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Key Points 18 

• The 2026 Venezuela earthquake doublet ruptured mainly eastward along a complex transform-fault system. 19 

• The rupture reached supershear speeds and exhibited three apparent stalls accompanied by changes in the 20 

inferred fault orientation. 21 

• A high-slip-rate subevent behind the leading apparent rupture front may have initiated or resumed eastward 22 

supershear propagation.  23 
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Abstract 24 

The 24 June 2026 Venezuela earthquake doublet occurred along a complex transform-fault system. Teleseismic P 25 

waves encompassing both cataloged events were analyzed using potency density tensor inversion with seven structure 26 

models. All models indicate predominantly eastward rupture over approximately 220 km, including several stages of 27 

supershear propagation. Three apparent rupture stalls coincided with changes in the inferred fault orientation, 28 

suggesting that fault bends or transitions between fault segments may have influenced rupture propagation. A high-29 

slip-rate subevent occurred about 90 km behind the apparent rupture front 37 s after the origin time of the first event. 30 

Whether this subevent reflects back-propagating rupture or a relatively independent rupture episode remains 31 

unresolved, but rapid eastward rupture appears to have initiated or resumed afterward. This compound rupture process 32 

raises the possibility that parts of the source region experienced repeated strong shaking. 33 

 34 

Plain Language Summary 35 

On 24 June 2026, an earthquake doublet occurred in northern Venezuela. Its source region lies along a complex fault 36 

system where the South American, Caribbean, and North Andes plates mainly slide past one another. We analyzed 37 

seismic waves recorded worldwide using a method that estimates slip evolution and fault geometry simultaneously. 38 

The results suggest that the rupture propagated mainly eastward for about 220 km, reaching 5–6 km/s during several 39 

stages, faster than shear waves travel through the surrounding rocks. The rupture also showed three apparent pauses 40 

near locations where the fault orientation changed, suggesting that bends or transitions between fault segments 41 

influenced its propagation. About 37 s after the first earthquake began, a strong slip episode occurred roughly 90 km 42 

behind the leading rupture front. It remains unclear whether this episode resulted from rupture propagating backward 43 

or from a separate rupture episode, but rapid eastward propagation appears to have started or resumed afterward. 44 

These multiple episodes of rapid rupture propagation highlight the complexity of the 2026 Venezuela doublet and 45 

may have implications for the duration and spatial distribution of strong shaking. 46 

  47 
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1. Introduction 48 

Strike-slip earthquakes are often reported to have multiplicity of rupture episodes and complexities in rupture speed 49 

and direction (e.g., Abdelmeguid et al., 2023; Archuleta, 1984; Bao et al., 2019; Bouchon et al., 2010; Bouin et al., 50 

2004; Dunham & Archuleta, 2004; Jia et al., 2023; Liu et al., 2023; Ren et al., 2024; Vallée et al., 2008), which are 51 

attributed, for example, to the heterogeneity of fault strength and geometric complexity of faults (e.g., Hicks et al., 52 

2020; Tadapansawut et al., 2021; Zhou et al., 2025; Zhang et al., 2023). These rupture properties pose challenges to 53 

stable and robust modeling of earthquake source processes for finite-fault inversion approaches prescribing a priori 54 

fault geometry and rupture properties, and modeling errors arise if the prescribed scenario differs from the true one 55 

(Liu et al., 2023; Ragon et al., 2018; Shimizu et al., 2020). These modeling errors become more pronounced 56 

particularly in strike-slip earthquakes, for which slight changes in fault geometry impact Green’s functions and hence 57 

an inverted solution (Shimizu et al., 2020; Yamashita et al., 2021). Therefore, stable analysis of earthquakes in 58 

geometrically complex fault systems requires an approach that does not constrain the slip direction to a prescribed 59 

fault plane but instead extracts spatiotemporal variations in focal mechanism from the observed data, thereby 60 

providing constraints on the fault geometry (e.g., Sato et al., 2026; Shimizu et al., 2021). 61 

On June 24, 2026, a large strike-slip earthquake occurred in northern Venezuela. The U.S. Geological 62 

Survey (USGS) reported two right-lateral strike-slip events as a doublet: a moment magnitude (MW) 7.2 event, 63 

followed 32 s later by an MW 7.5 event (USGS, 2017, 2026a, 2026b). Aftershocks during the first three days were 64 

distributed over an approximately 250-km-long region from 66.5°W to 68.5°W (Figure 1a) (FUNVISIS, 2026; USGS, 65 

2017). This distribution suggests predominantly eastward rupture propagation from the initial epicenter, although it 66 

remains unclear whether this propagation was associated with the MW 7.2 event, the MW 7.5 event, or both. Surface 67 

deformation associated with this earthquake inferred from InSAR is also concentrated east of the epicenter (e.g., 68 

NASA Earth Observatory, 2026). However, because the northern half of the source region lies offshore, InSAR 69 

provides limited constraints on deformation in this area, making it difficult to constrain the detailed fault geometry. 70 

