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ABSTRACT

The M 6.5 earthquake that occurred in the Monte Cristo Range near Mina, Nevada on 15 May 2020
was exceptionally well-recorded with both seismic and geodetic instrumentation. The arid nature
of the region also facilitated detailed ground mapping of the surface rupture. Here we integrate
several independent data sets to illustrate the educational and research opportunities afforded by
these rich data sets. We construct a series of models for slip at depth that are consistent with the
satellite-derived geodetic data, the distribution of aftershocks, and the mapped surface rupture.
We also show that the modelled depth of maximum slip is in good agreement with heat flow and
laboratory data on quartz rheology defining the depth of the brittle-ductile transition. The Monte
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Cristo Range earthquake also suggests new approaches to seismic hazard assessment may be
required for earthquakes in rapidly evolving tectonic regions such as the Walker Lane and Eastern

California shear zone.

1. Introduction

On 15 May 2020, a magnitude M 6.5 earthquake struck
western Nevada approximately 55 km west of the city of
Tonopah, near the California-Nevada border. While
widely felt across Nevada, central California, and south-
ern Utah, the earthquake caused only moderate damage
and no fatalities, reflecting its remote location. The event
was exceptionally well recorded by modern seismologi-
cal and geodetic instrumentation, allowing a detailed
geophysical description, and occurred in a well exposed
and well-mapped region, giving geological context.
Here we review this earthquake from both geophysical
and geological perspectives, focusing on how the inte-
gration of various data types can be used to better
understand what at first glance seemed to be an anom-
alous geophysical event. We first outline the geologic
and geophysical background, then present the seismi-
city and the geodetic data, and finally present the results
of deformation modelling. Supplementary documenta-
tion gives more detailed background to some of the
concepts, including detailed descriptions of the various
techniques we used to investigate the event and links to
relevant software. We include worked examples for our
data analysis tools and models. Our review is aimed
primarily at beginning graduate students and senior

undergraduates but may also be useful to scientists in
other fields and to university educators teaching about
active tectonics, seismology, geodesy and natural
hazards. For more technical studies of the event the
reader is referred to Koehler et al. (2021) for surface
offset data, Zheng et al. (2020) for seismic and satellite
radar analysis, Ruhl et al. (2021) for detailed seismicity
analysis, and Hammond et al. (2021) for GPS analysis.

2. Background

Roughly twenty-five percent of the relative motion
between the Pacific and North American plates within
the western Great Basin occurs in a zone of transten-
sional shear that accommodates displacement between
the northwest-translating Sierra Nevada block and the
west-northwest extending Basin and Range (Figure 1(a))
(Argus and Gordon 1991; Dixon et al. 1995, 2000; Miller
et al. 2001; Oldow et al. 2001; Oldow 2003; Bennett et al.
2003). Within this zone a complex array of transform and
normal faults constitute the Eastern California Shear
Zone (ECSZ) and Walker Lane (Figure 1; Dokka and
Travis 1990a, Dokka and Travis 1990b; Miller et al. 2001;
Locke et al. 1940; Stewart 1988; Oldow and Craig 1992;
Wesnousky 2005a, Wesnousky 2005b; Dickinson 2002).
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Figure 1. (a) Cartoon depicting simplified tectonic elements of western North America. Red lines are late Cenozoic high-angle faults.
Blue arrows represent geodetically determined plate motion velocity vectors of the Pacific plate and the Sierra Nevada block relative
to North America. Ca - California; Na — North American Plate; NV — Nevada; Pa — Pacific Plate; SNB - Sierra Nevada Block. (b) Shaded
relief map of the Mina Deflection region with simplified faults shown as black lines. Tectonic domains are labelled in yellow; names of
cities/towns shown in white; red star is location of 15 May 2020 Monte Cristo Range earthquake. Northwest-striking right-oblique
faults of the southern and central Walker Lane are kinematically linked by east-northeast-striking left-oblique faults of the Mina
Deflection. Extent of Figure 1c shown in dashed white box. BSFZ — Benton Springs fault zone; CaFS — Candeleria fault zone; CFS —
Coaldale fault zone; DSVFZ - Deep Springs Valley fault zone; EMFZ — Excelsior Mountains fault zone; EPFZ — Emigrant Peak fault zone;
FCFZ - Furnace Creek fault zone; FLVFZ - Fish Lake Valley fault zone; GHFZ — Gumdrop Hills fault zone; IHFZ — Indian Hills fault zone;
OV-WMFS - Owens Valley-White Mountains fault zone; PMFS — Palmetto Mountains fault system; PSFZ — Petrified Springs fault zone;
QVFS - Queen Valley fault zone; SMFS — Sylvania Mountains fault system; WRFZ — Wassuk Range fault zone. (c) Simplified geologic
map of the Columbus Salt Marsh region in the southern Mina Deflection. Faults shown in black, modified from Kerstetter (2018) and
Oldow and Cland (2018). Physiographic names shown in dark grey, fault zones mentioned in text shown in red. Fault plane solution is
at epicentre of the 15 May 2020 earthquake. Extent of Figures, 3, and 5 indicated by the dashed black box.



