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Abstract Foreshocks are the most obvious signature of the earthquake nucleation stage and could, in
principle, forewarn of an impending earthquake. However, foreshocks are only sometimes observed, and we
havea limitedunderstandingof thephysics that controls theiroccurrence. In thiswork,weusehigh-resolution
earthquake catalogs and estimates of source properties to understand the spatiotemporal evolution of a se-
quenceof 11earthquakes thatoccurred~6.5hoursbefore the2020Mw 4.8Mentoneearthquake inwest Texas.
Elevated pore-pressure and poroelastic stressing from subsurface fluid injection from oil-gas operations is of-
ten invoked to explain seismicity inwest Texas and the surrounding region. However, herewe show that static
stresses induced from the initialML 4.0 foreshock significantly perturbed the local shear stress along the fault
and could have triggered the Mentone mainshock. The majority (9/11) of the earthquakes leading up to the
Mentonemainshock nucleated in areas where the static shear stresses were increased from the initialML 4.0
foreshock. The spatiotemporal properties of the 11 earthquakes that preceded the mainshock cannot easily
be explained in the context of a preslip or cascade nucleation model. We show that at least 6/11 events are
better classified as aftershocks of the initialML 4.0. Together, our results suggest that a combination of physi-
calmechanisms contributed to the occurrence of the 11 earthquakes that preceded themainshock, including
static-stressing from earthquake-earthquake interactions, aseismic creep, and stress perturbations induced
from fluid injection. Our work highlights the role of earthquake-earthquake triggering in induced earthquake
sequences, and suggests that such triggering could help sustain seismic activity following initial stressing per-
turbations from fluid injection.

Non-technical summary Understanding how earthquakes get started is a fundamental goal of
earthquake science. If the early stages of an earthquake can be measured and characterized, then these
details could in principle be integrated into models to help advance earthquake early warning systems and
earthquake forecasting. Here, we study a sequence of 11 earthquakes leading up to the 2020MentoneMw 4.8
mainshock. Seismicity in this area is in large part induced from oil-gas operations, such as wastewater dis-
posal and hydraulic fracturing. The sequence started with a ML 4.0 earthquake and was followed by a series
of 10 smaller ML 1-2 earthquakes. We show that that the initial ML 4.0 earthquake increased the stress state
along the fault and could have triggered several of the smaller ML 1-2 earthquakes as well as the mainshock
itself. At least 6/11 of earthquakes that followed the initialML 4.0 are aftershocks as opposed to foreshocks to
themainshock. Ourwork demonstrates that the nucleation process of theMw 4.8mainshock cannot easily be
explained by simple end-member models. Instead, it is likely that a combination of mechanisms contributed
to the nucleation and triggering of the 2020 Mw 4.8 Mentonemainshock.

1 Introduction
Earthquake nucleation is broadly defined as the collec-
tionof physical processes that lead tounstable frictional
slip in the form of an earthquake (Dieterich, 1978, 1986,
1992; Ohnaka, 1992). Because of its inherent connec-
tion to the initiation of earthquakes, understanding the
nucleation process has important societal implications
for advancing earthquake early warning systems, prob-
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abilistic seismic hazard analysis, and earthquake fore-
casting. However, it is still unclear whether the earth-
quake nucleation process systematically encodes a seis-
mic or geodetic signature that can be accurately de-
tected and characterized in amanner thatwould foretell
catastrophic failure.

Foreshocks, which are small earthquakes that pre-
cede and occur near the hypocenter of the impending
mainshock, are one type of seismic observation that
could lend insights into the earthquake nucleation pro-
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cess (Ohnaka, 1993; Abercrombie et al., 1995; Dodge
et al., 1996; Bouchon et al., 2011; Kato et al., 2012; Bou-
chon et al., 2013; Chen and Shearer, 2013; Brodsky and
Lay, 2014; Ruiz et al., 2014; Chen andShearer, 2015; Kato
et al., 2016a,b; Savage et al., 2017; Tape et al., 2018; Trug-
man and Ross, 2019; Yoon et al., 2019; Kwiatek et al.,
2023; Zhu et al., 2022; Moutote et al., 2023; Martínez-
Garzón and Poli, 2024; Wang et al., 2024a). Unfortu-
nately, not all earthquakes have foreshocks, which lim-
its their utility in understanding earthquake nucleation
processes and the physics that control their occurrence
(Jones and Molnar, 1976; Abercrombie and Mori, 1996;
Geller, 1997; Wetzler et al., 2022; Peng and Mori, 2022;
Zaccagnino et al., 2024). The lack of more routine ob-
servations of foreshocks could be connected to an ob-
servational bias due to incomplete catalogs (Ross et al.,
2019; Brodsky, 2019; Trugman and Ross, 2019) or seis-
mic network resolution. On the other hand, the dearth
of foreshock activity prior to crustal earthquakes could
be an intrinsic property of how earthquakes start and
could reflect the stochastic nature of the nucleation
phase. In any case, scientific progress in this domain
requires these details to be identified, characterized,
and integrated into physics-based models of nucleation
(Ellsworth and Beroza, 1995; Mignan, 2014; Gomberg,
2018; McLaskey, 2019).
Foreshocks are often explained in the context of

a preslip model, cascade model, or a combination
of both (Ellsworth and Beroza, 1995; Beroza and
Ellsworth, 1996; McLaskey, 2019; Cattania and Segall,
2021; Martínez-Garzón and Poli, 2024). In the preslip
model, foreshocks are thought to be a byproduct of an
aseismic creep front that loads frictionally locked asper-
ities along the fault zone (Ellsworth and Beroza, 1995).
This model is consistent with laboratory observations
showing that dynamic instability is often preceded by
an accelerating zone of aseismic creep (Scholz et al.,
1972; Dieterich, 1978, 1986, 1992; Ohnaka and Shen,
1999;McLaskey, 2019). The laboratory data and theoret-
ical models further show that this accelerating zone of
aseismic creep must reach a critical nucleation length,
often termed h*, before seismic slip can proceed (Di-
eterich, 1978, 1986; Ohnaka and Shen, 1999; McLaskey,
2019). In laboratory experiments and numerical mod-
els, the critical nucleation length scale, h*, can be cal-
culated as:

h∗ = G ∗ Dc

(b − a) ∗ (σN − Pp) ) (1)

