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1.  Introduction
A significant earthquake occurred on 15 May 2020 (Mw 6.5) in the Monte Cristo Range located in the west part 
of the Basin and Range province near Tonopah, (Nevada), USA. This event is the strongest earthquake to have 
occurred in the state of Nevada since 1954, but due to its remote location far from populated areas, no serious 
damage was reported (Koehler et al., 2021). The earthquake occurred along the eastward projection of the left-lat-
eral Candelaria fault (Koehler et al., 2021; Figure 1).

Aftershock distribution and focal mechanism solutions (Ruhl et al., 2021; Figure 1), surface rupture mapping 
(Koehler et  al.,  2021), GPS measurement (Hammond et  al.,  2021), and surface deformation deduced from 
Synthetic Aperture Radar Interferogram (InSAR), indicates that the 2020 Monte Cristo event occurred within 
two distinct zone of seismicity from west to east characterized by a complex pattern of surface rupture between 
NE-striking oblique left-normal faults, with minor slip on north-striking right-lateral faults. Seismicity and geod-
esy show a predominantly E-W rupture plane with hints of perpendicular intersecting structures. The tectonic and 
geomorphologic investigations indicate that the expression of the left-lateral displacement along the 2020 Mw 6.5 
Monte Cristo main traces is analogous to the pattern of surface rupture observed in the 2019 Mw 6.4 Ridgecrest 
earthquake (Koehler et al., 2021). The moment tensor solution and the aftershocks distribution of the Monte 
Cristo earthquake along the left-lateral Candelaria Hills fault is oriented at a relatively high angle to the general 
trend of the Walker Lane with respect to the opposite sense of slip (Figure 1), similar to the orientation of the 
Mw 6.4 Ridgecrest earthquake. Taking into account both seismological and tectonic aspects (Figure 1; Koehler 
et al., 2021), the left-lateral structure associated with the Monte Cristo earthquake may reflect the primary mech-
anism whereby the slip is transferred across major right-lateral faults and may imply a stress redistribution due 
to the fault interactions between neighboring conjugate fault structures as observed in other case studies (Hudnut 
et al., 1989; Kariche et al., 2018).

In this paper, we investigate the 2020 Monte Cristo seismic sequence and examine potential fault interactions 
using Coulomb modeling on fixed fault planes derived from field investigations, geodetic and seismic source 
analysis. The computation using historical events is considered in order to better understand the large-scale fault 

Abstract  On 15 May 2020 at 11:03 (UTC) a shallow earthquake with a Magnitude Mw 6.5 struck the 
Central Walker Lane in the Mina Deflection region. This shallow event offers the possibility to model the 
change in Coulomb failure function (ΔCFF) including the historical events and to analyze the effect of fluid 
redistribution on fault ruptures. The static stress change modeling shows that the 1932 Cedar Mountain (Mw 
7.1) earthquake increased ΔCFF on the 2020 Monte Cristo left-lateral rupture by an average value of ∼2 bar 
suggesting a fault interaction in the context of conjugate strike-slip faults. Also, the ΔCFF caused by the Monte 
Cristo earthquake shows a 0.1–0.5 bar increase on nearby right-lateral fault planes at 8 km depth. In contrast 
to the 2019 Ridgecrest sequence (Mw 6.4 and Mw 7.1), our poroelastic stress change modeling of the 2020 
Monte Cristo earthquake shows no apparent correlation between the positive stress change values and fluid 
redistribution along the Monte Cristo conjugated ruptures. Nevertheless, the Coulomb modeling using adapted 
poroelastic solutions shows that the 2020 Monte Cristo mainshock increased stresses with a value of 0.2–0.9 bar 
south of the Mina Deflection along the White Mountains and Fish Lake Valley fault zones. The stress values 
combined with a strain rate of 40–50 nanostrain/yr represent a shift of 8%–15% of the recurrence time interval 
for a large earthquake along the White Mountains and Fish Lake Valley faults suggesting an elevated pore-fluid 
effect for faults reactivation in both undrained and drained fluid conditions.
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interaction and related fluid migration. The Coulomb modeling shows a stress transfer from large right-lateral 
fault ruptures to nearby major left-lateral conjugate fault ruptures. Using different values of the effective fric-
tion coefficient closely connected to variable Skempton coefficient values, the stress change modeling suggests 

Figure 1.  Seismotectonic map showing major active faults of the Walker Lane and Mina Deflection (thick black lines; Wesnousky, 2005). The thin lines represent 
additional USGS/CGS Quaternary active faults (https://earthquake.usgs.gov/hazards/qfaults/, last updated in 2017). The seismicity (M > 3) spanning the period from 
1968 to 26/06/2020 are from Northern California Earthquake Catalog, the related focal mechanism is represented with black beach ball. The focal mechanism of the 
1932 Cedar Mountains and the 1934 Excelsior Mountain earthquakes are extracted from Doser (1988). The focal mechanism for the Mw6.5 Monte Cristo earthquake 
is from USGS-NEIC (https://earthquake.usgs.gov/earthquakes/search/). The red beach balls represent the 2020 Monte Cristo earthquake aftershocks moment tensor 
solutions. The red beach balls data are from Saint Louis University (SLU). The colored Box indicates the 2020 Monte Cristo sequence. CHFZ= Candelarias Hills Fault 
zone; FLFZ= Fish Lake Valley Fault zone; WMFZ= White Mountains Fault zone. The clockwise block rotation (Wesnousky, 2005) is indicated by red arrows.
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different pore pressure regimes along different faults within the Walker Lane. Also, the Coulomb stress modeling 
shows that the ∼3-month aftershocks distribution following the 2020 Monte Cristo earthquake is driven by a 
stress transfer. The Coulomb modeling results related to the 2020 Monte Cristo earthquake sequence are also 
compared to the stress transfer following the 2019 Ridgecrest earthquake sequence. The effect of pore-fluid in 
the triggering mechanism for both sequences (i.e., 2020 Monte Cristo and 2019 Ridgecrest) and the occurrence 
of liquefaction are also discussed.

2.  Seismotectonics and Fault Parameters
The seismicity in the Walker Lane and Mina Deflection is due to the relative movement of the Pacific & North 
American plates. Global positioning system (GPS) measurements indicate that the Walker Lane accommodates 
15%–25% of the dextral motion between the North American and Pacific plates from north to south (Bennett 
et al., 2003; Blewitt et al., 2018; Hammond et al., 2021; Thatcher et al., 1999; Wesnousky, 2005). The Walker 
Lane is divided in terms of the complexity of the pattern of faulting and block rotations into three distinct 
structural domains defined by different physiographic expression and style of deformation (Faulds et al., 2005; 
Wesnousky,  2005). The Northern Walker Lane consists of a system of faults that have variable orientations 
(Wesnousky, 2005). The north-northwest trending right-lateral strike-slip faults are associated with clockwise 
crustal blocks rotations bounded by deep-seated, high angle normal faults, left-lateral strike-slip faults, and 
right-lateral strike-slip faults (Carlson et  al.,  2013; Faulds et  al.,  2005; Wesnousky,  2005). Paleoseismic and 
geomorphic studies indicate Holocene slip rate ranging from 1.1 to 2.6  mm/yr (Carlson et  al.,  2013; Faulds 
et al., 2005; Wesnousky, 2005). The Southern Walker Lane is tectonically more mature and better organized 
and extends from the Garlock fault to the Mina Deflection (Faulds et al., 2005; Wesnousky, 2005). It consists of 
continuous ∼ hundreds of kilometers long northwest-trending right-lateral fault systems. The 250-km long NW 
striking Fish Lake Valley-Death Valley fault zone is the longest fault system that composes the Southern Walker 
Lane (Wesnousky, 2005). The fault slip rate along the Fish Lake Faults Valley-Death Valley fault system averages 
∼3.3 mm/yr (Wesnousky, 2005). Other major dextral faults that encompass the Southern Walker Lane are the 
Owens-Valley-White Mountains faults. This system of faults is characterized by a slip rate of ∼2.9 mm/yr on the 
Owens Valley fault partitioned essentially onto the NNW White Mountain fault zone (DeLano et al., 2019). The 
two separate but northward converging fault systems migrate from Fish Lake Valley to the White Mountains and 
Owens Valley faults along northeast striking normal faults (Carlson et al., 2013; Wesnousky, 2005; Figure 1). 
Geodetic data indicate that more than 10  mm/yr of dextral shear is associated to the Southern Walker Lane 
domain (Bormann et al., 2016; Kreemer et al., 2009).