Many faults in this region are likely active but with long
recurrence times, with dextral and sinistral motions on
northwest and east-west striking faults, respectively
(Rogers et al. 1991). Contemporary transtensional defor-
mation is also well documented by Global Navigation
Satellite System (GNSS) data (Dixon et al. 2000; Miller et
al. 2001; McClusky et al. 2001; Oldow 2003; Murphy et al.
2009; Hammond et al. 2011).

The Walker Lane system has long been recognized as
a zone of major faulting and deformation, although it
would take developments in several fields, including
plate tectonics, plate motion models, and high-precision
geodesy, before its kinematic significance was fully
appreciated. The term Walker Lane was first used by
Locke et al. (1940) to describe a broad zone of faulting
east of the Sierra Nevada, but its relation to extensional
Basin and Range faulting further to the east and strike-
slip motion on the San Andreas fault to the west was not
initially clear. For most of the 20th Century, the earth-
quake record in the Great Basin was dominated by nor-
mal faulting events, such as the 1959 Hebgen Lake,
Montana (M 7.3) and 1983 Borah Peak, |daho (M 6.9)
events (e.g. Barrientos et al. 1987), and the 1915
Pleasant Valley earthquake (M 7.7; Abe 1981). The
1954 Rainbow Mountain - Fairview Peak — Dixie Valley
sequence in Central Nevada has been modelled as a
triggered normal fault sequence (Hodgkinson et al.
19963, 1996b) although these authors and Doser (1986)
point out that several segments active during the
sequence are right-oblique faults (see also Caskey et al.
1996). The 1932 Cedar Mountain earthquake (Ms 7.2)
also had right-oblique geometry (Bell et al. 1999).
Geological mapping of surface offsets associated with
the 1872 Owens Valley earthquake had demonstrated
the importance of dextral (right-lateral) offsets on north-
west-striking faults immediately east of the Sierra
Nevada (Lubetkin and Clark 1988; Beanland and Clark
1994). However, it took until the 1992 Landers earth-
quake (Sieh et al. 1993), the first well-recorded earth-
quake east of the San Andreas fault exhibiting
predominantly right-lateral motion, that the seismic
hazard from strike-slip faulting in the region was fully
appreciated.

Minster and Jordan (1984, 1987) had noted a differ-
ence between Pacific - North American relative motion
defined by their plate motion model (~5 cm/yr) and the
known slip rate on the main plate boundary, the San
Andreas fault (~3.5 cm/yr). The difference (~1.5 cm/yr)
had to be accommodated on additional faults or
deforming regions within the plate boundary zone and
became known as the San Andreas discrepancy. Strictly
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speaking, the discrepancy is a vector difference, but
since most of the deformation turns out to be accom-
modated on faults that are more or less parallel to the
San Andreas, considering just the rate is adequate for
most purposes. The main exception is several mm/yr of
east-west extension across the Basin and Range, most of
which probably occurs across the Wasatch fault in Utah
(Malservisi et al. 2003; Hammond and Thatcher 2004).
Later studies showed that the bulk of the San Andreas
discrepancy (10-12 mm/yr) is accommodated by a series
of northwest-striking right-lateral strike slip faults in the
Walker Lane.