Where G is the shear modulus, Dc is the frictional
weakening distance, (b-a) is the frictional-rate parame-
ter, σN is the normal stress, Pp is the pore-fluid pressure,
and (σN-Pp) is the effective normal stress. In the preslip
model foreshocks are viewed as being an intrinsic part
of the nucleation process of the impending mainshock
and their spatiotemporal properties could provide in-
sights into this process. In contrast, the cascade-model
views foreshocks as part of a stochastic process that are
simply a manifestation of earthquake-earthquake trig-
gering from static stress transfer (Ellsworth andBeroza,
1995; Helmstetter and Sornette, 2003; Ellsworth and Bu-
lut, 2018; Yoon et al., 2019). In the cascade model,

each foreshock triggers the next foreshock and even-
tually triggers the mainshock. In this case, foreshocks
are not deterministically linked to the impendingmain-
shock. In the cascade model, small and large earth-
quakes initiate in a similar manner; the only difference
between a small foreshock and a large mainshock is
that the larger mainshock encountered favorable fault
conditions (e.g., stress, strength, frictional properties)
that permitted a larger area to rupture. It’s important
to note that the cascade and preslip models are simpli-
fied endmembers. Hybridmodels that integrate aspects
of both the preslip and cascade models might be bet-
ter alternatives for explaining the complexities associ-
ated with foreshock sequences (McLaskey, 2019; Catta-
nia and Segall, 2021).
The preslip and cascade models have been widely

used to explain foreshocks and nucleation processes
prior to regular tectonic earthquakes (Ellsworth and
Bulut, 2018; Yoon et al., 2019; Martínez-Garzón and
Poli, 2024; Wang et al., 2024a). However, it is unclear
whether these models can be extended to explain in-
duced earthquake sequences, where the role of pore-
pressure and poroelastic stressing likely play an im-
portant role in earthquake nucleation (see also Wu
and McLaskey, 2022). The critical nucleation length,
h*, scales directly with pore-pressure (see Equation 1).
Hence, elevated fluid pressure from waste-water injec-
tion should facilitate larger amounts of creep prior to
instability and should push the fault towards stability
(e.g., Leeman et al., 2016; Pepin et al., 2022). If fore-
shocks are amanifestation of fault creep, as proposed in
the preslip model, then one might expect elevated fore-
shock occurrence prior to fluid-induced earthquakes
simply because the nucleation dimension is larger rel-
ative to the case when pore-pressure is quasi-static
(e.g. Cebry et al., 2022). Indeed, two of the largest in-
duced earthquakes inOklahoma, including the 2011Mw
5.7 Prague Oklahoma earthquake and the 2016 Mw 5.8
Pawnee earthquake, were preceded by foreshock se-
quences (Sumy et al., 2014; Savage et al., 2017; Chen
et al., 2017). Detailed analysis and modeling indicate
that both aseismic creepandelastic stress transfer likely
played a key role in triggering the foreshocks.
Alternatively, elevated fluid pressure could initiate

fluid-driven aseismic creep along rate-strengthening
fault patches, which in turn, load frictionally unstable
patches to generate foreshocks (e.g., Guglielmi et al.,
2015; Cappa et al., 2019; Cebry and McLaskey, 2021; Ce-
bry et al., 2022). In this case, the fluid-induced aseis-
mic creep need not be a part of an intrinsic nucleation
phase of the mainshock and could be a manifestation
of frictional heterogeneity in conjunction with a small
nucleation length scale (e.g., Cascademodel;McLaskey,
2019). In addition, elevated fluid pressure from sub-
surface fluid injection may trigger foreshocks by in-
creasing elastic stresses on the fault through poroelas-
tic effects (e.g., Segall and Lu, 2015; Goebel et al., 2017;
Goebel and Brodsky, 2018). Hence, fluid pressure may
affect earthquake nucleation and foreshock occurrence
in ways that extend beyond the basic concepts encapsu-
lated in the preslip and cascade models.
In this work, we investigate the causative factors be-

2
SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Foreshocks, aftershocks, and static stress triggering of the 2020 Mw 4.8 Mentone Earthquake in west Texas

hind 11 earthquakes that preceded the 2020 Mw 4.8
Mentone earthquake, as well as the mainshock itself.
The bulk of the seismicity in west Texas is induced
from stress perturbations associated with subsurface
fluid-injection fromoil-gas operations (Tunget al., 2021;
Zhai et al., 2021; Jin et al., 2023; Tan and Lui, 2023;
Smye et al., 2024). However, the role of earthquake-
earthquake triggering in west Texas, and induced earth-
quake sequences more broadly, has received little at-
tention. Here, we test whether earthquake-earthquake
triggering can explain the 11 events that preceded the
mainshock and the nucleation of the Mentone main-
shock. We test the efficacyof the cascademodel bymod-
eling the static shear stresses induced from previous
earthquakes (e.g., Ellsworth andBulut, 2018; Yoon et al.,
2019). Ourwork shows that theMentonemainshock nu-
cleated in an area where the shear stress could have in-
creased between 60-400 kPa from the initialML 4.0 fore-
shock, far greater than previously modeled Coulomb
stresses from fluid injection (e.g., Tung et al., 2021; Tan
and Lui, 2023; Smye et al., 2024). The majority of the
earthquakes that preceded the mainshock nucleated in
areaswhere the stresseswere increased from theML 4.0
and several earthquakes have overlapping source radii.
We conclude that neither the preslip nor cascademodel
can successfully explain the occurrence of all 11 earth-
quakes that preceded the Mentone mainshock. At least
6/11 earthquakes are better classified as aftershocks of
the initial ML 4.0 foreshock.

1.1 The 2020 Mw 4.8 Mentone Earthquake

On March 26, 2020, a Mw 4.8 earthquake struck (from
here forward referred to as the mainshock) ~ 175 km
west of Odessa, Texas (Figure 1A Skoumal et al., 2020;
Tung et al., 2021; Tan and Lui, 2023). The mainshock
occurred at a depth of ~ 6 km and resulted from slip
along anormal fault, striking ~ 64° anddipping 65° to the
southeast (Horne et al., 2021; Huang et al., 2022). The
fault geometry is estimated from fault mapping, earth-
quake data, and focal plane solutions from Horne et al.
(2021). The mainshock occurred within the Delaware
Basin, a prolific oil and gas producing basin located
within the larger Permian Basin of west Texas and
southern New Mexico, which has experienced a rapid
uptick in seismicity since ~ 2016 (Skoumal and Trug-
man, 2021). The seismicity in this region is associated
with subsurface disposal of wastewater into shallow (<
3 km) and deep formations (> 3 km) and, to a lesser ex-
tent, hydraulic fracturing (Savvaidis et al., 2020; Grig-
oratos et al., 2022). Previous work has indicated that
the injection of large volumes of waste-water injection
into deep formations could have potentially triggered
the 2020 Mentone mainshock by reducing the effective
normal stress on the fault via pore-pressure diffusion
(Tung et al., 2021; Smye et al., 2024). Modeling results
show that pore-pressure and poroelastic stressing from
fluid injection into deep strata (~ 5 km) increased the
Coulomb failure stress by ~ 80 kPa at the location of the
Mentone earthquake. In addition, Tan and Lui (2023)
show that waste-water injection into shallow strata (<
2 km) could have imparted ~ 20 kPa of stress at themain-

shock hypocenter through far-field poroelastic stresses.
However, these studies ignore the role of static trigger-
ing from nearby seismicity and its potential role in trig-
gering or leading to a clock-advance of the Mentone
mainshock.

