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Abstract 9 

Whether driven by fluids or aseismic slip, seismic swarms release stress. In the Ecuadorian subduction 10 

zone, the 2016 Pedernales Mw7.8 megathrust earthquake caused aftershocks associated with afterslip. 11 

It also triggered distant seismic swarms several months after the mainshock. 82 stations were 12 

temporarily deployed following the megathrust earthquake. A seismic swarm, approximately 60 13 

kilometers north of the 2016 epicenter, was triggered by the megathrust rupture and occurred 8 months 14 

after the mainshock. This upper plate swarm consists of three bursts, each larger in terms of number of 15 

events and magnitude. While pore fluid diffusion can explain the migration of the entire sequence, the 16 

third burst of seismicity initiated with the largest event (Mw5.4) of the swarm. This event triggered 17 

nearby seismicity by stress change and enhanced fluid diffusivity. This event also produced a pressure 18 

back front, preventing the occurrence of seismicity near its hypocenter. In northern Ecuador, several 19 

Mw5.9+ megathrust events between 2015 and 2025 have loaded the region where a Mw7.7 megathrust 20 

earthquake occurred in 1958. Although large megathrust ruptures may result from stress release due to 21 

accumulated slip deficit on the plate interface, loading caused by intermediate-sized earthquakes may 22 

also contribute to the triggering of larger events.  23 

1. Introduction 24 

After a large earthquake, the seismicity rate follows an Omori decay law (Omori, 1894; Utsu and Ogata, 25 

1995). The aftershocks cluster both in space and time (Gardner and Knopoff, 1974; Reasenberg, 1985). 26 

The slip caused by a large earthquake perturbs the surrounding medium through stress changes that load 27 

nearby faults. The increase in Coulomb stress change can be explained by a decrease in the effective 28 

normal stress, which favors slip (King et al., 1994). 29 



Seismic swarms are also characterized by an increase in spatio-temporal clustering of seismicity, but 30 

differ from mainshock-aftershock sequences by the absence of a main event (Mogi, 1963). Several 31 

earthquakes are within one order of magnitude of the largest event, which does not occur at the beginning 32 

of the sequence. Seismic swarms usually occur independently of large earthquakes and exhibit a 33 

migration pattern which can either be explained by pore pressure diffusion (Shapiro et al., 2002), slow 34 

slip migration (Ozawa et al., 2007), or stress transfer between earthquakes with self-driven seismicity 35 

(Fischer et al., 2023). 36 

In subduction zones, seismic swarms have often been observed synchronous with slow slip events, as in 37 

Japan (Ozawa et al., 2007; Hirose et al., 2014), Mexico (Fasola et al., 2019), Chile (Ojeda et al., 2023) 38 

and New Zealand (Nishikawa et al., 2021). The propagation of the slow slip is the mechanism proposed 39 

to explain the migration of seismicity (Holtkamp and Brudzinski, 2011). In many of those seismic 40 

swarms, repeating earthquakes have been detected (Kato et al., 2012; Kato and Shigeki, 2014; Frank et 41 

al., 2015; Dominguez et al., 2016; Shaddox and Schwartz, 2019; Uchida and Bürgmann, 2019; 42 

Chalumeau et al., 2021). 43 

Fluid pore pressure diffusion has been documented as a mechanism of earthquake migration in natural 44 

seismic swarms similar to observations in induced seismic swarms (De Barros et al., 2020; Amezawa et 45 

al., 2021; Dublanchet and De Barros, 2021; Takano et al., 2024). While the velocity of migration is of 46 

the order of tens of km/day for slow slip-driven sequences and hundreds of m/day for fluid-driven 47 

swarms (Danré et al., 2024), studies have shown that the interplay of both fluid and aseismic slip controls 48 

the migration of seismicity. Fluid flow may induce aseismic slip, which in turn triggers seismicity (De 49 

Barros et al., 2020). In other cases, aseismic slip is the main driving force of the seismic swarm, and 50 

fluid intrusion causes focused pore pressure diffusion (Yukutake et al., 2022; Wickham-Piotrowski et 51 

al., 2024).  52 

A seismic swarm may also occur in the context of an aftershock sequence following a large earthquake. 53 

Swarm-like behaviors in aftershocks have been observed in Italy, following the 2016 Amatrice‐Norcia 54 

earthquakes (Xiang and Marsan, 2025), in Japan, following the 2011 Mw9.1 Tohoku megathrust 55 

earthquake (Amezawa et al., 2021), as well as in Ecuador following the 2016 Mw7.8 Pedernales 56 



earthquake (Soto-Cordero et al., 2020). In a different context, in the Ubaye Valley (France), processes 57 

of stress transfer and fluid migration explain the seismic sequence following an ML4.8 earthquake in 58 

