average amplitudes over the first 5 s (noise level). The time window was also applied 242 

to the EW and NS components for each event at the same station. We manually deleted the events 243 

with poor waveform features (i.e., pulses and noise). We determined the amplitude ratios of the 244 

individual horizontal components to the UD component in a frequency band of 0.08−0.5 Hz and 245 

estimated peak-to-peak amplitudes in the individual components. We chose the frequency band of 246 

0.08-0.5 Hz because it produces larger amplitude signals within the range of our instrument 247 

response (Fig. A1) and removes high-frequency signals affected by structural heterogeneities.  248 

 249 

3.2 VLP/LP EVENTS WAVEFORM FEATURES 250 

  The vertical velocity seismograms and amplitude spectra observed at BREF for VLP/LP and LP 251 

events are displayed in Fig. 3. The VLP/LP seismogram shows impulsive VLP signals with spectral 252 

peaks in the frequency band of 0.2–1.6 Hz (0.63–5 s) with dominant peaks between 0.6 and 0.9 Hz 253 

(1.11–1.66 s), which are accompanied by LP signals consisting of non-harmonic oscillations and 254 

broad spectral peaks in the frequency band of 1.6–10 Hz (0.1–0.63 s) with dominant peaks between 255 
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2 and 4 Hz (0.25–0.5 s). VLP/LP events with similar spectral features occurred in 2002 (Molina et 256 

al., 2008), 2009 (Kumagai et al., 2010), 2010–2014 (Arias, 2016), and 2015 (Anzieta et al., 2019).  257 

 258 

 Vertical velocity seismograms band-passed between 0.08 and 0.5 Hz for selected VLP events 259 

observed at BREF between 2009 and 2015, show similar VLP waveforms throughout this period 260 

(Fig. 4). This indicates that a single family of VLP events likely occurred at Cotopaxi Volcano, as 261 

suggested by Anzieta et al. (2019) and Arias (2016). Higher frequency signals in the 1− Hz range 262 

(as shown in Fig. 3b) appear in the VLP signals during the increased activity in 2009 and 2015. 263 

Particle motion analysis by Arias (2016) and Anzieta et al. (2019) and waveform inversion analysis 264 

by Molina et al. (2008) and Kumagai et al. (2010) revealed that the VLP sources are located at a 265 

depth of 2−3 km beneath the NNE flank. 266 

 267 

3.3 SOURCE VOLUME REPRESENTATION 268 

A seismic source may be represented by the moment tensor, and the 𝑛 -th component of the 269 

displacement field is related to the moment tensor through the following equation (e.g., Aki and 270 

Richards, 1980): 271 

𝑢𝑛(𝐱, 𝑡) = 𝑀𝑝𝑞(𝑡) ∗ 𝐺𝑛𝑝,𝑞(𝐱, 𝑡),                                (1) 272 

where 𝑡 is time, 𝐱 is space, 𝑀𝑝𝑞 is the 𝑝𝑞-th component of the moment tensor, 𝐺𝑛𝑝,𝑞 is the spatial 273 

derivative of Green’s function, and ∗ denotes the convolution operation. In the frequency domain, 274 

Eq. (1) is equivalently written as 𝑢𝑛(𝑥, 𝜔) = 𝑀𝑝𝑞(𝜔)𝐺𝑛𝑝,𝑞(𝑥, 𝜔) , where 𝜔  is the angular 275 

frequency.  Based on the waveform inversion results of Kumagai et al. (2010), the most appropriate 276 

seismic source to account for the largest VLP event at Cotopaxi is a tensile crack, for which the 277 

moment tensor (M) can be written as follows (e.g., Chouet, 1996b): 278 
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M = 𝑠(𝑡) (

𝜆 𝜇⁄ + 2sin2𝜃cos2𝜃 2sin2𝜃 sin 𝜙 cos 𝜙 2 sin 𝜃 cos 𝜃 cos 𝜙

2sin2𝜃 sin 𝜙 cos 𝜙 𝜆 𝜇⁄ + 2sin2𝜃cos2𝜙 2 sin 𝜃 cos 𝜃 sin 𝜙

2 sin 𝜃 cos 𝜃 cos 𝜙 2 sin 𝜃 cos 𝜃 cos 𝜙 𝜆 𝜇⁄ + cos2𝜃

),       (2) 279 

where  280 

𝑠(𝑡) = 𝜇∆𝑉(𝑡).                                (3) 281 

Here, 𝜃  and 𝜙  are the angles defining the normal direction of a crack, 𝜆  is Lamé’s first elastic 282 

parameter,  𝜇 is Lamé’s second elastic parameter or shear modulus, 𝑠(𝑡) is the source time function, 283 

and ∆𝑉 is the volume change of the crack (e.g., Chouet, 1996a).   For the same crack angles (𝜃 and 284 

𝜙) and elastic parameters (𝜆 and 𝜇), 𝑢𝑛 in a frequency band is thus proportional to ∆𝑉 in this band, 285 

and the displacement amplitude ratios of EW/UD and NS/UD only depend on values of the crack 286 

angles. 287 

 288 

We assume that the volume change in the crack is due to degassing of water from intruded magma 289 

(see Section 4.2). By applying the ideal gas law, we can calculate the mass of steam (𝑀𝑔) associated 290 

with a VLP/LP event as follows:  291 

𝑀𝑔 =
 ∆𝑉 𝑃𝑙

𝑅̅ 𝑇𝑚
,                                              (4) 292 

where 𝑅̅ is the specific gas constant for steam, 𝑇𝑚 is the magma temperature, and 𝑃𝑙 is the pressure 293 

of the magma. 𝑀𝑔 is related to magma volume (𝑉𝑚) through the following equation (e.g., Taguchi 294 

et al., 2018): 295 

𝑉𝑚 =
𝑀𝑔 (1−𝐶𝑜)