The possible source region of the 2026 earthquake sequence is attributed to a transform fault system that forms part 71 

of the right-lateral strike-slip boundary accommodating approximately 20 mm/yr of relative plate motion (DeMets et 72 

al., 2010) between the South American plate and Caribbean–North Andes plates (Figure 1a; Bird, 2003). Several 73 

large earthquakes occurred along this system before the 2026 event (Audemard, 2003, 2007; Audemard et al., 2006, 74 

2025; Colón et al., 2015; Paige, 1930) including the 1812 earthquake, which is inferred to have involved at least two 75 

M7-class subevents and was the most destructive earthquake in Venezuelan history (Choy et al., 2010; Dewey, 1972). 76 
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Geological surveys and geodetic measurements suggest a slip deficit of 1–4 m, accumulated since 1812 along the 77 

eastern part of the Boconó fault (Pousse-Beltran et al., 2017, 2018). Within the source region of the 2026 doublet, the 78 

active faults of Boconó and San Sebastián accommodate the plate boundary and exhibit a curved geometry (Figure 79 

1e) (Alvarado et al., 2017; Styron & Pagani, 2020). The two major active faults are bounded by the sub-parallel 80 

Puerto Cabello fault, at the eastern end of the Boconó fault. The NW-SE oriented Tacagua–El Ávila fault apparently 81 

intersects the eastern section of the San Sebastian fault (Figure 1e) (Alvarado et al., 2017; Audemard et al., 2000; 82 

Styron & Pagani, 2020). These features collectively suggest that the 2026 Venezuela earthquake doublet ruptured 83 

faults with spatially variable geometry, for which the assumption of a simple planar fault may be inappropriate (see 84 

e.g., Liu et al., 2026). 85 

Potency density tensor inversion (PDTI) (Shimizu et al., 2020) has been successfully applied to large 86 

earthquakes involving geometrically complex fault systems because it resolves the spatiotemporal evolution of 87 

rupture, including changes in focal mechanism, without prescribing a fixed fault geometry (e.g., Inoue et al., 2025; 88 

Ohara et al., 2023; Okuwaki et al., 2021, 2023; Yagi et al., 2023; Yamaguchi et al., 2025). Here we apply PDTI to 89 

teleseismic P waves of the 2026 Venezuela earthquake doublet to resolve its rupture process and examine how the 90 

rupture evolved within the geometrically complex transform fault system and how the two cataloged events are 91 

related within the overall rupture sequence. 92 

 93 

2. Data and Method 94 

In the PDTI method, fault slip on multiple fault planes is projected onto a model plane and represented as a set of 95 

potency density tensors (Shimizu et al., 2020). The potency density tensor is expressed as a linear combination of the 96 

five basis double couples proposed by Kikuchi & Kanamori (1991). This representation allows fault geometry and 97 

rupture evolution to be estimated simultaneously without prescribing the fault geometry a priori (Shimizu et al., 2020). 98 

With this highly flexible PDTI parameterization, the strong non-negativity constraints conventionally used to restrict 99 

fault-slip directions to physically plausible ranges cannot, in principle, be imposed. Yagi & Fukahata (2011) 100 

developed the first formulation capable of stably resolving detailed rupture processes without such strong constraints 101 

by explicitly incorporating modeling errors in teleseismic P-wave Green’s functions into the data covariance matrix 102 

and jointly determining the variance of the Green’s-function errors and the strength of the smoothing constraint 103 

through the minimization of Akaike’s Bayesian Information Criterion (ABIC; Akaike, 1980; Sato et al., 2022; Yabuki 104 

& Matsu’ura, 1992). The PDTI method extends the formulation of Yagi & Fukahata (2011). Although its current 105 
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implementation is limited to teleseismic P-wave data, for which Green’s-function errors can be appropriately 106 

formulated, its utility has been demonstrated through applications to a variety of complex earthquakes (Hicks et al., 107 

2020; Okuwaki et al., 2020; Yagi et al., 2023). In this study, we used the time-adaptive smoothing implementation of 108 

the PDTI method, which reduces temporal over-smoothing (Yamashita et al., 2022). 109 

We treated the MW 7.2 and MW 7.5 events as a series in our inversion procedure given that the two events 110 

occurred only 32 s apart (USGS, 2026a, 2026b). We used vertical-component teleseismic P-wave records downloaded 111 

from the SAGE Wilber 3 system and obtained at epicentral distances of 30°–90°. We selected 47 stations based on 112 

their azimuthal coverage of the source and signal-to-noise ratios that allowed reliable picking of the P-wave arrival 113 

times (Figure 1c). The P-wave arrival times were manually picked. The instrument responses were then removed, 114 

and the records were converted to velocity waveforms with a sampling interval of 0.5 s. Theoretical Green’s functions 115 

were calculated at intervals of 0.1 s following Kikuchi & Kanamori (1991), using ray parameters and travel times 116 

calculated with the TauP toolkit (Crotwell et al., 1999). To assess the sensitivity of the results to Green’s-function 117 

errors arising from uncertainty in the structure model, we performed inversions using six 1-D structure models 118 

derived from CRUST1.0 (Laske et al., 2013) and one based on ak135-F (Kennett et al., 1995; Montagner & Kennett, 119 