Significant right-lateral shear also occurs in the
Mojave Desert, south of the Walker Lane, where a similar
zone of deformation is referred to as the Eastern
California shear zone (ECSZ; Figure 1(a)). Here, the key
evidence for right-lateral shear was both geological and
geodetic. Dokka and Travis (1990a, 1990b) first recog-
nized a zone of significant post-Miocene right-lateral
displacement across the Mojave, coining the term
ECSZ. Sauber et al. (1986, 1994) used triangulation data
to measure the present-day rate of deformation in the
Mojave Desert, documenting 10-12 mm/yr of right lat-
eral displacement across the ECSZ. Savage et al. (1990)
used trilateration data and obtained a similar result.
Subsequent geological studies demonstrated that the
deformation was accommodated by half a dozen NW
to NNW striking right-lateral faults, all showing evidence
for Holocene activity and spanning a 100 km wide
deforming zone (see Xie et al. 2019 and references
therein). Dixon et al. (1995, 2000) analysed space geode-
tic data and showed that essentially the same overall
rate and style of deformation continued north of the
Mojave Desert, across the active left-lateral Garlock
fault into the Owens Valley-Death Valley region. Within
Owens Valley, the Walker Lane is sometimes referred to
as the ECSZ, although most usage now refers to the
deforming zone north of the Garlock fault as the
Walker Lane, and we follow that convention here. The
complex nature of deformation in the Walker Lane and
ECSZ may reflect its relative immaturity as an evolving
transform fault zone (Faulds et al. 2005; see also discus-
sion in Dixon and Xie 2018).

2.1. The mina deflection

Given the similarities in both rate and style of deforma-
tion, most investigators consider the ECSZ and Walker
Lane to play similar kinematic roles, accommodating
that part of Pacific-North America plate motion not
focused on the San Andreas fault. Curiously, there is no
significant offset as the shear zone crosses the left-lateral
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Garlock fault (Dixon and Xie 2018 describe a possible
model for this). However, northwest-striking right-obli-
que faults in the southern Walker Lane (e.g. in Owens
Valley) are misaligned relative to similar faults to the
north, in the central Walker Lane. Since the Middle
Miocene the two systems have been kinematically linked
by a series of structural stepovers (right-stepping) that
accommodate displacement transfer between the two
domains (Figure 1(a)) (Oldow and Craig 1992; Oldow et
al. 1994, 2008, 2009; Wesnousky 2005a). Modern-day
displacement transfer between the southern and central
Walker Lane has been ongoing since the middle
Pliocene, coinciding with the onset of transtensional
deformation throughout the region at ~3-5 Ma (Stockli
et al. 2003; Lee et al. 2009; Mahan et al. 2009; Walker et al.
2014; Bidgoli et al. 2015; Mueller 2019), possibly related
to the inland jump of the southern portion of the Pacific-
North America plate boundary to its current position in
the Gulf of California.

Active displacement within the southern Walker Lane
is concentrated along the right-oblique Owens Valley -
White Mountains (OV-WM) and Furnace Creek - Fish Lake
Valley (FC-FLV) fault zones (Figure 1(b)). Geodetic model-
ling suggests significant right-oblique displacement at
this latitude is localized along the Fish Lake Valley fault
zone (Reheis and Dixon 1996; Dixon et al. 2000). South of
Deep Springs Valley, however, the Owens Valley segment
accommodates a larger fraction of displacement (e.g, Lee
et al. 2001; Dixon et al. 2003; Kirby et al. 2008).

Displacement in the OV-WM and FC-FLV fault zones is
largely transferred along east-northeast-striking left-
oblique faults (Ryall and Priestly, 1975; Stewart 1988;
Oldow and Craig 1992). This 50 km-wide by 75 km-long
zone of active transtension connecting the southern and
central Walker Lane is known as the Mina Deflection
(Oldow and Craig 1992; Oldow 2003; Oldow et al. 2008;
Ferranti et al. 2009). Readers interested in additional
details regarding the geology and tectonics of the
Walker Lane and Mina Deflection should consult reviews
by Stewart (1988) and Wesnousky (2005a).