𝜌𝑚 (𝐶𝑜−√𝐾𝐻𝑃𝑙)
,                                            (5) 296 

where 𝐶𝑜 is the initial water content of the magma, 𝜌𝑚 is the density of the liquid magma, and 𝐾𝐻 297 

is Henry’s law constant. We assume the lithostatic pressure for 𝑃𝑙. 298 

 299 
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With reference to Section 4.1, the displacement amplitude ratios (EW/UD and NS/UD) of our 300 

analyzed VLP/LP events at the individual stations were almost constant, indicating that the crack 301 

angles did not change. Since the UD component is indisputable, we estimated the maximum 302 

amplitude of the vertical displacement seismogram (𝐴𝑟𝑒𝑓
𝑗

) in a frequency band of 0.08−0.5 Hz for 303 

the largest VLP/LP event analyzed by Kumagai et al. (2010) at the 𝑗-th station. Using the following 304 

approximation, we obtained the magma volume (𝑉𝑖𝑗
𝑚) for the 𝑖-th VLP/LP event at the 𝑗-th station: 305 

𝑉𝑖𝑗
𝑚 =

𝐴𝑖
𝑗
 𝑉𝑚 

 𝐴𝑟𝑒𝑓
𝑗 ,                                           (6) 306 

where 𝐴𝑖
𝑗
 is the maximum amplitude of the vertical band-passed displacement seismogram of the 307 

𝑖-th VLP/LP event at the 𝑗-th station, and 𝑉𝑚 is the magma volume estimated from the maximum 308 

amplitude of the source time function 𝑠(𝑡) for the largest VLP/LP event analyzed by Kumagai et 309 

al. (2010). We then summed the 𝑉𝑖𝑗
𝑚 values to derive the accumulated magma volume and magma 310 

supply rate.  311 

 312 

4. RESULTS 313 

4.1 VLP/LP EVENT AMPLITUDE EVOLUTION 314 

We observed maximum displacement amplitudes in the UD, EW, and NS components of the 315 

individual VLP/LP events within the frequency band of 0.08−0.5 Hz (2–12.5 s) at BREF, BTAM, 316 

BVC2, and BMOR. The temporal evolution of the UD amplitudes (Fig. 5) shows increases around 317 

January 14 and November 2, 2009, from early April to November 2011, early February to late July 318 

2012, early June 2015, late August, and mid-October 2015. However, the EW/UD and NS/UD 319 

ratios remained stable over the studied period (Fig. 5). This suggests that the crack angles did not 320 
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change during the VLP activity and supports our assumption that the displacement of either 321 

component (UD, EW, or NS) is proportional to ∆𝑉, i.e., the volume change. We selected the most 322 

apparent UD value to calculate the magma volume estimates.   323 

 324 

No data were recorded in 2009 at BTAM. Temporal changes in the UD amplitudes at BMOR in 325 

2009 were smoother than those at BREF. The seismometer at BMOR is buried in unconsolidated 326 

materials on a ridge at a remote location, about 6 km from the summit (Fig. 1b). In contrast, BREF, 327 

located closest to the summit, is deployed on massive lava. Amplitude variability among these 328 

stations may originate from such local site effects.  329 

 330 

4.2 MAGMA VOLUME ESTIMATES 331 

According to the VLP source estimates of Molina et al. (2008), Kumagai et al. (2010), Arias (2016), 332 

and Anzieta et al. (2019), we assume magma emplacement at the VLP source occurred at a depth 333 

of ℎ = 2500 m (the average depth estimated by these studies) beneath the NNE flank. To determine 334 

the magma volume at the VLP source, we employed Eqs. (3)–(6) as follows: 𝜇 = 10.6 GPa for the 335 

2500 m depth, which was derived from an S-wave velocity (𝛽) of 2000 m/s and a rock density (𝜌𝑠) 336 

of 2650 kg/m3 (Molina et al., 2008). Incorporating the source time function 𝑠(𝑡)  estimates 337 

presented by Kumagai et al. (2010) for the largest VLP/LP event, we obtained a maximum value 338 

of 6.32 × 1012 Nm. We then estimated  ∆𝑉 for this event to be 596.2 m3.  According to Martel et al. 339 

(2018), recently erupted magma at Cotopaxi (primarily mafic andesite) was stored at depths 340 

ranging from approximately 7 km to ≥ 16 km (with pressures from ~200 to ≥ 400 MPa) and 341 

contained an average water content of 3.5 wt%. Since water is the most abundant volatile in magma 342 

(Wallace, 2005), we assume that  ∆𝑉 was caused by the degassing of water. Using a lithostatic 343 
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pressure (𝑃𝑙) of 65 MPa, 𝑅̅ = 462 J/ (K kg), 𝑇𝑚 = 1223 K, and ∆𝑉 = 596.2 m3, from Eq. (4), we 344 

calculated 𝑀𝑔 = 6.85 × 104 kg for the largest VLP/LP event.  Using Eq. (5), we estimated 𝑉𝑚 for 345 

this VLP/LP event to be 9.54 × 103 m3, assuming a water content (𝐶𝑜) of 3.5 wt% in andesitic 346 

magma with a density (𝜌𝑚) of 2500 kg/m3 and Henry’s constant (𝐾𝐻) of 1.6 × 10-11 Pa-1 (Nishimura, 347 