The Central Walker Lane is characterized by heterogeneous and discontinuous systems of NW striking right-lat-
eral faults, NE striking conjugate left-lateral faults, and N striking normal faults denoting a significant change 
in the style of deformation between the Northern and the Southern Walker Lane (Angster et al., 2019; Carlson 
et al., 2013; Wesnousky, 2005). A maximum long-term geological dextral fault slip rate of ∼1.5 mm/yr deduced 
from displaced Holocene alluvial fan deposits is accommodated along to the Benton Spring Fault zone (Angster 
et al., 2019).

Faulds et  al.  (2005) defines the Central Walker Lane as the youngest parts of the transform plate boundary 
system which accommodates a significant fraction of the Pacific-North American plate motion. Kinematic mode-
ling, paleomagnetic results and seismicity analysis show that the Central Walker Lane is associated with a three 
domains that accommodate the complex active deformation (Bormann et  al.,  2016, Figure 1): (a) left-lateral 
faulting with a clockwise (Non Pinned) block rotation upon a vertical axis from the Excelsior Mountains to 
Candelaria Hills within the Mina Deflection; (b) right-lateral faulting to the northeast and southwest of the Mina 
deflection: and (c) extensional faulting with a probable clockwise block rotation and related en-echelon normal 
faulting pattern from the Mina Deflection to the Southern Walker Lane. Several authors interpret this complex 
rotational domain as the major mechanism controlling the dynamics of extensional basins within the Walker Lane 
(Angster et al., 2019; Bormann et al., 2016; Nagorsen-Rinke et al., 2013; Pierce et al., 2021; Wesnousky, 2005). 
Faulds et al. (2005) interpret the complex kinematics domain as a consequence of the early evolution of a strike 
slip faults systems in both a transtensive and transpressive regimes and infer that this pattern may denote the birth 
of a new lithospheric-scale transform fault.
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Figure 1 represents a seismotectonic map of the Central Walker Lane domain. The largest historical event in the 
Central Walker Lane, the 1932 Cedar Mountain earthquake occurred near the Cedar Mountains with a magni-
tude Mw 7.1 (Doser, 1988, Figure 1). The focal solution combined with field observations show that this event 
occurred on a complex system of right-lateral faults (Bell et al., 1999; Doser, 1988; Figure 1). The waveform 
inversion and other seismic considerations show that the rupture process of the Cedar Mountain earthquake initi-
ated at the northeastern edge of the Central Walker Lane and propagated southward for about 10 s (Doser, 1988). 
By analyzing the focal solution of the 1932 Cedar Mountain event, Doser (1988) inferred that the nodal plane with 
a strike/dip/rake = 352°/80°/180° matches the principal trend of the Cedar Mountain rupture. Based on analyses 
of focal solutions and the extent of the damage zone as reported by Bell et al. (1999), the Cedar Mountain fault 
parameters show a ∼60-km-long, ∼15-km-wide north-north-east south-south-west trending zone of strike slip 
faults associated with 1.5 ± 0.3 m right-lateral slip. The seismic moment obtained using the Wells and Copper-
smith (1994) empirical relations show a M0 ∼ 4.4 × 10 19 N.m (Table 1) in agreement with the ∼5.4 × 10 19 N.m 
geologic moment estimate of Doser (1988).

Another major earthquake that occurred in the Central Walker Lane is the 30 January 1934 Excelsior Mountain 
earthquake with magnitude of Mw 6.3 (Doser, 1988; Ryall & Priestley, 1975). Focal mechanism analysis, after-
shock relocation and tectonic considerations indicate that this event occurred on a conjugate left-lateral fault 
with respect to the 1932 Cedar mainshock (Table 1, Figure 1). The aftershock distribution following the 1934 
Excelsior Mountain Earthquake shows that this event was followed by more than 30 aftershocks with Magnitude 
≥4.0 (Ryall & Priestley, 1975). The spatial distribution of aftershocks implies that the 1934 Excelsior Mountain 
earthquake occurred along a fault plane striking between N49°E and N60°E and dipping between 40°NW to 
70°NW (Bell et al., 1999; Doser, 1988).

The 2020 Mw 6.5 Monte Cristo Range earthquake has been the site of numerous published studies as of the time 
of this writing with extensive documentation on earthquake rupture, aftershock distribution and surface faulting 
(Bormann et al., 2021; Hammond et al., 2021; Koehler et al., 2021; Ruhl et al., 2021). A precise relocation of 
∼17,000 events, moment tensor solutions, and the rapid tectonic-geomorphic reconnaissance demonstrate that 
the 2020 Monte Cristo earthquake occurred at the intersection of two distinct fault zones characterized by a 
∼30 km E-NE zone of complex fault-ruptures with variable senses of slip that accommodate overall East-West 
left-lateral shear deformation (Bormann et al., 2021; Koehler et al., 2021; Ruhl et al., 2021). The Western zone is 
characterized by a wide area of damage characterized by a predominantly left-lateral offsets with a right-stepping 
en echelon fault-rupture geometries (Koehler et al., 2021; Ruhl et al., 2021) comparable to those observed during 
the 2019 (Mw 6.4) Ridgecrest earthquake (Ponti et al., 2020). Surface rupture investigations show a maximum 
of ∼20 cm left-lateral displacement measured from an offset channel margin and 10 cm of NW vertical displace-
ment, indicating a component of oblique slip (Koehler et al., 2021). The Eastern zone of the rupture including 
the location of the 2020 Monte Cristo mainshock is quite different. The spatial evolution of seismicity and 
aftershocks moment tensor solutions shows a more complex distribution of faults with a cluster of events aligned 
N to NW associated with predominantly right-lateral slip (Ruhl et al., 2021) comparable to the surface rupture 
mapping observations (Koehler et  al.,  2021). The seismicity near the hypocenter is concentrated on shallow 
oblique structures with ranging in depth between [3–10] km (Ruhl et al., 2021).

As mentioned before, focal mechanisms combined with the analysis of aftershocks distribution, GPS and InSAR 
data show that the 2020 Monte Cristo earthquake occurred on complex E-W predominantly left-lateral faults 

Earthquake Lon_c (°) Lat_c (°) Depth (km) MO (× 10 18 N.m) L (km) W (km) Strike (°) Dip (°) Reverse slip (m) Right-lateral Slip (m)

1932 Cedar Mnt −117.9 38.6 7.5 44 49.60 15.23 347 80 0.000 1.8

1934 Excelsior Mnt −118.35 38.28 5.5 3.7 22 13 246 45 −0.1 −0.4

2020 Monte Cristo −117.81 38.23 4.0 0.2 13.8 5.1 158 82 −0.01  10.1

−177.89 38.16 9.0 2.9 20 15.3 73 78 −0.12 −0.28

−118.03 38.12 5.7 2.8 10 11 56 50 −0.54 −0.59

Note. Lon_c and Lat_c indicates the center of each dislocation.