The Monte Cristo Range, Nevada earthquake is
named after its epicentre location within the northwes-
tern stretches of the Monte Cristo Range, along the
Columbus Salt Marsh basin’s northeastern boundary.
The epicentre occurred 30 km to the southeast of the
town of Mina (Figure 1b,c).

3. Geology of the Monte Cristo Range
earthquake

The Columbus Salt Marsh basin (CSMB) and surrounding
mountain ranges are located in the southern Mina
Deflection (Figure 1(b,c) and form the backdrop for the

15 May 2020 earthquake. The CSMB has a triangular geo-
metry reaching up to 20 km wide, flanked by the Monte
Cristo Range to the east, the Candelaria Hills to the north-
west, Miller Mountain to the west, and the Volcanic Hills
and northern Silver Peak Range to the south. The moun-
tains and hills surrounding the CSMB are composed of pre-
Cenozoic metasedimentary and intrusive rocks unconform-
ably overlain by a Cenozoic succession of volcanic and
sedimentary deposits, separated from the basin by a com-
plex array of faults (Figure 1(c)) (Ross 1961; Albers and
Stewart 1972; Speed and Cogbill 1979; Stewart 1979;
Oldow and Cland 2018). Late Miocene to contemporary
rocks range in thickness from 20 to 3600 m and were
deposited during the younger phases of extension
(Bachman 1978; Stockli et al. 2003; Elias 2005; Oldow et al.
2009, 2016). Prior to this, Oligocene to Middle Miocene-
aged rocks were deposited in and around east-west-trend-
ing basins and vary in thickness from 100 to 2000 m. The
basins are bounded to the north and south by east-north-
east and west-northwest-striking faults and segmented by
north-northwest to north-northeast-striking transfer faults
as seen in the Candelaria Hills and on Miller Mountain
(Speed and Cogbill 1979; Hardyman et al. 1991; Kerstetter
2018). Oldow and Cland (2018) give a detailed description
of the late Cenozoic geology of the southern Mina
Deflection.

High-angle faults striking east-west, east-northeast,
and north-northwest surround the CSMB on all sides
and separate the basin from the surrounding ranges
(Figure 1b,c) (Oldow and Cland 2018). These basin-bound-
ing faults comprise a curvilinear network of structures that
originate from an easterly-striking fault zone several kilo-
metres wide in the southwest corner of the basin, forming
active scarps in Pliocene volcanics and late Quaternary
alluvium (Lee et al. 2006). From here, the fault zone bifur-
cates to the east and northeast, running along the south-
ern and northwestern flanks of the CSMB, respectively,
before reconnecting at the northeast corner of the CSMB
near the epicentre of the Monte Cristo Range earthquake
mainshock (Figure 1b,c).

The east-west to east-northeast striking Coaldale fault
zone forms the southern boundary of the CSMB and the
Mina Deflection. It consists of multiple strands cutting
across older north-south and north-northeast-striking
faults exposed in the northern Volcanic Hills and north-
ern Silver Peak Range (Figure 1(c)). In the west, the
Coaldale fault zone is well exposed in a zone up to a
kilometre wide, producing impressive fault scarps in
Pliocene basaltic units, offsetting them in a left-oblique
sense (Lee et al. 2006). Further east, the Coaldale fault
zone loses its strong geomorphic expression in the
southern CSMB but re-emerges as an east-west striking
zone of faults in the northern Silver Peak Range. At its



eastern extent, multiple fault strands splay northward
into north-northeast to north-south strikes and extend
into the Monte Cristo range. Mapped faults in the Monte
Cristo Range strike north-south and north-northwest,
extending northward over 15 km through the range
and along the western range front, seemingly cutting
across the east-northeast trending fault that ruptured at
depth during the M 6.5 earthquake. Deformation is
widely distributed and spans the entire 22 km width of
the range. These active faults dissect an early Miocene-
aged low-angle detachment system that structurally jux-
taposes Cenozoic volcanic and sedimentary strata with
Palaeozoic to Mesozoic rocks (Oldow and Cland 2018).