2004).  Using the 𝑉𝑚 estimate, we computed 𝑉𝑖𝑗
𝑚 values from Eq. (6). The 𝐴𝑟𝑒𝑓

𝑗
 values are listed in 348 

relation to the individual stations (Table 1). 349 

 350 

The accumulated amplitude and accumulated magma volume at BREF compared to tremor activity 351 

are shown in Fig. 6a. Fig. A2 compares the accumulated magma volumes estimated at BVC2, 352 

BTAM, and BMOR with those at BREF. Similar relative temporal changes are observed across all 353 

stations, though BMOR shows the largest value (Fig. A2). As mentioned in the previous subsection, 354 

these differences are likely attributable to site effects. Subsequently, we focused on estimates at 355 

BREF. Based on the temporal variation in the accumulated magma volume (Fig. 6a) and the 356 

individual VLP/LP amplitudes (Fig. 7a), we divided the VLP/LP activity into seven phases (A 357 

through G) (Table 2). Specifically, we observe gradual increases in accumulated magma volume 358 

between January 14 and September 18, 2009 (phase A) and between June 1 and July 27, 2015 359 

(phase E), followed by sharp increases between September 19 and November 25, 2009 (phase B) 360 

and between July 28 and September 15, 2015 (phase F), respectively (Figs. 6 and 7). The gradual 361 

increase in phase E was associated with an increased number of LP events (Fig. 2c), elevated SO2 362 

emissions (Fig. 2e), and heightened tremor activity (Fig. 6a). In phase F, a significant number of 363 

VLP/LP events occurred in August 2015 (about 200 events). Two phreatomagmatic explosions 364 

associated with VLP/LP events took place on August 14−15, 2015, after which tremor reached its 365 

peak during the studied period (Figs. 6a and 7a). Subsequently, the number of VLP/LP events 366 
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decreased in September 2015, and tremor associated with ash venting also decreased (Fig. 7a). 367 

From September 7 until the end of November 2015 in phase G, VLP/LP and LP events, tremor, and 368 

SO2 emissions gradually decreased (Figs. 2, 6a, and 7).  369 

 370 

From mid-February to mid-March 2010 and in April 2011, there were minor increases in the 371 

accumulated magma volume. Therefore, we defined phase C as lasting from November 26, 2009, 372 

to April 2011 (Fig. 6). From mid-September 2014, the accumulated magma volume again slightly 373 

increased. Therefore, we defined phase D from April 2011 to May 2015 (Fig. 6a). The magma 374 

supply rates varied significantly among the phases, with phase G's production being approximately 375 

one order of magnitude smaller than those in other active periods (phases B, E, and F) (Table 2). 376 

 377 

4.3 VLP/LP EVENTS, TREMOR, ASH FALLOUT MASS, SO2 EMISSION, 378 

AND DEFORMATION 379 

Tremor amplitudes were correlated with the accumulated amplitudes of VLP/LP events during the 380 

pre-eruptive, eruptive, and post-eruptive periods in 2015 (see phases E, F, and G in Fig. 6a, and 381 

Table 2), where the VLP/LP accumulated amplitudes (i.e., magma supply rates) increased with 382 

expanding tremor amplitudes. Before these periods, from 2009 to 2015, no evident relationship 383 

between VLP/LP and tremor amplitudes was observed. However, it is noteworthy that tremor 384 

amplitudes showed correlations with SO2 emissions during this period (Figs. 2e and 6a). Bernard 385 

et al. (2016) divided the eruptive activity in 2015 into 4 phases based on ash fallout mass, visual 386 

observations, and tremor signal amplitudes. Phase 1 (August 14–15, 2015) was marked by the 387 

opening of the conduit, which was associated with a major explosion on August 14, 2015 at 09:02, 388 

followed by smaller explosions on the same day, generating plumes reaching 9.3 km above the 389 
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crater. Phases 2 (August 15–October 2, 2015), 3 (October 2–November 4, 2015), and 4 (November 390 

4–30, 2015) were characterized by intense ash emissions. The magnitudes of these emissions 391 

increased between phases 1 to 2 and later decreased over phases 2 to 4. These phases of Bernard et 392 

al (2016) coincide with our phases F and G (Figs. 6b and 7). Pre-eruptive LP activity occurred from 393 

early April to June 4, 2015 (Figs. 2a and 2c), followed by a registry of pre-eruptive tremor activity 394 

from June 4 to August 13, 2015, during which phase E occurred (Fig. 6b).  395 

 396 

Based on tremor activity, we defined peaks 1−4 in phases E and F (Fig. 7a). We also identified 397 

peaks E and F based on the VLP/LP activity in phases E and F, respectively (Fig. 7a). We compared 398 

the tremor amplitudes with the individual VLP/LP amplitudes and ash fallout mass (Fig. 7a), as 399 

well as the daily number of VLP/LP events and SO2 emissions (Fig. 7b). The number of daily 400 

events and the amplitudes of VLP/LP events are highly correlated.  Additionally, 45 days after the 401 

onset of pre-eruptive tremor, we observe a close correlation between VLP/LP events, tremor, ash 402 

fallout mass, and SO2 emissions (Fig. 6b). This correlation substantiates the inception of phase E, 403 

which reaches its peak on June 2, 2015 (Fig. 7a). After peak E, the VLP/LP amplitudes became 404 

smaller during phase E until the end of July 2015. A fortnight later, phase F started with large 405 