Table 1 
Physical Characteristic of the Earthquakes Used in This Study, L Represent the Fault Length and W is Fault Width
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(Table 1, Figure 2; Koehler et al., 2021; Ruhl et al., 2021). In the context of a dextral movement along the Pacific 
-North American plate boundary system, the E-W Monte Cristo earthquake rupture and related shallow seismic-
ity can be interpreted as transtension deformation accommodating a clockwise block rotation upon a vertical axis 
which is characteristic of movement of major conjugate strike-slip faults in the Central Walker Lane (Figure 1; 
Wesnousky, 2005). Using the empirical relations from Wells and Coppersmith (1994), the magnitude of the 2020 
Monte Cristo event implies 0.6 m coseismic left-lateral slip at depth and ∼20-km complex-wide rupture (Table 1, 
Figure  2) consistent with the GPS data and geological field investigations (Hammond et  al.,  2021; Koehler 
et al., 2021). The Monte Cristo slip model proposed in this study (Table 1) also mimics the change in orientation 
and sense of slip as observed in GPS data, seismicity analysis, and field investigations (Hammond et al., 2021; 
Koehler et al., 2021; Ruhl et al., 2021).

Figure 2.  Preferred fault geometry and slip distribution related to the 2020 Monte Cristo earthquake (Mw 6.5) and used as an input to the Coulomb stress change 
modeling: (a) Correspondence between focal solutions for major events (M ≥ 4) associated with the 2020 MC sequence and our estimated fault geometry used as 
an input to the Coulomb modeling, the rectangles indicate the projection of fault planes at the surface and the magenta lines indicate the fault trace. The black lines 
represent the Quaternary faults. (b) General slip distribution following the Mw 6.5 Monte Cristo earthquake, the arrows represent the sense of slip. (c) Comparison 
between the modeling coseismic displacement (in red) and the observed coseismic GPS displacement (in blue). The updated coseismic offsets data are from MAGNET/
UNAVCO-NOTA real time data solutions. (d) Coseismic InSAR line-of-sight (LOS) displacement derived from Sentinel-1A interferograms (data from Li et al., 2020). 
The Sentinel data used to retrieve the coseismic LOS displacement is acquired in the Descending Tracks 144, the black lines represent the InSAR estimation of the 2020 
Monte Cristo fractures network (R.Gold pers. comm.) and the purple surface represent the surface ruptures obtained by Koehler et al. (2021) and Dee et al. (2021). 
Yellow star indicates earthquake epicenter. The comparison between modeled and observed displacements is performed using the Coulomb 3.3 software (Toda 
et al., 2011).
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3.  Stress Change Modeling and Fault Interaction
3.1.  Coseismic Stress Change Response

To evaluate potential fault interactions caused by major earthquakes on nearby fault ruptures, we use the concept 
of change in Coulomb Failure Function (ΔCFF). The static stress change can be expressed by (Reasenberg & 
Simpson, 1992):

ΔCFF = Δ𝜏𝜏 − 𝜇𝜇
′
Δ𝜎𝜎𝜎𝜎;� (1)

In which 𝐴𝐴 𝐴𝐴 is the shear stress, σn is the normal stress, μ′ is the effective friction coefficient and ′ refers to changes 
during an earthquake. The apparent (or effective) friction coefficient μ′ can be expressed as the combination of 
Skempton coefficient B and internal friction coefficient μ (Reasenberg & Simpson, 1992):

𝜇𝜇
′

= 𝜇𝜇(1 − 𝐵𝐵)� (2)

 1The preferred dislocation model for the 2020 Monte Cristo earthquake consists of the combination of three 
conjugate segments with a mixed right-lateral, left-lateral (primarily) and normal slip components. Note that the 
faults geometry and slip distributions agree with the GPS, InSAR line-of-sight (LOS) displacements and focal 
solutions of major aftershocks (see Section 4 and Figure 2 for more details).

Based on the isotropic poroelastic hypothesis, an expression of the Coulomb stress change is given by (Beeler 
et al., 2000):

ΔCFF = Δ𝜏𝜏 − 𝜇𝜇(Δ𝜎𝜎𝜎𝜎 − 𝐵𝐵Δ𝜎𝜎𝜎𝜎)� (3)

where Δσm defines the mean stress change following the earthquake. In this work, the concept of the isotropic 
poroelastic medium as expressed by Beeler et al. (2000) is compared to the classic elastic Coulomb stress change 
modeling to assess the effect of pore fluid pressure change on earthquake triggering mechanisms on conju-
gate faults. The ΔCFF computation is resolved on known fixed fault planes deduced from: focal mechanism 
data, InSAR and GPS data analysis, strong wave motion inversion and other geological considerations (Table 1, 
Figures 1 and 2).

3.2.  Short Term Postseismic Poroelastic Stress Response

At the intermediate between undrained and drained fluid phases, the Skempton coefficient B may be related to 
the undrained and drained state of fluids as (Yamashita & Tsutsumi, 2018):

𝐾𝐾

𝐾𝐾𝑢𝑢

= 1 − 𝛼𝛼 𝛼𝛼�

where 𝐴𝐴 𝐴𝐴 is called as the Biot and Willis coefficient (1957) and represents the ratio between the increment fluid 
content and the volumetric strain change following an earthquake. K and Ku represent the drained and undrained 
bulk modulus respectively and may be written as a contribution of undrained (𝐴𝐴 𝐴𝐴𝑢𝑢 ) and drained (𝐴𝐴 𝐴𝐴) Poisson ratios 
(Yamashita & Tsutsumi, 2018):

𝐾𝐾

𝐾𝐾𝑢𝑢

=

(

1 + 𝜐𝜐

1 + 𝜐𝜐𝑢𝑢

)

×
𝜐𝜐𝑢𝑢

𝜐𝜐
�

If an isotropic poroelastic model is assumed (Beeler et al., 2000), an intermediate short-term poroelastic solution 
can be obtained by combining a shear, normal and pore fluid contribution as:

ΔCFF = Δ𝜏𝜏 –𝜇𝜇(Δ𝜎𝜎𝜎𝜎 −
(𝜐𝜐𝑢𝑢 − 𝜐𝜐)

𝛼𝛼 (1 − 2𝜐𝜐) (1 + 𝜐𝜐𝑢𝑢)
Δ𝜎𝜎𝑘𝑘𝑘𝑘)� (4)

Equation 4 shows that the effect of pore fluid is not a maximum in the undrained phase of fluids but a significant 
pore fluid perturbation may appear from the undrained to the drained fluids-phase. This approach is also exam-
ined by Segall and Rice (1995) and Chambon and Rudnicki (2001) in stress change induced by fault geometries in 
a spring-slider model for dilating fluid-infiltrated fault. Equation 4 represents the short-term coupled poroelastic 
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response of the medium following a sudden slip. Comparing Equations 1 and 4 and considering partially satu-
rated conditions in rocks in the upper few kilometers of the seismogenic zone (h ≤ 15-km depth) with typical 
values of (𝐴𝐴 𝐴𝐴𝑢𝑢, 𝜐𝜐) = 0.31, 0.25 (Bosl & Nur, 2002; Rice & Cleary, 1976), then the coupled poroelastic stress change 
response on fixed fault ruptures shows a value ∼10% greater than the ΔCFF values obtained by elastic stress 
change modeling (Equation 1). These typical values of 𝐴𝐴 𝐴𝐴𝑢𝑢 and 𝐴𝐴 𝐴𝐴 correspond to the case where the elastic properties 
of crustal rocks are affected by the presence of fluids. These values also describe the temporal change in the ratio 
of the compressional and shear wave velocities (Vp/Vs) following an earthquake.