2014. While the coseismic stress transfer triggered the nearest aftershocks, remote stress triggering and 59 

fluid migration explain the distant swarm activity (De Barros et al., 2019).  60 

In the Ecuadorian subduction zone, seismic swarms synchronous with slow slip events have been 61 

observed on the plate interface (Vallée et al., 2013; Vaca et al., 2018), in the subducting plate (Segovia 62 

et al., 2018; Wickham-Piotrowski et al., 2024) or in the overriding plate (Hoskins et al., 2021). For 63 

swarms located on the plate interface, slow slip exclusively drives the migration of seismicity (Vallée 64 

et al., 2013; Vaca et al., 2018; Chalumeau et al., 2021). A joint interplay of fluids and aseismic slip can 65 

explain the spatio-temporal distribution of earthquakes in the upper plate (Hoskins et al., 2021) and in 66 

the subducting plate (Wickham-Piotrowski et al., 2024).  67 

In 1906, an earthquake (Mw 8.6 – 8.8) ruptured the Ecuadorian megathrust over a length of 400 to 500 68 

kilometers (Kelleher, 1972; Mendoza and Dewey, 1984; Ye et al., 2016; Chlieh et al., 2021). Following 69 

that event, megathrust ruptures occurred in 1942 (Mw7.8), in 1958 (Mw7.7), and in 1979 (Mw8.2) 70 

(Swenson and Beck, 1996). Each of the events ruptured a segment of the 1906 earthquake. In 2016, a 71 

Mw7.8 megathrust earthquake ruptured a seismic asperity that had previously ruptured in 1942 (Nocquet 72 

et al., 2017). While Coulomb stress change caused by the Pedernales earthquake’s coseismic slip can 73 

explain triggered seismicity (Rolandone et al., 2018), other aftershocks are driven by afterslip 74 

propagation (Agurto-Detzel et al., 2019; Soto-Cordero et al., 2020; Chalumeau et al., 2021, 2023). 75 

Afterslips during the first month after the earthquake lasted 3 to 4 weeks, with equivalent magnitudes 76 

of 7.0 and 7.1 for both updip patches, 50x50 km large (Figure 1, Rolandone et al., 2018). Approximately 77 

100 km south of the rupture, a slow slip (Mw 6.7 – 6.8) was also triggered around La Plata Island (Figure 78 

1, Rolandone et al., 2018). Mw6+ aftershocks occurred repeatedly in pairs from the north of the rupture 79 

area to Galera, from April to July 2016 (Figure 1, Agurto-Detzel et al., 2019; Soto-Cordero et al., 2020). 80 

70 km north of the 2016 Pedernales earthquake, a seismic swarm with 221 detected events between ML 81 

1.1-5.0 in the Esmeraldas region occurred in July 2016, while five other smaller swarms occurred in the 82 

same region in the following year, each lasting for about a day (Hoskins et al., 2021). The maximum 83 



magnitude recorded was 4.9, and a dozen others are ML4+ events. Other areas such as Manta, Jama, and 84 

Galera experienced seismic swarms between April and August 2016 (Figure 1, Soto-Cordero et al., 85 

2020), the number of events ranging from 9 to 67 (ML 1.9–6.2). 86 

Figure 1: Seismo-tectonic context of the Ecuadorian forearc. a) White contours: 10-cm slip contours of 87 

afterslips following the 2016 Pedernales earthquake (Rolandone et al., 2018). Purple contours: 1-m slip 88 

contours of the Pedernales earthquake (Nocquet et al., 2017). White star: Epicenter of the Pedernales 89 

earthquake (Nocquet et al., 2017). Yellow stars: Events of Mw6+ (Soto-Cordero et al., 2020). Red 90 

triangles: Stations used in this study. Blue triangles: Other temporary rapid deployment stations (Meltzer 91 

et al., 2019). Black box: Study area. b) Atacames swarm from December 2016 to January 31st 2017. 92 

Purple stars: Events of magnitude larger than 5. c) Cross-section along profile AA’ with a projection of 93 

the entire seismicity. The P-wave velocity model is after Wickham-Piotrowski et al. (2025). Black 94 

dashed line: Plate interface model is after Font et al. (2013).  95 

At approximately 50 km west of the Esmeraldas swarm, intense seismic activity was detected in 96 

December 2016 close to Atacames (Figure 1a-b, Soto-Cordero et al., 2020). This work documents the 97 

structure of this upper-plate seismic swarm (Figure 1c), its driving mechanism, and shows that the 98 

Pedernales Mw7.8 earthquake of April 2016 triggered this seismic swarm. We also assess the loading 99 

of the megathrust in the Esmeraldas region (north-east of the Atacames swarm), which ruptured in 1958 100 

in a Mw7.7 earthquake (Swenson and Beck, 1996), by computing Coulomb stress changes caused by 101 

Mw5.9+ plate interface events since 2015.  102 



2. Data and methods 103 

2.1 Catalog construction 104 

We benefit from continuous waveforms recorded by the international collaborative temporary network 105 

of 82 stations deployed in the Ecuadorian forearc following the 2016 Mw 7.8 Pedernales earthquake 106 

