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G E O P H Y S I C S

Deep magma underpressure and connectivity drive 
large dike intrusions
Carolina Pagli1*, Alessandro La Rosa1, Simone Cesca2, Torsten Dahm2,3, Hua Wang4,  
Manuela Bonano5, Pasquale Striano5, Pinar Büyükakpınar2, Eleonora Rivalta2,6, Derek Keir7,8, 
Francesco Casu5, Atalay Ayele9, Elias Lewi9

Large dikes are the main mechanism of crustal extension in volcanic areas, but the processes in the underlying 
magma system that supply the required volumes remain unclear. We show that 1.4 cubic kilometers of magma 
propagated under the Ethiopian rift in December 2024 and continued for ~3 months. Geodesy and seismicity re-
veal that the dike was fed from a network of magma reservoirs between 6 to 12 kilometers in depth with pathways 
rapidly forming between them. We calculate pressure changes in the reservoirs and show that underpressure de-
veloped in the deeper portion, creating the conditions to drain large magma volumes. We find that tectonic stress 
and availability of magma alone are not enough to drive intrusion of massive dikes. These events will start only 
after magma connectivity and deep underpressure develop. Similar conditions may be important for the transfer 
of large magma volumes from the mantle and the formation of large igneous provinces.

INTRODUCTION
The existence of large dikes with volumes of km3 on Earth and their 
importance in creating new crust along rifts and ridges is well estab-
lished (1–5). However, the formation of these dikes has been rarely 
observed with modern geophysical methods (3–7), and the condi-
tions in the magma domain required to supply large dike volumes 
have been difficult to resolve. Conceptual models of magmatic sys-
tems suggest that they consist of a mix of crystals and melt through-
out the crust (8). The challenge has been to resolve how vertically 
extensive the melt storage region is, how reservoirs interact, and over 
what timescale melt lenses connect (9–11). It therefore remains un-
clear what are the magma storage conditions that allow melt trans-
port feeding large propagating dikes. Here, we present the 2024–2025 
Fentale-Dofen dike intrusion in the Main Ethiopian Rift (MER), 
an event that lasted about 3 months from December 2024 to March 
2025 during which 1.4 km3 of magma moved from deep to shallow 
crustal levels. The intrusion was imaged with Interferometric Syn-
thetic Aperture Radar (InSAR) and seismicity at an exceptional tem-
poral resolution allowing us to provide clear evidence of the full 
range of magma transport processes.

The MER formed during the past ~20 million years (Ma) from 
~E-W extension between the Nubian and Somalian plates at ~5 mm/
year (12, 13). Since ~2 Ma, faulting and volcanism have localized to 
a series of NNE-striking axial volcanic segments (Fig. 1A) (14, 15). 
The Fentale-Dofen segment (FD) consists of a ~60-km-long graben 
with fissural flows, faults and two volcanoes, the Fentale caldera at 
the southern tip of the segment, and the Dofen rifted shield volcano 
at the northern end (Fig. 1A) (15–17). The crust beneath the FD has 
a thickness of 25 to 30 km (18). According to historical records, the 

most recent eruption occurred in 1770 to 1808 as a basaltic lava flow 
from a 5-km fissure cutting Sabober cone, south of Fentale (15). 
More recently in 2015, a ~10-km-long NE-directed rhyolite dike in-
truded over ~6 months near Fentale volcano (19, 20). A period of 
repeated dike intrusions, called a rifting episode (1), started in FD in 
September 2024, when a ~15-km-long dike opened by ~2 m between 
September and November (21). The intrusion was preceded by a 
3-year inflation at Fentale volcano, but no deflation during diking was 
observed (21). Activity resumed on 19 December 2024 when global 
earthquake catalogs showed increased seismicity near Fentale vol-
cano. Within a few days, earthquakes started migrating northward 
and by 3 January had reached Dofen volcano, ~45 km to the north. 
Intense seismicity up to magnitude 5.8 continued along the whole 
length of the volcanic segment and ~20 km beyond it. Then, the rate 
of earthquakes decreased, stopping in early March 2025.

We analyzed the ground deformation with InSAR, using C band 
and X band images acquired by the Sentinel-1 (S1) and the COSMO-
SkyMed (CSK) satellites, respectively (Fig. 1, B to F). The S1 and CSK 
dataset complement each other in spatiotemporal resolution and im-
aging geometries. S1 covers relatively large areas (~250 km in width) 
with limited temporal resolution (revisit time of 12 days), while CSK 
covers small areas (~40 km in width) at high temporal resolution (re-
visit time as short as 1 day). Interferograms and maps of range offsets 
(ROs) were used for modeling the spatial and temporal evolution of 
the deformation. The modeling was carried out assuming sources of 
deformation within a uniform elastic half space. We complemented 
the InSAR results with analysis of global seismic data. First, we com-
piled Global Centroid Moment Tensor (CMT), National Earthquake 
Information Center (NEIC), Geofon, and International Seismological 
Centre (ISC) catalogs and found 285 earthquakes near the FD seg-
ment during the intrusion. Then, we performed full waveform mo-
ment tensor inversion and waveform similarity analysis on 146 of 
these earthquakes. In addition, we ran a single-station detection anal-
ysis using a machine learning approach to detect 9335 earthquakes 
throughout the intrusion period, which allowed us to better assess the 
migration of the seismicity along the dike (Fig. 1G and fig. S1). The 
analyses of seismic and InSAR data are described in Materials and 
Methods and figs. S1 to S23.
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RESULTS
InSAR and seismicity
Seismic unrest started in Fentale on 19 December 2024 at ~19:00. 
InSAR observations around this period (13 to 21 December 2024) 
showed that the intense seismicity was caused by a dike intrusion as 
surface motions consistent with extension across an NE-striking 
dike were detected on the flank of Fentale volcano. Then, seismicity 

migrated northward (Fig. 1G), indicating dike propagation, and 
InSAR observations showed extension and faulting along the central 
axis of the FD segment. By 3 January 2025, the dike had lengthened 
to ~45 km and reached Dofen, and Fentale volcano had deflated as 
magma flowed into the dike (Fig. 1G and fig. S3). Coeval to the dike 
reaching its final length, three earthquakes with magnitude Mw > 5 
occurred ~20 km beyond the northern tip of the dike (Fig. 1D and 