1996) (see Tables S1–S7 in Supporting Information). 120 

The model fault was represented by a vertical, nonplanar surface constructed along the mapped traces of 121 

the Boconó and San Sebastián faults (Styron & Pagani, 2020) (Figure 1e). We evaluated the sensitivity of the solution 122 

to the assumed fault geometry using an alternative planar fault model and found that the main features of the solution 123 

remain unchanged (Figure S5 in Supporting Information). The knot spacing was set at 6 km in both the strike and dip 124 

directions. Based on the aftershock distributions determined by the USGS and FUNVISIS, the along-strike length 125 

and down-dip width of the model surface were set to 246 km and 24 km, respectively. The initial rupture point was 126 

placed on the modeled surface, near the epicentral locations of the MW 7.2 event independently determined by the 127 

USGS and FUNVISIS (Figure 1e), and its depth was fixed at 20 km following the hypocentral depth of the MW 7.2 128 

event determined by FUNVISIS (2026). The potency-rate density function at each knot was represented by linear B-129 

spline basis functions spaced at 0.5 s intervals over a 48 s time window. The total source duration was set to 80 s to 130 

encompass the complete rupture process of the doublet. The velocity of the hypothesized model-space front, Vr, was 131 

set to 5 km/s. We note that this boundary does not necessarily correspond to the rupture-front velocity because potency 132 

rate can be resolved behind the hypothesized front where required by the data (e.g., Hicks et al., 2020). This flexibility 133 

allows the inversion to represent a range of rupture behaviors, including supershear and back-propagating rupture. 134 
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We assessed the sensitivity of the solution to this setting using Vr values of 4 and 6 km/s (Figure S6 in Supporting 135 

Information). To implement the time-adaptive smoothing constraint (Yamashita et al., 2022), we rotated the set of 136 

five basis double couples so that one basis component was aligned with the double-couple mechanism that best 137 

matched the GCMT solution (Dziewonski et al., 1981; Ekström et al., 2012). For simplicity, we hereafter refer to 138 

potency density and potency-rate density as slip and slip rate, respectively. 139 

 140 

3. Results 141 

To assess the robustness of the solution, we applied the PDTI method to the 2026 Venezuela earthquake and 142 

performed seven inversions using seven different 1-D structure models. The total moment tensor solution calculated 143 

by spatiotemporal integration of the potency-rate density tensor consistently showed a right-lateral strike-slip 144 

mechanism in all seven models (Figure 1b). The total seismic moment range was 3.8–4.1×1020 N m (MW 7.7) (Figure 145 

S2 in Supporting Information). The slip distribution showed that the rupture propagated over a region extending about 146 

220 km east and about 20 km west of the epicenter in all models (Figures 1e and S2 in Supporting Information). The 147 

maximum slip range was 2.9–4.0 m, and the average slip range was 1.4–1.9 m. In all seven models, the moment-rate 148 

functions exhibited two major episodes of moment release, spanning 28–40 s and 40–60 s after the origin time of the 149 

first event (Figure 1a). Hereafter, all times are given relative to this origin time, defined as 0 s. Synthetic waveforms 150 

generated from all seven models reproduced the main features of the observed waveforms well (Figure S1 in the 151 

Supporting Information). 152 

In the following presentation and discussion of the results, we focus only on features consistently resolved 153 

by all seven models (Figures S2 and S3 in the Supporting Information) and report the median values across the 154 

models. To facilitate visualization of the temporal continuity of the fault-plane geometry, strike values are expressed 155 

as reduced strikes within the range 0° to 180°. Hereafter, these values are referred to as reduced strikes. The 156 

corresponding dips are represented as oriented dips, with values greater than 90° used when the original strikes exceed 157 

180°. The PDTI method resolves the spatiotemporal distribution of slip rate but does not resolve the rupture front 158 

directly. For each model, we tracked the leading edge of the region where the slip rate exceeded 40% of the maximum 159 

slip rate over the complete modeled spatiotemporal distribution and referred to this edge as the apparent rupture front. 160 

This operational definition is used for describing the apparent rupture velocity and direction and is not intended to 161 

represent the rupture front itself; as shown below, substantial slip also occurred well behind this edge, which therefore 162 
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does not capture the full spatiotemporal complexity of the slip-rate distribution. We confirmed that the inferred 163 

propagation pattern was insensitive to threshold values between 30 and 50% (Figure S4 in Supporting Information). 164 

After the rupture initiation, the apparent rupture front mainly propagated up-dip and slightly eastward until 165 

4 s (Figure 2b). From 4 to 13 s, the rupture continued propagating eastward at approximately 5 km/s (Figure 1f). This 166 

speed exceeds the local S-wave velocity of 3.5–3.7 km/s at depths shallower than 20 km in the source region (Tables 167 

S1–S3 in Supporting Information). During 13–18 s, the apparent rupture front stalled around 50 km east of the 168 

epicenter (Figure 1f). The reduced strike increased from 80° to 86° between 4 and 13 s and then remained between 169 