Considering a high density of pre-existing fractures associated with fully saturated rocks (𝐴𝐴 𝐴𝐴𝑢𝑢, 𝜐𝜐 = 0.31, 0.15), the 
average poroelastic stress response on target faults is ∼40% greater than the Coulomb stress modeling using only 
the elastic properties of the upper crust. Based on this assumption and considering the presence of fluids along 
the fault zone, the short-term coupled poroelastic response tends to increase the stress loading on fixed receiver 
faults in locations where the fluid diffusion cause increases in pore-fluid pressure over time.

3.3.  Intermediate to Long Term Postseismic Poroelastic Stress Response

The absence of a real 3D poroelastic model inhibits the physical characterization of the complex fluid diffusion 
process along active faults. To overcome this limitation, the cumulative stress change associated with the full 
poroelastic relaxation of an earthquake is modeled by adopting analytical 3D poroelastic solutions based on 3D 
elastic modeling. This modeling accounts for the temporal variation of the Poisson ratio from undrained to the 
fully drained state of fluids. The modeling approach is not necessarily viewed as an oversimplified assumption. 
The strategy adopted here is based on comparing elastic deformation scenarios from the “undrained “state of the 
fluid (i.e., immediately after the earthquake) to the possible fully “drained “fluid state (i.e., when the fluid is fully 
redistributed and heterogeneous fluid pressure state has been re-established along the fault zone) but without 
exploring the details in the temporal evolution of the fluid migration and crustal deformation. In this case, the 
variation of the Poisson ratio from undrained to drained fluid state is viewed as a consequence of the variation 
in rock rheology due to the fluid drainage along the fault zone. This basic approach is also adopted by Peltzer 
et al. (1998) to invert post-seismic deformation due to the poroelastic rebound of major earthquakes in Southern 
California.

4.  Earthquake Sequence and Static Stress Change in the Central Walker Lane
The seismicity catalog within the Walker Lane tectonic province includes recorded historical seismicity and 
pre-instrumental observations indicates the occurrence of numerous Mw > 6 earthquakes (Figure 1). This activ-
ity mostly shows a conjugate right-lateral and left-lateral rupture mechanisms within the Central Walker Lane 
(Figure  1). This sequence of seismic activity suggests stress transfer among of conjugate faults as observed 
in other cases such as the November 1987 Elmore Ranch-Superstitions Hills, the 1992 Landers-Big Bear, the 
1994–2016 Rif-Alboran Sea, the 2019 Mindanao and the July 2019 Ridgecrest earthquakes sequences (Bosl 
& Nur, 2002; Hudnut et al., 1989; Kariche et al., 2018, 2019; Li et al., 2020). Fault slip kinematic studies for 
the Walker Lane and Mina Deflection show a slip transfer between sinistral slip along the northwest part of the 
Mina Deflection and dextral slip along the Owens Valley fault in the Southern Walker Lane domain (DeLano 
et al., 2019; Nagorsen-Rinke et al., 2013; Stewart, 1980; Wesnousky, 2005). In the context of lateral movement 
along the Pacific-North American transform plate boundary, en echelon left-lateral faults delimited by large 
dextral faults can be interpreted as a transpression/transtension deformation with a clockwise block rotation 
(Jackson & Molnar, 1990). Kinematic modeling with clockwise vertical axis block rotation and paleomagnetic 
results illustrate pure shear crustal deformation oriented approximatively parallel to the Walker Lane (Jackson 
& Molnar, 1990; Wesnousky, 2005). Wesnousky (2005) points out that the clockwise rotation of crustal blocks 
appears responsible for major basins within the Central Walker Lane.

The seismic sequences investigated in this study includes the three strong to major earthquakes that occurred in 
the Central Walker Lane–Mina Deflection (Figure 1): The 1932 Cedar Mountain earthquake (Mw 7.2), the 1934 
Excelsior Mountain earthquake (Mw 6.3) and the 2020 Monte Cristo Range earthquake (Mw 6.5). The Cedar 
Mountain and Excelsoir Mountain events have been the focus of geomorphologic and tectonic investigations and 
seismic waveform analyses (Doser, 1988; Ryall & Priestley, 1975; Wesnousky, 2005) from which the epicentral 
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locations and related fault-rupture characteristics are derived (Table 1). The fault rupture geometry and param-
eters associated with the 2020 Monte Cristo earthquake are deduced from modeling of coseismic offset on 24 
MAGNET GPS stations, SLU focal mechanisms, source time functions and co-seismic Sentinel-1A InSAR data 
analysis (Figure 2). Based on elastic dislocation theory (Okada, 1992), our preferred model constrained by GPS, 
InSAR and moment tensor solutions data consists of a combination of three conjugate segments with a mixed 
right-lateral, left-lateral and normal slip distributions (Table 1, Figure 2). The spatial variability of the geometry 
and the slip distributions from E to W derived from this model align with the spatial evolution of aftershocks and 
surface ruptures investigations (Koehler et al., 2021; Ruhl et al., 2021).

Among the largest earthquakes (Mw > 6) to have occurred in the Central Walker Lane, the 1932 Cedar Moun-
tain (Mw 7.1), the 1934 Excelsior Mountain (Mw 6.3) and the 2020 Monte Cristo (Mw 6.5) seismic sequences 
suggest a southward migrating pattern of seismicity (Figures  3a–3c). In comparison with the stress transfer 
controlled by en echelon thrust faults related to the transpressive regime with a clockwise “pinned” block rotation 
that characterizes the oblique convergence in the western Mediterranean region (Kariche et al., 2017), the earth-
quake activity in the Central Walker Lane appears to be controlled by a set of conjugate strike slip faults. The 
seismotectonic analysis shows a clear distinction between moderate size-earthquakes that occurred along the en 
echelon ENE-WSW sinistral strike slip faults and large earthquakes that occurred along NNW-SSE dextral strike 
slip faults that are conjugate to them (Figure 1). Figure 3 shows that the southeastward to southward earthquake 
migration in the Central Walker Lane is partially due to the fault interaction and related stress transfer. The static 
stress change modeling shows that the 1932 Cedar Mountain earthquake affects the stress distribution on both 
the 1934 Excelsior Mountain and 2020 Monte Cristo earthquake source areas. The stress redistribution following 
the 1932 Cedar Mountain earthquake shows an increase ΔCFF on the Excelsior Mountain fault rupture with 
values >0.1 bar (see Table 2 and Figure 3a).

