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% Check for updates While subduction zone hazard is dominated by the megathrust, intermediate-

depth (70-300 km) earthquakes within the slab can likewise have catastrophic
impacts. Their physics remains enigmatic, with suggested mechanisms
including dehydration embrittlement and thermal runaway. Here, we investi-
gate the 2024 Chile, M, 7.4 intermediate-depth earthquake and compare the
rupture extent with temperature conditions from thermo-mechanical models.
We record regional geodetic co-seismic deformation and high-resolution
seismicity associated with this type of event. Our analyses reveal a complex
rupture spanning an exceptional depth range, with distinct asperities propa-
gating deep into the subducting lithosphere. Comparison with thermal models
shows that while the rupture initiated within the cold slab core, it extended
well beyond the ~650 °C isotherm that typically delineates the boundary for
efficient serpentine dehydration. We suggest that the rupture likely initiated
with dehydration embrittlement within the cold core but then propagated into
the warmer regions through shear thermal runaway. This implies a transition
of mechanisms that facilitates large-scale rupture and activates typically
aseismic, high-temperature slab regions. Our findings highlight the impor-
tance of considering interactions between rupture mechanisms as well as slab
thermal and compositional settings to better understand the processes gov-
erning intermediate-depth earthquakes.

Most earthquakes occur along subduction zones at convergent
plate boundaries, where tectonic plates collide and one plate sinks
beneath another. Among these events, intermediate-depth earth-
quakes are defined as those occurring between 70 and 300 km
depth range'?. Although intermediate-depth earthquakes generally
pose lower seismic hazard than shallower events, these events can

still produce destructive ground accelerations®*, potentially
resulting in substantial fatalities and extensive economic losses’.
An example is the M,7.8 1939 Chillain intermediate-depth
earthquake®, which tragically led to a larger loss of life in Chile
than any of the megathrust events on record. An improved under-
standing of the rupture behavior and maximum magnitude of
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intermediate-depth earthquakes is thus imperative for seismic
hazard assessment.

For most subduction zones, intermediate-depth seismicity forms
upper and lower (double) seismic planes inside the slab’’. To explain
the stresses in these planes, forces including slab pull’® and the flexure
of the subducted lithosphere' have been proposed, where unbending
of slabs can lead to downdip compressional and tensional stress within
the upper and lower plane, respectively. However, given that the
pressure and temperature at intermediate-depths exceed those typical
of the brittle-ductile transition'?, the physical mechanism for shear
faulting remains unclear. There are two major hypotheses: the
embrittlement of rock caused by slab dehydration, where water
released from the subducting plate increases fluid pressure and causes
the surrounding rock to fracture”, and thermal runaway, an instability
where shear heating softens rock, creating a feedback loop of focused
strain that culminates in rapid slip'*". Observational efforts to test
these hypotheses have typically focused on seismicity
distributions®'*", whereas studies examining rupture properties have
revealed characteristics including relatively high stress drops, fast
rupture velocities, and a systematic decrease in aftershock pro-
ductivity with increasing depth, which may be influenced by slab
dehydration'®*°, However, the rupture extent of large intermediate-
depth earthquakes, their local temperature and mineral compositions,
and their interaction with the double seismic zone, remain poorly
constrained. This limits our capability to test the physical boundaries
of the proposed source mechanisms including dehydration embrit-
tlement and thermal runaway.

On July 19, 2024, an earthquake of M, 7.4 struck Northern Chile
near Calama, named here the 2024 Calama earthquake. This event
occurred within the oceanic lithosphere where the Nazca plate sub-
ducts beneath South America. In the region, other similarly large
intraplate, intermediate-depth events have been reported, the M,, 8.0
Calama 1950 and M,, 7.8 Tarapaca 2005 events (Fig. 1)°. The 1950
earthquake occurred almost at the same longitude but a few tens km to
the South from Calama 2024 (Fig. 1), albeit with location uncertainty of
50-100 km?. Its rupture was constrained by analog teleseismic data

only, indicating a normal faulting focal mechanism with poor
constraints on rupture dynamics?. The 2005 Tarapaca event
occurred further north with a subhorizontal rupture'®**?*. Cab-
rera et al. ?° noted that deeper events located at elevated tem-
peratures present relatively fewer aftershocks but some other
studies®** did not find this pattern.

At a similar latitude as the 2024 Calama earthquake, several well-
recorded events of magnitudes below 7, including the 2007 M,, 6.7 and
2020 M,, 6.9 earthquakes, occurred within the 300°-400 °C isotherms
in the oceanic crust and upper lithospheric mantle (Fig. 1)**%". This
pattern suggests a role of slab thermal structure in confining ruptures.
However, the 2024 Calama event, with its significantly larger magni-
tude, likely involved a more spatially extensive rupture and fault geo-
metry than previous earthquakes. Hence, it provides a unique
opportunity to investigate intermediate-depth earthquakes, providing
an important probe of the thermodynamic regime. For example, the
thermal state of the slab, which affects mineral phase transitions, plays
a critical role in determining whether dehydration embrittlement is
feasible, thus influencing rupture processes.