(Meltzer et al., 2019). Instead of using the entire network, we use a subset of stations (19 stations in red 107 

on Figure 1a), that operated for at least 12 months, within 150 km from the swarm’s location, in order 108 

to better constrain hypocentral solutions. To build a comprehensive seismicity catalog, we read P and S 109 

arrivals on continuous waveforms with the Deep-Learning phase picker PhaseNet (Zhu and Beroza, 110 

2019). The model was trained on the Stanford Earthquake Dataset using the Seisbench package 111 

(Woollam et al., 2022). Using a Bayesian Gaussian approach, P and S arrival times are associated into 112 

events (Zhu et al., 2022). Each event has at least 6 P and 4 S phases. The initial hypocentral solutions 113 

are obtained with NonLinLoc (Lomax et al., 2000) using a high-resolution 3D velocity model 114 

constrained by tomography inversion of Wickham-Piotrowski et al. (2025). This velocity model was 115 

obtained using the finite difference algorithm, inverting simultaneously for P and Vp/Vs models 116 

(Roecker et al., 2010). The initial number of earthquakes in the Atacames region between December 1st, 117 

2016, and January 31st, 2017, is 464. The number of earthquakes in the Atacames region continuously 118 

detected between April 16th, 2016, and July 9th, 2017, with the local and post-seismic temporary 119 

deployment, is 649 (Figure 2). 120 

2.2 Double difference relocation 121 

Relative relocation of earthquake hypocenters is conducted by double difference of travel times and with 122 

waveform cross-correlation of P and S arrivals (Waldhauser and Ellsworth, 2000). The waveform 123 

around the P arrival (0.5s before and 2.0s after) is band-pass filtered between 1.0 and 12.0Hz. For the S 124 

arrival, that filter is 0.8–8.0 Hz (0.8s before and 4.0s after). The threshold of cross-correlation for a 125 

phase is 0.6. The maximum number of neighbors per event is set to 50.  The minimum number of links 126 

for a pair of events is at least 6. The number of relocated hypocenters in the Atacames region is 442.  127 

2.3 Focal mechanisms 128 

Focal mechanisms are computed using the MECAVEL method (De Lépinay et al., 2011; Grandin et al., 129 

2017; Vaca et al., 2019). For this waveform inversion technique, we fixed a 1D velocity model, which 130 



was extrapolated from the 3D velocity model used for both initial and relocated hypocentral solutions 131 

(Wickham-Piotrowski et al., 2025). Additionally, we constrain focal mechanisms using FMNEAR 132 

(Delouis, 2014), based on first-arrival polarities and waveform simultaneous inversion. 133 

2.4 Coulomb stress change 134 

We model Coulomb stress changes caused by the largest magnitude earthquake (Mw5.4, National 135 

Earthquake Information Center, NEIC) occurring on December 19th 2016, with Coulomb3.3 (Toda et 136 

al., 2011). The slip and the focal mechanism parameters of that earthquake are used as a source fault. 137 

Three approaches to determine the slip and rupture area on the source fault are considered. In the first 138 

case, we use the gap in seismicity surrounding the Mw5.4 event to determine a rectangular area of 139 

rupture geometry, as constrained by Coulomb3.3. The slip is computed using equation (1). 140 

                                                               𝑆݈݅݌ =  ெ௢ீ.஺௥௘௔                                                                             (1) 141 

Mo is the seismic moment (N.m), and G is the shear modulus (30GPa). The seismic moment is computed 142 

using the moment magnitude of Mw5.4. 143 

In the second approach, we consider a circular crack rupture with a stress drop (σ) of 10MPa. The slip 144 

is computed using equation (2). 145 

𝑆݈݅݌ = 1/3݋ܯ (16ఙ)2/3ீగ72/3           (2) 146 

The area of rupture is then obtained with (1). In both cases, the seismic moment is estimated from Hanks 147 

and Kanamori (1979). The Coulomb stress changes are computed on the receiver faults defined by the 148 

different focal mechanisms occurring after the largest magnitude event. 149 

With a third approach, we use a scaling law for reverse slip earthquakes relating the moment magnitude 150 

and the area of rupture (equation 3, Wells and Coppersmith, 1994). 151 

(ܽ݁ݎܣ)10݃݋݈ 152 (3)                                                                                                                                                                 =  -3.99 + 0.98Mw 



3. Results 153 

3.1 Seismic swarm characteristics 154 

The characteristics of the seismicity between December 2016 and January 2017, in the Atacames region, 155 

are those of a seismic swarm. The average seismicity rate (9 earthquakes/day) between December 2016 156 

and January 2017 is larger than the background rate (0.3 earthquakes/day) between April 2016 and July 157 

2017 (Figure 2a & b). The largest magnitude of the sequence is Mw5.4, and three other events are within 158 

1-order of magnitude (Figure 2c).   159 

 160 

Figure 2: Time series of earthquake distribution in the study area (black box in Figure 1). a) Number 161 

of earthquakes per day and cumulative number of events from April 2016 to July 2017. b) Number of 162 

earthquakes per day and cumulative number of events from December 2016 to January 31st 2017. c) 163 

Local magnitude. d) Hypocentral depth. 164 

A seismic swarm comprising 442 earthquakes, with ML values between 0 and 5.8, began on December 165 