The Coulomb stress transfer hypothesis may be viewed as a mechanism explaining the time delay between earth-
quakes, if we assume a population of faults at different stages of their seismic cycle with similar geological slip 
rates (Figure 4a). The positive stress change value should alter the earthquake recurrence interval on these faults 
by the linear equation (Stein et al., 1997):

𝑇𝑇 𝑇𝑇
′
= 𝑇𝑇 𝑇𝑇 − Δ𝐶𝐶𝐶𝐶𝐶𝐶∕𝜏̇𝜏� (5)

where 𝐴𝐴 𝐴𝐴 𝐴𝐴
′ is the calculated recurrence time, 𝐴𝐴 𝐴𝐴 𝐴𝐴 is the mean recurrence time before the earthquake, 𝐴𝐴 𝐴𝐴𝐴 is the tectonic 

stressing rate and 𝐴𝐴 Δ𝑡𝑡 = Δ𝐶𝐶𝐶𝐶𝐶𝐶∕𝜏̇𝜏 is the earthquake clock-time advance. Using the linear elastic stress-strain 
tensorial approach, the tectonic stressing rate is obtained by assuming that the stress is transmitted elastically in 
the seismogenic layer (10–15 km thickness). The stressing rate is computed from the strain rate which is derived 
from the continuous GPS measurement (Kreemer et  al., 2014) and compared to the seismic moment rate 𝐴𝐴 𝑀̇𝑀 
following the equation:

𝑀̇𝑀 = 2𝜇𝜇
∑

𝑊𝑊 𝑊𝑊𝑊∕𝑘𝑘� (6)

where μ is the shear modulus, Σ is the surface area of the region, W is the seismogenic thickness, 𝐴𝐴 𝐴𝐴𝐴 is the strain 
rate and 𝐴𝐴 𝐴𝐴 is a dimensionless constant that adjusts for the inefficiency of randomly oriented faults to accommo-
date strain. The value of 𝐴𝐴 𝐴𝐴 is fixed to 1, according to the Kostrov's summation.

Considering an average background stressing rate of ∼860 Pa/yr within the Central Walker Lane obtained from: 
the global tectonic strain rate map (Kreemer et al., 2014), the shallow seismicity, and the stress change imparted 
by source faults (Table 2, Figure 3), the average value of earthquake clock time advance Δt caused by the 1932 
Cedar Mountain earthquake near the hypocentral area of the 1934 Excelsior Mountain earthquake is estimated 
to be ∼60 years. Taking into account the same background stressing rate, the clock time advance caused by the 
cumulative stress change due to the 1932 Cedar and 1934 Excelsior earthquakes near hypocentral area of the 
2020 Monte Cristo event exceed 200 years. This value results from ∼2 bar of cumulative stress change imparted 
by the two historical events.

In contrast to triggering mechanisms in other conjugate earthquake sequences (Hudnut et  al.,  1989; Kariche 
et al., 2018), the ΔCFF modeling in the Central Walker Lane shows that the left-lateral fault reactivation does not 
necessarily require a low effective friction coefficient μ’ (Figure 4c). For example, the modeling of static stress 
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change caused by the 1932 Cedar Mountain event on the Excelsior Mountain fault rupture implies a high-stress 
change load when the values of effective friction coefficient μ’ exceed 0.4. Comparable results are also obtained 
on the Monte Cristo fault zone considering both uniform and non-uniform crustal rheologies (Figure 4c; Figures 

Figure 3.  (a) Static stress change ΔCFF caused by the 1932 (Mw 7.1) Cedar Mnt earthquake on fixed fault planes with 
strike/dip/rake = 228°/45°/-70°, (b) Cumulative ΔCFF caused by the 1932 (Mw 7.1) and the 1934 (Mw 6.3) earthquake 
sources on fixed fault planes with strike/dip/rake = 73°/78°/-24°, the epicenter locations of source and receiver quakes are 
represented by red and black stars respectively. (c) Computed ΔCFF caused by the 2020 Monte Cristo earthquake (Mw 
6.5) on fixed conjugate right-lateral ruptures with strike/dip/rake = 340°/80°/167°. (d) Computed cumulative ΔCFF with 
the three earthquakes as a source on fixed conjugate fault planes with strike/dip/rake = 340°/80°/167°, the colored circles 
represent a ∼1 month seismicity following the MC earthquake. The ΔCFF is performed at depth of 8 km with μ’ ≥ 0.4 using 
the Coulomb 3.3 software (Toda et al., 2011). The earthquakes database following the 2020 Monte Cristo earthquake is from 
USGS-NEIC. The active Quaternary faults are from USGS. The 1932 and 1934 fault ruptures are from Doser (1988).
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S1 and S2 in Supporting Information S1). These values suggest that there is no evidence for a significant role 
of elevated pore fluid pressure near the en echelon left-lateral fault systems in the Central Walker Lane- Mina 
Deflection.

In contrast, the increase in clock time advance from north to south along the en echelon left-lateral faults seems 
to be in good agreement with the observed decrease in clockwise rotations from the north to the south as deter-
mined by paleomagnetic and geologic studies (Lee et al., 2009; Petronis et al., 2009; Stewart, 1980). The spatial 
variation in clock time advance also agrees with the contemporary rotation rates (variation from 1,039 ± 0.179°/
Myr along the Excelsior block to 0.380 ± 0.161°/Myr along the Monte Cristo block) as determined from dense 
GPS measurements (Bormann et al., 2016). The clock time advance values represent the effect of stress transfer 
on the earthquake cycle along fault ruptures. The Cedar Mountain, Excelsior Mountain, and Monte Cristo Range 
conjugated fault ruptures may be seen as a complex mechanical system governed by both fault interaction and 
rotation of tectonic blocks. This assumption may be generalized to other en echelon left-lateral ruptures that 
compose the Mina Deflection.

The observed increase in clock time advances from north to south Mina Deflection is computed taking into 
account the entire seismic sequences. For example, the aftershock moment release following the 1932 Cedar 
Mountains earthquake is added as a source of stress (Figure 4c and Figure S1 in Supporting Information S1). The 
Coulomb stress modeling based on the entire post-seismic deformation (Figure S1 in Supporting Information S1) 
shows that the magnitude of stress and related clock time advance on Excelsior and Monte Cristo Range faults 
are strongly influenced by the variation of shear and normal stress acting on faults rather than elevated pore fluid 
pressure due to volumetric strain change and/or fluid redistribution along the left-lateral ruptures. The faulting 
histories within the en echelon left-lateral faults that define the Mina Deflection domain appear to be controlled 
by the geometries of left-lateral faults accommodated essentially by block rotation. The clock time advance 
values and related positive stress load seem to be largely due to the effect of the frictional properties of rocks. 
Also, the stress change modeling results using different values of effective friction coefficient (Figures 3a, 3b, 
and 4c and Figure S1 in Supporting Information S1) support the idea that the slip in active faults is controlled 
essentially by the kinematics of block rotating (Nur et al., 1986) and fault interactions.

The spatial variation in clockwise rotation suggests a spatial variation in earthquake clock time advance which 
directly affects the earthquake recurrence time intervals of active faults along the Central Walker Lane. The stress 
change modeling along the en echelon left-lateral faults using different values of effective friction coefficient 
implies different frictional behaviors along active faults that compose the Mina Deflection tectonic domain. The 
variation in rotation rates from Excelsior to Monte Cristo blocks combined with the mechanics of fault inter-
actions suggest that the magnitude of distributed shear between faults controls the earthquake recurrence time.