VLP/LP events, reaching peak F, which coincided with the first phreatomagmatic explosion on 406 

August 14, 2015 at 09:02.    407 

 408 

In summary, the eruptive activity in 2015 (Fig. 7a), particularly during peak F, exhibited the highest 409 

daily number of VLP/LP events (Fig. 7b) and the most energetic VLP/LP activity when the conduit 410 

system was opened. Subsequently, the VLP/LP amplitudes decreased during phase F, except for an 411 

event that occurred on September 7, 2015, at 16:56 (Fig. 7a). In phase G, the VLP/LP activity 412 

remained low, although a large event occurred on December 17 at 02:01 (peak G). It is notable that 413 
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this event took place after the eruptive activity had already ceased.   414 

 415 

Prior to the eruptions,  pre-eruptive tremor on June 2, 2015 (peak 1) and VLP/LP activity on June 416 

6, 2015 (peak E) occurred before an SO2 emission of ~4500 t/d on June 14, 2015 (Fig. 7b). On July 417 

14, 2015, there was another SO2 emission peak of ~5000 t/d (Fig. 7b). This peak was not linked to 418 

either VLP/LP or tremor activity, and SO2 emission then decreased gradually (Fig. 7b). The high 419 

VLP/LP activity on August 13, 2015, occurred before the opening of the conduit (phase 1) with 420 

the first explosion on August 14, 2015 at 9:02 (peak F), increased tremor activity, and an SO2 421 

emission peak of ~7200 t/d on August 15, 2015 (Fig. 7b). Following the first eruption on August 422 

14, 2015, VLP/LP events, tremor activity, and SO2 emission sharply decreased, although tremor 423 

activity peaked again on August 28, 2015 (peak 2) (Fig. 7a). SO2 emission gradually increased to 424 

reach the maximum peak of ~16000 t/d on October 12, 2015, which almost coincided with peak 3 425 

of tremor activity (Fig. 7b). In phases 3 and 4, when the conduit system was open, tremor activity 426 

and SO2 emission showed similar tendencies (Fig. 7b). Therefore, our results suggest that there are 427 

correlations among VLP/LP events, tremor activity, and SO2 emission. Before the eruptions, large 428 

VLP/LP events tended to occur before tremor activity peaks, which were followed by SO2 emission 429 

peaks. During the eruptions, particularly in phases 3 and 4, tremor activity and SO2 emissions 430 

occurred simultaneously with a small number of VLP/LP events.  431 

 432 

We performed a time-frequency analysis using continuous seismic data at BREF. We divided one 433 

day’s data into 1080 windows (80 seconds each), over which the PSD was calculated in a frequency 434 

range of 0.2–12 Hz. Fig. 6b shows the normalized PSD as a function of time (spectrogram) between 435 

January and December 2015. The relatively large spectrum amplitudes in a frequency band of 2.9–436 

7.8 Hz in early April and early June 2015 correspond to pre-eruptive tremor, which contains several 437 

https://www.sciencedirect.com/science/article/pii/S0377027307002466?casa_token=fu48kZkh1gUAAAAA:enSKnl5UAIV6yCF2LG_xvMegsPfx2PGDy81vdzNzDC-qeFy4WW_bXeah1SaKVYygDzTea-afonI#fig5
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frequency peaks around 2.9, 3.5, 4.6, 5.4, 6.5, and 7.5 Hz. During phase E, we observe low-438 

frequency peaks around 0.5, 0.6, 0.8, 0.9, and 1 Hz of VLP/LP events, as well as the higher 439 

frequency peaks of tremor signals. A peak frequency of 2.9 Hz gradually decreased to 2.1 Hz in 440 

phase E, but other peaks remained stable (Fig. 6b).   441 

 442 

Tiltmeter records (tangential and radial components to the summit crater) at VC1 (Fig. 1b) are 443 

compared with the daily number of VLP/LP events in Fig. 8. Cyclic variations with amplitudes of 444 

approximately 100 rad were observed each year from late 2010 to early 2015, attributed to 445 

seasonal changes in groundwater and temperature. Significant deformation exceeding the seasonal 446 

changes, particularly in the radial component, began to occur from April 10–25, 2015, coinciding 447 

with the onset of pre-eruptive LP activity and continued until the peak of VLP/LP activity on June 448 

19, 2015. Then, the deformation gradually decreased in phase F, during which the intensive 449 

eruptions occurred. The largest peak of the VLP/LP activity was reached on August 25, 2015 (peak 450 

F, Fig. 7a). No clear, convincing deformation signals associated with the VLP/LP activity were 451 

detected by seven GPS stations on the volcano in 2015 (Mothes et al., 2017). The depth of the 452 

deformation source has not been estimated.  Molina et al. (2008) also observed deformation of the 453 

NE flank prior to the appearance of the VLP/LP events from 2001 to 2003. 454 

 455 

5. DISCUSSION 456 

We interpret the VLP/LP and tremor activity at Cotopaxi from 2009 to 2015 as follows. The 457 

VLP/LP events were generated by degassing of water from magma supplied at the crack source at 458 

a depth of 2–3 km below the NNE flank of the volcano (Molina et al., 2008; Kumagai et al., 2010; 459 
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Arias, 2016; Anzieta et al., 2019). Our results indicate that the magma supply rates fluctuated 460 

significantly from 2009 to 2015 (Fig. 6b and Table 2). The magma rate during the eruption activity 461 

in 2015 (phase F) was higher than during the activity periods in 2009 (phases A and B), when no 462 

eruptions occurred (Table 2). The continuous supply of magma through an intruded dike and 463 

degassing at a depth of 2–3 km caused volume changes in a crack, leading to its resonances, which 464 

were observed as VLP/LP events (Fig. 9a). When the magma supply rate was less than 10−2 m3/s, 465 

degassing and resultant bubble growth were not intensive, and no eruptions occurred (Fig. 9a). 466 