In this work, we perform a comprehensive investigation of the
rupture process, aftershock sequence, and thermal environment
for the 2024 M,, 7.4 Calama earthquake. We use a range of seismic
data, including accelerograms and seismograms from a dense local
network, along with teleseismic recordings (Fig. 1 and supplemen-
tary Fig. S1), to constrain the spatiotemporal evolution of the event.
Additionally, we use coseismic displacement from continuous
GNSS data (Fig. 1) to invert for the final static slip distribution. Our
results reveal that the 2024 event ruptured multiple asperities
along a steeply dipping fault plane, extending across an unex-
pectedly large depth range of over -50 km. This implies that the
rupture might have reached beyond the cold core of the slab.
Comparison with geodynamic models indicates that the rupture
indeed extended beyond the region where conditions are favorable
for efficient serpentine dehydration. These observations suggest a
possible rupture transition from dehydration embrittlement to
shear thermal runaway for large intermediate-depth earthquakes.
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Fig. 1| Tectonic setting and seismicity in northern Chile. a Map of seismicity in
Northern Chile, based on the relocated catalog of Potin et al. *. The largest his-
torical events in the region, and the two used empirical Green’s function events, are
marked with stars. The beachball shows the Global CMT solution (https://
globalcmt.org) of the 2024 M,,7.4 Calama earthquake. b Distribution of seismic and
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geodetic stations used in this study. ¢ Cross-section along the profile shown in (a),
red circles are aftershocks relocated in this work. Black circles represent back-
ground seismicity within 25 km of the cross-section plane, and orange circles
indicate the M,,7.4 mainshock and its aftershock sequence. Background seismic
tomography is from Potin et al. >!,

Nature Communications | (2025)16:8140


https://globalcmt.org
https://globalcmt.org
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63480-5

a T T T T T c
k <
10 ]
S
o
0 10 20 o
-23°+ w
Time E4 M;7.0 20740 760 160
E1M, 6.6 @ ——
% E5M,72 =
E2 M, 6.9 @ 3
. o
_23.25° @ 1
o km E3M, 7.0 5740 160 180
—68.25 —68° ~67.75° S| ]
Q
[e]
b T
2]
100 \ -
Do 740 160 180
S
/abg ; : r
E1 =
& g f
= S
3 E2 E3 o
s bg\>s06m | 3
£ depth range
& 150 ., h 5740 160" T80
a ——
¢l e
S0 ]
[e]
& :
il [Te}
w
il L L L L
0 50 100 20740 160 180
Depth (km)

Distance (km)

Fig. 2 | Rupture process of the 2024 Calama M,, 7.4 event. a Subevent locations
and focal mechanisms (red beach balls). The hypocenter is collocated with the first
subevent E1. The aftershocks detected by Chile Seismic Network (CSN) are dis-
played by the gray dots in the background. The inset box shows the moment rate
functions for all subevents. b Cross section along the profile in (a) showing the
subevents propagated sub-vertically, consistent with the aftershock locations (gray
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dots), favoring the steep down-dip plane dipping eastward. The top black solid line
indicates the slab surface from Slab2*. Histogram shows the density of aftershocks
as a function of depth. ¢ Marginal probability distributions of subevent centroid
depths. d-e Representative data (black) and synthetic (red) waveform fits for tel-
eseismic P and SH waves (0.005-0.2 Hz), and regional strong motion (0.02-0.2 Hz)
full waves. The numbers leading the traces are azimuths and distances.

Results

Subevent characterization of the rupture process

Local strong motion data and teleseismic waveforms show a complex
pattern of P and S waves indicative of rupture of different sub-sources
for the 2024 Calama event (supplementary Fig. S2). This motivates a
subevent inversion for the spatiotemporal rupture process of the
M, 7.4 earthquake based on teleseismic P and SH waves from 54 global
seismic stations and regional full waveforms from 47 strong motion
stations (supplementary Fig. S1). Our method partitions complex
rupture observations into a series of simpler point source subevents
with their own timing, location, source duration, and moment
tensors®®*°, A nonlinear inversion is implemented by Markov Chain
Monte Carlo sampling, and we iteratively increase the number of
subevents until the waveforms are fit sufficiently well (See the Methods
section for more details). Locations and moment tensors of subevents
are free parameters and provide information on fault geometries when
those are not otherwise constrained.