Fig. 1. InSAR and seismicity in the FD segment, MER. (A) Shaded relief of FD. The dashed line is the Fentale caldera, the red line is the dike, black lines are faults, the blue 
outline is lake Beseka. Blue dots are the dike-induced earthquakes, red dots are the sill related earthquakes, and the Mw 5.8 earthquake under Fentale is plotted in purple. 
The inset shows the location of the dike area (black rectangle), the seismic station FURI (black inverted triangle), the magmatic segments (red ovals), the MER and the 
extension of Somalia plate (So) with respect to Nubia (Nu) in mm per year (mm/yr). (B to E) Wrapped S1 interferograms, covering the same area as in (A) and (F) wrapped 
CSK interferogram. The time period spanned by the interferograms is in the top right corner. The values in all the interferograms are in the satellite line-of-sight (LOS) direc-
tion, and positive values mean a range increase (motion away from the satellite), such as caused by deflation. The satellite orbit and the LOS are shown by the black arrow 
with the tick. (G) Seismicity along the dike (dots); blue dots are the dike-induced earthquakes, and red dots are the Fentale sill related earthquakes as in (A). The location 
of Fentale and Dofen along the dike is marked, the black line is the cumulative seismic moment release.
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fig. S1). Since then, dike lengthening stopped, but opening, seis-
micity, and deflation at Fentale continued at varying rates until 
11 March 2025. Seismicity occurred throughout the period of dike 
intrusion. Analysis of the waveforms shows that earthquakes near 
the dike are self-similar, with the group consisting of shallow earth-
quakes with a mean depth of 6 ± 2 km, NW-SE–oriented tension 
axes, kinematics ranging from normal to strike-slip, and positive 
compensated linear vector dipole (CLVD) with long axes ~perpen-
dicular to the dike (fig. S1). Substantial CLVD components, exceed-
ing 25%, are found for the majority (~87%) of our moment tensor 
solutions. We assessed the CLVD uncertainties by bootstrap analysis 
(22) and found robust CLVD estimates for ~89% of the moment ten-
sor solutions (i.e., those where the CLVD’s confidence interval are 
either strictly positive or negative, thus not including pure double 
couple solutions). These CLVD components can be explained either 
by complex faulting, such as the simultaneous activation of strike-
slip and normal faulting, or by involving tensile components, e.g., in 
response to the dike intrusion. The location, timing, depth, and mo-
ment tensors of the group are consistent with dike-induced faulting, 
consisting of shallow normal faulting above the dike and oblique 
and strike-slip on faults near the dike tips (Fig. 1G and fig. S1).

To estimate the temporal and spatial distribution of the dike 
opening, the injected magma volume, the dike-induced faulting, 
and the volume decrease at Fentale, we jointly inverted CSK inter-
ferograms, CSK ROs, and S1 interferograms (Fig. 2 and figs. S3 to 
S14). The dike is modeled as a tensile dislocation with normal faults 
above it dipping toward the rift axis, and the faults correspond to 
structures mapped on the digital elevation model (DEM), satellite 
imagery, and the ROs. InSAR modeling revealed the dike reached a 
total volume of 1.4 km3 in the 3-month intrusion period, with 90% 
confidence interval of 1.38 to 1.45 km3 (Materials and Methods 
and figs. S15 and S16). Starting from the onset of the intrusion on 
19 December, the rate of magma flow in the dike rapidly increased 
and peaked between 7 and 15 January to ~0.04 km3/day and then 
progressively decayed (Fig. 3A). Variable slip modeling shows that 
dike-induced faulting was confined to the uppermost 3 km (Fig. 2), 

with a total geodetic moment release of 7.3 × 1018 Nm. The depth 
and kinematics of the faulting are consistent with that derived from 
the moment tensor inversions. Three earthquakes with magnitude 
Mw > 5 also occurred ~20 km beyond the northern tip of the dike, 
and InSAR modeling shows that these earthquakes were caused by 
faulting on either side of the rift bounding faults north of Dofen 
(Fig. 2). Of these earthquakes, slip on two adjacent NNE-striking, 
east-dipping normal faults NE of Dofen has geodetically estimated 
magnitudes of Mw 5.6 and Mw 5.5, in agreement with the seismically 
recorded Mw 5.5 and Mw 5.4 on 2 and 3 of January (NEIC) (Fig. 2 and 
fig. S13, A to C). Slip on a third NNE-striking, east-dipping fault is 
modeled NW of Dofen with a geodetic magnitude of Mw 5.7 that 
likely corresponds to the seismically recorded Mw 5.7 on 4 of January 
(NEIC) (Fig. 2 and fig. S13, D to I).

The deflation of Fentale requires mainly two sources and our 
best-fit model consists of two stacked sills at depths of 11.6 and 5.7 km 
with a total volume decrease of 0.2 km3 (Figs. 2 and 3). Models with 
a single sill and a dipping dike were tested but did not fully ex-
plain the deformation pattern (Materials and Methods and figs. S17 
to S19). Only the first few days of subsidence can be modeled solely 
by deflation of the shallowest sill, after which both sills are required 
(Fig. 3D). At Fentale, the moment tensor inversion and waveform 
similarity analysis show a prominent group of earthquakes with ver-
tical slip kinematics and negative CLVD mechanisms (Fig. 3B and 
fig. S1). The earthquakes started in early January at a depth of ~10 to 
15 km and, over ~2 weeks, shallowed to a depth of ~5 km (Fig. 3C). 
The depth range of the earthquakes is similar to the two sills mod-
eled from InSAR data. From these observations, coupled with the 
earthquakes occurring when the rate of contraction of the deeper sill 
is highest, we interpret that the group of earthquakes is linked to es-
pecially high rates of magma withdrawal from the sills at a depth of 
6 to 12 km feeding the dike (Fig. 3D). In addition, the InSAR defor-
mation pattern could not be fully explained by the deflation sources, 
as horizontal motions at Fentale remained unmodeled. We therefore 
tested scenarios including faults on the caldera rim and/or on the 
flank of the volcano and found that an ~EW-striking cross-caldera 
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fault with dominant strike-slip motion gives a best-fit (figs. S17 and 
S20). The fault is consistent with surface evidence and seismicity 
(fig. S21) (23–25), and its orientation, near perpendicular to the 
southern tip of the dike, and the left-lateral kinematics are consistent 
with stress induced by dike opening. Models with faulting at the Fen-
tale caldera were tested but provided a worse fit (fig. S20). Motions of 
this cross-caldera fault occurred throughout the intrusion with no 
specific seismicity cluster associated with it, suggesting that the fault 
creeped aseismically or subseismically.

The largest earthquake in the sequence, a Mw 5.8, occurred near 
Fentale on 14 February, ~10 days after melt drainage from the sills 
decayed (Fig. 3, C and D). This earthquake occurred at a depth of 
~11 ± 2 km and has a waveform and a vertical, negative CLVD 
mechanism similar to the other sill-related earthquakes near Fentale 
(Fig. 3B and fig. S1). Despite its magnitude, we do not identify any 
significant change in the InSAR deformation pattern, such as expect-
ed by a caldera collapse. Conversely, deep failure by such a mecha-
nism equivalent to a Mw 5.8 at a depth of >~12 km would not cause 
enough deformation to be detectable by InSAR (fig. S22).

