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Abstract Earthquakes occurring in stable continentalmantle lithosphere are extremely rare, with a small
number of cases restricted to northern Australia, the India-Asia collision zone, and western North America.
Here, we use a combination of regional seismic waveform modelling and teleseismic array data to confirm
the location of a small (Mw 4.1) earthquake from September 2025 under northern Utah, whose depth places
it firmly below the local Moho, and into the continental mantle. This joins other reported small-magnitude
seismicity under the eastern RockyMountains, principally in Utah andWyoming, who’s causativemechanism
remains enigmatic. The focalmechanismof this earthquake is consistent with those of other reportedmantle
seismicity, but contrasts with the shallower crustal stress field, indicating that seismicity in themantle in this
region may not reflect the shallow crustal geodynamics of the region, and is unlikely to be playing a role in
supporting long-term stresses.

Non-technical summary Earthquakes in the continentalmantle are extremely rare,withonly a few
confirmed examples. Here, we add another to this confirmed list of continental mantle earthquakes, with a
Mw 4.1 earthquakeundernorthernUtah in 2025. Theprocesses allowingbrittle seismogenic failure tohappen
at such depths remain uncertain.

1 Introduction
Earthquakes that rupture within the continental litho-
spheric mantle are rare. Documented examples in-
clude events beneath the Arafura Sea north of Aus-
tralia (Sloan and Jackson, 2012), the South Indian Shield
(Paul et al., 2025), and in western North America (Zandt
and Richins, 1979; Craig and Heyburn, 2015; Frohlich
et al., 2015; Woo and Chen, 2025; Hutchings et al., 2025,
2026). There is also the more contentious case of deep
seismicity beneath the Himalayas and across western
and southern Tibet, where deep (∼70 - 90 km) earth-
quakes have been interpreted either as occurring sub-
Moho in the uppermost mantle or within a thickened
seismogenic lower crust (Chen and Molnar, 1983; Mon-
salve et al., 2006; Priestley et al., 2008; Schulte-Pelkum
et al., 2019; Craig et al., 2020, 2023). The case of the Hi-
malayas/Tibet highlights the challenge of designating
earthquakes as sub-Moho when focal depth and Moho
depth are both uncertain.
At 23:57:47 on 10 September 2025 a Mw 4.1 earth-

quake was reported beneath northern Utah. The epi-
centre is located ∼360 km SW of the Wyoming Craton
and ∼450 km SE of the Yellowstone hotspot (Figure 1a).
The southwest edge of theWyoming Craton has been in-
terpreted as an area of elevated strain, linked to a strong
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lateral gradient in temperature, and has been associ-
ated with a seismogenic region of lithospheric mantle,
manifest through sparse, low-magnitude mantle seis-
micity (Hutchings et al., 2025). TheYellowstone hotspot
has been associated with episodes of mantle upwelling
and lithospheric delamination, with the adjacent Snake
River Plain (SRP, which marks out the hotspot path)
recording ∼17 Myr of plume-related volcanism (Hanan
et al., 2008). Rigo et al. (2015) interpret a regional crustal
stress field that is NE-SW extensional north of the SRP
and E-W extensional south of the SRP, a conclusion
supported by the orientation of crustal earthquake fo-
cal mechanisms and GPS velocity data. Previous stud-
ies have suggested that continental mantle earthquakes
may reflect the same regional stress field orientations
observed in the crust (Hutchings et al., 2025), raising
questions about the relationship between crustal and
lithospheric mantle strength, and the potential for co-
herent deformation and the support of stress across a
broad depth range of the lithosphere.
The very occurrence of continental mantle seismic-

ity remains enigmatic, with suchearthquakes occurring
at depths usually incapable of seismogenesis through
Mohr-Coulomb brittle failure. Four different mecha-
nisms have been proposed to explain continental man-
tle seismicity: (a) standard Mohr-Coulomb failure op-
erating in cold mantle lithosphere, requiring very high
stresses; (b) dehydration-related embrittlement, re-
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Figure 1 A) Regional seismicity plotted over topography for western North America. Earthquakes shallower than 30 km in-
cludeonly eventswhereMw ≥ 3.0; all earthquakes deeper than 30 kmare shown. Earthquakes are colour-codedbyhypocen-
tral depth and scaled by magnitude. The 10/09/2025 Utah earthquake is highlighted with a yellow ring. The Ml 3.2 2019
Granger earthquake is highlighted with a cyan ring. TheMw 4.7 2013 Wind River earthquake is highlighted with a green ring.
The Earthquake locations are taken from the USGS earthquake catalogue (USGS, 2017). B) Depth to the Moho (km) (from the
surface) taken from McCafferty et al. (2023), with 2 km contours. The focal mechanism of the Utah earthquake is plotted at
its epicentral location. C) Temperature (°C) at 60 km depth taken from Shinevar et al. (2023) with 50°C contours. The focal
mechanism is again plotted at its epicentral location.