1.2 Definition of foreshocks and their spa-
tiotemporal patterns

Foreshocks are small earthquakes that precede and oc-
cur near the hypocenter of the impending mainshock.
Because foreshocks can only be identified in hindsight
after a larger earthquake has occurred, there is not al-
ways an obvious space-time window that robustly de-
fines foreshocks. Previous investigators have defined
foreshocks using window sizes that vary from hours
to months and spatial windows <= 30 km (Chen and
Shearer, 2013; Ellsworth and Bulut, 2018; Yoon et al.,
2019; Peng and Mori, 2022; Wetzler et al., 2022; Jones
and Molnar, 1976). If earthquakes start in a man-
ner that is consistent with theoretical models, then
the critical nucleation length scale (h*) could qualita-
tively constrain the expected size of the foreshock re-
gion (McLaskey, 2019; Wu and McLaskey, 2022).
We start our analysis by enhancing the TexNet cata-

log using amachine learning phase-picker, EQCCT, and
relocate the events with GrowClust (Saad et al., 2023;
Trugman and Shearer, 2017, Figure 1). We identified
45 earthquakes leading up to the Mentone mainshock
within a 3-month time window and a 5 x 5 km2 area
surrounding the hypocenter (Figures 1A-C). Our choice
of window size is strictly empirical and is based upon
the spatiotemporal characteristics of the foreshocks rel-
ative to the mainshock. Indeed, there are several ML
2+ earthquakes that occurred within the months lead-
ing up to the mainshock. However, we ignored these
events in our analysis because they do not exhibit spa-
tiotemporal patterns that would lend confidence in the
idea that they are indeed foreshocks, and a part of the
nucleationprocess of theML 4.9mainshock (e.g., Dodge
et al., 1996; Kato et al., 2016a,b; Yoon et al., 2019). Earth-
quakes with failure times > 6.5 hours from the main-
shock do not show spatial migration along the fault that
would be indicative of an expanding nucleation zone
as described in the preslip model (e.g., Dodge et al.,
1996; Kato et al., 2016a,b). In addition, these events
do not show a systematic migration towards the main-
shock as documented in previous foreshock sequences
(e.g., Dodge et al., 1996; Yoon et al., 2019). Finally, their
large time lag with respect to the mainshock makes it
difficult to explain their occurrence under a cascade
model, where static triggering should occur over rela-
tively short time scales (Ellsworth and Bulut, 2018; Yoon
et al., 2019).
Interestingly, a sequence of 11 earthquakes occurred

~ 6.5 hours before the mainshock (Figures 1B,1D, 2A).
We refrain from calling all these events as foreshocks
because as we will show below its possible that a ma-
jority (6/11) are better characterized as aftershocks of
the ML 4.0. This collection of 11 earthquakes produced
a notable uptick in the seismicity rate as is often ob-
served in laboratory experiments (e.g., Dresen et al.,
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Figure 1 A: Map view of west Texas and southeastern NewMexico. Red box highlights the 5 x 5 km2 study area. B: Temporal
evolution of seismicity in the 3-months before the Mentone mainshock. C: Map view of the earthquakes plotted in panel B.
D: Cumulative number of earthquakes leading up to theMentonemainshock. The increase in event rates immediately before
the mainshock is due to the 11 earthquakes that nucleated ~ 6.5 hours before the mainshock (see Figure 2).

2020; Trugman et al., 2020; Bolton et al., 2021), and prior
to some large crustal earthquakes (Kato et al., 2016a,b;
Yoon et al., 2019). The sequence that occurred in the 6.5
hours before the mainshock started with a ML 4.0 and
was followed by ten events with magnitudes between
ML 1-2. When plotted in map view, 8/11 events are lo-
cated within a small ~ 500 x 500 m2 area (Figures 2B-
D). For clarity, we refer to these events as the “main-
cluster”. The remaining three events are considered
outliers in the sense that they are disconnected in space
from the main cluster of events (Figures 2B,2D). Note,
that the relative event locations returned from Grow-
Clust are highly constrained, with average horizontal
and depth uncertainties of ~ 30 m and 130 m, respec-
tively. Uncertainties returned from GrowClust corre-
spond to themedian absolute deviations in source loca-

tions and are estimatedusing a bootstrapping technique
(see Trugman and Shearer, 2017). Due to uncertainties
in fault mapping and the velocity model used in Grow-
Clust, the earthquakes do not align perfectly along the
projected fault trace. However, this misalignment does
not influence the results presented herewhich aremore
sensitive to the relative location uncertainties (i.e., dis-
tance between events), and are highly constrained from
GrowClust, rather than the absolute positions of events.
We project the 11 earthquakes and mainshock onto the
fault plane in Figure 2B (along the A-A’ trace) and plot
their locations along strike as a function of time to the
mainshock and depth in Figures 2C-D. The along strike
distance is referenced to (-104.070°, 31.693°) andextends
to (-104.030°, 31.700°). The earthquakes do not show a
systematic migration along the fault plane leading up

4
SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Foreshocks, aftershocks, and static stress triggering of the 2020 Mw 4.8 Mentone Earthquake in west Texas

to the mainshock, as is observed in some foreshock se-
quences (Figures 2B-D;Dodge et al., 1996; Ellsworth and
Bulut, 2018; Kato et al., 2016a; Yoon et al., 2019).

2 Assessing the role of static stress
triggering on earthquake occur-
rence

We start our analysis by testing the hypothesis that
the 11 events that preceded the Mentone mainshock
are indeed foreshocks of the Mentone earthquake. We
then test the validity of the cascade model and whether
earthquake-earthquake triggering can explain the oc-
currence of the 11 earthquakes that preceded themain-
shock.
The rupture radius and average slip of each earth-

quake is needed to model the slip and shear stress per-
turbation imparted by each event and to test the efficacy
of the cascade model (e.g., Dodge et al., 1996; Ellsworth
and Bulut, 2018; Yoon et al., 2019). The rupture radius
can in theory be estimated from the corner frequency of
the source spectrum (see Equation S1 in Supplement).
In practice, corner frequencies are challenging to mea-
sure using noisy and bandlimited seismic data (Aber-
crombie, 2021). For example, estimating corner fre-
quencies and source properties for small earthquakes
(M < 3) is particularly challenging because to do so re-
quires adequate signal-to-noise at high frequencies (>
10 Hz), which is often outside the resolvable bandwidth
of seismic data (Figure S4). Here, we employ Empiri-
cal Greens Functions (EGF) to estimate the corner fre-
quency and source radius of the initialML 4.0 foreshock
(see supplement for details). We attempted to mea-
sure the corner frequencies of the smaller foreshocks
(ML 1-2) using EGFs, but this provedunsuccessful due to
the bandlimited nature of the seismic data (Figure S5).
Therefore, we assume that the smaller ML 1-2 earth-
quakes are representative of the 3000+ earthquakes an-
alyzed in the Delaware Basin by Trugman and Savvaidis
(2021) and assume that they have stress drops between
0.5-8 MPa. We use a 2 MPa stress drop as our baseline,
which ismedian stress drop found by Trugman and Sav-
vaidis (2021), and perform a sensitivity analysis on our
results using a 0.5 and 8 MPa stress drop, respectively
(see Supplement). This represents a ±4x range around
our baseline of 2 MPa and accounts for the expected
event-event variations in stress drops in the Delaware
Basin (Trugman and Savvaidis, 2021). We show below
that our results are independent of the choice of stress
drop for the small ML 1-2 earthquakes. Following the
work of Eshelby (1957), we can then measure the rup-
ture radius of each earthquake as:

a =
(

7Mo

16∆σ

) 1
3

(2)