2nd, 2016, and lasted until the end of January 2017. Three successive bursts of seismicity were initiated 166 

on December 2nd, December 10th, and December 19th, each lasting longer than the previous. Most of 167 

the seismicity occurred within the first month. The magnitudes of the events progressively increased 168 



until a Mw5.4 earthquake initiated the third burst of seismicity on December 19th, 2016. Four M5+ 169 

events and a total of 20 M4+ events make up the seismic swarm.  170 

84% (371 events) of hypocenters are located between 8 and 13 km depth. 7% (31 events) are deeper 171 

than 13 km, and 4% (19 events) are shallower than 5 km. The average hypocentral depth is 9.7 (σ=2.2) 172 

km (Figure 2). The depths of the earthquakes occurring after January 5th, 2017, are shallower, 7.0 (σ=4.0) 173 

km on average. Hypocenters are distributed in a single W-E direction before the Mw5.4 event (Figure 174 

S1). Following that event, earthquakes migrated to the north and east and later to the south. Events, 175 

located to the east and north-east, are deeper. During the first hours following the Mw5.4 earthquake, 176 

aftershocks are located east of the event (December 19th, 2016, blue circles, Figure 3b, Figure S2). 177 

Hypocenters are distributed north of the earthquake, during the day and on December 20th, 2016 (cyan 178 

circles on Figure 3b, Figure S2). Hypocenters are more diffuse north and east of the Mw5.4 event until 179 

the end of December 2016 (dark green, Figure 3b), with the deepest locations in the north-eastern corner 180 

(13 - 14 km depth, Figure 3a). Later in January 2017, shallower earthquakes are found in the southern 181 

part of the seismic swarm (light green, Figure 3b).  182 

To identify pairs of events with strong waveform similarity, the vertical component waveforms are band-183 

pass filtered between 1 and 20Hz, for common stations, and cross-correlated using 18s of recordings, 184 

including 1s of noise before the P-wave arrivals. We consider only pairs of events with a maximum 185 

cross-correlation coefficient larger than 0.95 for at least 7 stations. 11 events, grouped into 5 families, 186 

meet those criteria (Figures S3 to S9). Their magnitudes range from ML2.6 to 3.4. The spatial proximity 187 

between events for each pair of earthquakes is less than 500 m (Figures S3 to S9). The earthquakes of 188 

two of those families occurred before the Mw5.4 event of December 19th, 2016; two families occurred 189 

after and one pair of events spans from before to after the event. 190 

 191 

 192 



Figure 3:  Spatial and temporal distribution of earthquakes of the Atacames swarm in map view. a) 193 

Earthquakes distribution color-coded with depth and with label focal mechanisms (Table S1). Red: 194 

FMNEAR. Blue: MECAVEL. b) Earthquakes distribution color-coded with time and with orientations 195 

of cross-sections X1 through X3 from Figure 4. The width of the cross-section is 4km. Purple cross 196 

marks the position of the first earthquake of the sequence. 197 

 198 

 199 

 200 



 201 

 202 

 203 

Figure 4:  Seismicity cross sections. Cross sections are X1 through X3 (Figure 3). Left: Earthquakes 204 

color-coded with time. Dashed black line: Plate interface model from Font et al. (2013). Right: 205 

Earthquakes plotted on top of the velocity model (Wickham-Piotrowski et al., 2025). 206 

 207 

3.2 Focal mechanisms 208 

We determined focal mechanisms (noted as FM) for the earthquakes of ML4+. Solutions computed with 209 

FMNEAR and MECAVEL suggest that a majority of the slip mechanisms are reverse (12/20, Figure 210 

3a, Figure 16, Table S1). We provide details for the FMNEAR solutions (Figures S10 to S15), along 211 

with qualities (A or B) for all solutions (Table S1). 11/20 mechanisms have one of the focal planes with 212 

a strike between 340°N and 20°N (FM 1,5,7,8,9,11,12,13,14,17,19, Table S1), which highlights the 213 

dominance of this similar reverse faulting type with a strike oriented more or less parallel to the trench. 214 



7/20 focal mechanisms depict reverse faulting with a strike-slip component, according to the Kaverina 215 

diagram (Figure S16). We report a single strike-slip dominant focal mechanism, associated with an 216 

ML4.4 earthquake (FM 10, Figure 3a). This heterogeneity in the focal mechanisms may indicate that the 217 

main visible seismicity plane (Figure 4) is actually made of smaller subfaults.  218 

3.3 Fluid driven seismicity migration 219 

The fluid diffusion law by Shapiro et al. (2002) is applied to test whether the migration of earthquake 220 

hypocenters could be explained by pore pressure diffusion. 221 

ݎ =  222 (4)  ݐܦߨ4√

r is the distance (m) separating an earthquake from the reference location, and t is the time (s) of 223 

occurrence of an earthquake with respect to the origin time of a reference earthquake. D (m²/s) is the 224 

coefficient of diffusivity. We use the Euclidean distance between each event and the first earthquake of 225 

the sequence (black cross, Figure 3). The best-fit diffusion law of the 90th percentile of all the seismicity 226 

yields a coefficient of diffusion of 3.06 m²/s (Figure 5a). The velocity of migration is approximately 227 