85° and 87° until 18 s (Figure 1g). The oriented dip oscillated between 84° and 94° between 4 and 13 s, then exhibited 170 

a decreasing trend until 18 s, reaching a minimum value of 81° at 16 s (Figure 1h). 171 

From 18 to 34 s, the apparent rupture front propagated eastward, with a short stall at a location 172 

approximately 100 km east of the epicenter, during the 23–26 s time interval (Figure 1f). The average apparent rupture 173 

velocity was approximately 5.5–6 km/s (Figure 1f). A similar velocity was obtained using an alternative setting of 174 

the model-space boundary (Figure S6). From 34 to 41 s, the apparent rupture front stalled at a location approximately 175 

140–160 km east of the epicenter. Between 18 and 41 s, the reduced strike remained within a narrow range of 85°–176 

90°, while the oriented dip gradually decreased from 83° to 78° (Figures 1g and 1h). During this interval, eastward 177 

rupture propagation was interrupted by two apparent stalls. 178 

Eastward rupture propagation resumed at 41 s, from a point approximately 20 km west of the easternmost 179 

position reached before the stall (Figure 1f). The rupture then continued to propagate eastward until 56 s at an average 180 

velocity of approximately 5 km/s (Figures 1f and 2b). The reduced strike increased from 85° at 41 s to 92° at 46 s, 181 

and then decreased to 78° by 57 s. The oriented dip remained nearly constant at approximately 79° until 44 s, 182 

increased to approximately 84° by 46 s, and remained within the range of 84°–86° until 53 s. After 53 s, the model-183 

to-model variability increased. 184 

After 30 s, several patches of relatively high slip rate were resolved (Figure 1f). The first three patches were 185 

distributed between approximately 40 and 130 km east of the epicenter and peaked at about 33 s, 36 s, and 37 s, 186 

respectively (Figure 1f). The third patch, which peaked at approximately 37 s, extended from approximately 40 to 80 187 

km east of the epicenter and was spatially separated from the apparent rupture front. Subsequent patches peaked at 188 

approximately 43, 51, and 57 s and were located near the apparent rupture front (Figure 1f). 189 

 190 

4. Discussion 191 
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4.1. An integrated view of rupture propagation 192 

Analyses based on seven different velocity-structure models consistently show three features of the source process 193 

(Figures 1f and S3 in the Supporting Information). First, the rupture propagated eastward at an average rate of 5–6 194 

km/s, exceeding the S-wave velocity in the source region. Second, the eastward rupture stalled at about 50, 100, and 195 

150 km east of the epicenter, with the apparent rupture front appearing to shift back by about 20 km during the final 196 

stall. Third, the slip rate peaked at about 37 s in a region approximately 90 km behind the apparent rupture front, 197 

closer to the epicenter.   198 

We evaluated the fast rupture-front propagation by using the far-field surface waves. We compared vertical-199 

component records filtered at 10–25 s from the 2026 doublet with those from the closely located MW 6.4 event in 200 

2009 (Text S1 in Supporting Information). The two events yield closely similar waveforms at azimuths of 35°–50°, 201 

approximately coinciding with the azimuthal range in which a Mach cone is expected for a rupture propagating at 5 202 

km/s along an azimuth of 87° (Figure S7 in Supporting Information). Comparable behavior of Rayleigh waves has 203 

been reported for earthquakes identified as supershear (Bao et al., 2019, 2022; Hicks et al., 2020; Liu et al., 2023; 204 

Ren et al., 2024; Vallée & Dunham, 2012; Xu et al., 2025; Zhang et al., 2022). 205 

To further examine the rapid eastward rupture propagation, the three apparent rupture stalls, and the 206 

spatially separated high-slip-rate subevent, we applied the hybrid back-projection (HBP) method (Yagi et al., 2012) 207 

to image the sources of seismic radiation associated with spatiotemporal variations in rupture-front velocity and slip 208 

rate (e.g., Madariaga, 1977; Madariaga et al., 2006; Spudich & Frazer, 1984). By using cross-correlation functions 209 

between the observed waveforms and Green’s functions, the HBP method reduces the effects of reflected phases (e.g., 210 

pP and sP) and provides source images that can be directly compared with the PDTI results (Yagi and Okuwaki, 211 

2015). We analyzed two frequency bands, 0.3–1.0 Hz and 0.1–0.3 Hz, chosen so that radiation from the rupture front 212 

and from the region of largest slip rate could be examined separately. 213 

In the higher-frequency band, the major radiators are located near the apparent rupture front (Figure 3a). 214 

Distinct clusters are observed near the rupture stalls approximately 50 and 150 km east of the epicenter, with the latter 215 

accompanied by an apparent backward shift of the apparent rupture front. A weaker source cluster is also found 216 

between 30 and 40 s, about 90 km west of the apparent rupture front. In the low-frequency band, the sources are 217 

distributed mainly within the region of moderate or higher slip rate (Figure 3b). Distinct source clusters correspond 218 

to the rupture stall approximately 50 km east of the hypocenter, the subsequent rupture acceleration, and the 219 
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acceleration following another stall approximately 100 km east of the hypocenter. A source cluster is also observed 220 

between 30 and 40 s, approximately 90 km west of the apparent rupture front. 221 

The two frequency bands image different aspects of the same rupture process. Both reflect changes in 222 

rupture propagation or slip rate, with the high- and low-frequency sources likely emphasizing changes occurring over 223 

different temporal scales. Overall, the three rupture characteristics initially identified in the PDTI model are broadly 224 

reproduced by the HBP analysis, which does not explicitly assume a rupture velocity. 225 