Physics-based model of a magmatic system
The observations strongly point toward the dike being fed over sev-
eral weeks from a connected magma system. The onset of diking 
caused depressurization first of the shallow sill (~6 km in depth), 
followed 3 days later by deflation of the deeper sill at a depth of 
about 12 km (Fig. 3D), indicating that melt connectivity was estab-
lished early in the magma system and that magma pathways re-
mained open allowing magma to flow in the dike. We can explain 
several key observations of the event with a relatively simple model 
of the magmatic system, approximated by a magma domain con-
sisting of two sills hydraulically connected via a conduit (26) ex-
tending from 6 to 12 km in depth under Fentale, as suggested by 
InSAR modeling (Fig. 2). A detailed description of the model can 
be found in the Materials and Methods. The reservoir is buried in a 

homogeneous elastic medium and subject to extensional tectonic 
stress with the maximum horizontal stress parallel to the rift axis 
and the minimum horizontal stress perpendicular to it (fig. S2, A 
and B). Then, we evaluate the pressure and stress conditions as 
diking starts and the sills depressurize, using the analytical solution 
for a circular cavity under internal pressure (27, 28). This model 
predicts that underpressure conditions occurred in the lower sill, 
where magma pressure became rapidly lower than the overburden, 
causing deep failure and large magma drainage (fig. S2B). Instead, in 
the upper sill magma pressure remains higher than the maximum 
horizontal stress for the duration of the dike (fig. S2B), meeting the 
condition required to keep magma pathways open, allowing melt 
transfer from the upper sill in the dike. The conduit connecting 
the sills is vertically elongated allowing it to remain open for longer 
than horizontally elongate reservoirs (such as sills) when the mag-
ma pressure falls below the overburden. We also evaluate the dis-
tribution of hoop stresses around the reservoir and found that 
our model predicts both the onset of diking at the edges of the 
elliptical-shaped caldera and the NE path of the dike close to 
Fentale, as the pressurized source locally rotates the maximum 
horizontal compressive stress (fig. S2C). Furthermore, we com-
puted the stresses as magma flowed into the dike and pressure de-
creased in the reservoir (28) and found that this led to the rotation 
of the principal stresses. This rotation increases the shear stress 
on a ~EW-oriented cross-caldera fault, promoting left-lateral slip, in 
agreement with InSAR modeling (fig. S2, C to E). Last, we com-
puted the reservoir depressurization at a depth of 12 km, and the 
associated Coulomb stresses increase onto two normal faults above 
the lower sill. The results show that shear failure of the reservoir 
was favored by the depressurization (fig. S2, G and H). The Mw 5.8 
earthquake beneath Fentale occurred on 14 February when sill de-
flation was near to complete, and our model supports the inter-
pretation that it is likely deep failure caused by underpressure of 
the deep magmatic system.
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DISCUSSION
Our results have implications for melt transfer into large dikes. Our 
observations and inferred models show that the 1.4-km3 December 
2024 FD dike was intruded in a single event that lasted ~3 months 
and that 0.3 km3 of magma was sourced from the Fentale system 
without triggering any caldera collapse. The magma from Fentale 
accounts for only 16% of the injected volume but discrepancies be-
tween the volumes of magma intruded and drained are common 
during magma transfer (29, 30). During the 2005 Dabbahu intru-
sion, the contraction of the magma chambers only account for 20% 
of the magma in the dike (2), comparable to Fentale. Discrepancies 
have been explained by magma compressibility. If the magma remain-
ing in the chamber contains exsolved gases, then it will expand when 
the pressure drops, and the volume change of the magma chamber 
will be estimated to be many times smaller than the volume of magma 
withdrawn (29). Therefore, it is possible that all the injected magma 
came from the Fentale reservoirs. Another explanation is that addi-
tional magma came from deeper than our 12-km-depth sill. A source 
at these depths would not be visible in the InSAR. The December 2024 
FD dike was the second most voluminous dike observed geodetically 
after the 2005 Dabbahu-Manda Hararo dike (~2.5 km3) of Afar (2, 3). 
It was preceded shortly by another dike in September 2024 (21), mark-
ing the beginning of a rifting episode (1), similar to the recent pro-
cesses in Iceland (5, 31).

It is well established that in extensional tectonic settings dikes re-
lieve tensional stresses built up by the long-term tectonic extension 
(1, 4, 5). This explains why the initial intrusion of a rifting episode is 
typically the most voluminous, while eruptions are small or absent un-
til the extensional stresses are reduced by repeated intrusions. Some 
new ideas have been suggested that high tension and large magma 
availability are enough to trigger dike formation such as in Iceland and 
Hawaii (5, 32–33). The FD dike propagated ~45 km in the crust and 
was accompanied by faulting without any eruption, indicating that ten-
sile stresses were high and yet to be fully relieved. In addition, large 
volumes of magma must have accumulated under Fentale for some 
time before the December 2024 dike. InSAR shows modest inflation 
over ~3.5 years, from January 2021 to September 2024, consistent with 
a sill at a depth of 12 km and a total volume increase of ~0.02 km3 
(fig. S23), only a small fraction of the 1.4-km3 intruded magma. De-
spite high tensile stress and magma availability, all recent previous dikes 
in FD (the September 2024 and in 2015) are over an order of magni-
tude smaller than the December 2024 dike (20, 21). Furthermore, dur-
ing these early intrusions, no melt transport from the deep magma 
storage system was observed. This is best explained by an initial lack of 
connectivity between discrete reservoirs in the plumbing system. We 
propose the September 2024 dike caused fracturing and opened new 
pathways that increased magma connectivity of the storage system be-
tween 6 and 12 km in depth. This, jointly with the development of un-
derpressure and failure of the deep reservoir, created the conditions for 
draining substantial magma volumes. This model is commonly chal-
lenged by the suggestion that magma pathways will close upon under-
pressure, hence inhibiting magma flowing from a deep reservoir (34). 
However, we provide a physical model that can reconcile this discrep-
ancy, owing to the presence of a connected magma system of sills and a 
conduit. Our calculations of stresses and pressure changes show that 
the deeper sill, an horizontally elongated reservoir, will develop under-
pressure and collapse before the connecting vertical conduit (fig. S2B). 
This can explain how vertical magma pathways remain open allowing 
magma to flow despite deep underpressure.

During the 2014–2015 Bardarbunga rifting event, underpressure 
drove large magma drainage from a ~5-km-depth reservoir, and cal-
dera collapse followed (4). The Bardabunga caldera has a diameter 
of 10 km, compatible with a caldera-supporting reservoir ~5 km in 
depth (35–37) as the source of magma underpressure. Instead, the 
diameter of the Fentale caldera is only ~5 km consistent with a 
caldera-forming reservoir at a depth of ~2.5 km and therefore much 
shallower than our deflating shallow sill at a depth of 6 km. We sug-
gest that the Fentale caldera did not collapse because the shallow sill 
at a depth of 6 km is not the caldera supporting reservoir and shal-
lower sills likely exist but remained disconnected.