We find that the 2024 Calama M,, 7.4 earthquake can be best
modeled with five distinct subevents, where the best-fit subevent
number is optimized based on the trade-off between waveform misfit
and model complexity (Supplementary Fig. S3). In particular, a
5-subevent model provides noticeably better fits to complex waveform
features compared to models with fewer subevents (Supplementary
Fig. S3). The five subevents span over -20 s, with an eastward pro-
gression over a horizontal distance of -25 km (Fig. 2a). In contrast, the
vertical extent of the rupture is much larger, with the subevents
spanning a depth range of ~-50 km (Fig. 2b). The rupture progression
initiated with a M,, 6.6 subevent centered at 125 km depth (E1), close to

our relocated hypocenter at 128 km. The rupture then triggered dee-
per subevents E2 (M,, 6.9) and E3 (M,, 7.0), which are close, slightly east
of E1 but at a larger depth of 142 km. As the rupture advances, sube-
vents E4 (M, 7.0) and E5 (M,, 7.2) occurred even deeper, with centroids
at 160 km and 174 km, respectively. Waveform fits (Fig. 2d, supple-
mentary Figs. S4, S5) and model uncertainties (Fig. 2c, supplementary
Fig. S6) indicate that the source parameters for each subevent are well
resolved. The wide, asymmetric duration distributions for later sube-
vent parameters (supplementary Fig. S6), as truncated by the limits of
the search algorithm, indicate that their durations are not tightly
constrained with long-period data. However, subevent timings and
locations are well constrained. Given that the rupture may have initi-
ated at depths shallower than the centroid of E1 and extended to
depths larger than the centroid of ES5, the whole depth range ruptured
by the M,, 7.4 earthquake likely exceeded 50 km.

The compact horizontal yet substantial vertical extent of the
subevents suggests that the rupture propagated along a steeply
eastward-dipping fault plane. This geometry aligns well with the steep
nodal plane of the subevent moment tensors (Fig. 2b). We also relo-
cated the aftershocks for 2024 Calama event by manually identifying
the P and S phases of seismograms recorded at local seismic stations
for all aftershocks reported by the Chilean Seismic Network (CSN)
using a 3D velocity model; results are shown in Figs. 1c, 2c, and sup-
plementary data 1. Our detected and relocated aftershock seismicity
indicates an eastward-dipping band spanning depths of 120-180 km,
which closely matches the subevent hypocenters (Fig. 2b). The early,
shallow subevents E1-E2 account for only 20% of the total moment
release but are associated with high aftershock density. In contrast, the
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orange squares indicate the apparent source durations as a function of the vertical
slowness, before and after the horizontal rupture directivity correction, respec-
tively. The orange line indicates a linear fit to the observed trend, corresponding to
a rupture length of 78 km and rupture velocity of 4.2 km/s. The surrounding-
colored area illustrates the 95% confidence limit of the slope, corresponding to the
error range of the resolved rupture parameters. The black lines indicate the slopes
for rupture lengths of 50, 70, and 100 km, respectively.

later, deeper subevents (E3-ES) contribute the bulk (80%) of the seis-
mic moment, yet have lower aftershock density and more scattered
aftershock distributions (see histogram in Fig. 2b). This suggests a
more complete stress drop in the larger asperities ruptured during the
later stages of the earthquake, given that the larger seismic moment
over a compact rupture area implies a higher stress release. This
interpretation is supported by the depletion of aftershocks for the
later rupture stage, as a thermally driven comprehensive rupture
would leave minimal residual stress to trigger aftershocks.

Validation of the fault geometry and rupture extent

To further validate the rupture characteristics and depth extent for the
2024 Calama, we conducted directivity analysis on the broadband
recordings. If there were no vertical rupture propagation, the apparent
duration of both downgoing and upgoing body waves would be
identical, i.e.,, no Doppler effect. However, for a unilaterally propa-
gating rupture along dip, we expect a directivity effect: shorter and
longer duration in the direction of rupture and opposite to it,
respectively. To constrain source durations, we use two local earth-
quakes, the 2017/04/15 M,, 6.2 and 2022/12/10 M,, 5.6, to generate
empirical Green’s functions (EGFs)*>** (Fig. 1a), and deconvolve the
downgoing P and upgoing SH waves for the shared regional and global
seismic stations for the apparent source time functions (STFs)***.
Since the smaller events have similar depth and focal mechanisms, the
derived EGFs allow removal of the shared path and site effects.

Following deconvolution, we correct the stretching on the apparent
source duration caused by the horizontal rupture toward the east as
inferred from the subevent model. We then invert for the rupture
dimension and velocity through regression, as those are linear func-
tions of the vertical slowness and the corrected source durations for
each station and phase®**,

The apparent STFs for downgoing P and upgoing SH waves have
distinct durations and shapes (Fig. 3). Convolved with EGFs, they
provide excellent fits to the observed waveforms of the Calama
earthquake (Supplementary Figs. S7-S10). The downgoing STFs show
coherent phases that align with the five subevents determined from
the waveform inversion, with total duration of ~12-13s (Fig. 3a). In
contrast, the upgoing STFs have much longer durations of ~30 s, which
suggests pronounced downward rupture directivity (Fig. 3b). The
upgoing STFs also contain over 10 pulses, which reflect smaller scale
asperities superimposed on the 5 major, lower frequency subevents
ruptured coseismically (Fig. 3b). These details are preserved along the
shorter travel distance and less-attenuating upgoing path, whereas the
long teleseismic path for the downgoing waves acts as a low-pass filter.
Applying a low-pass filter below 0.4 Hz to the upgoing STFs reveals
comparable longer period subevent pattern (Supplementary Fig. S11).
Meanwhile, the temporal gaps in the upgoing source time functions
are necessitated by the waveform data in the deconvolution (Supple-
mentary Fig. S12). Therefore, we interpret these high-frequency aspe-
rities as real, resolvable features of the rupture. Our regression analysis
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displacement fits for the rupture along the sub-vertical fault plane. Full fits to both
vertical and horizontal component displacements for the two fault planes are
shown in supplementary Figs. S17, S18.