Subsequently, the crack was filled with a magma-gas mixture, and gas was gradually released 467 

through the partly closed conduit. The degassed dense magma descended and generated magma 468 

convection in the dike (e.g., Kazahaya et al., 1994) (Fig. 9a). At this stage, magma intrusion feeding 469 

the crack may have caused pressure fluctuations, evidenced by slight increases in LP and VLP/LP 470 

events (Figs. 2c and 2d), and resonances in a shallow conduit observed as tremor from 2009 to 471 

June 4, 2015, and as pre-eruptive tremor from June 4 to August 13, 2015 (Fig. 9a). Although the 472 

shallower magma system may have been partly closed (Fig. 9a), some gases could escape through 473 

the conduit and generate periodic variations, seen as tremor fluctuations accompanied by SO2 474 

emissions from 2009 to 2014 (Figs. 2e and 6a). There was no evident relationship between VLP/LP 475 

and tremor activities between 2009 and May 31, 2015 (Fig. 6a), during which no large magma 476 

supply rates were estimated (Table 2). This suggests that the crack was not well connected to the 477 

conduit during this period. Before, the eruptions degassing became relatively intense. At this stage, 478 

large VLP/LP events preceded the increasing tremor activity (see the beginning of phase E in Fig. 479 

7a), and subsequently, the amplitudes of tremor and VLP/LP events were well correlated (see phase 480 

E in Figs. 6a and 7a). The NE flank deformation over seasonal variations was detected during this 481 

period (Fig. 8). As the magma supply rate increased (phase F), bubble growth became more 482 

intensive and resulted in fragmentation (Fig. 9b). At this stage, significant VLP/LP events again 483 
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preceded the increase in tremor activity, with tremor and VLP/LP amplitudes showing a strong 484 

correlation (see phases 1 and F in Figs. 6a and 7a). The crack was filled with ash and gas, which 485 

ascended in the conduit and produced ash emissions. Such flows in the conduit generated tremor 486 

associated with eruptions. The fragmentation condition was reached in phase F (Fig. 7), during 487 

which the maximum magma supply rate (1.12 × 10−2 m3/s) was estimated (Table 2). The intruded 488 

dike was located in the source region of VT events (Ruiz et al., 1998) and may have been connected 489 

through NNE−SSW fault systems to a magma reservoir at depths of 4–5 km beneath the SW flank 490 

(Hickey et al., 2015). This reservoir was probably fed by a deeper reservoir located at depths from 491 

7 to ≥ 16 km (Martel et al., 2018). Distal GPS data suggest that the deepest reservoir is located at 492 

a depth of ~24 km below the SE flank (Mothes et al., 2017).  493 

 494 

In 2015, although VLP/LP events were smaller individually, they occurred more frequently, 495 

indicating a higher magma supply rate. A VT swarm preceded the 2015 eruption, unlike in 2009. 496 

Deformation and seismicity in 2001−2003 were due to a low influx of magma accumulation that 497 

stalled beneath the surface. The 2009 activity also indicated a low influx of magma. Magma 498 

intrusions can occur without significant surface deformation due to fracture systems 499 

accommodating the magma (Puglisi et al., 2008). At Cotopaxi, NNE-SSW trending faults may 500 

accommodate magma from deeper parts without causing a VT swarm. Low magma supply rates 501 

can result in fewer VT earthquakes (McNutt, 2005; Poland et al., 2008). VT earthquakes, caused 502 

by brittle responses to stress from magmatic fluid movement, are linked to dike intrusions (e.g., 503 

Toda et al., 2022). LP seismicity represents magma pathways from the dike-VT earthquake depth 504 

to the surface. The crack-generating VLP/LP events at Cotopaxi are proposed to be located above 505 

this dike intrusion. 506 
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 507 

Increased pre-eruptive LP activity occurred between April 1 and the end of May 2015 (Figs. 2c and 508 

6b). During this period, significant deformation occurred on the NE flank (Fig. 8). Due to limited 509 

data, estimating the geometry and exact location of the deformation source is not possible; however, 510 

we interpreted the deformation as being caused by an inflationary source beneath the NE flank, 511 

which occurred in or before April 2015. This coincided with a significant increase in the number 512 

of LP events (Figs. 2a and 2c) and a rise in VLP/LP events at the end of May 2015 (Figs. 2a and 513 

2d). This behavior of deformation preceding VLP/LP events was also observed by Molina et al. 514 

(2008) during the seismic crisis at Cotopaxi in 2001–2003.  In May 2015, IG-EPN reported intense 515 

fumarolic activity at the summit crater. Large VLP/LP events on June 1–2, 2015 (peak E) were 516 

followed by pre-eruptive tremor on June 4, 2015 (Figs. 6b and 7). As the magma supply rate 517 

gradually increased in phase E (Fig. 6a), pre-eruptive tremor reached its maximum amplitude on 518 

June 6, 2015 (peak 1 in Fig. 7), and the deformation peaked on June 8, 2015, 7 days after the start 519 

of phase E (Fig. 8). As the tremor amplitude decreased, its dominant peak frequency changed from 520 

