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Resumen El terremoto de Quiché de magnitud M., 6.4 en 2023 es el terremoto de mayor magnitud
(M, > 6) registrado en la zona mas profunda de la placa de Cocos bajo América Central, a una profundi-
dad de ~ 255 km. Aqui, refinamos los parametros fuente tanto para el terremoto de Quiché como para el
Unico otro evento a profundidades comparables (el terremoto de Jutiapa de magnitud M,, 5.5 en 1997), con-
firmando tanto su profundidad excepcional dentro de la placa descendente, como su consistente mecanismo
extensional hacia abajo. Que la placa de Cocos siga siendo capaz de experimentar terremotos intra-slab de
gran magnitud, con consistentes mecanismos de extension hacia abajo, cerca o en el borde con la placa con-
tigua, sugiere que la placa misma es débil, a tal punto que las tensiones minimas derivadas de este terremoto,
asociadas a la flotabilidad negativa de la pequefia seccion de la placa descendente, siguen siendo suficientes

para producir el fracturamiento fragil de la placa.

1 Introduction

The oceanic Cocos plate subducts beneath Central
America along the Middle America Trench, giving
rise to both widespread seismicity on the subduc-
tion megathrust and to prolific (although unevenly dis-
tributed) seismicity within the Cocos slab as it descends
into the upper mantle. Although contributing only
a small proportion of the overall moment release as-
sociated with the Central American subduction zone,
intraslab events can, on occasion, be both large and
damaging. In the case of Central America, these in-
traslab events include the damaging M,,7.7 2001 EI Sal-
vador earthquake (Vallée et al., 2003), the M,,7.4 1999
Oaxaca/Tehuacdn earthquake (Singh et al., 2000), and
the 2017 M,,8.2 Tehuantepec and M,,7.1 Puebla earth-
quakes (Melgar et al., 2018a,b).

In its northern sections, the Central American slab is
dominated by the flat slab region under southern Mex-
ico (e.g., Kim et al., 2010; Manea et al., 2017). East of
~ 97° W, the slab transitions via a region of probable
slab tearing (e.g., Rogers etal., 2002; Manea et al., 2013)
to a more classical slab geometry, dipping gently down

*Corresponding author: t.j.craig@leeds.ac.uk

into the upper mantle (e.g., Syracuse etal., 2008; Manea
etal., 2013). East of the flat slab region, the slab shows a
fairly consistent geometry, characterised by its dip grad-
ually increasing from < 20° to > 60° at fairly consistent
slab curvatures (Hayes et al., 2018). Current slab models
suggest the contiguous downdip slab extends to depths
of ~ 250-300 km — below this depth, the nature of the
slab becomes unclear, with different data suggesting ei-
ther a gap between the shallow slab and a detached slab
in the mid mantle (Rogers et al., 2002) or a fragmentary,
perforated, slab subject to through-going mantle flow
(Zhu et al., 2020; Xue et al., 2023).

The causative rheological mechanism allowing brit-
tle failure in such intraslab earthquakes to occur re-
mains uncertain, with both dehydration embrittlement
and shear-heating driven thermal instability remaining
as viable candidates (e.g., Hosseinzadehsabeti et al.,
2021; Wimpenny et al., 2023; Prakash et al., 2023). How-
ever, no matter what the rheological control allowing
seismogenic failure is, the consistency and regional co-
herency of deformation illuminated by intraslab seis-
micity requires that their spatial occurrence is con-
trolled by the intraslab stress state — well established to
be a function of the interplay between stresses related
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Figurel Earthquakesalongthe Central American SubductionZone. (a) Earthquake depths. Inset panel shows a regional lo-
cation map; (b) Earthquake moment tensors, from the gCMT catalogue. Compressional quadrants are shaded by earthquake
depth. Inset boxes highlight the 2023 Quiché and 1997 Jutiapa earthquakes, and use our moment tensors and locations.
Contours show the Slab2 model (Hayes et al., 2018). Dashed blue box shows the region used in plotting the cross sections

shown in Figure 5.

to the negative buoyancy of the slab (slab pull), trac-
tions on the edge of the slab from its interaction with
the surrounding mantle, stresses relating to the bend-
ing and unbending of the slab, and stresses arising from
the evolving thermochemical state of the slab (e.g., ther-
mal expansion, volumetric changes resulting from min-
eralogical phase transitions) (e.g., Manea et al., 2006;
Bailey et al., 2012). The dominant two are believed to be
slab pull, which plays a role in driving global plate tec-
tonics, and the bending stresses. Which of these domi-
nates the overall stress state of the slab likely varies be-
tween different geodynamic settings (Sandiford et al.,
2020; Craig et al., 2022; Sippl et al., 2022).