Along the northwest flank of the CSMB, a northeast-
striking fault zone separates the basin from bedrock on
Miller Mountain and the Candelaria Hills (Speed and
Cogbill 1979; Stewart 1979; Kerstetter 2018). These
unnamed faults are discontinuously exposed and
express themselves locally as scarps in alluvium and off-
set outcrops of Quaternary basalt flows (Figure 1(c)).
East-northeast and west-northwest-striking faults
exposed within Miller Mountain are truncated by the
range front fault zone and are also cross-cut by smaller
northeast-striking faults within the range. To the north-
east, the Candelaria Hills expose a complex series of east-
northeast-striking faults, including the Candelaria fault
and County Line fault. Together with the northeast-strik-
ing range-front fault zone, these faults define a 6-7 km
wide zone of active deformation. Recent activity is indi-
cated by left-obliquely offset alluvial deposits and, of
course, by the Monte Cristo Range earthquake and its
aftershocks.

Within the Mina Deflection, east-west and northwest-
striking faults behave as a kinematically coordinated
system of curved faults (Ferranti et al. 2009). Current
extension in the region is oriented about N65°W as
documented by GPS, earthquake focal mechanism, and
fault-slip data (Oldow 2003; Katopody 2018). Faults
within the Mina Deflection striking north-northwest
tend to display right-oblique slip, whereas faults that
strike east-west to east-northeast are characterized by
left-oblique slip. Dip-slip displacement is common along
northeast-striking faults (Ferranti et al. 2009).

Faults in the study region are long-lived and docu-
ment a sustained but complex history of deformation.
Prior to the onset of contemporary west-northwest
directed extension, the region underlying the Mina
Deflection underwent periods of north-south extension
followed by east-northeast extension during the
Oligocene and Miocene (Hardyman et al. 1991;
Kerstetter 2018; Katopody 2018). This means that within
the Mina Deflection, some east-northeast-striking faults
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may have originated as dip-slip dominated normal faults
that were later reactivated, ultimately expressing them-
selves as the left-oblique faults we see today.

Fault reactivation may therefore play an important
role in the Mina Deflection. Fracture of previously faulted
material is presumably favoured from a minimum work
standpoint, but the extent of weakening (reduced fric-
tion) on such reactivated faults is not clear and may
depend on fault healing processes (see Supplement
Figure S1).

Surface ruptures associated with the earthquake were
mapped by the Nevada Bureau of Mines and Geology
(Koehler et al. 2021; Dee et al. 2021). One of the surpris-
ing results is that most ruptures are located well to the
west of the earthquake epicentre (Figure 2). The offsets
(up to 0.2 m lateral motion) are also small given the
expected offset for a M 6.5 earthquake, of order 1
metre (e.g. Wells and Coppersmith 1994). We will show
that some of this can be understood when we use
geophysical techniques like seismology and geodesy to
better describe the sub-surface processes. Photographs
of representative offsets and additional discussion are
given in the Supplement.

4, Seismological data

The seismological description of the Monte Cristo Range
earthquake and its aftershocks uses primary information
from the USGS and includes earthquake locations and
seismic phase data for event relocations contributed by
the Nevada Seismological Laboratory (NSL). Earthquake
source mechanisms are from the USGS, NSL, the Global
Centroid Moment Tensor project (Ekstrom et al. 2012)
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Figure 2. Map of the Monte Cristo Range mainshock. The fault
plane solution is the Global Centroid Moment Tensor solution
(with strike = 76°, dip = 81°, and rake = —16°) for the M,, = 6.5
mainshock centred on the NSL epicentre. The purple lines are
(undifferentiated) faults shown in. Figure 1(c), as modified from
Kerstetter (2018) and Oldow and Cland (2018). The Orange lines
are the major surface ruptures and fractures mapped by Dee et
al. (2021).
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and the Saint Louis University (SLU) Moment Tensor
Determinations (Herrmann et al. 2011) project. We per-
formed relative earthquake relocation and plot the seis-
micity and focal mechanisms for a seismological
interpretation of the sequence. We refer to Ruhl et al.
(2021) for an in-depth analysis of all aftershocks
recorded by the NSL in the first 3.5 months after the
main shock. Our analysis covers the 7 months of the
sequence up to 15 December 2020.