 226 

4.2. Rupture stalls and the estimated fault geometry 227 

The rupture propagated through a transform-fault system composed of multiple structures rather than a 228 

single continuous fault. Within the source region, the rupture first followed the Boconó Fault, then the San Sebastián 229 

Fault, and farther east passed through the region where the Tacagua Fault and a submarine scarp appear to cross the 230 

San Sebastián Fault (Figures 1e and 2a). Each of the three rupture stalls identified above coincides with a change in 231 

fault geometry.  232 

At the first stall, about 50 km east of the epicenter, the reduced strike of the PDTI solution rotates clockwise 233 

from approximately 85° to 90° along the Boconó Fault (Figures 1g and 2a). At the second stall, about 100 km east, it 234 

rotates counterclockwise from approximately 90° back to 85° along the San Sebastián Fault (Figures 1g and 2a). Both 235 

rotations coincide spatially with bends in the mapped fault traces (Alvarado et al., 2017; Styron & Pagani, 2020). 236 

Dynamic rupture simulations show that the geometric complexity of faults modulates the speed of the rupture front 237 

and can arrest it altogether (e.g., Ando & Kaneko, 2018; Aochi & Madariaga, 2003; Gabriel et al., 2023; Wang et al., 238 

2023). The spatial correspondence suggests that the curvature of the Boconó and San Sebastián Faults regulated the 239 

passage of the rupture front. 240 

The third stall, about 150 km east of the epicenter, is the most pronounced. It lasts longer than the first two 241 

stalls and is accompanied by larger changes in inferred strike and dip, from 85° to 92° and from 78° to 84°, 242 

respectively (Figures 1g and 1h). The HBP analysis reveals the strongest high-frequency radiation of the sequence 243 

between 34 and 50 s (Figure 3a). This stall occurs near the apparent intersection of the San Sebastián Fault with the 244 

Tacagua Fault and with a submarine scarp that may represent the northwestward offshore extension of the Tacagua 245 

Fault (Figures 1e and 1f).  246 

It remains unclear whether the Tacagua Fault continues northwestward offshore as a submarine scarp 247 

physically connected to the San Sebastián Fault. A northwestward offshore extension of the Tacagua Fault has been 248 
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proposed (Rial, 1973), but its intersection with the San Sebastián Fault remains uncertain (Audemard et al., 2000). 249 

Subject to these uncertainties, the most pronounced rupture stall occurs near the apparent intersection of these 250 

structures, suggesting that the local fault geometry played an important role in controlling rupture propagation 251 

through this region. 252 

 253 

4.3. A complex rupture process during the doublet 254 

Approximately 37 s after the origin time of the MW 7.2 earthquake, a high-slip-rate subevent occurred approximately 255 

90 km behind the leading rupture front, toward the initial epicenter (Figure 1f). This subevent was also identified by 256 

the HBP analysis in both the high- and low-frequency bands (Figure 3), and its timing was close to the cataloged 257 

origin time of the MW 7.5 event. 258 

Two interpretations may explain this spatially separated subevent: it may represent a back-propagating 259 

rupture from the preceding rupture front or a relatively independent rupture episode. Back-propagating ruptures with 260 

velocities approaching the local P-wave velocity have been reported for several previous earthquakes (e.g., Hicks et 261 

al., 2020; Inoue et al., 2025; Ren et al., 2024). Although the propagation is unclear in the snapshots of this study 262 

because the slip rate temporarily decreases, the large-slip region also appears to migrate toward the initial epicenter, 263 

at approximately 6 km/s, a velocity which is close to the P-wave velocity in the source region (Figures 1f and 2b). 264 

In back-propagating ruptures reported for previous strike-slip earthquakes, the reverse migration was 265 

relatively continuous, and was also clearly imaged by BP analyses (e.g., Hicks et al., 2020; Inoue et al., 2025; Yao et 266 

al., 2025). Here, neither the PDTI nor the HBP analysis clearly resolves continuous westward migration (Figures 1f, 267 

2, and 3). Our results therefore do not uniquely distinguish between back-propagating rupture and a spatially 268 

separated rupture episode. 269 

Taking the high-slip-rate subevent at approximately 37 s as a possible starting point, subsequent high-slip-270 

rate patches define an eastward migration consistent with an apparent velocity of approximately 6 km/s (Figure 1f). 271 

The low-frequency HBP result shows a similar eastward progression from this region (Figure 3b). These observations 272 

suggest that eastward supershear rupture initiated or resumed following the subevent. 273 

The eastward rupture propagation is not continuous, however, and the source images instead show several 274 

intermittently activated patches. Apparent gaps occur approximately 75–90 km and 120–130 km east of the initial 275 

epicenter, in regions that had already experienced substantial slip during the preceding rupture (Figures 1f and 2). 276 



This is a preprint posted on EarthArXiv and is not peer-reviewed. 
 