To gain insights into the connections between earth-
quakes, we plot the rupture area for each foreshock
and mainshock (Figure 3). Note, that this analysis
is strongly contingent upon the relative location un-
certainties, which are indeed highly constrained from
GrowClust (i.e., uncertainties <130 m). Earthquakes

with a time-to-failure (TTF) of 383, 369, 362, 360, 319,
271, and 38 (min) are co-located to within one rupture
radius from each other and some events re-rupture a
portion of the fault that slipped during the first fore-
shock or in subsequent foreshocks (Figure 3B). In par-
ticular, events with a TTF of 369, 360, 319, and 38 (min)
have overlapping source radii, and appear to be indica-
tive of repeating earthquakes (Uchida and Bürgmann,
2019). To confirm the possibility that these events are
repeaters, we cross-correlate their waveforms using a
10.5-s window surrounding the S-wave data (Figure 3C).
The data show that events with a TTF of 369, 360, 319,
38 (min) have cross-correlation coefficients > 0.7 and
can be considered as repeaters (Figures 3B-C). Also note
that the observations in Figure 3 remain valid for stress
drops between 0.5-8 MPa for the small ML 1-2 fore-
shocks (Figure S6).
Finally, assuming circular ruptures and using mea-

surements of the source radius, a, and seismicmoment,
we can then measure the average slip across the fault
plane, u, using the following:

u = Mo

G ∗ π ∗ a2 (3)

Here G represents the shear modulus, which we set
as 30 GPa to be representative of the basement rocks,
and a represents the source radius fromEquation 2. For
the ML 4.0 foreshock we use an EGF approach to es-
timate the corner frequency and apply equation S5 to
estimate the source radius (see Supplement). We fol-
low previous investigators and model the resulting slip
and shear stress distribution within and surrounding
the circular fault patch using the model presented in
Andrews (1980) (Ellsworth and Bulut, 2018; Yoon et al.,
2019;Wang et al., 2024a). In thismodel, the slip varies as
a function of positionwith the circular fault patch and is
azimuthally symmetric; fault slip is highest at the cen-
ter of the circular fault patch and tappers off gradually
to zero at the edges (Figure S7A,C). The slip distribution
is modeled as:

d(r) =
{

u
[
1 − r

a
2] 3

2 r < a
0 r > a

(4)

where r is the radius within the fault plane, a is the
earthquake source radius from Equation 2, u is the av-
erage slip in Equation 3. Shear stresses are estimated
in the Fourier domain by multiplying the slip by a stiff-
ness function derived in Andrews (1980). In this model,
the resulting slip from the earthquake reduces the shear
stress within the fault patch and increases the shear
stress at the edges which then decreases rapidly with
distance from the rupture tip (Figure S7 B,D). We use
this model because it has been routinely used in pre-
vious works to study foreshock interactions prior to the
1999 Mw 7.1 Hector Mine, 1999 Mw 7.6 Izmit, and 2021
Mw 6.1 Yangbi earthquakes (Ellsworth and Bulut, 2018;
Yoon et al., 2019; Wang et al., 2024a). Here we use
themodeling results to test whether the 11 earthquakes
that preceded the Mentone mainshock observed in Fig-
ure 1 can be explained by static stress transfer from
earthquake-earthquake triggering as described in the
cascade model (Ellsworth and Beroza, 1995).
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Figure2 A: Stemplot showing the sequenceof 11 earthquakes in the final ~ 6.5 hours leadingup to theMentonemainshock.
The sequence started with a ML 4.0 foreshock and was followed by 10 smaller earthquakes with ML 1 − 2. B: Map view of
seismicity frompanel A. Earthquakes are denotedwith circles and color-coded according to the origin time of themainshock.
Location uncertainties are derived from a bootstrapping technique described in Trugman and Shearer (2017). Also, plotted
are focalmechanisms fromTexNet and the fault trace associatedwith theMentone earthquake fromHorne et al. (2021); fault
dip direction and angle are depicted with arrow. Note, that most of the earthquakes (8/11) occur in a localized region near
the mainshock. For clarity purposes, we label this set of events as the “main-cluster“. C: Earthquake locations along strike
after projecting them onto the fault trace shown in panel B from A-A’. Distance along the fault strike starts at a longitude of
-104.070 and extends to -104.030. Earthquakes do not show systematic progress along the strike of the fault as a function of
time to the mainshock. D: Depth cross-section view of earthquake locations after projecting locations onto the fault plane.
Similar to panel B, earthquakes show a strong spatial clustering as a function of depth. Note, that the three events that lie
outside of the main cluster are disconnected along the strike of the fault as well as in depth.

We assume that the sequence of 11 earthquakes and
mainshock are co-planar (Figure 2B). The fact that the
focal mechanisms of the mainshock and the largest
ML 4.0 foreshock are consistent with one another, and
the average uncertainties of the relative locations re-
turned from GrowClust are < 130 m lends confidence
in this assumption (Figure 2). Note that the models do
not consider a particular slip direction. In each sub-
panel of Figure 4, we label the earthquake associated
with the current TTF as the “current” earthquake and

the subsequent earthquake as the “impending”. In ad-
dition, each subpanel is color-coded by the cumulative
static shear stress imparted by the previous events; ar-
eas marked in red show locations along the fault where
the shear stress has increased while areas in blue de-
note areas where the shear stress has decreased. As-
suming a 2 MPa stress drop for the small ML 1-2 earth-
quakes, thedata inFigure 4 show that themajority (9/11)
of the events labeled as “current” earthquakesnucleated
in areas where the shear stress was increased from pre-

6
SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Foreshocks, aftershocks, and static stress triggering of the 2020 Mw 4.8 Mentone Earthquake in west Texas

Mainshock

ML 4.0 Foreshock

0.) TTF (383 min); ML 4.06

1.) TTF (369 min); ML 1.46

2.) TTF (362 min); ML 1.71

3.) TTF (360 min); ML 1.62

4.) TTF (319 min); ML 1.3

5.) TTF (293 min); ML 1.57

6.) TTF (279 min); ML 1.42

7.) TTF (271 min); ML 1.21

8.) TTF (257 min); ML 1.55

9.) TTF (137 min); ML 1.86

10.) TTF (38 min); ML 2.0

Increasing Time to Failure

A

B

C

1

3

4
10

2

0

7

Template #

In
cr

ea
si

ng
 T

im
e 

to
 F

ai
lu

re
Te

m
pl

at
e 

#

In
cr

ea
si

ng
 T

im
e 

to
 F

ai
lu

re
 (m

in
)