The Monte Cristo Range earthquake occurred at
11:03:27 UTC on 15 May 2020 (Table 1). With a moment
magnitude of M,, 6.5, it is the largest earthquake in
Nevada since the 1954 Dixie Valley earthquake sequence
(Doser 1986), which was associated with normal and
right-oblique faulting northeast of the Walker Lane.
The epicentre of the main shock is located within the
Monte Cristo Range at 38.169°N and 117.850°W (NSL)
consistent with the USGS location which was only about
1 km to the southwest. The surface rupture area is
observed 10-15 km west of the epicentre (Figure 2),
presumably due to rupture propagation. The hypocentre
depth is less well constrained because the closest per-
manent seismic station is almost 40 km away. This results
in low depth sensitivity for first arrival-based locations.
The NSL hypocentre depth is 3 km while the USGS depth
is 11 km. No foreshocks are reported.

The main shock moment tensor solutions obtained by
several groups are similar and indicate a strike-slip
source mechanism (Figure 2). Based on the two nodal
planes, the active fault could have been a north-north-
west trending right-lateral strike-slip fault, consistent
with overall expectations for the Walker Lane.
However, most mapped faults in the immediate area as
well as the distribution of aftershocks indicate that fault-
ing occurred on the other nodal plane, i.e. left-lateral

motion on an east-northeast trending fault. Thus, the
earthquake occurred within the Mina Deflection, the
major right-step of the Walker Lane. The fault is nearly
vertical but likely dips slightly to the south (5-15° rela-
tive to vertical) based on the moment tensor solutions.
The distribution of re-located aftershocks also indicates a
southward dip. The seismic moment from long-period
waveform modelling is equivalent to M,, 6.5.

The main shock initiated an intense aftershock
sequence with more than 18,000 located earthquakes
during the first seven months following the main shock
(Figure 3). The recorded aftershocks range in size from
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Figure 3. Map of 18,724 aftershocks from 15 May to 15
December 2020 ranging in size from M, = 0 to 5.3. First day
aftershocks in red are plotted on top of later aftershocks
(Orange, cyan, dark blue are approximately the first 2 weeks,
3 months, and 7 months of aftershocks, respectively) to illustrate
regions immediately active; note the cluster of dark blue circles
at the western end of the aftershock zone, which became active
1 December. Solid black triangles show temporary seismic sta-
tions installed by NSL and USGS; no permanent station is located
within the area on the map. The purple lines are (undifferen-
tiated) faults shown in. Figure 1(c), as modified from Kerstetter
(2018) and Oldow and Cland (2018).

Table 1. Locations and source mechanisms of the main shock and its 14 largest aftershocks (M > 4.8). Location, depth (Z), and M, are
from NSL; source mechanisms and M,, are from moment tensor analysis with column ‘Mec’ describing their origin (see text). St, Di, and
Ra are strike, dip, and rake of the ~east-west trending nodal plane. ‘N/A" means ‘not available'.

Date [Yr/Mo/Da] Time Lat [N] Lon [W] Z [km] M, M., Sst[] Di[] Ra [1 Mec
20/05/15 11:03:27 38.169 117.850 2.7 6.5 6.5 75 81 -16 GCMT
20/05/15 11:18:12 38.160 117.960 38 49 N/A N/A N/A N/A N/A
20/05/15 11:26:02 38.181 117.871 6.8 5.1 48 248 79 -21 USGS
20/05/15 11:52:07 38.147 117.983 5.8 48 N/A N/A N/A N/A N/A
20/05/15 15:23:25 38.167 117.801 76 48 41 95 90 -15 SLU
20/05/20 12:36:53 38.201 117.745 1.7 5.0 48 267 69 -16 USGS
20/05/22 00:22:01 38.231 117.794 7.2 5.1 47 72 84 -3 USGS
20/06/08 03:24:06 38.206 117.791 5.2 48 47 64 90 7 USGS
20/06/19 20:42:21 38.170 117.835 6.5 49 45 102 84 -8 USGS
20/06/30 09:24:24 38.154 117.958 83 5.0 45 260 89 3 USGS
20/11/13 09:13:52 38.169 117.853 48 53 53 75 74 -16 USGS
20/12/01 23:32:57 38.164 118.084 50 5.1 49 69 78 -36 USGS
20/12/03 05:15:30 38.175 118.065 50 49 48 77 74 -33 USGS
20/12/12 07:50:53 38.150 118.101 6.4 49 46 67 65 -31 USGS
20/12/14 21:20:11 38.155 118.123 5.2 47 48 76 63 -38 USGS