on the observed STF durations yields an optimal rupture length of
78 km and average velocity of 4.2 km/s, along a fault plane with 71°
eastward dip. This angle coincides with the average dip of the 5
subevents’ steeper fault planes. Moreover, the large downdip rupture
dimension aligns with the depth range of the subevents and after-
shocks (120-180 km) and explains the anomalously broad teleseismic
sP and sS depth phases (supplementary Fig. S4). Our relocated after-
shock distribution aligns well with the sub-vertical plane inferred from
the subevents (Fig. 2). We also searched for precursor events and
further aftershocks using template matching. No precursors were
observed and the aftershock productivity is high compared to other
similar events in the area”® (supplementary Figs. S13, S14).

The mainshock produced horizontal displacements of -1cm
extending more than 250 km from the epicenter and a subsidence of
~20 cm above the rupture. Using these GNSS-derived displacements,
we estimated the geodetic co-seismic slip distribution (Fig. 4). We
tested both the sub-horizontal and sub-vertical planes based on the
focal mechanism and our proposed hypocenter (Supplementary
Fig. S15). Acknowledging the inherent challenge of resolving fault
geometry and the detailed slip distribution for such a deep source, we
found that both planes can fit the GNSS observations (supplementary
Figs. S16-S18). However, the fit for the vertical plane model is slightly
better and has relatively smoother inferred coseismic slip. The insig-
nificant misfit differences suggest that geodetic data may not tightly
constrain fault geometry. Nonetheless, the effective slip distribution
for the sub-vertical plane is consistent with our subevent inversion,
directivity analysis, and aftershock patterns. In conjunction, these
provide much stronger seismological constraints on the rupture
geometry.

Rupture across the dehydration isotherm suggests a mechanism
transition

The large depth extent of the 2024 Calama event renders it an
important probe for understanding the mechanisms of intermediate-
depth earthquakes in general. The event likely ruptured a substantial

portion, if not reached the base of the subducting lithosphere. This is
further supported by the distinct character of later waveform arrivals
in the strong motion data, which necessitates deep depths of sube-
vents E4-E5, as indicated by our forward modeling tests (Supplemen-
tary Fig. S19). The rupture could extend well beyond the inferred
600 °C to 650 °C isotherm at depths of 120-180 km, which bound the
region capable of hosting dehydration embrittlement*, a key
mechanism invoked to explain the intermediate-depth seismicity in
northern Chile”. Compared with other intraplate earthquakes®, 2024
Calama had a significant number of aftershocks, which suggests that at
least part of its rupture occurred in a colder, brittle regime. This is
more analogous to shallower events such as the 2007 Michilla M,, 6.7
and 2020 Calama M,, 6.9 earthquakes®, rather than events in high-
temperature zones (>600°C) where aftershocks are typically
suppressed.

We further assess the temperature environment of the region by
computing steady-state, semi-kinematic thermal geodynamic models
for the subduction zone along a 2D cross section*’. The slab geometry
is constrained by multiple independent datasets, including regional
seismicity, seismic tomography, and the latest high-resolution CSN
earthquake catalog™*. Our models also incorporate the incoming
plate thermal structure inferred from plate age, and an adiabatic
temperature gradient (see Methods section). As for all such models,
isotherms are strongly affected by plate age and convergence rate, the
product of which is a scaled Peclet number, the “thermal parameter”; it
determines how deep cold isotherms are subducted before they dif-
fuse away. Our results indicate that although the M,, 7.4 earthquake
likely nucleated near the cold core of the slab, its ~78 km downdip
rupture extended far beyond the 650 °C isotherm that bounds the
zone where serpentine can efficiently dehydrate to olivine (Fig. 5). This
finding is robust to variations in thermal modeling setups and other
methodological choices. Adopting alternative slab geometries (e.g.,
Slab2*) or varying slab age still implies that 2024 Calama ruptured
beyond the serpentinite dehydration isotherm (Supplementary
Fig. S20). Even under the alternative hypothesis that the slab resides
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deeper, the thickness of its cold core is still well constrained. Mean-
while, our thermal model is consistent with other thermal models for
the wider region*>*’; those also feature a cold core too thin to contain
the entire Calama rupture (Supplementary Fig. S21). Note that other
hydrous minerals such as chlorite, talc, and amphiboles can also
dehydrate under varying pressure-temperature conditions**™*¢, How-
ever, most amphiboles dehydrate at lower temperatures and thus
release fluids at shallower depths, while chlorite and talc are present in
substantially lower abundances than serpentine™*. As a result, anti-
gorite serpentine remains the dominant contributor to fluid release
and large-scale faulting. Therefore, once the rupture extended beyond
into warmer regions, mechanisms other than dehydration embrittle-
ment likely governed further rupture propagation.