Repeaters

(m
in

)

Figure 3 A: Source radii ofmainshock and sequence of 11 earthquakes that preceded themainshock plotted along the fault
plane. Source radii forML 1 − 2 earthquakes andmainshock are derived assuming a constant stress drop of 2 MPa. Rupture
radius of theML 4.0 foreshock is calculated using EGFs. Circles are color coded according to time until themainshock, which
we denote as time-to-failure (TTF). Error bars represent relative location uncertainties from GrowClust. B: Zoom of “main
cluster” of events in A. The data show that ~ 7/11 earthquakes re-ruptured areas along the fault plane that slipped in previous
events. Note events are labeled according to their template number (see figure legend) C: Cross-correlation matrix of the 11
earthquakes that preceded the mainshock. Template numbers 1,3,4, and 10 all have high waveform similarity (> 0.70) and
overlapping source radii.

vious events, particularly the initial ML 4.0. The “cur-
rent” earthquake in panel 4H is the only event that nu-
cleated in an area where the shear stress decreased (see
also Figure 5B); however, considering the depth uncer-
tainty of this event it is possible that this event was also
located in an area where the shear stress was increased
from the ML 4.0. The initial ML 4.0 foreshock imparted
most of the shear stress at the location of the Mentone
mainshock, while the remaining 10 events imparted <
2 kPa of shear stress at the mainshock hypocenter (Fig-
ures 5A-B). When accounting for uncertainties in event
locations the static stresses induced at the Mentone
mainshock from the initialML 4.0 foreshock range from
~ 60-400 kPa (Figure 5C). Events with TTF of 137.5, 257,
and 279 (min) nucleated in areas where the shear stress
increased between 1-2 kPa. Note, these events lie out-
side of the “main-cluster” identified in Figure 2D. The
spatiotemporal evolution of the events and the associ-
ated static-stresses do not evolve systematically through
a series of cascading ruptures as is observed in some

foreshock sequences (e.g., Yoon et al., 2019; Ellsworth
and Bulut, 2018). We demonstrate that the results high-
lighted in Figures 3-5 are valid for stress drops between
0.5-8 MPa for the small ML 1-2 earthquakes (Figures S8-
11). This indicates that the static-shear stresses induced
along the fault plane were largely controlled by the ini-
tial ML 4.0 foreshock as opposed to the smaller ML 1-2
earthquakes.

3 Discussion
Distinguishing between the cascade and preslip model
is challenging and has led to different interpretations
of the same foreshock sequence. For example, both
mechanisms have been invoked to explain the fore-
shocks preceding the 1999 Mw 7.1 Hector Mine (Chen
and Shearer, 2013; Yoon et al., 2019), 1999 Mw 7.6 Izmit
(Bouchon et al., 2011; Ellsworth and Bulut, 2018), and
the 2021 Mw 6.4 Yangbi mainshocks (Zhu et al., 2022;
Zhou et al., 2022). In general, the cascade model pre-

7
SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Foreshocks, aftershocks, and static stress triggering of the 2020 Mw 4.8 Mentone Earthquake in west Texas

Current earthquake

Impending earthquake

A B C D

E F G H

I J K

Mainshock

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-383.7833 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)
1000 2000 3000 4000

Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-369.85 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-362.4833 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-360.8 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-319.8167 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)
Time to Failure:-293.05 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-279.6833 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-271.4 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-257.9833 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)

Time to Failure:-137.5 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

1000 2000 3000 4000
Distance along Strike (m )

5500

6500

7500

8500

D
ep

th
 (m

)
Time to Failure:-38.4167 (min)

-2

-1

0

1

2

C
um

ul
at

iv
e 

St
at

ic
 S

tre
ss

 (M
Pa

)

Mainshock

Figure 4 The Mentone sequence plotted along the fault plane as a function of time to themain-shock origin time (denoted
hereas time-to-failure). In each subplot,weplot the locationof the “current“ earthquakewitha cyancircle and the impending
earthquake with a green circle. The fault plane is color coded by the cumulative static stress imparted from previous earth-
quakes. Static stressesare computedassuminga2MPastressdrop for theML 1−2earthquakes. Note, that the static-stresses
along the fault plane are dominated from the stress perturbation imparted by the first foreshock (ML 4.0). 9/11 earthquakes
nucleated in areas that experienced an increase in shear stress from the initial ML 4.0 foreshock. Only one event (i.e., the
”current” earthquake in panel H) nucleated in area where the shear stress decreased from previous earthquakes.

dicts that foreshocks should nucleate in areas along the
fault plane that have experienced an increase in shear
stress from previous foreshocks. In addition, rupture
areas betweenneighboring foreshocks should abutwith
little overlap (Ellsworth and Bulut, 2018; Yoon et al.,
2019). In the preslip model, foreshocks are a byprod-
uct of accelerated aseismic creep that occurs within the
nucleation zone of the impending mainshock (Mignan,
2014; Gomberg, 2018; McLaskey, 2019). Key features
of the preslip model include accelerated seismicity in
space and time preceding the mainshock, indepen-
dent geodetic observations of aseismic creep, repeating
earthquakes, and spatial growth in foreshock activity
along the fault (Ohnaka, 1992, 1993; Dodge et al., 1996;
Bouchon et al., 2011; Kato et al., 2016a,b; McLaskey,
2019). A common feature of some foreshock sequences
is their tendency to migrate towards the hypocenter of
the mainshock which can occur in both models (Dodge
et al., 1996; Kato et al., 2016a,b; Ellsworth and Bu-
lut, 2018; Yoon et al., 2019). Distinguishing between
these two mechanisms can only be discriminated in

special cases where there are precise earthquake lo-
cations, high-quality source properties, and details of
rupture propagation. Obtaining such high-quality mea-
surements for small earthquakes (ML < 3), such as those
in induced earthquake sequences, is particularly chal-
lenging due to sparse observations and band-limited
seismic data. Furthermore, aftershock sequences that
follow large foreshocks add additional complexities that
make it challenging to understand the precise connec-
tion between foreshocks and the nucleation process of
the impending mainshock.