2

This study focuses on the M, 6.4 2023 Quiché earth-
quake (Figure 1), which occurred beneath the central
Guatemalan cordillera on the 17! May 2023, at 23:02:00
(UTC). Preliminary locations placed this earthquake at
depths of ~ 255 km (as reported by the NEIC; please see
Table 1), at the leading edge of the contiguous section
of the subducting Cocos slab beneath Central America.
The depth and location of this earthquake make it stand
out against the backdrop of other seismicity associated
with the Central American slab - both as a compara-
tively large-magnitude event for the Central American
slab, but also as one at substantially greater depths than
generally recorded for earthquakes in the slab beneath
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Origin time (UTC) Method Lat(°) Long(°) Depth(km) My M, My, Mpp My My My 5
23:02:00.5 NEIC 15181  -90.815 2535 6.4 - - - - - - -
2023/05/17  23:02:03.2 gCMT 1517 -90.99 253.0 64 0305 -0334 0.030 0326 -0525 0.124 84%
23:02:05.6 | This Study 14.82F  91.12¢ 256.0 6.4 0449 -0375 -0074 0222 -0428 0306 94%
04:39:21.5 NEIC 14460  -89.775 274.2 4.9t - - - - - - -
04:39:23.3 ISC-EHB 14490  -89.741 279.4 491 - - - - - - -
1997/05/15
04:39:26.3 gCMT 14.53 -89.85 272.9 55 0170 -0.072 -0.073 0315 -0.616 0.043 92%
04:39:25.6 | This Study 14.12F  -89.82¢ 270.0 55 0328 -0.213 -0.115 0.276 -0.568 0.136 85%

Table 1 Earthquake source parameters from different seismic catalogues. Note that at the time of writing no solution is
yet available for the 2023 Quiché earthquake from the ISC. Magnitudes denoted ' are instead m,, rather than M,,. Locations

marked with ¥ are unreliable.

Central America. Along with the 2023 Quiché earth-
quake, we also revisit a M,, 5.5 earthquake from 15"
May 1997, which occurred under Jutiapa in southeast-
ern Guatemala, ~150 km ESE along the strike of the sub-
duction zone from the Quiché earthquake, but at a sim-
ilar depth - also at the leading edge of the contiguous
slab. Together, these two earthquakes represent the two
deepest larger-magnitude events, and define the tip of
the seismogenic slab.

Here, we present a refinement of the seismologically-
determined source parameters of these two earth-
quakes, consider their geodynamic context within the
Cocos plate, and the implications of such deep intraslab
earthquakes for the force-balance of the subducting
plate.

2 Earthquake source parameter deter-
mination

We refine initial estimates of the source parameters of
the Quiché and Jutiapa earthquakes using global seis-
mic data. We use the Grond software of Heimann et al.
(2018) to invert seismological waveform data for the
earthquake location (latitude, longitude, depth), source
duration, magnitude, and six components of the mo-
ment tensor. We draw on both vertical and horizontal
component data recorded at teleseismic distances (30°
-90°) from the earthquake epicentre. Horizontal com-
ponents are rotated into earthquake-relative radial and
transverse components. Station response functions are
removed from all seismograms, and data are filtered to
frequencies of 0.025 - 0.25 Hz using a four-pole Butter-
worth bandpass.

We use vertical component data to invert for the di-
rect P-wave and its associated depth phases, and both
radial and transverse data to invert for the S-wave and its
associated depth phases. Misfits from radial and trans-
verse component waveforms are downweighted during
inversion by a factor of two, to reduce over-fitting of the
usually higher-amplitude S-wave and its depth phases.
Inversion windows are taken from 20 seconds before
the predicted onset of each direct phase, to 120 after -
a time range estimated to encompass the direct arrival
and principal depths phases (pP, sP, pS, sS), based on the
initial catalogue depth, and verified visually. Whilst the
majority of similar studies use only vertical and trans-
verse component data, we find here that the additional

3

use of radial component data, in this case, makes a mi-
nor improvement in the resolution of the source mech-
anism, due to the inclusion of the pS depth phase, par-
ticularly for the Quiché event.