300m/day. The duration of this migrating sequence lasted 30 to 40 days. 228 

The velocity of migration for earthquake hypocenters after the Mw5.4 event is estimated to be faster 229 

(1.5 km/day, Figure 5b). Within 2 hours following the earthquake, the distance of events from the Mw5.4 230 

hypocenter forms a vertical streak. During the 5 days following the largest magnitude event, the 231 

migration of hypocenters follows a fluid diffusion law with a higher diffusivity coefficient than for the 232 

entire swarm (7.23 m²/s, Figure 5b). The Mw5.4 event is already in the area of the pore fluid pressure 233 

front (Figure 5a). Therefore, the diffusion law after that event takes into account that pressure with a 234 

vertical offset ranging from 1.5 to 3.5 km. The distribution of hypocenters relative to the Mw5.4 event 235 

does not show any sign of migration before the occurrence of the earthquake (Figure 5c). The duration 236 

of migration of hypocenters following that earthquake is estimated to be 5 days. The duration and 237 

velocity of migration of the entire swarm sequence and the subsequence of events after the largest 238 

magnitude earthquake follow the characteristics of fluid-driven seismic swarms (Figure 5d, Danré et al., 239 

2024). 240 



 241 

 242 

 243 

Figure 5: Seismic swarm migration. a) Entire swarm sequence. Time and distance are relative to the first 244 

event of the sequence. b) Sequence migration following the Mw5.4 earthquake. c) Relative migration 245 

of earthquakes prior to the Mw5.4 earthquake. Green point: Events of magnitude larger than 2.5. Black 246 

point: Events of magnitude smaller than 2.5. Blue dashed line: Velocity migration of seismicity front. 247 

Red line: Best fit diffusion law. Black dashed line: Back front diffusion law. d) Velocity – duration plot 248 

(modified from Danré et al., 2024).  Green point: Main burst of seismicity following the Mw5.4 event. 249 

Purple point: Entire swarm. 250 



3.4 Triggering of earthquakes following largest magnitude event 251 

The seismic moment, estimated from Hanks and Kanamori (1979) for the Mw5.4 earthquake, is 1.6e17 252 

N.m, with a moment magnitude of Mw5.4 (National Earthquake Information Center, NEIC). The 253 

seismic moment is larger by one order of magnitude when using the seismic moment relationship 254 

developed by Soto-Cordero et al. (2020). In order to determine whether the Mw5.4 earthquake could 255 

have triggered aftershocks, three cases that differ by the rupture areas and slip are considered. In case 1, 256 

the area of rupture of the Mw5.4 event is constrained by the absence of seismicity in the vicinity of the 257 

earthquake. For that case, the estimated rupture area is 3.52 km², with a length and width of 3.2 and 1.1 258 

km, respectively. The average slip inferred from equation (1) is 1.5 m.  259 

 260 

Figure 6: Coulomb stress change caused by the slip of the Mw5.4 event. Green focal mechanism: Mw5.4 261 

earthquake. Red and blue focal mechanisms: Earthquakes occurring after Mw5.4 event computed by 262 

FMNEAR and MECAVEL, respectively. The number on each focal mechanism refers to the focal 263 

mechanism id in Table S1. Each map represents the Coulomb stress distribution computed on a different 264 

receiver fault (purple mechanism). The depth at which Coulomb stress changes are plotted is the depth 265 

of the hypocenter of the earthquake associated to the receiver fault focal mechanism. Earthquakes are 266 

sized by magnitude and color-coded with depth. Black rectangle represents the rupture area of the 267 

Mw5.4 event.  268 



The events occurring within 2 hours after the Mw5.4 event (FM 8,9,10 and 12, Figure 6) are located in 269 

areas loaded by the largest earthquake, where positive stress values exceed 10 bars. Events occurring in 270 

the next days (FM 13,16,17,18,19) are also located in areas loaded by the largest earthquake (Figure 271 

S17). Only a few earthquakes (FM 11, 14 and 15) are located in areas where stress was released or at 272 

the limit between both domains. These observations hold with a coefficient of friction of 0.4 (Figures 273 

S18 and S19).  274 

In case 2, assuming a circular crack model, the rupture area is 3.14 km² and the slip computed from 275 

equation (2) is 1.68m. Earthquakes occurring within 2 hours after the Mw5.4 earthquake (FM 9, 10, 12) 276 

are located in loaded areas (positive Coulomb stress change). Other events (FM 8 and 11), along with 277 

events occurring later (FM 14 and 15), are located in areas of negative Coulomb stress change (Figures 278 

S20 and S21). Two events occurring later (FM 13 and 19) are located in areas of positive Coulomb stress 279 

change. Other events are located at the limit between domains (FM 16, 17, and 18; Figures S20 and 280 