quiring that the surrounding material is undergoing
changes in pressure and temperature sufficient to lead
to petrological evolution, and dehydration; (c) shear-
heating, leading to an initially viscous process dropping
the yield stress of the fault zone, progressing into brittle
failure; (d) high-strain-rate and high stress deformation
of material usually too hot to fail seismogenically, typi-
cally related to fluid migration.

Sparse small-magnitude mantle earthquakes (M <
2.5) beneath the Ruwenzori mountains of Uganda and
the Democratic Republic of the Congo, in the Western
Branch of the East African Rift system, have been at-
tributed to rapidmagmaascent and associated transient
stresses (Lindenfeld and Rümpker, 2011), with high lo-
calised stresses and rapid strain rates enabling brit-
tle failure. Similar mechanisms have been invoked to
explain surprising lower crustal seismicity in hot, ac-
tive deformation zones in New Zealand (Reyners et al.,
2007), and Iceland Soosalu et al. (2010). However, man-
tle earthquakes in western North America are well-
described by a double-couple moment tensor and ap-
pear to lack a significant isotropic component (Craig
and Heyburn, 2015; Frohlich et al., 2015, this study), in-

dicating an absence of volumetric sources often associ-
ated with magmatic intrusion.
Mantle seismicity in the Arafura sea has been located

in colder regions of the lithospheric mantle, at temper-
atures below 600 °C - sufficiently cold for brittle fail-
ure (Sloan and Jackson, 2012). Similarly, rare seismicity
just below the Moho of peninsular India, south of the
Himalayas, typically happens in old, cold lithosphere
where the uppermost mantle is likely cold enough to
allow simple brittle failure (Craig et al., 2012; Paul
et al., 2025). Previous mantle seismicity under western
North America has been reported substantially below
the Moho, at depths where failure in anomalously cold
mantle lithosphere is unlikely to be the cause (Craig
and Heyburn, 2015; Prieto et al., 2017; Hutchings et al.,
2025).
Both shear heating and dehydration related processes

remain in contention for mechanisms to explain the
occurrence of mantle seismicity under western North
America, with different studies having argued either
process can explain the ∼75 km-deep 2013 Mw 4.7
Wind River earthquake (Figure 1) underWyoming – the
largest, and best studied of the reported mantle earth-
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Figure 2 A) Map of the stations used for the regional waveform inversionwith the stations fromwhichwaveforms are taken
for Figure 2C labelled. The focal mechanism of the 10/09/2025 Utah earthquake plotted at the centre. Thick lines show epi-
central distance every 2°. B) Correlation histograms from the regionalwaveform inversion, showing the posterior distribution
of earthquake source parameters. The preferred, minimummisfit solution is highlighted in red. C) Waveform fits for a subset
of stations. Waveform fits for all stations can be found in supplementary material. Black traces show observed waveforms
and red traces show the synthetic waveforms of the 100 best-fitting solutions. Each trace is labelled with network, station,
and component, then epicentral distance (km) and event-to-station azimuth (°).

quakes. Prieto et al. (2017) suggested that this earth-
quake occurred as a result of shear heating and thermal
runaway in material too hot to otherwise fail seismo-
genically – a conclusion supported by the isolated na-
ture of this earthquake, with only a single aftershock re-
ported (Craig and Heyburn, 2015; Thielmann, 2018). In
contrast, both Li and Dave (2016) and Zhao et al. (2024)

advocate for a role for the deeper Farallon slab in the
deeper mantle beneath North America, either through
driving small-scale mantle convection at the edge of
Wyoming Craton, with erosion of the craton edge fa-
cilitated by hydration of the cratonic root by fluids re-
leased by the remnant Farallon slab, or more directly,
with seismicity in the lithosphericmantle being permit-
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ted by dehydration embrittlement during the passage of
fluids expelled from the descending slab.
Potentially distinguishing between these different