Our results are the first to show that large volume dikes can be 
intruded only when magma storage connectivity is established and 
underpressure develops, triggering deep-seated failure and creating 
the conditions to drain large volumes of magma. Only then, the large 
volumes of available magma can flow into areas of high tensional 
stress. The interpretation is globally important since it provides an 
insight into the architecture of magmatic systems that likely supply 
the giant dike swarms of Earth commonly associated with flood ba-
salts and subsequent continental breakup [e.g. (38–39)]. A vertically 
extensive magmatic system provides an explanation to accumulate 
large volumes of melt in the prediking period with insufficient over-
pressure for triggering reservoir failure and also explains the slow 
pressure drop needed for protracted intrusion of large dikes (40). In 
addition, the depth extent of the system allows storage of buoyant 
melt in the deep crust, where the ductile rheology further aids ac-
cumulation of large magma volumes but without causing substantial 
ground surface motions (40). Because of the challenges in observing 
deep crustal magma motions with geodetic and geophysical tech-
niques, deep connected magma systems may be more common in 
continental rifts than commonly interpreted. At Fentale, it was the 
connected and underpressurized deep magmatic storage that allowed 
large volumes of magma flow into the dike and caused detectable seis-
mic and geodetic signals.

MATERIALS AND METHODS
Interferometric Synthetic Aperture Radar
We generated interferograms using C band SAR radar data from 
Sentinel-1A (S1) satellite of the Copernicus program (European 
Space Agency) in descending (track 079) and ascending (track 087) 
geometries (table S1). We also generated interferograms using X 
band SAR data from CSK constellation (Italian Space Agency) in 
ascending (track HI-02) and descending (tracks HI-04 and HI-22) 
geometries (table S1). The S1 SAR images are acquired through the 
Terrain Observation with Progressive Scans Interferometric Wide 
Swath acquisition mode, which provides a ~250 km wide scene. S1 
acquisitions over Fentale were relatively limited during the dike in-
trusion so we also used CSK data acquired in StripMap mode to 
complement the S1. The CSK data are provided as scenes with a 
width of ~40 km and a length of 50 km. Each scene was processed 
as raw data (level 0) and then concatenated and merged to provide 
~100-km-long final interferograms. The S1 and CSK interferograms 
were processed with the InSAR Scientific Computing Environment 
(ISCE2) software package (41). We coregistered the Single Look 
Complexes (SLCs) and removed the topographic phase using a 1–arc 
sec (∼30-m resolution) Shuttle Radar Topography Mission (SRTM) 
DEM. We then filtered the interferograms using a Goldstein adaptive 
power spectral filter with a strength of 0.5 (42). Last, we unwrapped 
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the interferograms using the branch cut algorithm and geocoded 
them using the 1–arc sec SRTM DEM.

We also applied the Pixel Offset Tracking technique to overcome 
the lack of data in the interferograms in areas characterized by of high 
deformation gradient where phase unwrapping could not be resolved 
and coherence was lost (43). We generated RO displacement maps for 
ascending (track HI-02) and descending (tracks HI-04 and HI-22) 
CSK data pairs (table S1) using the technique described in (44) and 
references therein. Cross-correlation was computed on a 64-by-64 
pixels matching window, by considering all the pixels across both 
range and azimuth directions. Starting from the full-resolution SAR 
image grid, the RO estimates are converted into meters and geocoded 
through a nearest-neighbor method to the 1–arc sec SRTM DEM 
grid, thus directly comparing the RO measurements with InSAR in-
terferograms. RO accuracy is on the order of 1/10 of the pixel size of 
the amplitude SAR images (44), which corresponds to about 0.3 m 
along the range direction in the case of CSK StripMap data.

For the InSAR modeling, we assumed shear and tensile disloca-
tions in a uniform elastic half space with a Poisson’s ratio of 0.25 and 
a shear modulus of 30 GPa. The dike was modeled as a vertical ten-
sile dislocation, and the faults above the dike were modeled as shear 
dislocations dipping toward the rift axis. The magma plumbing at 
Fentale was modeled with two horizontal tensile dislocations, ap-
proximating two sill-shaped magma chambers, and a ~EW-striking 
fault cross-cutting the caldera. The best-fit parameters of the sources 
were initially inferred using a nonlinear Monte Carlo simulated an-
nealing inversion (45), assuming uniform dike opening and fault 
slips. Before running the inversion, all interferograms were quad-
tree partitioned on the basis of the deformation gradient to reduce 
the data size. At least two interferograms, one ascending and one 
descending, were jointly inverted for each period of the dike intru-
sion (figs. S4 to S13). The interferograms were weighted by the inverse 
of the data error variance. This was estimated using the squares of the 
root mean square (RMS) misfit from the inversion of each individual 
interferogram. Then, we carried out a least-squares inversion to de-
termine the spatially variable dike opening, fault slip, and contraction 
of the magma chambers, keeping fixed the model geometry from 
the uniform models. To prevent unphysical oscillatory solutions, 
Laplacian smoothing was imposed. The dislocation planes were dis-
cretized into patches of 0.5 km by 0.5 km for sills and faults and 1 km 
by 1 km for the dike. For the best-fit models, we selected a smoothing 
factor that minimizes the trade-off between the model RMS misfit 
and solution roughness (fig. S14). We use a single smoothing factor 
for all the dislocations, and we choose relatively unsmoothed solu-
tions for all time intervals to minimize oversmoothing.

We started with the nonlinear inversion of each set of interfero-
grams for each time period. Initially, we used dike sources only and 
left all search bounds free to vary. Then, we tightly constrained the 
geometry of dike segments and added the faults. We used one dike 
segment for the initial 6 to 22 December 2024 period and three dike 
segments for time periods afterward. We used different numbers of 
faults for the different time periods, as these were not all active si-
multaneously but slipped as the dike lengthened. We fixed the num-
ber and location of faults above the dike using optical imagery and 
the ROs. The faults above the dike were assumed to be normal. For the 
Fentale volcano, we used one shallow sill for the 6 to 22 December 
2024 period and two sills and a transverse fault for time periods 
afterward, albeit other source combinations were tested (see de-
scription below). All the other model parameters were left free to 

vary in the nonlinear inversion. The triggered faults, ~20 km north 
of Dofen were inverted separately, and all parameters were allowed 
to vary. In the least-squares inversion to determine the spatially 
variable dike opening, fault slip, and contraction of the magma 
chambers, we used only a shallow sill and a dike segment for the 6 to 
22 December 2024 period. For all time periods afterward, all sourc-
es were included leaving the linear inversion free to find fault slips 
and dike opening for all time steps.

Uncertainties on the model parameters of the nonlinear inversion 
were estimated by simulating 100 sets of spatially uncorrelated ran-
dom Gaussian noise with the same variance function as observed in 
the InSAR data. The noise was added back to the original data to ob-
tain a noisy dataset that was then inverted to produce 100 best-fit 
model parameters. For this inversion, we kept fixed the fault locations 
and the length and width of the dike segments while leaving the dike 
opening and fault slip free to vary. The distribution of the best-fit 
solutions determines the parameters uncertainties and shows that the 
dike volume range of the models falls in a narrow interval for all the 
separate time steps. The total dike volume, 1.4 km3, has a 90% confi-
dence interval between 1.38 and 1.45 km3 (fig. S15). In addition, 
trade-offs between the dike volume and the fault slips were investi-
gated for each time interval (fig. S16). Some trade-offs are evident, 
but, overall, most of the fault slip solutions fall in a narrow range.