 

These gaps may therefore reflect relatively weak additional slip through previously ruptured areas rather than 277 

complete rupture arrest, although the available resolution does not allow these possibilities to be distinguished. 278 

Overall, the 2026 Venezuela earthquake involved predominantly eastward supershear rupture, temporary 279 

rupture stalls near changes in the inferred fault geometry, and a spatially separated high-slip-rate subevent. Rapid 280 

eastward rupture appears to have initiated or resumed following this subevent, and parts of the source region may 281 

have been traversed by two episodes of supershear rupture within less than one minute. This scenario raises the 282 

possibility of repeated strong shaking over the same region and may have implications for the duration and spatial 283 

extent of damaging ground motion. 284 

 285 

5. Conclusion 286 

We analyzed the rupture process of the 24 June 2026 Venezuela earthquake doublet using PDTI of teleseismic P 287 

waves. Analyses using seven structural models consistently showed that the rupture propagated mainly eastward over 288 

approximately 220 km, with rupture velocities exceeding the local S-wave speed during multiple stages. Three 289 

apparent rupture stalls were accompanied by changes in the inferred fault orientation, suggesting that fault bends or 290 

segment transitions may have influenced rupture propagation. A high-slip-rate subevent occurred approximately 37 291 

s after the origin time of the first event, well behind the preceding apparent rupture front. The origin of this subevent 292 

remains ambiguous and may reflect either back-propagating rupture or a relatively independent rupture episode. 293 

Regardless of its origin, rapid eastward rupture propagation appears to have initiated or resumed after this subevent. 294 

These results reveal a compound rupture process involving multiple episodes of supershear propagation and 295 

interaction with complex fault geometry, with possible implications for repeated strong ground motion along 296 

transform-fault systems. 297 

  298 
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ned from the GCMT catalog (https://www.globalcmt.org/CMTsearch.html). Plate-boundary data were obtaine313 

d from the PB2002 digital plate-boundary model (Bird, 2003). Plate motion data were obtained using the 314 

Plate Motion Calculator (http://ofgs.aori.u-tokyo.ac.jp/~okino/platecalc_new.html) with plate-motion model of 315 

DeMets et al. (2010). Bathymetric and topographic data were obtained from the GEBCO_2026 Grid (GEB316 

CO Bathymetric Compilation Group 2026, 2026), available at https://download.gebco.net/. The CRUST1.0 a317 

nd ak135-F are available through the websites https://igppweb.ucsd.edu/~gabi/crust1.html and http://rses.anu.318 

edu.au/seismology/ak135/ak135f.html. We used the Generic Mapping Tools (v6.6.0; https://www.generic-map319 

ping-tools.org; Wessel et al., 2019; Wessel et al., 2025), Cartopy (Elson et al., 2022), ObsPy (Beyreuther 320 

et al., 2010; The ObsPy Development Team, 2022), Pyrocko (Heimann et al., 2017), matplotlib (Caswell e321 

t al., 2022; Hunter, 2007), and Scientific color maps (https://www.fabiocrameri.ch/colourmaps/; Crameri, 20322 

18; Crameri et al., 2020) for data processing and visualization. 323 
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  577 

Figure 1 578 

Study region and overview. (a) Regional map with the aftershocks during the first three days. The black line denotes 579 

the plate boundary. The arrows indicate the relative plate motion. The black rectangle delineates the area shown in 580 

panel (e). The inset shows the moment-rate functions calculated from the seven models. (b) The moment tensor 581 

solutions estimated from the seven models. (c) The station distribution used in the PDTI and the HBP method. (d) 582 

Selected traces of the observed (black) and synthetic (red) waveforms (white triangles in Figure 1c). The maximum 583 

amplitude of the observed trace is on the right of each panel. (e) Map projection of the median distribution of slip 584 

and focal mechanisms. The focal mechanisms associated with larger slip are plotted on top. The star indicates the 585 

rupture initiation point. The colored lines indicate the active faults (Styron & Pagani, 2020). (f) Spatiotemporal 586 

distribution of the median slip rate projected with the strike direction of the model plane as the horizontal axis. The 587 

black lines indicate the 40% contours of the maximum slip rate for each of the seven models. (g) The temporal 588 
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variation of the modulo-180° strike. (h) The temporal variation of the oriented dip. In (g) and (h), the blue dots 589 

represent the median value.  590 
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  591 

Figure 2 592 

Selected snapshots of the rupture evolution. (a) Map projection of the focal mechanisms. The beachballs show focal 593 

mechanisms calculated from the median strike, dip, and rake values across the seven models. The colors and sizes of 594 

the beachballs represent the median slip rate across the seven models. The white star indicates the initial rupture point. 595 

The red lines show the active-fault models (Styron & Pagani, 2020). (b) Projection of the slip rate onto the model 596 

plane. The contour interval is 0.02 m/s. 597 

 598 

 599 
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 600 

Figure 3 601 

Comparison of the slip rate and the HBP images of the (a) high-frequency (0.3–1.0 Hz) and (b) low-frequency (0.1–602 