We suggest that the rupture likely transitioned into thermal run-
away, involving localized shear heating that weakens the rock and
sustains rupture propagation. Thermal runaway alone is unlikely to be
a general mechanism for earthquakes, due to the lack of a spontaneous
self-localization'". However, slow deformation over geological time
scales allows significant strain to accumulate. Once a triggering
mechanism like dehydration embrittlement can initiate localized fail-
ure, shear thermal runaway, even at high temperatures, can act as a
positive feedback loop of shear heating that may substantially weaken
the fault, generating large slip asperities, and as a consequence more
complete moment release*’*°. Our observations agree with such a
transition: the second rupture stage occurs at depths with sparse his-
torical seismicity and low aftershock density (Fig. 1), yet releases 80%
of the total seismic moment (E3-E5) (Fig. 2). This suggests that a sec-
ondary mechanism such as shear thermal runaway can play a critical

role for fault weakening at larger depths, including for intermediate-
depth earthquakes.

Discussion

Hypotheses for intermediate-depth earthquakes typically focus on
seismicity concentrated within the cold core of the slab, where dehy-
dration embrittlement is considered dominant, and transitions from
dehydration embrittlement to other mechanisms, such as thermal
runaway, are rarely observed. Among historical M,, > 7.5 intermediate-
depth events, the 1993 M,, 7.6 Kushiro-oki, the 2005 M,, 7.7 Tarapaci,
and the 2014 M,, 7.9 Rat Island earthquakes are the few that have well-
defined fault planes and along-dip rupture extent**>***, In analogy to
our Calama models, we estimate the temperature environment for
those other intermediate-depth earthquakes (Fig. 5). All three com-
parables have rupture areas generally confined to the cold slab core,
below the 650 °C serpentine dehydration isotherm, where dehydration
of gabbro and basalt occurs within the slab, facilitating potential brittle
deformation. 2024 Calama event does present a striking exception
where the rupture extends into substantially warmer regions, perhaps
up to 1000 °C. This inference is robust with respect to oceanic plate
age variations (supplementary Fig. S20).

A potential contributing tectonic factor for Calama is the high
degree of megathrust coupling®, which may enhance slab pull forces
and impose additional stress on the downgoing slab. This loading,
combined with the slab’s thermal structure, may facilitate a transition
from dehydration embrittlement to shear thermal instability, enabling
failure beyond the cold slab core. Our findings complement earlier
suggestions that thermal runaway, where localized heating from shear
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Fig. 6 | Summary schematic of the intraslab rupture and mechanism transition
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serpentine dehydration, which suggests transitioning to another mechanism, likely
shear thermal runaway. Gray dots represent seismicity that delineates the upper
and lower seismic zones.

stress reduces resistance and facilitates rapid slip, may occur for
moderate-size intermediate-depth events’>*. We demonstrate that
such a mechanism may also operate in large-scale intermediate-depth
ruptures.

A similar transition from mineral phase change-driven to shear
heating-accommodated rupture has also been proposed for deeper
earthquakes (300-700 km), such as for 1994 Bolivia, 2013 Okhotsk, and
2018 Fiji earthquakes*****, For both depth ranges, the slab’s thermal
structure appears to be the common control governing the mechan-
ism transitions from the colder core to the warmer slab halo. These
temperature patterns influence phase changes and associated weak-
ening processes, albeit through distinct mechanisms. For
intermediate-depth earthquakes like the 2024 Calama event, the initial
trigger is the dehydration of the hydrous minerals such as serpentine
and similar hydrous minerals in the cold slab core (Fig. 6). In contrast,
for the deep earthquakes, the transformational faulting of metastable
olivine is likely the first driver'>*®>*, Despite the different initial triggers,
both settings involve thermal runaway as the subsequent mechanism
that allows the rupture to propagate further, into hotter, otherwise
ductile regions. However, the details governing these transitions,
potentially involving factors including compositional and grain size
variations affecting stress state, frictional properties, and variations in
hydration status, remain to be further investigated.

Besides its remarkably large effective fault plane, 2024 Calama
also ruptured at a relatively fast velocity exceeding -93% of the local
shear wave velocity (V). This is above the typical rupture speeds for
large intermediate-depth earthquakes, usually in the range of 0.2-0.8
of Vs**=7, While methods that analyze far-field Mach cones in surface
waves are effective for constraining horizontal supershear®®*, for
Calama 2024, which primarily propagated down-dip, body-wave ana-
lysis on Doppler-like compression of source durations provides the
most robust constraint on rupture velocity. Rupture speeds at -0.9 Vs

fall in the “forbidden zone” between Rayleigh and shear wave speeds,
where the rupture is theoretically unsustainable as the fault generates
rather than absorbs strain energy®®®%. Hence, it is likely that the
inferred rupture velocity of 2024 Calama is an average of mixed rup-
ture, including both regular subshear and episodic supershear pro-
pagation. This inference is consistent with the subevents and
deconvolved source time functions (Figs. 2, 3), where the rupture is
characterized by a series of distinct pulses, suggesting propagation
through a heterogeneous field of asperities (Fig. 6).