For Fentale, we tested different combinations of deformation 
sources. In fig. S17, we show the best-fit models assuming a single 
sill, two sills, and two sills with a cross-caldera fault. For the begin-
ning of the intrusion, 6 to 22 December 2024, we tested a model 
with a vertical or a dipping dike without the shallow sill (fig. S18), 
but this model provides a worse fit to the data compared to the mod-
el with a shallow sill, indicating that this reservoir was active from 
the beginning of the intrusion. The presence of the shallow sill un-
der Fentale is also confirmed by the postintrusive deformation. Fen-
tale has been inflating continuously since the end of the intrusion. 
We model the postintrusive inflation for two separate posteruptive 
time periods, 22 February 2025 to 27 June 2025 and 31 November 
2025 to 29 January 2026, and found that, for both periods, the in-
flation is best explained by a shallow sill with similar location and 
depth (6 to 7 km in depth) as the cointrusive sill (fig. S19). Last, in 
fig. S20, we show the best-fit models assuming faulting on the Fentale 
caldera, both normal or reverse, and a cross-caldera fault. For this test, 
we specifically selected a short time interval in early February (3 to 
15 February 2026) when the deflation of the two sills decreased and 
the effect of faulting is more clearly visible. The modeling results show 
that our preferred model of two sills and a cross-caldera fault fit the 
data better than the other models.

Seismicity
To relocate the seismicity (fig. S1), we ran a single-station detection 
analysis using a machine learning–based approach (46) to detect P 
and S phases and associated peaks whenever differential S-P times 
fall in the interval of 13 to 25 s (most of our dike-induced earth-
quakes have differential times of 15.5 to 22.5 s). We used a detection 
threshold of 0.3 for P and 0.1 for S and performed the analysis on 
raw data after applying a bandpass filter in the range of 0.05 to 1 Hz. 
Processing continuous data from the two sensors (channel codes 00 
and 10) produced qualitatively similar results in terms of differential 
times, with both cases finding a median differential time of ~18.5 s. 
However, data from the sensor code 10 outperformed those from 
sensor code 00 in terms of detections (9335 detections versus 6727). 
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With the assumption of the earthquakes having similar shallow 
depths and locations near the FD segment, as indicated by the InSAR 
modeling, we associated the single-station differential times to 
locations along FD and thus reconstructed the temporal evolution 
of the events along the dike from its original starting point (Fig. 1D). 
We also performed a full waveform deviatoric moment tensor inver-
sion, fitting three component displacement seismograms in the ver-
tical, radial, and transversal components in the time domain. We 
considered open broadband seismic stations up to 2000 km away. 
The inversion was performed using the probabilistic source inver-
sion algorithm Grond (22). Local data, with epicentral distances of 
<250 km, are modeled using a local velocity model (47). At regional 
distances between 250 and 500 km and further distances between 
250 and 2000 km, we relied on a regional model (48) and a global 
AK135 model (49), respectively. We resolved centroid location, cen-
troid depth, centroid time, and deviatoric moment tensor compo-
nents for 146 events. The mean deviatoric moment tensors were 
then grouped in two main families, according to their moment ten-
sor geometry, using cluster analysis of the focal mechanisms with 
Seiscloud (50) (fig. S1). We independently tested the cluster analysis 
by calculating the waveform similarity at station FURI and found 
that the two groups of earthquakes are similar to the cluster analysis, 
supporting the results of moment tensor clustering. This illustrates 
how dike-related seismicity is predominant in the early phase, while 
reservoir-related seismicity starts after the dike reached Dofan.

Physical model of magmatic system
We propose a model of the deep magmatic storage with two sills, 
as inferred from the InSAR. The sills are melt-dominated zones at 
depths of 5 and 12 km and are hydraulically connected via a conduit 
that we envisage corresponds to crystal mush (fig. S2A). The reser-
voir is buried in a homogeneous elastic medium and subject to ex-
tensional tectonic stress with the maximum horizontal stress, SH , 
parallel to the rift axis and the minimum horizontal stress perpen-
dicular, Sh , to it (fig. S2, A and B). We assume that the pressure in the 
lower sill at a depth of 12 km is initially slightly above lithostatic. 
Using a host rock density, ρC , of 2890 kg/m3 and a magma density, 
ρf , of 2100 kg/m3, we calculate the initial (prediking) pressure with-
in the reservoir as P(t=t1) =

(

ρC−ρf
)

⋅ g ⋅
(

z12−z
)

 (fig. S2B). As the 
diking begins, the upper sill drains and depressurizes first, followed 
by depressurization of the connecting conduit and the lower sill. 
Then, we evaluate the pressure and stress conditions using the ana-
lytical solution for a circular cavity under internal pressure, P ; this is 
a widely used approach to modeling dikes near volcanoes (26–28). 
This model predicts that underpressure conditions first occurred 
in the lower sill, where magma pressure became rapidly lower than 
the overburden, SV , causing deep failure and large magma drainage 
(Fig. 2B). Underpressure conditions will migrate upward but pro-
gressively. The bright red segment in fig. S2B, representing the mag-
ma pressure within the system, moves to the left maintaining its 
slope, and it will cross the line of the horizontal stress (pink line in 
fig. S2B, representing the stress component normal to the conduit) 
at progressively shallower levels. Instead, in the upper sill, magma 
pressure remains higher than the maximum horizontal vertical 
stress for the duration of the dike (Fig. 2B). This ensures meeting the 
condition required to keep the magma pathways open, allowing 
melt transfer from the upper sill in the dike. The conduit connecting 
the sills is vertically elongated, allowing it to remain open for longer 
than horizontally elongate reservoirs (such as sills) when the magma 

pressure falls below the overburden. We also estimated the hoop 
stress, σΘΘ , at the margin of the reservoir to determine where this 
stress becomes tensile (>0), hence triggering a dike. We assumed a 
size and shape of our reservoir similar to Fentale, a Poisson ratio of 
0.25, and a shear modulus of 30 GPa (28). We find that the trigger 
condition occurs when the reservoir overpressure reaches about half 
of the tectonic stress, SH , at a depth of 5 km (fig. S2F). The hoop 
stress becomes positive in the direction parallel to the elongated end 
of the caldera (at an angle with the rift axis of 90°; fig. S2F), in agree-
ment to where diking started, on the eastern side of Fentale. We also 
show that the trajectory of the Fentale dike can be predicted using 
this solution (fig. S2C).