5.  The 2020 Monte Cristo Aftershock Sequence, Postseismic Stress Redistribution 
and Role of Fluids
In this section, I explore the relation between the near field pore pressure change during the 2020 Monte Cristo 
earthquake sequence and the distribution of the aftershock sequence. Modeling adopted in this study is used as 
a comparison to the liquefaction susceptibly distribution observed during the 2020 Monte Cristo earthquake. I 
also give a brief comparison between the post-seismic poroelastic stress relaxation following the 2020 Monte 

EQ (SF-RF)

Calc. Location Receiver Faults (°) Stress computation (bar)

Long (°) Lat (°) Z (km) Strike Dip Rake Shear Coulomb Normal

1932 Cedar Mnt (SF)
1934 Excelsior Mnt (RF)

−118.245 38.326 8.00 228 45 −70 0.222 0.217 0.308

1932 Cedar Mnt + 1934 Excelsior Mnt (SF) 2020 Monte Cristo (RF) −117.882 38.177 8.00 73 78 −24 0.800 2.924 1.970

Note. Fault geometries used in the stress change modeling are defined in Table 1. SF and RF are the source and receiver faults respectively. The Coulomb stress change 
values on nucleation sites are obtained using the Coulomb 3.3 software with an effective friction coefficient μ’ fixed at 0.4.

Table 2 
Shear, Normal, and Coulomb Stress Change for Majors Earthquakes Occurred in the Central Walker Lane-Mina Deflection
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Figure 4.  Coulomb stress change, clock time advance, and earthquake periodicity: (a) stress evolution on a fault as a function 
of the stressing rate 𝐴𝐴 𝐴𝐴𝐴 and the static stress drop 𝐴𝐴 Δ𝜎𝜎𝑠𝑠 . An incremental stress change ΔCFF due to the fault interaction during 
the earthquake cycle will alter the occurrence of the next large earthquake by causing the clock time advance shift Δt on the 
stress cycle of the fault (the figure is modified from the original view of Scholz, 2019). (b) Equivalent clock time advance Δt 
induced by earthquakes at different stages of their stress cycle. (c) Cumulative ΔCFF caused by the 1932 Cedar Mountain 
and the 1934 Excelsior Mountain earthquakes on the source faults of the Monte Cristo earthquake for various values of 
the effective friction coefficient. The stress change computation is made by considering the isotropic poroelastic model 
(Equations 2 and 3). The values on each curve represent the maximum ΔCFF values obtained at ∼half of the seismogenic 
zone. The location of the eastern and western sections of the Monte Cristo earthquake rupture is represented with respect to 
the surface ruptures and damage zones deduced from field investigations and seismological analysis (Koehler et al., 2021; 
Ruhl et al., 2021). The red star marks the 2020 Monte Cristo earthquake epicenter. The variation in effective friction 
coefficient represents a variation in pore pressure regimes at depth (see Equation 2 in Section 3.1).
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Cristo earthquake and the early post-seismic deformation distribution associated with the 2019 Ridgecrest, CA 
earthquake sequence. Finally, I describe in detail the effect of fluid redistribution following the 2020 Monte 
Cristo earthquake taking into account different geometries of conjugate receiver faults and discuss implications 
to seismic hazards along Central and Southern Walker Lane faults.

Based on the volumetric strain release following an earthquake and the linear theory of poroelasticity (Rice & 
Cleary, 1976), modeling the pore pressure change caused by the 2020 Monte Cristo mainshock suggests a corre-
lation between increased pore pressure and the spatial distribution of related aftershocks (Figure 5; Figures S3 
and S4 in Supporting Information S1). According to the definition of effective stress (Skempton, 1984), the pore 
pressure tends to diminishes the normal stress acting on that fault and may create a slip-instability that favors the 
occurrence of aftershocks.

Figure 5 shows that the pore pressure change caused by Monte Cristo earthquake (Table 1) is in good agreement 
with the positions of distributed surface shear and extensional cracking near the epicentral area as mapped during 
the GEER reconnaissance (GEER, 2021) and the USGS liquefaction susceptibility estimate using the liquefaction 
hazard model of Zhu et al. (2017). The spatial distribution of liquefaction surface features in the Columbus Salt 
region seems to be consistent with the 5%–20% probability of liquefaction as predicted by the liquefaction hazard 
map and the spatial distribution of pore pressure change related to the undrained phase of the earthquake (see 
inset in the Figure 5 and Figure S3 in Supporting Information S1).

Based on laboratory experimental results (Wang, 2007) and the spatial distribution of pore pressure changes 
(Figure 5 and Figure S3 in Supporting Information S1), the occurrence of the liquefaction-induced lateral spread 
in the near field appears to be due to the pore pressure build-up during the mainshock causing a decrease in the 
weight-carrying capacity of the young sedimentary deposits. The positions of the diffuse zones of deformation, 
the shallow groundwater table, the silt layers approaching the playa margin, the circular pattern of the observed 
settlements in the Columbus Salt (GEER, 2021), and the modeled elevated pore pressure at depth (Figure 5; 
Figures S3 and S4 in Supporting Information S1) suggests that the induced liquefaction phenomenon is appar-
ently controlled by a fluidization mechanism of silty sand deposits. Also, the liquefaction process based on a 
weakening mechanism as described here is consistent with the evolution of sediment specimens from dry to wet 
during cyclic shearing experiments (Seed & Lee, 1966).

The identification of the liquefaction-induced lateral spread features indicates the presence of low-density sedi-
ments deposited in a low-energy environment (GEER, 2021). Indeed: (a) the pore-pressure change modeling 
based on the volumetric strain release, (b) the laboratory results on sediment specimens, and (c) the geological 
field observations in the area of the Monte Cristo earthquake testifies that the energy release necessary to induce 
the liquefaction in the playa margin is highly coupled to the low relative density of sediment and the pore-pressure 
increase during the co-seismic phase of the earthquake. The coseismic triggered liquefaction processes induced 
by the 2020 Monte Cristo earthquake includes: sand boils with eruptions of sediments, extensive fractures, and 
lateral spreading features. These features are similar to those observed in the Salt Wells Valley during the 2019 
Ridgecrest sequence (Zimmaro et al., 2020) and in the Wildlife Reserve Array during the 1987 Superstition Hills 
sequence (Holzer et al., 1989). However, the large distance between the Wildlife Reserve Array and the epicenter 
of the Mw 6.6 Superstitions Hills earthquake and the maximum values of excess pore water pressure recorded 
out the maximum amplitude of ground shaking may require an additional pore pressure change due to the fluid 
diffusion just after the earthquake shaking (Holzer & Youd., 2007; Wang & Manga., 2010).

Note that the USGS real time liquefaction susceptibility map as represented in the inset of the Figure 5 is derived 
from: (a) peak ground velocity (PGV) data from USGS ShakeMap (Worden & Wald, 2016), (b) topographic 
slope-derived shear wave velocity over top 30 m (VS30) modeling using the methods of Wald and Allen (2007), 
and (c) table water depth estimation adapted from the model of Fan et al. (2013). The USGS hazard liquefaction 
map is presented here as a probabilistic contour map where the predicted land area affected by liquefaction is 
estimated by percentage within a grid node of [500 × 500] m.