drivers requires a detailed understanding of how these
earthquakes fit into their regional geodynamic con-
text, precise source locations, and detailed seismolog-
ical analysis of their source processes. However, most
confirmed continental mantle earthquakes are small
(Mw < 4). In North America, the largest documented
continental lithospheric mantle earthquake is Mw 4.7
(Wind River, 2013; Frohlich et al., 2015; Craig and Hey-
burn, 2015; Prieto et al., 2017). The small magnitudes
of most of the reported events limit signal-to-noise ra-
tios, making it difficult to recover accurate hypocentral
depths and focal mechanisms. Hutchings et al. (2026)
produced a composite focal mechanism to characterise
a cluster of mantle earthquakes beneath Alberta be-
cause individual events were too small. Recent work by
Woo and Chen (2025) identified additional small mantle
earthquakes beneath theWyomingCraton, including an
ML 1.4 event in 2020 located close to the 2025 Mw 4.1
Utah earthquake.
Herewepresent a seismological investigation of aMw

4.1 earthquake beneath northeastern Utah (Figure 1),
reported at a depth of 68 km by the NEIC (USGS, 2017)
and 72 km by the IDC (Arora et al., 2012). We carry
out a regional waveform inversion to determine a focal
mechanism and revise centroid depth. We obtain inde-
pendent constraints from teleseismic depth-phase anal-
ysis. This event provides a valuable new data point in
the small but growing catalogue of continental mantle
earthquakes in North America.

2 Data and Methods

2.1 Regional waveform inversion
For an initial regional waveform solution, we use wave-
form data from 39 stations within a 5° radius of the
earthquake epicentre (Figure 2A).Waveforms are band-
pass filtered between 0.04 - 0.09 Hz, and rotated into
transverse and radial components based on the initial
earthquake location. We select a total of 36 vertical,
9 transverse, and 7 radial components in which sig-
nal could be identified above background noise (Fig-
ure S1), noting that the predominance of the vertical
component is initially consistent with the reduced am-
plitude of the surface waves, as would be expected
for a sub-Moho earthquake with a deep centroid. We
perform a probabilistic regional waveform inversion
using the Bayesian Earthquake Analysis Tool (BEAT;
Vasyura-Bathke et al., 2019), assuming a pure double-
couple source. Green’s functions are computed using
the AK135 1-D velocity model modified using CRUST
2.0 (Bassin, 2000) to incorporate the regional crustal
structure. We invert a 100 s time window around main
body-wave arrivals, synthetic waveforms are realigned
against observed waveforms using cross-correlation at
each iteration, asmechanism for correcting for any tim-
ing errors or overall travel-time uncertainties. We as-
sign greater weight to the vertical component wave-
forms because they more consistently showed good

signal-to-noise ratios. We use BEAT’s L2-norm wave-
form misfit and Markov-Chain Monte-Carlo sampling
scheme. This approach allows for the setting of ap-
propriate priors and provides posterior distributions,
giving confidence that our solution reflects a well-
constrained region of model space.
The inversion yields well-constrained focal mecha-

nisms showing oblique thrust faulting. The best-fitting
solution has a strike of 118°, a dip of 60°, a rake of 50°,
and a magnitude of approximately Mw 4.1 (Figure 2B).
We find a revised focal depth of 52 km, 16 km shallower
than the initial NEIC estimate. The posterior distribu-
tions give us confidence that the mechanism and depth
are well resolved, and our revised depth gives us confi-
dence that the event is sub-Moho.

2.2 Teleseismic depth-phase analysis

Whilst routine catalogues are known to lack the fine-
scale resolution, particularly in depth, for reliably de-
termining which side of the Moho a candidate mantle
earthquake may be on (Craig et al., 2023), a ∼16 km
depth difference to the NEIC preferred solution is per-
haps more substantial than might be expected. To pro-
vide independent depth constraint, we analyse P, pP,
and sP arrivals recorded at eight small aperture seismic
arrays located between 30° and 90° epicentral distance
(teleseismic distance, Figure 3). We also processed
data from the Yellowknife array (Figure S2), but, due
to the proximity of this array to the earthquake (22.2°)
interpretation of the resulting waveforms was compli-
cated by its position within the upper mantle triplica-
tion zone.
For each array, we first estimate the optimal slowness