Local stress conditions near the Fentale caldera are modified 
by the evolving pressure within the reservoir (28). As diking starts 
and the reservoir depressurizes, the principal stresses tend to rotate 
according to the extensional stress regime (fig. S2D). This rotation 
increases the shear stress on a ~EW-oriented cross-caldera fault, 
promoting left-lateral slip. The slip rate is expected to correlate 
closely with the rate of sill drainage and dike injection, as modeled 
by InSAR (fig. S2E). Last, we estimated the Coulomb stress change 
at a depth of 12 km as the reservoir was depressurized and showed 
that the Coulomb stress increased close to Fentale (fig. S2, G and H), 
promoting deep normal faulting earthquakes such as the Mw 5.8 
earthquake on the 14 February 2025 when the lower sill was depres-
surized below lithostatic conditions.

Supplementary Materials
This PDF file includes:
Figs. S1 to S23
Table S1

REFERENCES
	 1.	T . J. Wright, F. Sigmundsson, C. Pagli, M. Belachew, I. J. Hamling, B. Brandsdóttir, D. Keir,  

R. Pedersen, A. Ayele, C. Ebinger, P. Einarsson, E. Lewi, E. Calais, Geophysical constraints 
on the dynamics of spreading centres from rifting episodes on land. Nat. Geosci. 5, 
242–250 (2012).

	 2.	T . J. Wright, C. Ebinger, J. Biggs, A. Ayele, G. Yirgu, D. Keir, A. Stork, Magma-maintained rift 
segmentation at continental rupture in the 2005 Afar dyking episode. Nature 442, 
291–294 (2006).

	 3.	 R. Grandin, E. Jacques, A. Nercessian, A. Ayele, C. Doubre, A. Socquet, D. Keir, M. Kassim,  
A. Lemarchand, G. C. P. King, Seismicity during lateral dike propagation: Insights from 
new data in the recent Manda Hararo–Dabbahu rifting episode (Afar, Ethiopia). Geochem. 
Geophys. Geosyst. 12, Q0AB08 (2011).

	 4.	 F. Sigmundsson, A. Hooper, S. Hreinsdóttir, K. S. Vogfjörd, B. G. Ófeigsson, E. R. Heimisson, 
S. Dumont, M. Parks, K. Spaans, G. B. Gudmundsson, V. Drouin, T. Árnadóttir, K. Jónsdóttir, 
M. T. Gudmundsson, T. Högnadóttir, H. M. Fridriksdóttir, M. Hensch, P. Einarsson,  
E. Magnússon, S. Samsonov, B. Brandsdóttir, R. S. White, T. Ágústsdóttir, T. Greenfield,  
R. G. Green, Á. R. Hjartardóttir, R. Pedersen, R. A. Bennett, H. Geirsson, P. C. La Femina,  
H. Björnsson, F. Pálsson, E. Sturkell, C. J. Bean, M. Möllhoff, A. K. Braiden, E. P. S. Eibl, 
Segmented lateral dyke growth in a rifting event at Bárðarbunga volcanic system, 
Iceland. Nature 517, 191–195 (2015).

	 5.	 F. Sigmundsson, M. Parks, H. Geirsson, A. Hooper, V. Drouin, K. S. Vogfjörd, B. G. Ófeigsson, 
S. H. M. Greiner, Y. Yang, C. Lanzi, G. P. De Pascale, K. Jónsdóttir, S. Hreinsdóttir, V. Tolpekin, 
H. M. Friðriksdóttir, P. Einarsson, S. Barsotti, Fracturing and tectonic stress drive ultrarapid 
magma flow into dikes. Science 383, 1228–1235 (2024).

	 6.	C . Journeau, N. M. Shapiro, L. Seydoux, J. Soubestre, I. Y. Koulakov, A. V. Jakovlev,  
I. Abkadyrov, E. I. Gordeev, D. V. Chebrov, D. V. Droznin, C. Sens-Schönfelder, B. G. Luehr,  
F. Tong, G. Farge, C. Jaupart, Seismic tremor reveals active trans-crustal magmatic system 
beneath Kamchatka volcanoes. Sci. Adv. 8, eabj1571 (2022).

	 7.	 J. Tarasewicz, R. S. White, A. W. Woods, B. Brandsdóttir, M. T. Gudmundsson, Magma 
mobilization by downward-propagating decompression of the Eyjafjallajökull volcanic 
plumbing system. Geophys. Res. Lett. 39, L19309 (2012).

	 8.	 K. V. Cashman, R. S. J. Sparks, J. D. Blundy, Vertically extensive and unstable magmatic 
systems: A unified view of igneous processes. Science 355, eaag3055 (2017).

D
ow

nloaded from
 https://w

w
w

.science.org at A
lm

a M
ater Studiorum

 U
niversit di B

ologna on July 14, 2026



Pagli et al., Sci. Adv. 12, eaed6073 (2026)     8 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 9

	 9.	 A. La Rosa, C. Pagli, H. Wang, F. Sigmundsson, V. Pinel, D. Keir, Simultaneous rift-scale 
inflation of a deep crustal sill network in Afar, East Africa. Nat. Commun. 15, 4287 (2024).

	 10.	E . Reddin, S. K. Ebmeier, E. Rivalta, M. Bagnardi, S. Baker, A. F. Bell, P. Mothes, S. Aguaiza, 
Magmatic connectivity among six Galápagos volcanoes revealed by satellite geodesy. 
Nat. Commun. 14, 6614 (2023).

	 11.	 J. D. Wilding, W. Zhu, Z. E. Ross, J. M. Jackson, The magmatic web beneath Hawai‘i. Science 
379, 462–468 (2023).

	 12.	 Y. Birhanu, R. Bendick, S. Fisseha, E. Lewi, M. Floyd, R. King, R. Reilinger, GPS constraints on 
broad scale extension in the Ethiopian Highlands and Main Ethiopian Rift. Geophys. Res. 
Lett. 43, 6844–6851 (2016).

	 13.	E . Wolfenden, C. Ebinger, G. Yirgu, A. Deino, D. Ayalew, Evolution of the northern Main 
Ethiopian rift: Birth of a triple junction. Earth Planet. Sci. Lett. 224, 213–228 (2004).

	 14.	C . J. Ebinger, M. Casey, Continental breakup in magmatic provinces: An Ethiopian 
example. Geology 29, 527–530 (2001).

	 15.	 M. Siegburg, T. M. Gernon, D. Keir, J. M. Bull, R. N. Taylor, E. J. Watts, T. Greenfield,  
E. F. Gebru, Temporal clustering of fissural eruption across multiple segments within the 
Ethiopian Rift. Front. Earth Sci. 11, 1169635 (2023).

	 16.	 K. Fontijn, K. McNamara, A. Zafu Tadesse, D. M. Pyle, F. Dessalegn, W. Hutchison,  
T. A. Mather, G. Yirgu, Contrasting styles of post-caldera volcanism along the Main 
Ethiopian Rift: Implications for contemporary volcanic hazards. J. Volcanol. Geotherm. Res. 
356, 113 (2018).

	 17.	 F. M. Williams, M. A. J. Williams, F. Aumento, Tensional fissures and crustal extension rates 
in the northern part of the Main Ethiopian Rift. J. Afr. Earth Sci. 38, 183–197 (2004).