Figures 6a and 6b shows a comparison between the 2019 Ridgecrest and the 2020 Monte Cristo earthquake 
sequences in terms of poroelastic stress redistribution. The poroelastic stress change modeling is obtained by 
using an elastic solution and accounts for the temporal variation of Poisson ratios from the undrained to the 
drained state of fluids. The stress change modeling is performed using extreme values of drained (υ = 0.15) and 
undrained Poisson ratios (𝐴𝐴 𝐴𝐴𝑢𝑢 = 0.31) . These values correspond to high variability in rock rheology before and after 
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Figure 5.  Calculated pore pressure change following the 2020 MC earthquake based on volumetric strain and a theory of 
linear poroelasticity (Rice & Cleary, 1976). The 2020 coseismic slip creates a high local pore pressure zone that favors the 
occurrence of the aftershocks sequence (colored magenta circles). According to the Terzaghi definition of effective stress, 
the increase in pore pressure reduces the normal stress acting on faults and promotes failure. The inset figure represents the 
relative position of the observed settlements at the ground surface and the location of maximum liquefaction susceptibility 
following the 2020 Monte Cristo earthquake (red triangle and dark green iso-values respectively). The topography data are 
from SRTM 15+ (Tozer et al., 2019).
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each seismic event and also correspond to the presence of a high density of pre-existing fractures in water-sat-
urated rocks. Note that these values may be not valid for unconsolidated sediments volume with a low fractures 
density network. The poroelastic stress change modeling in Figure 6b shows a correlation between: (a) the fluid 
redistribution following the Mw 6.4 left-lateral Ridgecrest earthquake, (b) the stress increase on conjugate fault 
plane and (c) the occurrence of the Mw 7.1 right-lateral earthquake that occurred 33 hr after the Mw 6.4 event. 
Based on adapted solutions of poroelasticity, the average value of fluid diffusivity necessary to trigger the Mw 7.1 
Ridgecrest is estimated to ≤2.32 10 4 cm 2/s (Figure S5 in Supporting Information S1). This value seems to be low 
compared to the value obtained by Hudnut et al. (1989) for the 1987 Superstition Hills earthquake sequence and 
related conjugate ruptures and may explain the difference in the time delay between the two sequences (∼11 hr 
for the Superstition Hills earthquakes and ∼34 hr for the Ridgecrest earthquakes). Considering the hypothesis that 
the earthquake triggering process is assisted by fluid migration, the fully poroelastic stress relaxation caused by 
the 2020 Monte Cristo earthquake (Mw 6.5) shows negative ΔCFF values on nearby target conjugate strike-slip 
faults situated east of the Mw 6.5 Monte Cristo epicentral area (Figure 6a). The decrease in stress change values 
from undrained to the drained state of fluids as shown in Figure 6a corresponds to the decrease in the value of 
pore pressure change at hypocentral depths. Comparing between the Mw 6.5 Monte Cristo sequence and the Mw 
6.4 Ridgecrest foreshock sequence (Figures 6a and 6b), the decrease in stress change values from the undrained 
to the drained fluids-state on faults conjugate to the Monte Cristo earthquake show a remarkable similarity with 

Figure 6.  Comparison between the static stress change (in blue) and the poroelastic stress change modeling including the undrained and drained phase of fluids (in 
red): (a) Poroelastic relaxation caused by the Mw 6.5 Monte Cristo earthquake on nearby right-lateral fixed fault ruptures with strike/dip/rake = 157°/82°/167°, (b) 
Cumulative stress change caused by the poroelastic relaxation of the Mw 6.4 left-lateral Ridgecrest earthquake on conjugated fixed receiver fault planes with strike/
dip/rake = 143°/85°/-165°. (c) Short-term coupled poroelastic stress response due to the 2020 Monte Cristo earthquake along the Fish Lake Valley conjugate fault. 
The average Fish Lake fault geometry is fixed at strike/dip/rake = 334°/80°/167°. (d) Short-term coupled poroelastic stress response due to the 2020 Monte Cristo 
earthquake along the White Mountains conjugate fault. The average White Mountains fault geometry is fixed at strike/dip/rake = 171°/80°/165°. The undrained υu 
and drained υ Poisson ratio is fixed at 0.31 and 0.15 respectively. The coseismic stress change is performed using Equations 1 and 3 (see Section 3.1). The short-term 
poroelastic stress values were obtained using Equation 4 (see Section 3.2). The stress values due to the full poroelastic relaxation are obtained using the methodology 
described in Section 3.3. The shear and normal stress change values are derived from the coseismic dislocation of each earthquake using the Coulomb 3.3 software 
(Toda et al., 2011). The pore pressure contribution is added taking into account the variation in rock rheology from the undrained to the drained state of the fluid. The 
stress change modeling is performed at 8 km depth.
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the low level of seismicity observed on the right-lateral section of the Monte Cristo rupture (Figure 6a and Figure 
S6 in Supporting Information S1). For the 2019 Ridgecrest earthquake sequence, the increase in stress changes 
due to the fluid redistribution following the Mw 6.4 Ridgecrest earthquake seems to follow the high level of 
earthquake productivity along the conjugate right-lateral rupture plane during the ∼30 hr preceding the Mw 7.1 
Ridgecrest earthquake (Figure 6b; Figure S5 and S6 in Supporting Information S1).

Considering the poroelastic stress change modeling results, the variation in pore fluid pressure suggests that 
the fluid migration along conjugate active faults may, in part, control the size of the ruptures. The stress change 
modeling results (Figure  6b; Figure S5 in Supporting Information  S1) and the Spatio-temporal evolution of 
seismicity along major right-lateral fault planes (Figures S5 and S6 in Supporting Information S1) show that 
the seismicity rate change is strongly influenced by the post-seismic stress redistribution following the Mw 6.4 
Ridgecrest earthquake and the related pore-fluid pressure variations rather than the coseismic stress change. For 
the 2020 Monte Cristo earthquake sequence, the temporal evolution of seismicity on the eastern (conjugated) 
section of the fault that follows the Mw 6.5 mainshock (Figure S6 in Supporting Information S1) seems to match 
with the coseismic level of the stress as modeled by the Coulomb failure criterion (Figure 6a). These results may 
partially explain the non-occurrence of a second strong earthquake along the conjugate faults close to the Monte 
Cristo rupture.

In contrast to the stress response along east-west left-lateral faults within the Mina Deflection (Figure 6a) and 
based on the coupled poroelastic stress solution as seen in Equation 4, the short-term coupled poroelastic stress 
change caused by the 2020 Monte Cristo earthquake on the conjugate Fish Lake Valley and White Mountains 
fault zones shows a significant increase in stress magnitude when the pore fluid diffusion process is taken into 
account in the Coulomb stress modeling (Figures 6c and 6d). The temporal variation from negative to positive 
ΔCFF value as represented by the anti-correlated curves in Figure 6 reveals that the increase in pore pressure 
due to the fluid migration may promote earthquakes on receiver faults in some places where the coseismic stress 
change modeling predicts an absence of earthquake activity.

Considering the post-seismic stress redistribution due to the fluid diffusion and an average strain rate of 40–50 
nanostrain/yr for the Southern Walker Lane (Kreemer et al., 2009), the 0.5–0.8 bar stress loading on target conju-
gate faults suggests that the White Mountains and Fish Lake Valley fault zones are under an average earthquake 
clock time advance of 50 and 80 years, respectively. Based on an average return period of ∼250 years for large 
earthquakes within the Walker Lane determined by seismicity analyses (Ryall & Priestley, 1975) and the poroe-
lastic stress loading values obtained by the Coulomb stress modeling presented in this paper (Figures 6c and 6d), 
the stress changes from regional earthquakes have advanced the timing of the next large earthquake on the White 
Mountains and Fish Lake Valley faults by several decades.