Despite these challenges, our work reinforces the
idea that invoking a single mechanism to describe fore-
shock sequences, such as those described in the pre-
slip model and cascade model, is likely insufficient in
explaining all foreshocks and additional mechanisms
need to be accounted for (McLaskey, 2019; Martínez-
Garzón and Poli, 2024). Furthermore, our work high-
lights the importance of earthquake-earthquake trig-
gering in induced earthquake sequences and suggests
that it could help sustain seismic activity following the
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Figure 5 A: Cumulative static-stress increase at the hypocenter of the Mentonemainshock. Static-stresses associated with
the initial ML 4.0 foreshock are computed using derived source properties from EGFs. For the smaller ML 1-2 earthquakes,
we model static stresses assuming a 2 MPa stress drop. The first foreshock (ML 4.0) imparted ~ 180 kPa of stress at the lo-
cation of the Mentone mainshock. B: Zoom of data in panel A. The smaller ML 1-2 earthquakes add < 2 kPa of stress at the
hypocenter of the mainshock. C: Static stresses induced at the Mentone mainshock from the initial ML 4.0 foreshock as a
function of distance between the mainshock and foreshock. The range in distances accounts for location uncertainties in
both events. The highest modeled stress occurs when the distance between the events is minimized while the lowest mod-
eled stress occurs when the distance between events is maximized. D: Cumulative static-stresses at the hypocenter of the
”current” earthquakes labeled in Figure 4. Each dot represents the total static stresses imparted from previous earthquakes.
Data show that 9/11 earthquakes nucleated in areas that experienced an increase in shear stress from previous foreshocks.
Only one event (TTF -271 s) nucleated in an area where the shear stress decreased. Also, note that events with TTF of 137.5,
257, and 279 (s) nucleated in areas where the shear stress increased between 1 − 2 kPa.

initial stressing perturbations from fluid injection.

3.1 The role of the ML 4.0 foreshock on the
initiation of the Mentone ML 4.9 main-
shock

Our results indicate that the initial ML 4.0 foreshock
played a significant role in altering the stress state along
the fault leading up to the 2020 Mw 4.8 Mentone main-
shock (Figures 4-5, S8-S10). The ML 4.0 foreshock nu-
cleated ~432m from theMentonemainshock, and thus,
static stresses from the ML 4.0 likely played an impor-

tant role in controlling the onset of the mainshock, as
demonstrated in Figures 4-5. Static-stress perturbations
following large earthquakes are common and elevated
stresses can extend several kilometers away from the
fault (King et al., 1994; Stein, 1999). Irrespective of
the stress drops of the small ML 1-2 events, our work
shows that the initial ML 4.0 foreshock imparted be-
tween ~60-400 kPa of shear stress at the hypocenter of
the mainshock, clearly capable of triggering the main-
shock and/or at the very least leading to a significant
clock-advance in failure time. It is important to note
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that the stresses decay rapidly away from the rupture tip
(e.g., Figure S7B), so modest changes in event locations
translate to relatively large changes inmodeled stresses.
The static-stresses induced at the mainshock are robust
to the choice of stress drops for the small ML 1-2 fore-
shocks because most of the static-stresses that are in-
duced at the mainshock hypocenter are caused by the
initial ML 4.0 (Figure 5A; S10A). It’s important to ac-
knowledge theuncertainties in the stress dropmeasure-
ments and event locations will shift the locations of the
maxima andminima in themodeled stresses. In partic-
ular, the source spectral models (e.g., Brune, 1970) as-
sume that the earthquake rupture behaves as a circular
crack with constant stress drop and that the corner fre-
quency of the source spectrum is inversely proportional
to the source radius. This is a common assumption
in many modeling studies, though it may oversimplify
some aspects of earthquake source processes (Aber-
crombie, 2021; Skoumal et al., 2020; Jia et al., 2023).
Nevertheless, without high-quality seismic and geode-
tic data it is difficult to constrain the precise details of
the rupture process. Hence, the modeled stresses in
Figures 4-5 should be interpreted with caution, as het-
erogeneity in rupture propagation will change the spa-
tiotemporal slip and stress distribution, which in turn,
will modulate the static stresses induced outside the
rupture area.
The static-stresses imparted by the initial ML 4.0 ex-

ceed the Coulomb failure stresses modeled from deep
and shallow fluid injection (Tung et al., 2021; Zhai et al.,
2021; Tan and Lui, 2023; Smye et al., 2024). These stud-
ies show that both deep and shallow waste-water injec-
tion increased the Coulomb failure stress at the Men-
tone hypocenter by 20-80 kPa through a combination
of pore-pressure and poroelastic effects. These mod-
els estimate pore-pressure and poroelastic stresses us-
ing monthly injection data and do not have the resolu-
tion to decouple changes in pressures and stresses as-
sociated with ML 4.0 foreshock from the mainshock.
As a result, the initiation and role of the ML 4.0 fore-
shock on subsequent seismicity, including the ML 4.9
mainshock, has been overlooked and ignored in previ-
ous works. Our work clearly indicates that it is possi-
ble that the Mentone mainshock was in fact triggered
from static-stresses induced by the ML 4.0 foreshock
as opposed to direct perturbations from fluid pressure
or poroelastic stressing. However, because our analy-
sis does not address the triggering mechanism of the
initial ML 4.0 foreshock, we cannot rule out the possi-
bility that pore-pressure diffusion, poroelasticity, and
other processes might have initiated the first ML 4.0
foreshock. Nevertheless, shear-induced dilatancy and
possible fracturing of the damage zone during the co-
seismic phasemakes it difficult to imagine that changes
in fluid pressure could trigger both theML 4.0 foreshock
and the ML 4.9 mainshock. That is, shear-induced dila-
tancy and rock fracturing should enhance the local per-
meability around the hypocenter, which would lead to a
transient decrease in pore-pressure during/shortly after
the ML 4.0 (Sibson, 1992; Segall and Rice, 1995; Samuel-
son et al., 2009; Proctor et al., 2020; Aben and Brantut,
2021; Bolton et al., 2023; Affinito et al., 2024). If the lo-

cal pore-pressure dropped following the initial ML 4.0
foreshock, then it seems unlikely that it would be able to
rapidly recover in < 6.5 hours to trigger the mainshock.
This reinforces the idea that static stressing from the
initial ML 4.0 foreshock likely played a key role in trig-
gering the Mentone mainshock.
It is worth pointing out that the Mentone foreshock-

mainshock sequence has strong parallels with the 2011
Mw 5.7 Prague, Oklahoma foreshock-mainshock se-
quence (Sumy et al., 2014; Savage et al., 2017). In partic-
ular, the 2011 Mw 5.7 Prague mainshock was preceded
by a Mw 5.0 foreshock less than 24 hours before the
mainshock, which in turn, imparted ~ 130 kPa of stress
at the hypocenter of the mainshock. The authors also
propose that pore-pressure diffusion triggered the ini-
tial foreshock, which in turn, triggered theMw 5.7main-
shock via static stresses.