local magnitude M; =0 to 5.3. Table 1 lists all 15 M > 4.8
events until 15 December 2020. The first strong M 5.1
aftershock occurred within 23 minutes of the main
shock 2 km to the northwest; the second M 5.1 aftershock
occurred almost one week after the main event (on 22
May) and about 10 km to the northeast. The largest after-
shock with M;=5.3 occurred on 13 November, within a
few hundred metres of the main shock epicentre. The first
station of a temporary seismic network was installed by
UNR and USGS scientists within 30 hours of the main
shock. The network eventually consisted of 8 temporary
seismic stations in the epicentral region, reducing the
detection and location threshold from about M = 2 to
about M = 0.

Figure 4 (top) shows the frequency-size distribution
(Gutenberg-Richter relation) of the aftershocks. The
observations (black circles) are well-fit by a b-value of
0.85 + 0.01 obtained from linear regression (red line) of
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Figure 4. Size and temporal distribution of the first seven
months of the Monte Cristo Range aftershock sequence. (top)
Frequency-size (Gutenberg-Richter) distribution. The histogram
shows the number of aftershocks in 0.1 magnitude unit bins. The
solid circles show the cumulative number of events equal and
above a given magnitude. The red line is the least squares fit of
the observations in the M, 1.5 to 5 range resulting in b
= 0.85 + 0.01 (same as its maximum likelihood estimate, see
Supplement); grey dashed line depicts b = 1 and the actual
distribution has a slope of less than 1. (bottom) Aftershocks per
day: Histograms; red shows M, > 3, blue M_ > 2.5, and grey all
events in catalogue. The cumulative number of M| > 2.5 after-
shocks (solid circles) up to 1 November is fit (red curve) with a
decay parameter p = 1.14; see text for details.
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the number of aftershocks versus M; b = 1 (grey dashes)
is inconsistent with the data. Figure 4 (bottom) shows
the number of aftershocks per day (as histograms) from
the main shock until 15 December 2020. The decay of
activity with time is typical and follows the Omori-Utsu
law (Utsu 1961), which expresses the expected number
of aftershocks per day. We found a decay parameter p
= 1.1 for the Monte Cristo sequence from fitting (red line)
the cumulative number of M_ = 2.5 earthquakes (black
circles) until 1 November to exclude the step-like bumps
in the observed distribution of aftershocks. The bumps
are caused by strong late aftershocks (M, 5.3 on 13
November; M, 5.1 on 1 December), which generated
their own aftershock sequences. Our results for b and p
are consistent with estimates from the initial aftershock
sequence given by Liberty et al. (2021) and Ruhl et al.
(2021). Additional information about the Gutenberg-
Richter (including the maximum likelihood b estimate)
and Omori-Utsu relations is given in the supplement.

We relocated 1,301 larger aftershocks (mostly M, >
2.5) using the HypoDD software (Waldhauser and
Ellsworth 2000) to better understand the spatial relation
of events relative to each other and to mapped faults.
Our dataset includes the main event and aftershocks
within seven months of the mainshock. Phase data are
available from the USGS (ftp://hazards.cr.usgs.gov/
NEICPDE/isf2.0/).