We invert for the six components of the moment
tensor (constrained to be purely deviatoric with no
isotropic component), along with three location param-
eters, moment, and source duration. Synthetic and ob-
served waveforms are realigned during each iteration
using on a time shift which maximises the cross corre-
lation value between the observed and synthetic traces
at each station and for each component independently.

Information about the velocity structure of the over-
riding Central American plate is limited, in compari-
son to other subduction zones, due to the relative spar-
sity of near-field instrument deployments. As a result,
we use a velocity structure based on the global ak135
velocity model (Kennett et al., 1995). Given the inclu-
sion of a waveform-realignment step in the inversion
approach, our modelling is most sensitive to the veloc-
ity structure at depths between the earthquake source
and the free surface. This being the case, our results are
not particularly impacted by the lack of a fast, cold mid-
mantle slab in ak135, and this does not have a signifi-
cantimpact on the determination of either source depth
or source mechanism. However, teleseismic source in-
versions, especially in cases where station-specific tem-
poral realignment is included, are typically insensitive
to small changes in the lateral location of the earth-
quake. As such, although we do allow our inversion to
re-determine source latitude and longitude (see Table
1), we note that these are poorly constrained, with sub-
stantial variability in the range of acceptable solutions,
and therefore we consider these parameters to be unre-
liable.

Figures 2 and 3 show inversion results for the Quiché
and Jutiapa earthquakes respectively, showing example
radial, transverse and vertical component waveformes,
the resultant probabilistic moment tensor, and param-
eter histograms for depth, strike, dip, rake, and the de-
gree to which the mechanism contains any non-double
couple (nDC) component. In this case, we assume that
a well-constrained mechanism would be a pure double
couple, and that any nDC component would reflect the
mapping of noise into the solution. For both events,
the nDC moment required is only a small fraction of
the overall moment release required, indicating that
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Figure 2 Earthquake source determination results for the 2023 Quiché earthquake. (a) Probabilistic moment tensor. Red
lines show the minimum misfit moment tensor. (b) Observed waveforms (black) and calculated synthetics (red) for the min-
imum misfit solution. Shown are 6 examples traces, two each for radial, transverse and vertical components. Note that the
instruments shown for each component varies. Annotations give the network and station name, epicentral distance, azimuth,
trace start time, and inversion window length. (c) - (g) show probability density functions for depth, strike, dip, rake, and the
ratio of the moment proportions allocated as a compensated linear vector dipole (CLVD) to the overall moment.
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Figure3 Earthquake source determination results for the 19997 Jutiapa earthquake. Panels are as shown in Figure 2.

our solutions are reasonably well constrained, and free
from significant noise influence - a conclusion visually
supported by inspection of the waveforms in Figures 2
and 3, which shows clear, relatively noise-free phase ar-
rivals.

As the waveform fits in Figures 2 and 3 show, we are
able to fit both the timing and amplitude of multiple
phases across the waveform sections used. Both of our
two earthquakes yield well-constrained depths, with Ju-
tiapa being slightly deeper (270 km) than the Quiché
event (256 km). These events are verified to be the deep-
est significant earthquakes within the Cocos plate yet
recorded using global seismic data.

Whilst the two earthquakes differ slightly in their

mechanism, due to the different signs of their small
nDC components, the double couple component
of their respective mechanisms is overall similar,
representing almost pure dip-slip faulting, striking
marginally obliquely to the strike direction of the slab,
with a steeply-dipping southeast striking nodal plane,
and a shallowly-dipping northwest striking nodal
plane. Mechanism orientation parameters in all cases
are extremely well constrained, and are consistent
with the orientation of faulting within the Cocos slab in
other earthquakes deeper than ~ 150 km.
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Figure 4 Reprojected earthquake moment tensors in the Central American Subduction Zone. Upper panel shows earth-
quake locations, coloured by depth. Contours show the slab model of (Hayes et al., 2018). Blue lines show the limits of the
cross section shown in Figure 5, red line shows the projection line for the lower panel. Lower panel shows earthquake loca-
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of 5.5.

3 Seismicity with the Central Ameri-
can Slab

In Figure 4, we show subduction-related seismicity
along the Central American subduction zone, repro-
jected into a slab-relative reference frame such that the
focal mechanisms shown are relative to the local slab
surface from the Slab2 model of Hayes et al. (2018). Fig-
ure 5 shows a cross section through the slab beneath
Guatemala, including a reprojection into slab-relative
coordinates in Figure 5b.