3.2 Foreshocks or aftershocks?

The events that followed the initial ML 4.0 foreshock
are challenging to explain under the context of a pres-
lip or cascade model, making it difficult to charac-
terize these events as classic foreshocks to the im-
pending mainshock. First, the events that follow the
initial ML 4.0 foreshock do not systematically track
the static-stresses induced by previous foreshocks (Fig-
ures 4-5). In other words, each foreshock does not
always nucleate and abut near the boundaries of the
former foreshock as would occur in a cascading se-
ries of ruptures described under the cascade model
(e.g., Yoon et al., 2019; Ellsworth and Bulut, 2018; Wu
and McLaskey, 2022; Zhu et al., 2022). Rather, 6/11
events (TTF 369,362,360,319,293 min) nucleated in the
surrounding rupture area of the initial 4.0 foreshock
(Figures 3-4), and perhaps are better characterized as
aftershocks. Also note that three events (TTF: 369, 362,
and 360mins) nucleated in areas where the shear stress
increased by as much as ~ 2 MPa (Figure 5D). A total of
9/11 events nucleated in areas that experienced an in-
crease in shear stress from the initial ML 4.0 foreshock,
albeit three of these events occurred in areas where the
stress increased by only 1-3 kPa (Figure 5D).
Furthermore, the 11 events that preceded the Men-

tone mainshock do not exhibit features that are indica-
tive of a preslip model. For example, in the preslip
model it is thought that the nucleation zone that en-
compasses foreshocks expands in time and space. If
foreshocks are a byproduct of a preslip model then
one would expect growth in foreshock activity in space
and time leading up to the mainshock (e.g., Dodge
et al., 1996; Kato et al., 2016a,b). In addition, fore-
shocks should trend outwards and towards the main-
shock hypocenter if the nucleation zone grows with
time. However, the 11 earthquakes that preceded the
Mentone mainshock do not exhibit such characteris-
tics. Because repeaters represent the failure of asper-
ities due to loading from aseismic creep, they provide
additional support for a preslip model. Although 4/11
events can be characterized as repeaters (e.g., Figure 3),
these events cluster around the rupture area of the ini-
tial ML 4.0 foreshock and could also be explained by af-
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Figure 6 A: Nearest-neighbor distance linkages estimated using the distance metric defined in ?. Black dotted lines define
linkages (i.e., nearest neighbors) between pairs of earthquakes. B: Zoom of the sequence of 11 earthquakes that preceded
the Mentone mainshock. The initial ML 4.0 is linked to 10 smaller earthquakes and the Mentone mainshock. The ML 4.0 is
considered the parent of the 10 small events and the mainshock, and thus, indicates that the 10 smaller ML 1-2 events are
likely aftershocks of theML 4.0. In addition, the link between theML 4.0 andmainshock indicates that 4.0 can be considered
as a foreshock to the mainshock.

terslip driven by the initial ML 4.0 foreshock.
Based on the observations highlighted above, we pro-

pose that at least 6/11 events are in fact aftershocks of
the initialML 4.0 as opposed to classic foreshocks of the
Mentone mainshock. Specifically, events with TTF of
369, 362, 360, 319, 293, and 38 (minutes) are likely af-
tershocks because they cluster around the rupture area
of the initial 4.0 foreshock. We test this hypothesis by
following thework of ?? andmeasure the nearest neigh-
bor distance (NND) for each event in our catalog using
the distance metric defined in Zaliapin et al. (2008) and
?. Specifically, the NND is obtained by minimizing the
following:

ηi,j =
{

ti,j(rdf
ij )10−bmi ti,j > 0

∞ ti,j ≤ 0 (5)

Where ti,j is the time between two events i, j and is
positive if event i occurs before j; rij represents the dis-
tance between the events, df is the fractal dimension
of event locations, b is the Gutenberg-Richter b-value,
and mi is the magnitude of event i. Here, we set b=1
and df =1.6, consistent with ?. In short, the NND for
a given event j is defined as the minimum distance be-
tween event j and all previous events in the catalog. The
event i that represents the NND of event j is then said to
be the parent of event j. In Figure 6, we plot the nearest-
neighbor links for the entire catalog (e.g., Figure 1). The
ML 4.0 that occurred~ 6.5hoursbefore themainshock is
linked to a previousML 4.0 earthquake, 10 smallerML 1-
2 events, and the ML 4.9 mainshock. The distance link-
ages in Figure 6 imply that theML 4.0 is the parent of the

10 smaller ML 1-2 events and the Mentone mainshock.
In other words, the 10 smaller ML 1-2 events that fol-
lowed theML 4.0 canbe considered as aftershocks of the
ML 4.0. In addition, the linkage between theML 4.0 and
mainshock indicates that the ML 4.0 can be considered
as a foreshock to theML 4.9mainshock (?). In summary,
the NND analysis supports the hypothesis that most of
the events that followed the initial ML 4.0 are in fact af-
tershocks as opposed to foreshocks of the mainshock.
We propose that aftershocks of the initial 4.0 are

driven by elevated static stresses imparted by theML 4.0
foreshock (King et al., 1994; Stein, 1999) and post-
seismic afterslip (i.e., aseismic creep) (Hsu et al., 2006;
Perfettini and Avouac, 2007; Ross et al., 2017). In par-
ticular, because 4/5 events abut the rupture area of
the initial ML 4.0 foreshock (see Figure 3B), have over-
lapping source radii, and have high waveform similar-
ity it is possible that these events are repeaters and
driven to failure by afterslip (Figure 3C). One possibil-
ity is that the initial ML 4.0 triggered afterslip, which
in turn, triggered the sequence of repeaters observed
in Figure 3B. This idea is consistent with the work of
Kato et al. (2016b) who showed that the 2016 Mw 7.0
Kumamoto mainshock was preceded by a large Mw
6.2 foreshock, which in turn, triggered afterslip and
caused a sequence of migrating foreshocks/aftershocks
towards the mainshock. Observations of repeaters
during aftershock sequences have also been observed
following large megathrust earthquakes (e.g., Chaves
et al., 2020), and induced earthquakes in Oklahoma
(Okamoto et al., 2022) and are thought to be driven by
postseismic afterslip. It is also interesting to note that
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the recurrence interval between the repeating earth-
quakes is small, ranging from 10 to 280minutes. For the
same fault patch to re-rupture, the shear stress released
during the earthquake needs to recover and once again
overcome the frictional strength of the fault. This im-
plies that the stressing rate and frictional healing rate
must be sufficiently high to accumulate 0.5-8 MPa of
shear stress in a matter of minutes.
The remaining events with a TTF of 279, 271, 257,

137 (minutes) are not repeaters and cannot be easily ex-
plained by static stressing from the initial ML 4.0 fore-
shock and/or stressing induced from the smaller ML 1-
2 earthquakes. The static stresses induced by the initial
ML 4.0 are <3 kPa and are likely too small to trigger these
events (Figure 5B). The foreshock with a TTF of 271
(minutes) nucleated in area where the stress decreased.
However, accounting for uncertainties in depth could
push the location of this event outside rupture area of
the initial ML 4.0 foreshock where stresses were in-
creased.
In summary, the spatiotemporal properties of the

events that follow the initial ML 4.0 foreshock are not
entirely consistent with a preslip nor cascade model,
which further supports the hypothesis that some of
these events might be better classified as aftershocks
as opposed to foreshocks. Our work further reinforces
that idea that invoking a single mechanism is insuffi-
cient for explaining all the earthquakes leadingup to the
Mentone mainshock. Rather, a combination of mech-
anisms including static stressing from nearby earth-
quakes, fluid-induced perturbations from wastewater
injection, and aseismic creep all likely played a role in
triggering the sequenceof 11 earthquakes that preceded
the mainshock, as well as the mainshock itself (e.g.,
McLaskey, 2019; Cattania and Segall, 2021).