We attribute the inferred, episodic supershear speeds to the
triggering of these asperities, where dynamic stress perturbations
from seismic waves initiate failure on the nearby faults. Dynamic trig-
gering has been widely observed for smaller earthquakes triggered by
distant large events®*®, and has been suggested to generate deep
earthquakes in the warmer regions of the slabs***°. However, the
complex rupture behavior we observed for the Calama earthquake,
characterized by distinct source time function pulses that suggest
sequential activation of multiple asperities during the rupture, has
rarely been documented for intermediate-depth events.

Asperities likely reflect compositional and structural hetero-
geneities along the fault, and they can play a critical role in modulating
rupture dynamics®>"°, For intermediate-depth events such as 2024
Calama, asperities might be loaded near critical to the background
loading, such as from slab bending. Spontaneous rupture may be
unlikely on the asperities in warmer and less brittle regions, but once
the rupture initiates in the cold slab core, dynamic stress perturbations
may activate surrounding asperities, possibly triggering thermal run-
away and facilitating rupture into normally stable regions. Future work
may reveal how interactions between rheological heterogeneities,
thermal gradients, and stress states could potentially determine whe-
ther asperities remain quiescent or are activated during rupture in a
prospective sense.
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In summary, by integrating comprehensive earthquake rupture
imaging using seismic and geodetic data, as well as thermomechanical
modeling, our analyses on the 2024 M,, 7.4 Calama earthquake reveal
that the rupture spanned an unusually large depth range. A succession
of subevents penetrated into the outer reaches of the slab, likely
involving a transition from dehydration embrittlement in the cold core
to thermal runaway in the warmer slab halo. The 2024 Calama event
shows that even high-temperature regions of the slab, typically con-
sidered aseismic, can be dynamically activated during large events.
Allowing for such rupture transitions substantially extends the total
possible rupture area and seismic moment available. This calls for
reassessing the seismic hazard when estimating maximum magnitudes
for large earthquakes in subduction zones.

Methods

Earthquake detection using template matching

We used template matching’® to detect unreported earthquakes
around the 2024 Calama mainshock, by means of the Fast Matched
Filter algorithm”.. This was done by analyzing continuous broadband
velocity waveforms of six stations of the CSN network situated near the
epicenter of the mainshock and at distances of less than 3°. Following
previous regional studies’®”®, we used three component records
downsampled to 40 Hz and bandpass filtered from 1Hz to 20 Hz. For
the application of template matching, an initial catalog is required, for
which we use the seismicity reported by CSN (www.sismologia.cl) in
space-time windows, as will be explained below. For each event of the
initial catalog, P-wave and S-wave arrivals for all selected stations were
calculated using a local 1-D velocity model”. To estimate the templates
as well as the moveouts used in the analysis, we use the vertical com-
ponent to scan the P-wave and the horizontal components to scan the
S-wave’’. In this sense, we cut the continuous waveforms from 2s
before the theoretical arrival times until 3 s after. Thus, we made one
template waveform for each component of every station selected,
which represents 5 s of the recorded events.

For every event, we scanned the continuous data by moving the
templates one sample, and preserving their moveouts. At every posi-
tion of the sliding windows, we calculated an averaged cross-
correlation coefficient (CC) over all stations and components. In
order to consider only waveforms with an acceptable signal-to-noise
ratio (SNR), we excluded stations with an SNR lower than 2.0 in the
vertical component; others are weighted such that the sum of all
weights over the stations is unity. Lastly, we removed those templates
with fewer than 4 stations with acceptable SNR on the vertical com-
ponent. This resulted in a time series representing the similarity
between the templates and the continuous data. We used a daily
detection threshold of 15 times the median absolute deviation (MAD)
of the daily time-series of averaged cross-correlation coefficients to
define the potential detection of an earthquake with significantly
similar waveforms to the templates, assuming they occur at the same
hypocentral location as the event used for the detection.

Given the possibility of obtaining consecutive detections sepa-
rated by a time of less than the template waveform’s duration, we
removed these consecutive detections, leaving the one with highest
CC and removing the surrounding detections. The magnitudes were
estimated by computing the median amplitude ratio between the
waveform of the templates and the detections over the stations,
assuming that a tenfold increase in amplitude corresponds to one unit
increase in magnitude”.

For our analysis, we considered two cases with different spatial
windows to define the initial catalogs before running template
matching. The first is for comparative purposes and considers the
same radius of rupture (21km) adopted by Herrera et al. ** for the 2020
Mw 6.8 Calama intraslab earthquake, and the second considers a
greater radius, of 47 km, calculated using expressions proposed for
another Mw 7.4 event’*, based on the source radius estimated by Wells

& CopperSmith™. In this context, we make two different catalogs as
follows:

For DS], the initial catalog contains every earthquake reported by
CSN that originated between one month before and one month after
the mainshock, and located at a distance less than 21 km from the
reported hypocenter of the mainshock. With this criterion, 33 initial
events were considered, of which 32 were used as templates, and 150
were finally reported after running template matching. For DS2, the
initial catalog is composed of every earthquake reported by CSN and
located in a distance of less than 47 km from the location of the
mainshock, in a temporal window between one month before and one
month after the mainshock. In this case, 84 initial earthquakes were
considered, 82 were adopted as templates, and a total of 314 final
events were reported after applying template matching (supplemen-
tary Figs. S13 and S14).