Although in map view (e.g. Figure 1), many of the
deeper earthquakes within the Cocos slab appear to
be thrust-faulting earthquakes, when considered in a
slab-relative reference frame, earthquakes within the
slab instead almost entirely reflect down-dip extension
within the slab. As Figure 5 demonstrates, intraplate
faulting is dominated by downdip extension almost per-
fectly aligned to the direction of the slab dip. The slight
mis-alignment between the strike of active intraslab
faults and the slab strike (visible on Figure 4 and Figure
5a) probably reflects the slight misalignment between
the trench orientation and the relict fabric of the incom-
ing Cocos plate, reactivated in the outer rise (e.g., Mas-
son, 1991; Ranero et al., 2005), and which likely remains
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active in the intraslab environment (Boneh et al., 2019).

The majority of slabs globally show a diversity of in-
traslab focal mechanisms, with a mix of both downdip
compression and downdip extension, typically sepa-
rated into discrete planes (double seismic zones) within
the slab (Isacks and Molnar, 1969; Sandiford et al., 2019,
2020; Craig et al., 2022; Sippl et al., 2022). However, as
we see from Figures 4 and 5, the Cocos slab stands out
against this trend - almost all of the intraslab seismic-
ity below ~75 km depth reflects down-dip extensional
stresses. As Figure 5a shows these earthquakes show a
remarkable degree of consistency in their slab relative
mechanism orientations - a result of a relatively sim-
ple intraslab stress field, presumably dominated by slab
pull, and with minimal impact from bending-related
stresses after the initial phase of post-subduction un-
bending, reflected in the simple slab geometry seen be-
neath Guatemala on Figure 5c.

However, of particular note here is that both the
Quiché and Jutiapa earthquakes occur at the very lead-
ing edge of the contiguous Cocos slab, in a region where
the slab is subject to neither substantial bending-related
stresses, nor to major buoyancy forces relating to the
presence of a substantial high-density down-dip slab.
Despite this, both earthquakes show complete consis-
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(a) Slab-relative orientations of the principal axes for the population of earthquakes consistent with down-dip

extension. (b) Trench-perpendicular cross section for the region between the blue lines on Figure 1. Earthquakes locations
are given by circular points, underlain by bars indicating the inclination of the T axis. Bars are coloured blue for those events
consistent with down-dip extension, red for those consistent with down-dip compression, and grey for all other earthquakes.
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in slab geometries across the region. Yellow circles highlight the 2023 Quiché and 1997 Jutiapa earthquakes. (c) Cross section
showing earthquake locations and moment-tensor orientations in a reference frame relative to the local slab surface.

tency in orientation with the rest of the intraslab defor-
mation field. The Quiché earthquake also stands out for
its magnitude - although not, by a long way, the largest
intraslab event recorded within the Cocos plate, a M,
6.4 would be expected to require a fault area on the or-
der of ~ 100 km?, requiring either a high-aspect-ratio
rupture, or a substantial seismogenic cross section for
the slab at this depth.

4 Dynamics of the Central American
Slab

Simple numerical calculations in the wake of the devel-
opment of early slab models explored the evolution of
the intraslab stress state as a function of the slab length
(e.g., Vassilou et al., 1984; Vassilou and Hager, 1988), as-
suming that the slab behaves as a Newtonian fluid cou-
pled to a less viscous surrounding mantle and deform-
ing under its own weight, descending into a layered
mantle structure. Such models neglect any bending-
related stresses, and any stress variations resulting from
the internal rheological evolution of the slab, and there-
fore simply provide estimates of the intraslab stress
field driven by slab pull and the interaction of the slab
with the surrounding mantle. We do not attempt to re-
produce the calculations of Vassilou and Hager (1988)
here, but summarise their findings in Figure 6. The neg-
ative buoyancy of the slab in each case puts the shal-
low part of the slab into down-dip extension, whilst
for slabs extending towards the mantle transition zone,
where there is a significant viscosity contrast, there is a

6

switch into down-dip compression in the deeper parts
of the slab, which propagates back to increasingly shal-
lower depths for slab that reach deeper into the man-
tle. The dashed line on Figure 6 shows the impact of
having an inclined slab, rather than a vertical one -
essentially, this serves to reduce the magnitude of the
stresses involved, and produces a rotation in the local
stress tensor, but has little impact on the ’polarity’ of
the stress field, with shallow depths still being domi-
nated by down-dip extensional stresses. The Cocos slab
under Guatemala would most closely resemble the 270’
km slab model shown in Figure 6. Of note here is that
the predicted stresses near the slab tip are very low, due
to the small length of negatively buoyant slab extend-
ing to greater depths. We also note that for slabs only
reachingto ~300 km, the tip of the slab is not placed into
down-dip compression, as it remains too distant from
the mantle transition zone.