S21). These observations hold with a coefficient of friction of 0.4 (Figures S22 and S23).  281 

4. Discussion 282 

4.1 Cascading effect within seismic swarm 283 

In case 1, the rupture area of the Mw5.4 earthquake is estimated as the region around that event where 284 

seismicity is absent. The majority of the receiver faults associated with a focal mechanism are loaded, 285 

suggesting that the Coulomb stress change distribution is independent of the coefficient of friction. The 286 

loading on a variety of faults indicates that the Mw5.4 earthquake triggered aftershocks by static stress 287 

change (Figure 7). In case 2, when considering a circular crack rupture model, the computed rupture 288 

area for the Mw5.4 event is 3.14 km², which is similar to the 3.52 km² of the rectangular rupture area 289 

(Figures S20 and S21). As the size of the rupture areas and the amounts of slip are similar for cases 1 290 

and 2, the Coulomb stress changes are consequently similar for both cases. The coefficient of friction 291 

plays a minor role. Other studies also report aftershocks located in the stress shadow following a larger 292 

earthquake (Hardebeck and Harris, 2022; Yang et al., 2024; Z. Peng et al., 2025). In those regions, the 293 

decay of aftershocks as a power law with distance is interpreted as dynamic stress triggering. The rupture 294 

area estimated from Wells and Coppersmith (1994) is 26.5 km² and is associated with an average slip 295 

of 0.08m. With that larger rupture area, we expect the stress shadow area to cover most of the seismicity 296 



following the Mw5.4 earthquake. Within the framework of cases 1 and 2, the majority of aftershocks 297 

are located in stress-loaded areas, which support the cascading mechanism of the seismic swarm. The 298 

distribution of the seismicity constraining the rupture area extent and the stress transfer explaining the 299 

majority of the earthquakes following the Mw5.4 event support the Coulomb modeling derived from the 300 

rectangular rupture area of case 1.  301 

4.2 Stress loading of the swarm area  302 

In the region of Esmeraldas, located at about 20-30 km east of the Atacames swarm, an upper plate 303 

seismic swarm was recorded in July 2016. The Pedernales earthquake’s coseismic slip and the largest 304 

aftershocks caused positive Coulomb stress changes in the area of the 2016 Esmeraldas swarm, 305 

suggesting a distant triggering of the upper plate seismic swarm (Hoskins et al., 2021). 306 

For the Atacames swarm, the change in Coulomb stress change is computed on the receiver fault defined 307 

by the focal mechanism of the Mw5.4 earthquake, at a depth of 8.9 km. The source slip includes the 308 

coseismic displacement of the Mw7.8 Pedernales earthquake, the afterslip north of the rupture area and 309 

the aftershocks of May and July 2016. The stress distribution is equivalent in the area of the swarm with 310 

or without the afterslip (Figure S24). This suggests that the coseismic slip and the aftershocks are the 311 

main contributors to the stress change in the area. The area of the swarm is moderately loaded (~0.5 bar) 312 

when considering a coefficient of friction of 0.04 (Figure S24). With a friction coefficient of 0.4, the 313 

stress change does not affect the swarm area. The Pedernales earthquake’s coseismic slip and large 314 

aftershocks have contributed to a low level of loading in the region of the Atacames swarm, with 315 

maximum stress change as high as 0.2 bar. Similar values were reported for the 2016 Esmeraldas swarm 316 

(Hoskins et al., 2021), suggesting that the megathrust earthquake of Pedernales and subsequent 317 

aftershocks also triggered the swarm activity of December 2016 in the Atacames region.  318 

4.3 Triggering of megathrust earthquakes 319 

The Atacames swarm of 2016 is part of the aftershock sequences resulting from the 2016 Mw 7.8 320 

Pedernales earthquake. That earthquake ruptured a portion of the plate interface that had previously 321 

slipped in a similar-sized earthquake in 1942 following a super cycle pattern (Nocquet et al., 2017). The 322 

subsequent Mw7.7 megathrust earthquake in 1958 was located offshore of Esmeraldas. The spatial 323 



distribution of interseismic coupling suggests that the rupture area of the 1958 earthquake is prone to 324 

stress accumulation (Chlieh et al., 2014; Nocquet et al., 2014; Jarrin et al., 2023).  325 

For a set of Mw5.9+ earthquakes between 2015 and 2025, located on the plate interface (Figure S25, 326 

Table S2), the slip is computed using equation (2) and the rupture area from equation (1), assuming a 327 

circular crack model, a shear modulus of 30GPa, and a stress drop of 10MPa. As the focal mechanisms 328 

are very similar, an average of the fault plane corresponding to the plate interface is used as the receiver 329 

fault. Coulomb stress changes are computed at depths of 20 km and 25 km, and for coefficients of 330 

friction of 0.04 and 0.4 (Figure S26). The location of the 1958 Esmeraldas epicenter or in its vicinity is 331 

loaded by moderate-sized earthquakes between 2015 and 2025, along with the megathrust slip of the 332 