0.3 Hz) bands. Colors indicate normalized signal intensity. The white contours show the 40% contours of the slip-603 

rate distribution for each of the seven PDTI models. 604 
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Text S1: Methods 635 

Hybrid back-projection method 636 

The back-projection (BP) method estimates the spatiotemporal distribution of high-frequency radiation sources by 637 

time-shifting and stacking observed waveforms based on theoretical travel times and calculating signal intensity (Ishii 638 

et al., 2005; Krüger & Ohrnberger, 2005). However, reflected phases such as pP and sP can distort the timing of the 639 

estimated sources (Yagi et al., 2012). The hybrid back-projection (HBP) method (Yagi et al., 2012) calculates signal 640 

intensity by stacking cross-correlation functions of the observed waveforms and the Green’s functions that include 641 

reflected phases, mitigating this problem and making it suitable for comparison with source-process models estimated 642 

by inversion (e.g., Okuwaki et al., 2014). For the HBP analysis, we used the same 47 stations as in the PDTI analysis 643 

and band-pass filtered the waveforms in two frequency bands: 0.3–1.0 Hz and 0.1–0.3 Hz. We then adopted Nth root 644 

stacking (N = 2) (e.g., Muirhead and Datt, 1976). The HBP model surface followed the same nonplanar geometry 645 

used in the PDTI analysis. Knots were placed at intervals of 2 km in both the strike and dip directions. The theoretical 646 

Green’s functions were calculated following the same procedure as in the PDTI analysis using the ak135-F model 647 

(Kennett et al., 1995; Montagner & Kennett, 1996). 648 

 649 

Mach-cone analysis 650 

In earthquakes involving supershear rupture, Rayleigh waves radiated from different locations along the source fault 651 

may arrive nearly simultaneously at stations located near the Mach cone. This compresses the apparent source 652 

duration within a narrow frequency band, causing the finite rupture to behave as an effective point source (Vallée & 653 

Dunham, 2012). At such stations, the Rayleigh-wave records of the mainshock are therefore expected to correlate 654 

strongly with those of a nearby smaller earthquake with a similar source location and focal mechanism, which is used 655 

as an empirical Green’s function (EGF) event. This waveform similarity has been used in Mach-cone analyses to test 656 

for supershear rupture (e.g., Bao et al., 2019, 2022; Hicks et al., 2020; Xu et al., 2025; Zhang et al., 2022; Ren et al., 657 

2024). In our analysis we used vertical-component broadband seismograms recorded on BHZ channels and retrieved 658 

through the FDSN web services. We used the MW 6.4 earthquake (2009-09-12 20:06:25, 10.709°N, 67.927°W, 14.0 659 

km depth) (U.S. Geological Survey, 2017) as the EGF event. The source location of the mainshock was set to the 660 

USGS-reported hypocenter of the MW 7.2 event. We corrected the records for instrument response, converted them 661 

to displacement, and band-pass filtered them in the 10–25 s period range. Rayleigh-wave phase velocities were 662 

calculated using the GDM52 model (Ekström, 2011), and the predicted Mach-cone regions were determined for an 663 
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assumed rupture velocity of 5 km/s (Figure S7). The waveform similarity of a pair of records at each station was 664 

evaluated using cross-correlation and the amplitude ratio (e.g., Bao et al., 2022).  665 
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Table S1: The structure model based on the CRUST1.0 (Laske et al., 2013) cell 1 (center: 10.5°N, 68.5°W) 666 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

6.100 3.530 2.740 9.780 

6.500 3.710 2.830 8.570 

6.900 3.930 2.920 7.620 

7.970 4.430 3.290 - (Moho) 

 667 

Table S2: The structure model based on the CRUST1.0 cell 2 (center: 10.5°N, 67.5°W) 668 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

6.100 3.530 2.740 9.710 

6.500 3.710 2.830 9.410 

6.900 3.930 2.920 8.370 

7.940 4.420 3.280 - (Moho) 

 669 

Table S3: The structure model based on the CRUST1.0 cell 3 (center: 10.5°N, 66.5°W) 670 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

6.100 3.530 2.740 10.200 

6.500 3.710 2.830 10.610 

6.900 3.930 2.920 9.430 

7.910 4.400 3.260 - (Moho) 

 671 

Table S4: The structure model based on the CRUST1.0 cell 4 (center: 11.5°N, 68.5°W) 672 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

1.500 0.000 1.020 0.250 

6.000 3.500 2.720 8.780 

6.600 3.800 2.860 6.550 

7.100 3.900 3.050 10.910 

8.060 4.480 3.320 - (Moho) 

 673 
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Table S5: The structure model based on the CRUST1.0 cell 5 (center: 11.5°N, 67.5°W) 674 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

1.500 0.000 1.020 0.250 

5.000 2.700 2.550 6.300 

6.500 3.700 2.850 2.940 

7.100 4.050 3.050 9.070 

8.040 4.470 3.310 - (Moho) 