At this time, we are not aware of any concrete evi-
dence that the Cocos slab persists significantly below
~300 km as a contiguous structure (i.e., one which can
act as a stress guide) - whilst there is clearly slab-derived
material deeper into the mantle (e.g., Rogers et al.,
2002), how this connects to the shallow slab is unclear,
with no clear evidence for a down-dip continuous slab.
In models which do image the continuation of slab-
derived material below 300 km (e.g., Zhu et al., 2020;
Xue et al., 2023), the weak velocity anomaly, combined
with the orientation of mantle fabrics, is interpreted to
show a fragmentary slab subject to through-going man-
tle flow. We do, however, note that further work on
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imaging the Cocos slab beneath Central America may
change this picture, and our subsequent interpretation.
Under the assumption that the Cocos slab does not
persist below ~300 km in a manner capable of sus-
taining significant stresses, it is notable that, even at
the very tip of the contiguous Cocos slab, the slab re-
mains capable of producing earthquakes such as those
beneath Quiché and Jutiapa. The slab-pull derived in-
traslab stress field should, at the tip of the slab, become
small, yet the consistency between the orientation of
these earthquakes at 250-270 km depths, and those be-
tween 120-250 km, suggests that a similar interplay of
stress field and relict structure continues to control the
orientation of faulting throughout the slab, potentially
modulated by the availability of a brittle rheology de-
pendent on localised hydration along pre-existing struc-
ture. Two implications arise from this observation:

« that, in the absence of bending-related stresses, the
buoyancy-related stresses (i.e., slab pull) continue
to dominate the intraslab stress field, even in en-
vironments where these stresses must be small.
Other sources of stress (e.g., those arising from
the thermo-chemical evolution of the slab), must

therefore be insignificant.

« that the slab itself must be rheologically quite
weak, such that even the reduced buoyancy-related
stresses present near the slab tip remain capable to
activating, in the case of the Quiché earthquake, a
substantial seismogenic cross section of the slab.

5 The mechanics of intermediate

depth earthquakes

In keeping with other intermediate depth earthquakes
(e.g., Ye etal., 2020; Wimpenny et al., 2023), both the
Quiché and Jutiapa earthquakes had low-productivity
aftershock sequences. Despite its own considerable
magnitude (M,, 6.4), the Quiché earthquake was re-
ported by the NEIC to be followed by only two other
earthquakes within 100 km of the earthquake epicen-
tre in the following 6 months, both considerably smaller
(my 4.6 and 4.3) and considerably shallower (< 200
km). Following the 1997 Jutiapa earthquake, the NEIC
reported only one aftershock near the intermediate-
depth source region, with m; 4.9. The lack of a sub-
stantial aftershock population also inhibits the infer-
ence of earthquake rupture dimensions and causative
fault plane based on aftershock distribution and extent,
although we note the potential for local seismic data to
clarify this (e.g., Yani-Quiyuch et al., 2023).

That the deviatoric stress derived from the negative
buoyancy of the short section of the contiguous slab
down-dip from these earthquakes was still capable of
producing major seismogenic failure of the slab sug-
gests that the yielding stress of the slab at such depth
was also low - a condition more easily reconcilable
with the rheological control on intraslab seismicity be-
ing related to either dehydration embrittlement or de-
hydration stress transfer, either of which would greatly
reduce the effective yield stress, rather than a shear-
heating model, which would still require high stresses
to initiate the initial shear instability.

6 Conclusions

The Quiché and Jutiapa earthquakes represent down-
dip extensional failure near the tip of the subducting
Cocos slab beneath Guatemala. The coherence of the
moment tensors of these earthquakes with those updip
suggests that the intraslab stress field at such depths re-
mains dominated by the negative buoyancy of the slab
(slab pull). That the slab at such depths remains ca-
pable of major seismogenic failure in down-dip exten-
sion, despite the limited section of contiguous slab ex-
tending beyond the depth of these earthquakes, sug-
gests that the slab itself is relatively weak, in order to al-
low failure under only low-magnitude slab pull-derived
stresses. The sensitivity of the slab to relatively small
deviatoric stresses (compared to lithostatic stresses), is
consistent with a fluid-related rheological control on in-
traslab seismicity.
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