vector of the incoming P wave. This is done using an
Nth-root stacking approach (N = 2) (Rost and Thomas,
2002), computing power within a ±10-s window around
the predicted P arrival time, with predicted arrival
times calculated using the AK135 1-D velocity model.
To avoid convergence on local maxima, optimisation
is performed in two stages: (1) a coarse grid search
over slowness space, followed by (2) a refinement of
the best 12 candidate solutions using a Nelder–Mead
search. The optimal slowness vector obtained from the
nth-root beamforming search is thenapplied to theorig-
inal (un-rooted) traces, which are time-shifted accord-
ingly and linearly stacked to produce a beamformed
trace for each array (Figure 3). We also compute ves-
pagrams with one component of slowness fixed and the
other allowed to vary over a range of ± 0.2 s/km (Figure
3).
We compute theoretical radiation patterns for the

pP and sP depth phases from our preferred regional
waveform solution (Figure 2). The radiation patterns
show that all eight arrays lie in a region of low pre-
dicted pP amplitude and high predicted sP amplitude,
which is consistent with the phases we observe in the
beamformed traces (Figure 3). We also consider pmP,
the underside-Moho reflection; however, while some
traces might include pmP, the evidence is not coherent
enough to support a confident interpretation (Figure
S2). Data from other small-aperture arrays at teleseis-
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Figure 3 The top panels show theoretical radiation patterns for the phases pP and sP from the Mw 4.1 2025 Utah earth-
quake. Colour indicates normalised amplitude of the predicted wavefield. The locations of the teleseismic arrays used in
this study are plotted as red dots. A red and white ring marks 30° epicentral distance. Panels (a-h) each correspond to one
teleseismic array and contain a beamformed trace followed by two vespagrams. The beamformed trace is computed as de-
scribed in section 2.2, with predicted arrival times for P (orange), pP (green), and sP (blue)marked. In the upper vespagrams,
Sy is fixed and Sx is allowed to vary; in the lower vespagrams, Sx is maintained and Sy is allowed to vary.
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mic distances were also processed, but failed to yield
clear, coherent signals above the noise level – consis-
tentwith the lowpredicted amplitudes of arrays in other
geographic locations, based on the predicted radiation
pattern.
Teleseismic depth-phase analysis supports the focal

depth obtained through the regional waveform inver-
sion. Clear P-wave arrivals are identified at all eight ar-
rays and, as predicted by the theoretical radiation pat-
terns, the sP phase is consistentlymore prominent than
the pP phase. The delay from P to sP provides support
for a focal depth of ∼52 km, indicating a source region
in the uppermost lithospheric mantle, somewhat shal-
lower than the 2013Wind River event.

3 Discussion and Conclusion
Regional waveform inversion, supported with teleseis-
mic depth-phase analysis, shows the Mw 4.1 2025 Utah
earthquake ruptured at a depth of ∼52 km. Koper
et al. (2026) reported a focal depth of ∼60–70 km for
the same event. This discrepancy may reflect differ-
ences in data selection, station distribution, and veloc-
ity models. Our depth estimate is supported by tele-
seismic beamforming, which provides additional con-
straints on depth-sensitive phases that were not ex-
ploited in Koper et al. (2026). Theoretical radiation
patterns indicate that the dominant teleseismic depth
phase is sP rather than pP, and the alignment between
observed and predicted sP arrivals supports a shallower
depth in our preferred range (Figure 3). Both studies
place the earthquake sub-Moho, and the inferred fo-
cal mechanisms are highly consistent (Kagan angle =
7.5°; Tape and Tape, 2012). Moho depths in this region
are well constrained thanks to extensive imaging us-
ing USArray Transportable Array (TA) data, including
receiver-function, surface-wave, and travel time tomog-
raphy studies (Kind et al., 2012; Shen and Ritzwoller,
2016; Zhang et al., 2020; Xiao et al., 2025). In Figure 1
we show depth to Moho from the surface (McCafferty
et al., 2023) and estimated temperature at 60 km depth
(Shinevar et al., 2022). As these maps show, the Moho
in this region is estimated to be at ∼44 km, and we are
therefore confident that the revised focal depth of ∼52
km is sub-Moho. Similarly, wavespeed-based tempera-
ture estimation suggests that temperatures reach ∼900
°C only marginally below our estimated source depth,
indicating that the earthquake ruptured at higher tem-
peratures than would typically be expected for brittle
failure (Figure 1C).
In comparison to other continental lithosphericman-