Subevent inversion for rupture process

We apply a multiple-subevent inversion method”*° to constrain the
source parameters of the subevents for 2024 Calama instead of kine-
matic finite-fault inversion, as the subevent parameterization avoids
potential biases from assuming a fixed fault geometry and allows a
more comprehensive exploration of the parameter space with fewer
free parameters. Subevent inversion was also selected over back-pro-
jection, as our primary goal is to resolve down-dip rupture directivity, a
characteristic to which back-projection is largely insensitive. The
number of subevents is determined by iteratively adding subevents
until the improvement in data fit becomes insignificant. Each subevent
is characterized by 5 nonlinear parameters: horizontal location, depth,
centroid time, and centroid duration, except for the first subevent,
whose horizontal location is fixed at the CSN hypocenter to prevent
simultaneous shifting of all subevent locations and seismogram tim-
ings. Additionally, each subevent has 5 linear parameters corre-
sponding to its deviatoric moment tensor components.

The inversion employs a two-stage algorithm to efficiently explore
parameter space. In the outer stage, we search for nonlinear location
and timing parameters using a Metropolis-Hastings Markov Chain
Monte Carlo (MCMC) sampler. During each MCMC random walk, one
nonlinear parameter is perturbed while others remain fixed, which
allows a high acceptance rate and sampling efficiency’. For each set of
nonlinear parameters, we linearly invert the seismic data to estimate
subevent moment tensors”’. This separation of nonlinear and linear
parameter estimation reduces computational cost and enhances
efficiency.

We generate 192 MCMC chains and retain the best-performing 48
chains to mitigate the effects of bad initial samples and avoid local
minima. A Bayesian framework is used in the inversion to incorporate
data errors and model priors, which allows estimation of model
uncertainties. Uniform prior distributions are assigned to nonlinear
parameters, with horizontal location priors informed by the spatial
density of early aftershocks. Although instrumental noise is minimal,
we introduce a 10% empirical data error relative to misfit to account for
inaccuracies in wave propagation assumptions. Model uncertainties
are quantified as the 95% confidence intervals of the posterior prob-
ability density functions, defined by the 2.5 and 97.5 percentile values
of the Markov Chain samples, without assuming a Gaussian fit to them.

We use P-wave displacement and velocity waveforms from 54
teleseismic stations, SH-wave displacement waveforms from 53 tele-
seismic stations, and three-component velocity waveforms from 47
regional strong ground motion stations. Data were obtained from the
Global Seismic Network (GSN), the International Federation of Digital
Seismograph Network (FDSN), and the Chilean National Seismological
Center (CSN). Weights are adjusted to achieve comparable contribu-
tions to the misfit, with a weighting ratio of 3:1:0.04 for teleseismic P
and SH waves, and regional data, respectively. Instrument responses
and linear trends were removed, and teleseismic data were band-pass
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filtered between 0.02-0.2Hz, while regional data were filtered
between 0.02-0.15 Hz. We allow time shifts of up to 2 s for teleseismic
P waves, 5s for teleseismic SH waves, and 2s for regional data to
account for path effects and picking errors. Green’s functions were
calculated using a local 1D velocity model’* for the crust and the 1AS-
PEI91 model for deeper Earth structure. Teleseismic Green’s functions
were computed using a hybrid method combining the propagator
matrix approach and ray theory’®”®, while regional Green’s functions
were computed using the frequency-wavenumber integration
method®°. The optimal subevent model for the Calama event is shown
in Table S1.

Geodetic inversion of the slip distribution

We used GNSS observations from CSN (https://doi.org/10.7914/SN/
C1), together with stations from the International GNSS Service (IGS)
network®' and those installed by the ANILLO-PRECURSOR®? and IPOC®*
projects. All GNSS data were processed using the differentiation
strategy®, using the Bernese 5.4 software®. The daily results were
accumulated to generate time series that are compatible with the
ITRF2020 reference frame®®. The resulting coseismic displacements
are summarized in Table S2.

Based on the earthquake focal mechanism and hypocenter loca-
tion, we modeled two fault planes: (1) a sub-horizontal plane (dip = 21°,
strike = 172°) and (2) a sub-vertical plane (dip = 69°, strike = 341°). We
compute Green’s functions for both planes using triangular elastic
dislocation modeling®. We then perform a generalized least square
inversion to estimate the coseismic slip distribution, where prior
information is defined by the Equal Posterior Information Condition
(EPIC)®S. EPIC applies a spatially variable smoothing constraint based
on a discrete Laplacian, which allows regions of the fault plane with
dense GNSS data coverage to retain more detailed slip features while
enforcing stronger smoothing in poorly constrained fault areas. We
applied positivity constraints to the dip-slip components and con-
strained the maximum values of the slip on the strike direction. Both
fault plane models achieved good fits to the GNSS data, while the
vertical plane produced slightly better RMSE residuals (1.48 mm vs.
1.51 mm). Additionally, the vertical fault plane aligns more closely with
the spatial distribution of observed aftershocks.