 675 

Table S6: The structure model based on the CRUST1.0 cell 6 (center: 11.5°N, 66.5°W) 676 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

1.500 0.000 1.020 0.250 

6.000 3.500 2.720 6.110 

6.600 3.800 2.860 3.810 

7.100 3.900 3.050 6.340 

7.980 4.440 3.290 - (Moho) 

 677 

Table S7: The structure model based on the ak135-F model (Kennett et al., 1995; Montagner & Kennett, 1996) 678 

VP (km/s) VS (km/s) Density (103 kg/m3) Thickness (km) 

5.800 3.460 2.449 20.000 

6.500 3.850 2.714 15.000 

8.040 4.480 3.298 - (Moho) 

 679 
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 680 

Figure S1 681 

Comparison of observed waveforms (black) with synthetic waveforms of seven models (semi-transparent red). Each 682 

panel is labeled with the station code, maximum amplitude, azimuth (Az), and epicentral distance (Del). These 683 

waveforms were resampled to 20 Hz for plotting purposes. 684 

  685 
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 686 

Figure S2 687 

Map projection of potency density tensor distributions for seven models. (a-g) The focal mechanisms are plotted in 688 

order of slip, with those associated with larger slip plotted on top. The upper-right label in each panel indicates the 689 

model configuration (near-source structure model, moment magnitude, and maximum potency density). The 690 

maximum potency density for each model matches the upper limit of the normalized color scale. The red lines indicate 691 

active faults (Styron & Pagani, 2020). 692 
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  694 

Figure S3 695 

Spatiotemporal distributions of slip rate for seven models. (a-g) The horizontal axis denotes the along-strike distance 696 

from the hypocenter. The lower-left label in each panel indicates the model configuration (near-source structure model 697 

and maximum value of slip rate). The maximum slip rate for each panel matches the upper limit of the normalized 698 

color scale. The black lines indicate the 40% contours of the maximum slip rate. 699 

  700 
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 701 

Figure S4 702 

Spatiotemporal distributions of slip rate for contours set at (a) 30%, (b) 40%, and (c) 50% of the maximum slip rate 703 

for each of the seven models, projected with the strike direction of the model plane as the horizontal axis. 704 

  705 
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 706 

Figure S5 707 

Overview of results using a planar fault model. The same seven structure models as those used in the analysis with 708 

the nonplanar model were used to calculate the Green’s functions. (a) Map projection of the median distribution of 709 

the slip and the focal mechanisms calculated from the seven models. The focal mechanisms associated with larger 710 

slip are plotted on top. The star indicates the rupture initiation point defined based on the origin of the MW 7.2 event 711 

reported by the USGS and FUNVISIS. The red lines indicate active faults (Alvarado et al., 2017; Audemard et al., 712 

2000; Styron & Pagani, 2020). (b) Spatiotemporal distribution of the median slip rate projected with the strike 713 

direction of the model plane as the horizontal axis. The black lines indicate the 40% contours of the maximum slip 714 

rate for each of the seven models. (c) The temporal variation of the modulo-180° strike. (d) The temporal variation 715 

of the oriented dip. In (c) and (d), the blue dots represent the median value. 716 
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 718 

Figure S6 719 

Spatiotemporal distributions of slip rate for inversions with the model-space boundary velocity, Vr, set to (a) 4 km/s, 720 

(b) 5 km/s, and (c) 6 km/s. The black lines indicate the 40% contours of the maximum slip rate over the complete 721 

spatiotemporal distribution of each model. The CRUST1.0 cell 5 structure model (Table S5) was used to calculate 722 

the Green’s functions. 723 



This is a preprint posted on EarthArXiv and is not peer-reviewed. 
 

 

 724 

Figure S7 725 

Mach-cone analysis for the 2026 Venezuela earthquake. (a) Map view of the result. The triangles indicate the stations, 726 

and the colors represent the values of the maximum cross-correlation (CC). The dashed lines indicate the Mach-cone 727 

area assuming a rupture-propagation velocity of 5 km/s. The two beachballs at the lower left show the GCMT 728 

solutions of the 2026 event (labeled as mainshock) and the EGF event (Dziewonski et al., 1981; Ekström et al., 2012). 729 

(b) Maximum CC at each station plotted against the azimuth relative to the rupture direction of 87°. The thin and 730 

thick dashed lines indicate moving averages of the maximum CC calculated using azimuthal windows of 15° and 30°, 731 

respectively. (c) The selected displacement records. The amplitude of the EGF-event waveform is scaled by the ratio 732 

of the seismic moment of the 2026 event to that of the EGF event. The yellow shading indicates the window used to 733 

calculate the cross-correlation. The trace ID is shown in the upper left, together with the epicentral distance (Δ), 734 

relative azimuth (Φ), maximum cross-correlation coefficient (CC), and the corresponding time lag (Lag). The time 735 

lag is used for aligning the EGF record. The top panel is for the station in the predicted Mach cones; the middle and 736 

bottom panels are for the stations outside the Mach cones. The bottom panel shows the highly similar records in 737 

phase, but the scaled amplitude of the EGF record does not match the mainshock record. 738 
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