2.9 to 2.1 Hz from June 6 to August 13, 2015 (Fig. 6b), which may be caused by variations in gas 521 

flows in the conduit (e.g., Yukutake et al., 2017). Hot gases passing through the partially closed 522 

conduit gradually heated the shallow hydrothermal system (Fig. 9a); eventually, the water reached 523 

its boiling point, causing the hydrothermal system to dry out gradually. Then, SO2 gas emission 524 

became active, reaching 4500 t/d on June 14, 2015 after peaks E and 1 (Fig. 7b). The peak of 525 

VLP/LP events occurred 8 days before the peak of SO2 emissions. The appearance of sulfide 526 

deposits and a green-colored lake in the summit crater during the last week of July 2015 (Gaunt et 527 

al., 2016) resulted from the interaction between magmatic gases and hydrothermal water provided 528 

by the melting of the summit glacier. Gaunt et al. (2016) found that hydrothermal minerals such as 529 

opal and alunite were emitted during the first phreatomagmatic explosions. These explosions were 530 
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caused by bubbly magma ascending through the conduit and coming into contact with 531 

hydrothermal water. 532 

 533 

The large VLP/LP event on August 14, 2015 at 9:02 (peak F in Fig. 7a) and another event at 9:07 534 

on the same day partially cleared the conduit (Bernard et al., 2016). Plumes of explosions 535 

associated with these events reached heights of ~7.8 km above the crater, and these eruptions were 536 

followed by a peak in tremor amplitude (~900 a.u.) 6 minutes later (Fig. 7a). SO2 emissions reached 537 

~7000 t/d on August 15. The peak of VLP/LP events occurred one day before the peak of SO2 538 

emissions and only six minutes before the onset of tremor related to the resonance of the conduit. 539 

Two other explosions (August 15, 2015 at 15:45 and 21:02) finally cleared the entire conduit, 540 

producing plumes that reached 9.3 km above the crater. These explosions on August 14 and 15, 541 

2015 were classified as phreatic due to the scarcity of juvenile material (Gaunt et al., 2016) and 542 

were accompanied by a small VT swarm. This opening of the system, evidenced by the large 543 

explosions, likely improved connectivity between the crack and the conduit (Fig. 9b). On these 544 

days, the peaks of VLP/LP and tremor amplitudes and SO2 emissions occurred almost 545 

simultaneously. Hidalgo et al. (2018) propose that this was due to the hydrothermal system being 546 

superheated and decompressed. At this stage, we believe the conduit had a direct link to the crater 547 

(Fig. 9b).  548 

 549 

After the explosions on August 14−15, 2015, the relative amount of juvenile materials in ash 550 

samples increased (Gaunt et al., 2016), suggesting faster magma ascent. This matches our estimate 551 

in phase F, which shows the most abundant magma supply rate (Table 2). During this period, tremor 552 

activity reached its maximum intensity on August 28, 2015 (peak 2 in Fig. 7a). According to Gaunt 553 
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et al. (2016), after the explosions on August 14−15, 2015, a thermal aureole developed around the 554 

magmatic column, indicating drying processes in the hydrothermal system. At this stage, we 555 

observed the stabilization of deformation, which may reflect the release of pressure within the 556 

magma intrusion, possibly due to the opening of a conduit that allowed the escape of gases and 557 

magma (see phase F in Fig. 8). As eruptions continued, juvenile grains transitioned to a greater 558 

abundance of micro-crystalline materials due to slower magma ascent (Gaunt et al., 2016). This 559 

also agrees with our estimate of a low magma supply rate in phase G (Table 2). The continued 560 

stabilization of deformation (see phase G in Fig. 8) may be due to a decrease in the influx of magma 561 

from greater depths. The variable crystal textures depending on magma supply rates are consistent 562 

with those shown by Wright et al. (2012) for ash particles produced by eruptions at Tungurahua 563 

volcano, Ecuador.  564 

 565 

We estimated the total magma volume during the eruptive activity of phases F and G to be 5.4  566 

104 m3 (Table 2). It is one order of magnitude smaller than magma volumes of ~ 8.6  105 m3 and 567 

3  105 m3 determined by field measurements of ash fallouts (Bernard et al., 2016) and deformation 568 

data analysis (Arnold et al., 2018), respectively, during the eruptive activity. As shown in Fig. 7, 569 

VLP/LP events were not always accompanied by tremor, and thus there existed eruptions without 570 

VLP/LP events, which resulted in our smaller magma volume estimate (see phase 4 and the end of 571 

phase G in Fig. 7a and Table 2).  According to Morales Rivera et al. (2017) and Mothes et al. (2016), 572 

magma volumes of 6.8  106 m3 and (42 ± 26)  106 m3 at depths of 12–13 km and 24 km, 573 

respectively, caused the deformation of the volcanic edifice before the 2015 eruptions. Hidalgo et 574 

al. (2018) concluded that only 2–6 wt% of the magma supply to the reservoir was emitted during 575 

the eruptive activity, based on analyses of SO2 emissions and comparisons with the results from 576 
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deformation, geological, and petrological studies (e.g., Mothes et al., 2016; Bernard et al., 2016; 577 