Source time function deconvolution for rupture directivity
and extent

We designed a time-domain deconvolution approach to extract the
source time function from observed seismic waveforms. The problem
minimizes the mismatch between the observed data u(¢), and the
convolution of the source function s(f) with a predefined empirical
Green'’s function G(¢),

ming||G©)*s(€) — u(@)| >+ 1 - Lip(s) 6

in which Ly»(s) is a mixed L;-L, norm regularization term to prevent
overfitting of the data. The mixed norm term is defined as

La©)=3",lisgll, @)

where s is the subvector of s(¢) corresponding to group size g. Here,
we choose g as 20 samples (2 s window for sampling rate of 0.1s), and
we choose A as 0.05 to balance sparsity and smoothness of the
resolved source time functions.

The optimization problem is solved using the CVXPY library®’,
with the non-negativity constraints to reflect the physical non-
negativity of the source time functions.

To test the robustness of the observed gaps in the source time
functions, we incorporate a second-order difference regularization to
enforce smoothing in the source time function by penalizing rapid

changes in curvature,
ming||G(6)*s(t) — u(t)|[5+A- Lp(s)+B - |ID,sI13 3

where the finite-difference operator is represented as

N-2
1ID,s113 =Z,-:1 (Sir2 = 2501+ “4)

The results with 8 as 0, 10> (moderate forced smoothing), and 10*
(strong forced smoothing) are shown in supplementary Fig. S12.
Retrieving acceptable fits to the data requires gaps in the source time
functions.

After we obtain the source time functions, we estimate the source
durations for each trace. These durations are determined by identify-
ing the main, coherent energy release that is clearly visible above noise
and maintains a consistent shape across stations. We confirm its
robustness by comparing our results (Fig. 3) to those derived from a
standard quantitative criterion (STF amplitude > 25% of the peak, used
by the IRIS DMC source time function products’) (Supplementary
Fig. S22). While this test results in qualitatively similar rupture para-
meters, the rigid threshold introduces unnatural truncations, particu-
larly for teleseismic P-waves. Therefore, we retain our initial selections
as they provide a more physically meaningful measure of source
duration. These final durations are then used to correct the horizontal
rupture directivity constrained from the subevent locations (25km
towards the east). We further examine the relationship between source
durations and vertical slowness by fitting a linear regression model to
observational data to estimate the vertical rupture directivity. The
slope intercept of the regression line in Fig. 3¢ provides an estimate of
the inverse of the vertical rupture velocity, and the x-axis intercept
indicates the source duration, which allows the characterization of
rupture dimension along the dip. To quantify uncertainties of the slope
and the intercept, we consider two times the standard deviation errors
of their respective estimates; those provide upper and lower bounds
for the estimated rupture velocity and dimension, respectively.

Thermal simulations for the slab temperatures

We conduct thermal simulations for subducting slabs at Chile, Japan,
and the Aleutian subduction zones. We compute two-dimensional
thermal models initialized from a plate cooling model of reference
plate thickness of 95km® based on ages of oceanic plates’, which
represents the thermal state of the oceanic lithosphere at incipient
subduction. For the slab surface geometry, we use a slab interface
model estimated using the CSN seismicity catalog for the two northern
Chile transects (Fig. 5a, b), and the slab surface from Slab2* for the
other two transects (Fig. 5¢, d). For the northern Chile transects, we
also test the slab surface from Slab2; this does not affect our conclu-
sions (Supplementary Fig. S21). We project convergence velocity”
onto the transects (Table S3) because the plate motion velocity is not
aligned with the direction perpendicular to the trench. With these
initial conditions for each subducting slab, we use a finite element
model to estimate the thermal structure*’. These models incorporate a
kinematic slab with prescribed geometry as well as a dynamic mantle
wedge with a composite rheology including both diffusion and dis-
location creep. The slab decouples from the overriding plate at 50-km
depth. The mesh resolution is 2 km, with refinement to 1km at the
mantle wedge and slab surface. The mantle potential temperature is
1300 °C and adiabatic temperature gradient is 0.3 °C/km°*?>%*, Tests
assuming that the slab decouples from the overriding plate at 80-km
depth show no substantial difference from the thermal simulation
results used in this study.

Data availability
All figures are plotted using GMT (https://www.generic-mapping-tools.
org/). Seismic data are available on the IRIS Wilber 3 page (https://ds.
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iris.edu/wilber3/find_stations/11455082) and strong motion at https://
evtdb.csn.uchile.cl/event/030cd73d4cf743e322b7bc88fl1166a4c.
GNSS observations are available at http://gps.csn.uchile.cl.

Code availability

The subevent inversion code is available at https://github.com/
jiazhe868/SubMIT, the source time function deconvolution code at
https://github.com/jiazhe868/source_time_function_deconvolution,
and the thermal modeling code at https:/github.com/nate-sime/
mantle-convection. Please contact the corresponding author to dis-
cuss how to use the code.
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