	 18.	 P. K. H. Maguire, G. R. Keller, S. L. Klemperer, G. D. Mackenzie, K. Keranen, S. Harder,  
B. O’reilly, H. Thybo, L. Asfaw, M. A. Khan, M. Amha, Crustal structure of the northern Main 
Ethiopian Rift from the EAGLE controlled-source survey; a snapshot of incipient 
lithospheric break-up. Geol. Soc. Spec. Publ. 259, 269–292 (2006).

	 19.	 A. Ayele, R. Luckett, B. Baptie, K. Whaler, The 2015 earthquake swarm in the Fentale 
volcanic complex (FVC): A geohazard risk for Ethiopia's commercial route to the Djibouti 
port. J. Afr. Earth Sci. 213, 105236 (2024).

	 20.	T . Temtime, J. Biggs, E. Lewi, A. Ayele, Evidence for active rhyolitic dike intrusion in the 
northern Main Ethiopian Rift from the 2015 Fentale seismic swarm. Geochem. Geophys. 
Geosyst. 21, e2019GC008550 (2020).

	 21.	D . Keir, A. La Rosa, C. Pagli, H. Wang, A. Ayele, E. Lewi, F. Monterroso, M. Raggiunti, The 
2024 Fentale diking episode in a slow extending continental rift. Geophys. Res. Lett. 52, 
e2024GL113214 (2025).

	 22.	 S. Heimann, M. Isken, D. Kühn, H. Sudhaus, A. Steinberg, S. Daout, S. Cesca, H. 
Vasyura-Bathke, T. Dahm, Grond - A probabilistic earthquake source inversion framework, 
V. 1.0, Potsdam: GFZ Data Services (2018).

	 23.	V . Acocella, T. Korme, F. Salvini, R. Funiciello, Elliptic calderas in the Ethiopian Rift: Control 
of pre-existing structures. J. Volcanol. Geotherm. Res. 119, 189–203 (2003).

	 24.	 J. Hunt, Digital elevation model of Fentale volcano, Ethiopia (OpenTopography, 2019). 
https://doi.org/10.5069/G9862DKT.

	 25.	D . Keir, C. J. Ebinger, G. W. Stuart, E. Daly, A. Ayele, Strain accommodation by magmatism 
and faulting as rifting proceeds to breakup: Seismicity of the northern Ethiopian rift. J. 
Geophys. Res. 111, B05314 (2006).

	 26.	E . M. Anderson, The Dynamics of Faulting and dyke formation with application to Britain 
(Edinburg Oliver and Boyd, ed. 2, 1951).

	 27.	D . D. Pollard, Derivation and evaluation of a mechanical model for sheet intrusions. 
Tectonophysics 19, 233–269 (1973).

	 28.	L . A. Blackstone, B. E. Grossman-Ponemon, E. R. Heimisson, A. J. Lew, P. Segall, Modeling 
dike trajectories in a biaxial stress field with coupled magma flow, fracture, and elasticity. 
Bull. Volcanol. 86, 52 (2024).

	 29.	E . Rivalta, Evidence that coupling to magma chambers controls the volume history and 
velocity of laterally propagating intrusions. J. Geophys. Res. 115, B07203 (2010).

	 30.	 M. P. Isken, J. Karstens, P. Nomikou, M. M. Parks, V. Drouin, E. Rivalta, G. J. Crutchley,  
M. H. Haghighi, E. E. E. Hooft, S. Cesca, T. R. Walter, S. Hainzl, J. Saul, D. Anastasiou,  
K. Raptakis, N. M. Shapiro, J. Münchmeyer, Q. Higueret, J. Soubestre, F. Brenguier,  
R. S. Hufstetler, K. R. Autumn, M. Tsakiri, D. Lange, H. Kopp, M. Urlaub, M. Blanch Jover,  
J. Preine, C. Hübscher, M. Motagh, D. Müller, D. Dahm, C. Berndt, Volcanic crisis reveals 
coupled magma system at Santorini and Kolumbo. Nature 645, 939–945 (2025).

	 31.	 F. Sigmundsson, M. Parks, A. Hooper, H. Geirsson, K. S. Vogfjörd, V. Drouin, B. G. Ófeigsson, 
S. Hreinsdóttir, S. Hjaltadóttir, K. Jónsdóttir, P. Einarsson, S. Barsotti, J. Horálek,  
T. Ágústsdóttir, Deformation and seismicity decline before the 2021 Fagradalsfjall 
eruption. Nature 609, 523–528 (2022).

	 32.	E . K. Montgomery-Brown, A. Miklius, Periodic dike intrusions at Kı-lauea volcano, Hawai’i. 
Geology 49, 397–401 (2021).

	 33.	 A. La Rosa, C. Pagli, D. Keir, A. Ayele, H. Wang, E. Rivalta, E. Lewi, Segmented dike intrusion 
linked to multi-level magma storage during and before the 2025 eruption at Erta Ale 
(East Africa). Front. Earth Sci. 13, 1719687 (2025).

	 34.	 A. Roman, P. Lundgren, Dynamics of large effusive eruptions driven by caldera collapse. 
Nature 592, 392–396 (2021).

	 35.	 P. Lipman, Subsidence of ash-flow calderas: Relation to caldera size and magma-chamber 
geometry. Bull. Volcanol. 59, 198–218 (1997).

	 36.	V . Acocella, Understanding caldera structure and development: An overview of analogue 
models compared to natural calderas. Earth-Sci. Rev. 85, 3–4 (2007).

	 37.	V . Acocella, R. Di Lorenzo, C. Newhall, R. Scandone, An overview of recent (1988 to 2014) 
caldera unrest: Knowledge and perspectives. Rev. Geophys. 53, 896–955 (2015).

	 38.	 R. E. Ernst, J. W. Head, E. Parfitt, E. Grosfils, L. Wilson, Giant radiating dyke swarms on Earth 
and Venus. Earth Sci. Rev. 39, 1–58 (1995).

	 39.	 K. L. Anderson, I. A. Johanson, M. R. Patrick, M. Gu, P. Segall, M. P. Poland,  
E. K. Montgomery-Brown, A. Miklius, Magma reservoir failure and the onset of caldera 
collapse at Kīlauea Volcano in 2018. Science 366, eaaz1822 (2019).

	 40.	 F. Sigmundsson, V. Pinel, R. Grapenthin, A. Hooper, S. A. Halldórsson, P. Einarsson,  
B. G. Ófeigsson, E. R. Heimisson, K. Jónsdóttir, M. T. Gudmundsson, K. Vogfjörd, M. Parks,  
S. Li, V. Drouin, H. Geirsson, S. Dumont, H. M. Fridriksdottir, G. B. Gudmundsson,  
T. J. Wright, T. Yamasaki, Unexpected large eruptions from buoyant magma bodies within 
viscoelastic crust. Nat. Commun. 11, 2403 (2020).