Gaunt et al., 2016; Morales Rivera et al., 2017; Arnold et al., 2018). These results indicate that a 578 

large amount of magma remains at depths of ~7–24 km.  579 

 580 

Although the magma volumes estimated from the VLP/LP activity reflect a partial amount of 581 

magma supplied to the conduit, our results indicate that the temporal variation in the accumulated 582 

magma volume is useful to infer magma supply processes. During the eruptive activity, tremor is 583 

more directly linked to magma volume, as indicated by Bernard et al. (2016). In addition, we found 584 

that the increase in tremor activity was triggered by large VLP/LP events during pre-eruptive 585 

periods (Fig. 7a). When the magma supply rate was large, the seismic sequence occurred in the 586 

following order at Cotopaxi: LP events, VT swarms, VLP/LP events, and tremor. The time 587 

difference among VLP/LP events, tremor, and SO2 emission became shorter when the magma 588 

supply rate was larger and the system was more open. When the magma supply rate was lower and 589 

the magma system was more closed, tremor was related to the passive degassing of SO2 emissions 590 

(Figs. 2e and 6a).  591 

 592 

6. CONCLUSIONS 593 

We systematically analyzed broadband seismic signals observed at Cotopaxi volcano and estimated 594 

magma volumes related to the individual VLP/LP events from their observed amplitudes in a 595 

frequency band of 0.08−0.5 Hz (2–12.5 s) in 2009−2015. The VLP/LP events were hypothesized 596 

to be generated by the degassing of water from magma supplied to the conduit. Based on the 597 

accumulated magma volume and the VLP/LP activity, our studied period was divided into 7 phases 598 
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(A through G), during which the magma supply rate largely fluctuated. We found correlations 599 

among VLP/LP events, tremor, deformation, SO2 emissions, and other observations and interpreted 600 

the renewed activity as follows. In phases A−D, between January 14, 2009 and May 31, 2015, 601 

during which the magma supply rate was low, degassing and resultant bubble growth at the VLP 602 

source were not intensive, and no eruptions occurred. In phase E (June 1−July 27, 2015) before the 603 

eruptions, the magma supply rate increased, degassing was relatively intensive, and the resultant 604 

gas flows in the conduit generated pre-eruptive tremor. Hot gases surging through the conduit 605 

gradually heated and dried out the shallow hydrothermal system. In phase F (July 28−September 606 

15, 2015), the magma supply rate sharply increased, resulting in magma fragmentation at the VLP 607 

source. This produced the large VLP/LP event on 14 August 2015 and associated explosions with 608 

tremor, which opened the conduit. The increased VLP/LP and tremor activity and SO2 emissions 609 

occurred almost simultaneously. In phase G (September 16−December 29, 2015), the magma 610 

supply rate decreased and eruptive activity gradually waned. We estimated from the VLP/LP events 611 

the total magma volume during the eruptive activity of phases F and G to be 5.4  104 m3, which 612 

is one order of magnitude smaller than magma volumes estimated from field surveys of ash fallout 613 

mass and deformation analysis.  614 

 615 

The VLP/LP events that occurred before and during the eruptions provide a comprehensive view 616 

of the renewed magmatic activity. VLP/LP events, tremor, and SO2 emissions at Cotopaxi were 617 

related through non-destructive and continuous processes. The time differences among VLP/LP 618 

events, tremor, and SO2 emissions may depend on the connectivity within the dike, crack, and 619 

conduit system. The opening of Cotopaxi's conduit was gradually achieved before eruptions, 620 

resulting in shorter time intervals.  621 
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 622 

A small magma input reduces the supply of SO2 to the summit. This condition corresponds to the 623 

stage of long-term passive degassing, characterized by periodic fluctuations of SO2 and tremor 624 

between January 2009 and June 4, 2015. Our results suggest that future volcanic unrest at Cotopaxi 625 

may begin when the magma supply rate exceeds 10−3 to 10−2 m³/s. VLP/LP activity is a useful 626 

indicator to estimate the magma supply rate and monitor future magmatic activity initiated by a 627 

large amount of magma remaining in Cotopaxi´s reservoir.   628 
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TABLES 784 

Table 1. Maximum displacement amplitudes in a frequency band of 0.08–0.5 Hz of the largest 785 

VLP/LP event that occurred on January 14, 2009, at the individual stations (𝐴𝑟𝑒𝑓
𝑗

) and total 786 

accumulated amplitude and magma volume estimated from VLP/LP events from 2009 to 2015. 787 

 788 

Station 
𝐴𝑟𝑒𝑓

𝑗
 

(m) 

Total accumulated 

amplitude (m) 

Total accumulated magma 

volume (m3) 

BREF 5.96 × 10-5 1.37 × 10-3 2.19 × 105 

BVC2 2.27 × 10-5 3.38 × 10-4 1.42 × 105 

BMOR 1.33 × 10-5 5.49 × 10-4 3.94 × 105 

BTAM 2.49 × 10-5 3.80 × 10-4 1.46 × 105 

Average 6.59 × 10-4 2.25 × 105 

 789 

 790 

Table 2. Magma volumes and magma supply rates in the individual phases (A−G) estimated from 791 

the amplitudes in a frequency band of 0.08–0.5 Hz at BREF. 792 

 793 

Phase Start date End date Magma volume 

(m3) 

Magma supply 

rate (m3/s) 

A January 14, 2009 September 18, 2009 3.25 × 104 1.52 × 10-3 

B September 19, 2009 November 25, 2009 4.73 × 104 8.17 × 10-3 

C November 26, 2009 April 26, 2011 1.64 × 104 3.67 × 10-4 

D April 27, 2015 May 31, 2015 3.63 × 104 2.81 × 10-4 

E June 1, 2015 July 27, 2015 2.38 × 104 4.92 × 10-3 

F July 28, 2015 September 15, 2015 4.72 × 104 1.12 × 10-2 

G September 16, 2015 December 29, 2015 6.32 × 103 7.32 × 10-4 

 794 

  795 
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FIGURES 796 

 797 

 798 

Fig. 1. (a) Location of Cotopaxi Volcano in Ecuador. (b) Topographic contours of Cotopaxi Volcano, 799 

every 200 m, showing the locations of the seismic, DOAS, and tiltmeter stations.  800 
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 801 