2016 Pedernales earthquake. This is important for seismic hazard assessment as the asperity of the 1958 333 

earthquake has potential for an Mw7.7 event.  334 

In addition to large magnitude subduction earthquakes, moderate-sized earthquakes pose a risk for the 335 

community. The IG EPN reported damages and economic impact due to a Mw5.8 earthquake, which 336 

occurred in March 2020 on the plate interface in the Atacames region (red star on Figure S27, 337 

Chalumeau et al., 2024). The aftershocks document a multi-fault network at the plate interface zone 338 

(Chalumeau et al., 2024). Due to the spatial proximity of that event to the Atacames swarm of December 339 

2016 – January 2017, we test the hypothesis of stress triggering by the 2016 Mw5.4 earthquake. The 340 

Coulomb stress change is computed on the fault plane of the 2022 earthquake at 20 km depth. The source 341 

slip considered is associated with the Mw5.4 earthquake of December 19th, 2016, of the Atacames 342 

swarm. Our results show that the hypocenter of the 2022 earthquake is located in an area of stress release 343 

(negative Coulomb stress), independently of the source slip value and the coefficient of friction. This 344 

suggests that the largest earthquake of 2016 did not cause any loading on that portion of the megathrust 345 

at 20 km depth, which ruptured in 2022, and that the earthquake-to-earthquake interaction of 2016 did 346 

not lead to the 2022 sequence.  347 



Seismic swarms may trigger large earthquakes, as evidenced through the interplay of fluid migration, 348 

aseismic slip, and stress transfer. In the Noto Peninsula, a seismic swarm was initiated by fluid migration 349 

at the end of 2020 (Z. Peng et al., 2025). By the end of 2021 and through 2023, geodetic transient in the 350 

swarm area suggests that over-pressured fluids might have triggered an aseismic slip (Nishimura et al., 351 

2023). The interplay of fluid migration and aseismic slip could have driven the swarm to shallower 352 

depth. These different processes could explain the prolonged activity of the seismic swarm prior to the 353 

nucleation of the 2024 Mw7.6 earthquake in Noto Peninsula, central Japan (Z. Peng et al., 2025). In 354 

Taiwan, the interaction between seismic swarms driven by pore pressure diffusion, deeper aseismic slip, 355 

and Mw6+ earthquakes suggests that cumulative slip generated 30kPa of positive Coulomb stress on the 356 

Longitudinal Valley Fault (W. Peng et al., 2025).  357 

Figure 7: Summary conceptual diagram of the 2016 Atacames swarm. a) Displacement of fluids 8 358 

months after the Mw7.8 mainshock and loading of main fault plain event of Mw5.4. The yellow (low) 359 

to orange (high) colorscale represents stress loading caused by the 2016 Pedernales earthquake. b) 360 

Initiation of seismic swarm driven by pore fluid diffusion. Blue dashed contour: Fluid pressure front. 361 

Black start: first event. c) Extension of the fluid diffusion front with the occurrence of the ML5.2 362 

earthquake. Red star: ML5+ event. d) Largest event of the sequence (Mw5.4) and triggering of 363 

aftershocks by static stress change. e) Increase of fluid diffusivity and seismic back front.   364 

This loading triggered the 2024 Mw7.3 Hualien earthquake, which was located deeper than the previous 365 

swarms and some of the Mw6+ events (W. Peng et al., 2025). Both cases show how seismic swarm, 366 



aseismic slip and moderate size earthquake build up stress leading to large magnitude earthquakes. In 367 

northern Ecuador, the cumulative slip of several Mw5.9+ earthquakes in addition to high interseismic 368 

coupling, have loaded the area of the 1958 Esmeraldas Mw7.7 earthquake. 369 

4.4 Physical processes 370 

4.4.1 Slow slip inferred from high waveform similarity events 371 

Both the 2016 Atacames and the Esmeraldas swarm are located in the upper plate. For the Esmeraldas 372 

sequence of July 2016, geodetic modelling of an aseismic slip on an upper plate’s fault is supported by 373 

GPS observations (Hoskins et al., 2021). In addition to the GPS observations, high waveform similarity 374 

events within families suggest that repeaters may be associated with the aseismic slip. Within the 375 

Atacames swarm, 11 events are grouped into 5 families with ML ranging from 2.7 to 3.4. For each 376 

family, events present strong similarity in the waveforms, with cross-correlation coefficients larger than 377 