3.3 The time delay between the 4.0 fore-
shock andmainshock

The fact that there is a delay time of ~ 6.5 hours between
the ML 4.0 foreshock andmainshock is likely an indica-
tor of fault zone heterogeneity, in the form of stresses
or frictional strength. The delay time between these
events could also indicate that the loading rate and/or
mechanism that is driving failure has changed between
the two events. As noted above, the static stresses from
the 10 ML 1-2 foreshocks only imparted ~1-2 kPa of
stress at the hypocenter of the mainshock (Figure 5B).
Though it’s possible that these stresses led to the initia-
tion of the mainshock, they likely played a minor role.
As proposed above it’s possible that the initial ML 4.0

foreshock triggered afterslip, which in turn, loaded the
fault patch that hosted the mainshock. Though we lack
geodetic measurements to confirm the presence of af-
terslip, the presence of repeaters provides some confi-
dence in this assumption (Figure 3). If true, then per-
haps the mainshock was triggered by a combination of
the initial stress perturbation from theML 4.0 foreshock
andadditional loading frompost-seismic afterslip of the
ML 4.0.
Thedelay timebetween the foreshock andmainshock

could also be explained by a slip- and time-dependent

nucleation phase of the Mentone mainshock (e.g., Di-
eterich, 1978, 1986). The preslip model of foreshock oc-
currence would support the idea of an extended nucle-
ation phase (McLaskey, 2019). The fact that foreshocks
do not exhibit spatiotemporal characteristics of a pres-
lip model does not necessarily rule out the possibility
that themainshockwas preceded by an extended nucle-
ation phase; it simplymeans that foreshocksmay not be
a manifestation of this extended nucleation phase.

3.4 Induced Earthquakes: Fluid-induced
swarms versus foreshock-mainshock-
aftershock sequences

Injection induced earthquakes are often characterized
as earthquake swarms as they consist of small magni-
tude events that lack a mainshock-aftershock sequence
(e.g., Skoumal et al., 2015; Goebel et al., 2017; Skoumal
and Trugman, 2021). Earthquake swarms are common
features along tectonic fault zones and are thought to
be triggered by natural changes in fluid pressure as
opposed to far-field plate tectonic loading (e.g., Vidale
and Shearer, 2006; Roland and McGuire, 2009; Goebel
et al., 2017; Ross et al., 2020; Kato, 2023; Shelly, 2024;
Wang et al., 2024b). Perturbations in fluid pressure are
also invoked to explain moderate to large (M >= 4.0) in-
duced earthquakes that have characteristic mainshock-
aftershock sequences (Keranen et al., 2013; Sumy et al.,
2014; Chen et al., 2017; Keranen andWeingarten, 2018;
Skoumal et al., 2020; Tung et al., 2021; Smye et al., 2024).
Hence, elevated fluid pressure alone is not indicative of
whether a fault will bemore prone to swarm-like behav-
ior or mainshock-aftershock behavior and warrants the
question as to what causes swarms as opposed to char-
acteristic mainshock-aftershock sequences, such as the
2020 Mentone sequence analyzed here.
Earthquake size is a distinguishing feature that sep-

arates characteristic mainshock-aftershock sequences
from earthquake swarms. It therefore follows that
understanding the physical processes that control the
overall event size may lend insights into the differences
between swarms andmainshock-aftershock sequences.
Laboratory experiments indicate that the initial stress
state, relative to the shear strength, plays a key role in
regulating earthquake size (e.g., Passelègue et al., 2020;
Cebry et al., 2022). If the initial stress state on the fault
is low relative to its shear strength, it could prevent the
nucleation of a large earthquake because there is less
elastic-strain energy that can be used to drive frictional
slip. A low initial stress state is possible if the loading
rate from external sources (e.g., far-field plate tectonic
loading, aseismic creep, or fluid-induced processes) is
high relative to the frictional healing rate. Rapid load-
ing with modest and/or negligible healing would facil-
itate the occurrence of small earthquakes and inhibit
the nucleation of large earthquakes (e.g., Shreedharan
et al., 2023). In addition, a low initial stress state will
require higher fluid pressure to initiate failure, which
will lower the effective stress and promote small insta-
bilities (e.g., Leeman et al., 2016). Hence, fluid-induced
swarmsmay reflect the reactivation of faults that have a
low initial stress state relative to their failure strength.
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In contrast, foreshock-mainshock-aftershock se-
quences, such as the Mentone sequence analyzed here,
might be more common in situations where the initial
stress is high relative to its shear strength. If the initial
stress is high, there is more elastic strain energy that
can be used to drive frictional slip, resulting in larger
magnitude events (e.g., Passelègue et al., 2020). In
addition, less fluid pressure is needed to initiate slip,
whichwould allow the effective normal stress to remain
high and promote the occurrence of large instabilities
(Leeman et al., 2016). The Mentone sequence and
other moderate to large, induced earthquakes (e.g.,
Keranen et al., 2013; Sumy et al., 2014; Chen et al., 2017;
Keranen andWeingarten, 2018; Tung et al., 2021) might
be examples of such phenomena.

4 Conclusion
The 2020 Mw 4.8 Mentone earthquake was preceded by
a sequence of 11 earthquakes that occurred in the fi-
nal ~ 6.5 hours leading up to the mainshock. Seismic-
ity in west Texas is thought to be largely driven by sub-
surface fluid injection from oil-gas operations. How-
ever, here we show that earthquake-earthquake trig-
gering played an important role in the nucleation of
the 2020 Mentone earthquake sequence. The initial
ML 4.0 foreshock significantly altered the local shear
stress along the fault plane. The mainshock and most
(9/11) of the earthquakes that preceded it nucleated in
areas where the static shear stresses were increased
from the initial 4.0 foreshock. The sequence of earth-
quakes that preceded themainshock do not exhibit sys-
tematic spatiotemporal characteristics that are indica-
tive of a preslip or cascade model, making it challeng-
ing to characterize them as classic foreshocks. Statis-
tical attributes and source properties indicate that at
least (6/11) of these earthquakes are likely aftershocks
of the initial 4.0 as opposed to foreshocks to the Men-
tonemainshock. Our work shows that a combination of
physical processes including, static stress transfer from
earthquake-earthquake triggering, aseismic creep, and
fluid-induced stress changes all played an important
role in triggering the Mentone mainshock and the se-
quence of 11 earthquakes that preceded it.

5 Data and resources
The raw waveform data used in this study are pro-
vided in the following link: https://dataverse.tdl.org/
dataset.xhtml?persistentId=doi:10.18738/T8/GHRTZQ.
The supplement contains a set of complementary
figures that clarify the methods, estimates of source
properties, and additional modeling results.
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