Fig. 2. Temporal variations in VLP/LP, VT, and LP activity and SO2 gas emission. (a) Monthly 802 

numbers of LP, VT, and VLP/LP events from 2002 to 2015. (b, c, d, e) Monthly numbers of VT, 803 

LP, and VLP events and SO2 emission (t/month), respectively, from 2009 to 2015. Vertical arrows 804 

in (e) display periods when SO2 increased.  805 

 806 

 807 

 808 

Fig. 3. Vertical waveforms and their spectra of (a, b) VLP/LP and (c, d) LP events at BREF. An LP 809 

band of 1.6–10 Hz (0.1–0.63 s) is indicated by gray in each spectrum, and a VLP band of 0.2–1.6 810 

Hz (0.63–5 s) is indicated by white in (b). 811 
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 812 

 813 

Fig. 4. Vertical velocity seismograms of VLP signals in VLP/LP events band-passed in a frequency 814 

band of 0.08−0.5 Hz at station BREF. Amplitude (m/s) is indicated by a vertical bar at the left of 815 

each seismogram. The first waveform is the largest VLP/LP event analyzed by Kumagai et al. 816 

(2010), which is our reference event to determine magma volume.  817 
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 818 

Fig. 5. Temporal variations in UD amplitudes and amplitude ratios of EW/UD and NS/UD of VLP 819 

signals in VLP/LP events in a frequency band of 0.08−0.5 Hz from 2009 to 2015. (a, b, c) BREF. 820 

(d, e, f) BTAM. (g, h, i) BVC2. (j, k, l) BMOR. The averages and standard deviations of the EW/UD 821 

ratios were 1.1 ± 0.7, 1.5 ± 0.4, 1.7 ± 0.5, and 1.6 ± 0.6 at BREF, BTAM, BVC2, and BMOR, 822 

respectively. Those of the NS/UD ratios were 0.9 ± 0.4, 1.3 ± 0.7, 1.7 ± 0.9, and 2.2 ± 0.8 at BREF, 823 

BTAM, BVC2, and BMOR, respectively. 824 

 825 

 826 

 827 

 828 

 829 

 830 
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 831 

Fig. 6. (a) Accumulated amplitude and magma volume estimated of VLP signals in VLP/LP events 832 

in a frequency band of 0.08−0.5 Hz at BREF from 2009 to 2015 (see the text for details), overlapped 833 

with tremor amplitudes in arbitrary unit (a.u.). (b) Spectrogram of continuous vertical velocity 834 

waveform data at BREF between January and December 2015. Phases A−G were defined through 835 

the accumulated magma volume and VLP/LP activity. Phases 1−4 in (b) were defined by Bernard 836 

et al. (2016) based on tremor activity.  837 
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 838 

Fig. 7. Comparison of VLP/LP activity (red triangles) with tremor (black vertical bars), SO2 839 

emission (blue lines), and ash fallout mass (green squares). Tremor amplitudes in arbitrary units 840 

(a.u.) and ash fallout mass are from Bernard et al. (2016), while SO2 emission data are from Hidalgo 841 

et al. (2018) (online dataset at https://ecl.earthchem.org/view.php?id=1165). (a) Temporal 842 

variations in VLP amplitudes in VLP/LP events in the 0.08−0.5 Hz band, tremor amplitudes, and 843 

ash fallout mass. (b) Temporal variations in the daily number of VLP/LP events, tremor amplitudes, 844 

and SO2 emission. 845 

https://ecl.earthchem.org/view.php?id=1165
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 846 

847 
Fig. 8. Temporal variations in ground deformation observed by the tiltmeter at VC1 (radial and 848 

tangential components to the crater shown by green and blue lines, respectively) and the daily 849 

number of VLP/LP events (red vertical bars). The period of pre-eruptive tremor is shown by gray 850 

area, and the first eruption on August 14 is indicated by an arrow. Peaks of VLP/LP activity on 851 

June 19 and August 25 are also shown by arrows. Vertical dashed lines emphasize the pre-eruptive 852 

LP events and phases E through G (see text for details). 853 

 854 
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 855 
Fig. 9. Conceptual model for source processes of the VLP/LP events observed at Cotopaxi 856 

Volcano. See Section 5 for details. 857 

  858 
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SUPPORTING INFORMATION  859 

Appendix A. Amplitude spectra of a VLP/LP event and accumulated amplitudes 860 

and magma volumes. 861 

 862 

Fig. A1. Amplitude spectra of a VLP/LP event at Cotopaxi, band-passed with a Butterworth filter 863 

at 8 distinct pass bands, with the low-frequency corner fixed in all instances (see legend). This 864 

event occurred on January 14, 2009 at 18:54 and is the largest VLP/LP observed at Cotopaxi (see 865 

text for details). 866 
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 867 
Fig. A2. Accumulated amplitudes of VLP signals in VLP/LP events in a frequency band of 868 

0.08−0.5 Hz at the individual stations from 2009 to 2015 and accumulated magma volumes 869 

estimated from the accumulated amplitudes at the individual stations.  870 

 871 