tle seismicity, the North American situation seems
unique. The mantle seismicity observed beneath the
Arafura Sea and beneath the Himalaya/Tibet occurs in
anomalously cold lithospheric mantle (Sloan and Jack-
son, 2012; Craig et al., 2012). This is not the case inwest-
ern North America. Beneath the East African Rift and
beneath Iceland and New Zealand, mantle seismicity is
associated with magma impregnation, again this is not
something that can reasonably be expected in western
North America.
In the context of other North American continental

mantle seismicity, the Mw 4.1 2025 Utah earthquake
is the second largest recorded after the Mw 4.7 2013
WindRiver earthquake. The focalmechanism from this
study is only the second well-constrained example for
this type of event in this region. The 2025 Utah earth-
quake shares several featureswith theMw 4.7 2013Wind
River earthquake. Both exhibit thrust-faulting compo-
nents and, although theWind River earthquake is more
oblique, each shows a significant strike-slip contribu-
tion. In both cases, the source is well described by a
purely double-couplemechanism, without requiring an
isotropic or CLVD component; for the 2025 Utah earth-
quake, this is consistent with the favoured USGS solu-
tion provided by the University of Utah, which finds a
99% double-couple source (USGS, 2017). This, as well as
the absence of an associated earthquake cluster or after-
shock sequence, makes seismogenesis due tomagmatic
impregnation of the lithosphere unlikely in the case of
the Mw 4.1 2025 Utah earthquake (Figure 1A). We also
consider fluid migration-related mechanisms unlikely
due to the relatively large distance between the earth-
quake and the Yellowstone hotspot.
The crustal regional stress field south of the Eastern

Snake River Plain has been interpreted as E-W exten-
sional (Rigo et al., 2015). The focal mechanism we re-
cover for theUtah event is not consistentwith this stress
regime: a thrust faultwith a strike of 118° implies a com-
pressional principal stress oriented NNE-SSW. Hutch-
ings et al. (2025) argued that the Mw 4.7 2013 Wind
River and the composite solution for the Ml 3.2 2019
Granger (Figure 1), Wyoming mantle earthquakes have
focal mechanisms which reflect the same stress field as
in the crust. We do not observe this in the case of the
Mw 4.1 2025 Utah earthquake. This difference in prin-
cipal stress orientation may reflect heterogeneity or a
transition within the mantle stress field, potentially as-
sociatedwith craton-edge dynamics (Koper et al., 2026),
or some degree of crust-mantle decoupling.
The most comparable earthquake to the 2025 Utah

earthquake is the Mw 4.7 2013 Wind River earthquake.
Several mechanisms have been proposed to explain the
occurrence of the Wind River earthquake. Prieto et al.
(2017) propose that it was triggered by strain localisa-
tion in a mantle shear zone. This process may be en-
hanced by the strong thermal and rheological contrast
between the Yellowstone plume and the cold Wyoming
Craton, which could drive mantle convection and pro-
mote shear localisation at depth. In contrast, Zhao et al.
(2024) propose that the 2013WindRiver earthquakemay
have been induced by ascending fluids derived from the
remnant subducted Farallon slab, consistent with high
electrical conductivity observed near the edge of the
Wyoming Craton (Bedrosian and Frost, 2023). However,
the 2025Utahearthquakeappears relatively isolated and
there has been no reported aftershock activity, which
may argue against a fluid-driven triggering mechanism
in this case.
In this study, we have recovered a well-constrained

focal mechanism for a rare continental lithospheric
mantle earthquake beneath Utah. The solution indi-
cates steeply-dipping, oblique thrusting and implies
a NNE-SSW-oriented maximum compressional stress.
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We do not draw any strong conclusions about the trig-
gering mechanism, but we do note the geodynamic
complexity of the hypocentral location, where convec-
tive effects of the Yellowstone hotspot, the remnant Far-
allon slab, and the edge of the Wyoming Craton all in-
teract. This report demonstrates the utility of combin-
ing probabilistic regional waveform inversion and tele-
seismic depth-phase analysis to constrain earthquake
location and focalmechanism. The enigmatic nature of
mantle seismicity beneath western North America con-
tinues.
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