The earthquake return period of ∼250  years deduced from seismology is comparable to the recurrence time 
of an earthquake with a magnitude of M ∼ 6.7 estimated from 14 ± 5 m offset alluvial fan deposits along the 
north-northwestern part of the White Mountains fault zone (Lifton et al., 2021). The geological recurrence inter-
val is estimated using the ratio between coseismic displacement and geological slip rate along the selected faults. 
First, the 14 ± 5 m multiple events offsets are combined with a Fan exposure age estimate of 7.3 + 4.2/-4.5 kyr 
deduced from geochronological analysis (Lifton et al., 2021). Based on these values, a minimum geological slip 
rate of ∼1 mm/yr for the White Mountains fault zone is estimated (Lifton et al., 2021). Second, I add a slip rate 
of 1.9 mm/yr to the ∼1 mm/yr slip rate because a part of the dextral shear on the Owens Valley is essentially 
partitioned into the White Mountain fault zone (DeLano et al., 2019). Based on these considerations, a newly 
geological slip rate of ∼2.9 mm/yr is assumed for the right-lateral White Mountains fault zone. Comparing the 
∼2.9 mm/yr slip rate with a displacement of ∼0.6 m for a single event along ∼50 km-long Holocene NNW-SSE 
trending dextral faults and ∼15 km-long fault widths, an average recurrence time of ∼210 years for an event with 
M ∼ 6.7 is determined for the White Mountains fault zone.

For an average co-seismic displacement of 1.8 m and using the same considerations, a recurrence time inter-
val of ∼620 years is expected for an earthquake with Mw ∼7.1 along the White Mountains fault zone. In this 
case, the clock time advance will represent a shift of 8% of the total recurrence time interval for an event with 
magnitude Mw ∼7.1. Considering the same approach with introducing a geological slip rate of ∼3.3 mm/yr 
(Wesnousky, 2005), the Fish Lake Valley fault zone would produce a recurrence time interval of ∼545 years for a 
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similar earthquake-size. Here, the fault interaction and the fluid redistribution will influence the earthquake cycle 
by a shift of more than 14% of the total recurrence time interval.

The earthquake recurrence interval of large earthquakes expected for a Fish Lake Valley and the White Mountains 
fault zones is low compared to the 1600–2300 years recurrence time interval obtained for right-lateral structures 
in Mina Deflection (Angster et al., 2019). This may reflect a large-scale fault interaction and may indicate that 
the Fish Lake Valley and the White Mountains faults are in an advanced stage of their seismic cycles. Consid-
ering the Coulomb stress change modeling as proposed in this paper, the Coulomb stress values may reflect the 
contribution of both fault interaction and related fluid migration to the earthquake cycle for major dextral faults 
on Southern Walker Lane. Note that the large variations in the earthquake recurrence time intervals may also 
related to the large variation in the slip rates along individual faults.

6.  Conclusions
In May 2020, an earthquake sequence with magnitude Mw 6.5 struck the Central Walker Lane. The focal solu-
tions combined with the InSAR and GPS data, as well as field observations (GEER, 2021; Koehler et al., 2021) 
show a complex conjugate fault slip distribution. Based on our estimation of fault rupture parameters, a stress 
change modeling of historical events suggests fault interactions between the three major earthquakes within the 
Central Walker Lane: the 1932 Cedar Mountain earthquake (Mw 7.1), the 1934 Excelsior Mountain earthquake 
(Mw 6.5), and the 2020 Monte Cristo (Mw 6.5) earthquake. Following the 1932 Cedar Mountain earthquake, the 
static stress increased from 0.2 to 2 bars on the Excelsior Mountain and Monte Cristo Range en echelon left-lat-
eral fault systems. Considering the average strain rate of 35 nanostrain yr −1 across the Mina Deflection, the stress 
redistribution following the 1932 Cedar Mountain earthquake may have increased the earthquake occurrence time 
on nearby en echelon left-lateral faults systems from 20 to 230 years. The computed clock time advance imparted 
by the 1932 Cedar Mountain earthquake (Mw 7.1) on conjugate fault planes added to a tectonic loading of 32–65 
nanostrain yr −1 may partly explain the 2–88 years earthquakes time delays on Central Walker Lane earthquakes.

Despite the similarities in fault interaction with others conjugate triggering mechanisms (Hudnut et al., 1989; 
Kariche et al., 2018), the static stress change modeling using an isotropic poroelastic model shows no correlation 
between the fluid redistribution caused by large right-lateral ruptures and the occurrence of moderate to strong 
earthquakes on conjugated en echelon left-lateral faults. Compared to several case studies of conjugate triggering 
mechanisms (Fialko, 2004; Kariche et  al.,  2018, 2019; Shi & Wei,  2020), the ‘no apparent’ fluid redistribu-
tion effect may also explain the large time delay between the Cedar Mountain and Monte Cristo earthquakes 
(∼88 years). Among the main historical and recent earthquakes, the static stress change modeling at half of the 
seismogenic depth shows that the 1932 Cedar Mountain earthquake (Mw 7.1) significantly influenced the stress 
field in Central Walker Lane.

The structural characteristics of tectonic blocks limited by active and seismogenic faults with en echelon fault 
geometry provide the patterns of earthquake stress transfer as for the case of a simple pure shear deformation 
applied to oblique plate convergence (Kariche et al., 2017). In addition to other tectonic patterns, the remaining 
question in Central Walker Lane is the role of fluid migration following the occurrence of large earthquakes. 
Using different values of the effective friction coefficient, the effect of the stress change modeling of the Mw 
7.1 Cedar Mountain earthquake on conjugate left-lateral strike-slip faults shows a stress proportionality with the 
increase in the effective friction coefficient. Similar results are also obtained considering more complex crustal 
rheologies with a comparable ΔCFF loading reaching 2–5 bar covering the 2020 Monte Cristo epicentral area. 
The coupled poroelastic stress change response caused by the 2020 Monte Cristo earthquake on the right-lateral 
Fish Lake Valley and White Mountains fault zones shows an intermediate increase in stress change considering 
both the undrained and drained phase of fluids. The pore pressure change modeling using the linear theory of 
poroelasticity shows a causative relation between the spatial distribution of aftershocks following the 2020 Monte 
Cristo earthquake and the increase in pore-fluid pressure. From a structural point of view, fluid migration may 
occur on nearby subsidiary normal fractures related to diffuse continental extension from the Mina Deflection to 
the Southern Walker Lane. This complex mode of stress redistribution implies that the reactivation of large active 
strike slip faults in the Central Walker Lane require a high coefficient of friction (μ > 0.6) and a fluid migration 
process along active faults in the Southern Walker Lane domain. The result of stress change under pore-fluid 
stimulus has the potential to complement geologic, geodetic, and seismic data in seismic hazard assessment.
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Data Availability Statement
Coseismic GPS offsets data are from MAGNET/UNAVCO-NOTA real time data solutions (Blewitt et al., 2018) 
and were downloaded at the Nevada Geodetic Laboratory website (http://geodesy.unr.edu/magnet.php, last 
updated data 19/06/2020). The surface rupture data are from the University of Nevada, Reno and was downloaded 
in the original form at http://www.nbmg.unr.edu/Geohazards/Earthquakes/MonteCristoRangeEQData.html. The 
seismicity data are from the Northern California Earthquake Catalog and were downloaded at https://ncedc.
org/ncedc/catalog-search.html. The earthquake focal mechanisms were obtained through Saint Louis Univer-
sity available at (http://www.eas.slu.edu/eqc/eqc_mt/MECH.NA/). The author thanks Ross Stein (USGS, Menlo 
Park) and Shinji Toda (Sendai University) for sharing the Coulomb 3.3 software. The Sentinel-1A SAR data were 
downloaded from ESA Copernicus program (https://scihub.copernicus.eu/). The line-of-sight (LOS) displace-
ments data are available through https://zenodo.org/record/4671183#.YRkGq986-Ul.
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