	 41.	 P. A. Rosen, E. M. Gurrola, G. F. Sacco, H. Zebker, “The InSAR scientific computing 
environment,” in Proceedings of the EUSAR 2012, 9th European Conference on Synthetic 
Aperture Radar (IEEE, 2012), pp. 730–733.

	 42.	 R. M. Goldstein, C. L. Werner, Radar interferogram filtering for geophysical applications. 
Geophys. Res. Lett. 25, 4035–4038 (1998).

	 43.	 R. Michel, J.-P. Avouac, J. Taboury, Measuring ground displacements from SAR amplitude 
images: Application to the Landers earthquake. Geophys. Res. Lett. 26, 875–878 (1999).

	 44.	 F. Casu, A. Manconi, A. Pepe, R. Lanari, Deformation time-series generation in areas 
characterized by large displacement dynamics: The SAR amplitude pixel-offset SBAS 
technique. IEEE Trans. Geosci. Remote Sens. 49, 2752–2763 (2011).

	 45.	 P. Cervelli, P. Segall, F. Amelung, H. Garbeil, C. Meertens, S. Owen, A. Miklius, M. Lisowski, 
The 12 September 1999 upper east rift zone dike intrusion at Kilauea volcano, Hawaii. J. 
Geophys. Res. 107, ECV3-1–ECV 3-13 (2002).

	 46.	 W. Zhu, G. C. Beroza, PhaseNet: A deep-neural-network-based seismic arrival-time 
picking method. Geophys. J. Int. 216, 261–273 (2019).

	 47.	E . L. Chambers, N. Harmon, C. A. Rychert, R. J. Gallacher, D. Keir, Imaging the seismic 
velocity structure of the crust and upper mantle in the northern East African Rift using 
Rayleigh wave tomography. Geophys. J. Int. 230, 2036–2055 (2022).

	 48.	C . Bassin, G. Laske, G. Masters, The current limits of resolution for surface wave 
tomography in North America. EOS Trans. Am. Geophys. Union 81, F897 (2000).

	 49.	 B. L. N. Kennett, E. R. Engdahl, R. Buland, Constraints on seismic velocities in the Earth 
from traveltimes. Geophys. J. Int. 122, 108–124 (1995).

	 50.	 S. Cesca, Seiscloud, a tool for density-based seismicity clustering and visualization. J. 
Seismol. 24, 443–457 (2020).

Acknowledgments: We thank the reviewers for their constructive comments. C.P. thanks  
F. Sigmundsson for discussion and M. Davini, A. Cisternino, and the GreenDataCenter for IT 
support. Diversity, equity, ethics, and inclusion: C.P. is committed to promoting gender 
equity and inclusion in scientific research. She recognizes that women in Italy have faced 
systemic barriers that have limited their participation and recognition in science. She is 
dedicated to fostering a research environment where all individuals, regardless of gender, 
have equal opportunities to contribute their talents and expertise. Funding: C.P. and A.L.R. 
were supported by the Space It Up!—spoke 5 project funded by the Italian Space Agency (ASI) 
and the Ministry of University and Research (MUR) under contract n. 2024-5-E.0 CUP n. 
I53D24000060005. D.K. was supported by NERC grant NE/L013509/1. H.W. was supported by 
the National Natural Science Foundation of China (42274001) and the Associates Program by 
ICTP and the Simons Foundation (284558FY19). M.B., P.S., and F.C. were partially supported 
by the European Union—Next Generation EU (PNRR-M4C2) through the ICSC–CN-HPC 
(CN00000013) and CN-MOST (CN00000023) projects, as well as by the EPOS-RI, including the 
support obtained through the EPOS-Italia JRU and EPOS-ON (GA 101131592). P.B. was funded 
by the DFG project BU4346/1-1 (project number 517982028). Author contributions: 
Conceptualization and writing: C.P. and D.K. InSAR processing: A.L.R., M.B., P.S., and F.C. InSAR 
modeling: A.L.R., C.P., and H.W. Seismic analysis: S.C. and P.B. Physical modeling 
conceptualization, formal analysis, and writing: T.D. and E.R. Visualization: C.P., A.L.R., S.C., T.D., 
and D.K. Inputs on analyses, modeling, discussion, and writing of the manuscript: C.P., A.L.R., 
S.C., T.D., H.W., M.B., P.S., P.B., E.R., D.K., F.C., A.A., and E.L. Competing interests: The authors 
declare that they have no competing interests. Data, code, and materials availability: All 
data and code needed to evaluate and reproduce the results are available in the 
Supplementary Materials or in the online Dryad repository (https://doi.org/10.5061/
dryad.7d7wm389h). S1 acquisitions from the European Space Agency (ESA) and the 
Copernicus Programme are accessible at Alaska Satellite Facility (ASF) Data Search Vertex 
(https://search.asf.alaska.edu/#/). To download the L1 SLC data, we define the geographic area 
of interest at Fentale (latitude, 8.98; longitude, 39.91). In Filters>Date Filters, we insert the 
dates 17 December 2024 to 11 March 2025. InSAR processing code (ISCE) v.2 is available at 
https://github.com/isce-framework/isce2. The InSAR time-series analysis code (Pi-Rate) is 
available at www.phimaging.com/software/pirate. CSK interferograms processed under 

D
ow

nloaded from
 https://w

w
w

.science.org at A
lm

a M
ater Studiorum

 U
niversit di B

ologna on July 14, 2026

http://dx.doi.org/10.5069/G9862DKT
https://doi.org/10.5061/dryad.7d7wm389h
https://doi.org/10.5061/dryad.7d7wm389h
https://search.asf.alaska.edu/#/
https://github.com/isce-framework/isce2
https://www.phimaging.com/software/pirate


Pagli et al., Sci. Adv. 12, eaed6073 (2026)     8 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 9

license from the Italian Space Agency (ASI)—Original CSK Product—ASI—(2024). We compiled 
an initial catalog of 285 large earthquakes near the FD by combining Global CMT, NEIC, 
Geofon, and ISC catalogs. The Global CMT is available at www.globalcmt.org/, NEIC catalog is 
available at https://earthquakes.usgs.gov/earthquakes/search/, Geofon catalog is available at 
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iscbulletin/search/catalogue/. For all these catalogs, to download the data, we define the 
geographic area of interest (latitude, 8.8 to 9.6; longitude, 39.7 to 40.4) and the date range 
from December 2024 to March 2025. FURI seismic data used for single-station analysis are 
available from the Earthscope system from https://service.iris.edu/irisws/timeseries/docs/1/
builder/. On this page, the network code needs to be set to IU, the station name FURI, and the 

time period of interest to December 2024 to March 2025. For the moment tensor inversion, we 
use the seismic waveforms from open stations within 2000 km of Fentale available from 
Earthscope system https://ds.iris.edu/gmap/. Stations can be retrieved using the location 
radius search function and setting it as 2000 km from latitude 8.98 and longitude 39.91. This 
study did not generate new materials.
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