0.95 for at least 7 stations (Figures S3 to S9). A threshold of 0.95 was similarly used to identify repeaters 378 

at the edge of the afterslip following the 2016 Pedernales Earthquake (Chalumeau et al., 2021). The 379 

hypocentral differences range from a few hundred meters down to approximately 100 m for one of the 380 

pairs of events of the Atacames swarm. Those hypocentral differences suggest that these events occur 381 

on very close fault planes and are, for that reason, not considered repeaters. The range of observed focal 382 

mechanisms supports the interpretation of a multi-fault network (Figure 3, Table S1, Figure S16). Based 383 

on the lack of strong evidence of repeating earthquakes, the occurrence of an aseismic slip synchronous 384 

to the seismic swarm seems unlikely. However, whether geodetic observations support the presence of 385 

aseismic slip remains an open question.  386 

4.4.2 Fluid driven process 387 

The velocity of migration and the duration of both the main burst of the swarm and the whole sequence 388 

depict characteristics of a fluid-driven process (Figure 5, Danré et al., 2024). Both scatter points fall at 389 

the edge of the fluid-driven domain, close to the slow slip driven one. This can be explained by the high 390 

migration velocities, facilitating the ability of pore fluid pressure to diffuse. The coefficients of 391 

diffusivity (3.06 m²/s and 7.23m²/s for the main burst and the whole sequence, respectively) occupy the 392 

upper spectrum (10m²/s) of diffusivity for fluid-driven seismicity (Talwani et al., 2007). Other studies 393 

find a similar range of diffusivity coefficients for natural seismic swarms. A diffusivity of 5.4 m²/s was 394 



reported in the case of a fluid-driven seismic swarm in Eastern Taiwan during a coupled seismic and 395 

aseismic sequence leading to the 2024 Mw7.3 Hualien earthquake (W. Peng et al., 2025). The Mw9.1 396 

Tohoku earthquake triggered seismic swarms in North-eastern Japan which depict characteristics of 397 

fluid-driven sequences with diffusivity coefficients of 1.0 to 1.5 m²/s (Amezawa et al., 2021). A 398 

hydraulic diffusivity of 0.2 m²/s was estimated from the 2020 long-lasting seismic swarm preceding the 399 

2024 Mw7.6 Noto earthquake (Z. Peng et al., 2025). 400 

The high diffusivities of the Atacames swarm are consistent with the concentration of fluids at shallow 401 

depth inferred from the spatial-temporal distribution of Vp/Vs. Large values (~1.9) are observed in this 402 

region between 3 and 12 km after December 2016 (Figure S28, Wickham-Piotrowski, et al., 2025), 403 

hence collocating with the seismic swarm. This displacement of fluids and concentration at shallow 404 

depth could result from the distant stress triggering caused by the 2016 Pedernales and subsequent large 405 

aftershocks (Figure 7, Figure S24). Fluids in this region may contribute to triggering seismicity by 406 

reducing the normal stress and consequently weakening the rupture planes.  407 

We observe an area with no seismicity at small distances from the spatial origin of the Mw5.4 earthquake 408 

(Figure 5, Figure 7). This area, where seismicity is inhibited, grows with time, following a seismic back-409 

front with a coefficient of diffusion of approximately 1.5 m²/s. Within a natural swarm, the back-front 410 

marks the end of the fluid pressure perturbation that primarily drives the swarm (Mesimeri et al., 2019; 411 

De Barros et al., 2024). In the case of the Mw5.4 earthquake of the Atacames swarm, the back front 412 

extends up to the rupture area of the earthquake (Figure 5b, Figure 7).  413 

An increase in seismic activity followed both the ML5.2 and Mw5.4 earthquakes of December 12th and 414 

19th, 2016. Such an increase in seismicity is not observed after the ML5.0 and ML5.4 earthquakes of 415 

December 20th and 21st, 2016. This could be due to a gradual decrease in fluid pressure, in particular 416 

after the occurrence the largest magnitude earthquake of the sequence. This lack of seismicity following 417 

other ML5.0+ earthquake supports the overall swarm behavior of the seismic sequence.  418 



5. Conclusion 419 

An upper plate seismic swarm occurred 8 months after a Mw 7.8 megathrust earthquake in 2016, in the 420 

Ecuadorian forearc, north of the rupture area, in the Atacames region. Most of the seismicity was 421 

recorded in December and was organized into 3 bursts with the occurrence of 4 M5+ earthquakes. The 422 

duration of the bursts, the number of events, and the magnitudes progressively increase. The third burst 423 

initiated with the largest event of the sequence (Mw5.4). The migration of earthquake hypocenters is 424 

driven by pore fluid diffusion. The Mw5.4 event triggered a set of aftershocks by coseismic stress change 425 

and increased both the fluid diffusivity and velocity of migration. The earthquake initiated a seismic 426 

back-front with a diffusion process 5 times smaller than the seismicity front. Our results indicate that 427 

the Pedernales Mw 7.8 megathrust earthquake and large aftershocks contributed to the displacement of 428 

fluids at shallow depths. This increase in fluid pressure could have been sufficient to trigger this seismic 429 

swarm, approximately 60 km north of the Pedernales earthquake epicenter. While the Atacames swarm 430 

shows earthquake-to-earthquake interaction following the Mw5.4 earthquake, this largest event did not 431 

trigger the Mw5.8 megathrust rupture of 2022 in the region. The accumulated slip on the plate interface 432 

resulting from several Mw5.9+ earthquakes between 2015 and 2025 suggests that the area where the 433 

1958 Mw7.7 Esmeraldas megathrust earthquake was located is loaded. This raises concerns for 434 

earthquake risk in the Ecuadorian-Colombian subduction zones. 435 
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