The HypoDD relocation tightly constrains the loca-
tion of events relative to each other but does not
improve absolute locations. We estimate that the abso-
lute epicentre uncertainties are on the order of 2-3 km.
Our relative location uncertainties for most of our
events are probably smaller than 1 km even though
we used only catalogue data for relocation. Absolute
depths are not well-constrained by relocation and the
overall distribution stays close to the starting centroid
depth (we show results for a starting centroid depth of
6 km) as observed elsewhere (e.g. Williams et al. 2011).
The mainshock hypocentre depth (5.6 + 0.8 km depth
relative to the surface) is one of the less constrained
parameters during inversion. The reason for this is not
clear; we speculate that the dataset for the mainshock
differs significantly from the much smaller aftershocks
and its actual depth could be closer to the bottom of
the distribution. Relocation focuses the seismicity con-
siderably (Figure 5; supplemental Figure S3 shows relo-
cated events colour-coded by depth) and suggests
segmented faulting during the mainshock rupture and
subsequent aftershock activity involving nearby adja-
cent faults, as suggested by Ruhl et al. (2021). The
aftershock distribution is about 35 km long, with most
events occurring between 3 and 14 km beneath the
surface. First-day aftershocks cover most of the
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distribution and provide a rough proxy for the main-
shock rupture dimensions (about 10-14x25-30 km?).
These dimensions are consistent with empirical scaling
relations for strike-slip earthquakes (e.g. Wells and
Coppersmith 1994). Combining seismic moment
(6.5 x 10" Nm), upper crustal rigidity (3 x 10'° Nm™3),
and faulting dimensions (250-420 x 10° m?) results in
an average coseismic slip on the order of 0.5-1.0 m for
the main shock. We expand on this in the supplement
and show that the main event dominated the seismic
moment release.

The sequence includes a significant number of stron-
ger aftershocks for which faulting parameters can be
obtained from long-period modelling of three-compo-
nent regional waveforms. Supplemental Figure S4 shows
the double-couple fault plane solutions of the main-
shock and of 92 M,, > 3.2 aftershocks on their HypoDD-
relocations. The colour-coding (red: strike-slip, cyan: nor-
mal faulting; grey: mix) shows a clear separation into
strike slip faulting from about 118.03°W to 117.76°W
and dominantly normal faulting at the tips of the main

-118.0°

~118.1°

strike slip fault (from 118.1°W to 118.0°W and east of
117.76°W). Most strike-slip events have an east-northeast
trending nodal plane (in most cases likely the fault
plane), while the normal faulting events occurred on
northeast trending faults. These results are exploited in
the geodetic models described below.

Cross-sections of relocated events (Figure 5b-d)
combined with the fault plane solutions show that
the main shock rupture occurred on a steeply (~80°)
southward dipping fault consistent with the main-
shock moment tensor results. The apparent widening
of the aftershock distribution near the mainshock epi-
centre likely corresponds to a small, right-stepping
fault offset and possibly an NNW-trending right-lateral
or, as suggested by Ruhl et al. (2021), a north-south
trending normal fault bounding the Columbus Salt
Marsh basin even though a right-step should produce
a restraining bend. A likely rupture scenario based on
the main event’s location is that the mainshock rup-
ture initiated at the western end of the southern seg-
ment and propagated towards the east-northeast and,
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Figure 5. Map of mainshock and aftershocks after relative relocation of 1,301 events (mostly M, > 2.5). Red are first day, cyan later
aftershocks. Orange boxes schematically outline six areas of main activity (see text for details). Gray crosses show cross-section
orientations and area of projected events. Thick dashed black and solid grey lines show surface projections of faults used for InSAR
modelling; dashed for single fault model; solid for 2- and 3-segment model (NNW-trending segment for latter); see text for details.
Cross-sections (a) to (f) point to corresponding map region and have no vertical exaggeration. Red circle in (c) is mainshock. Note
absolute depth of event clusters could be changed by a few km up or down; we show results with starting hypocentre depths of 6 km.
The purple lines are (undifferentiated) faults shown in. Figure 1(c), as modified from Kerstetter (2018) and Oldow and Cland (2018).



possibly due to stress transfer, triggered rupture on
the northern, slightly offset (~2 km) segment propa-
gating towards the west-southwest. The west-south-
west segment is slightly longer than the eastern
rupture and most seismic moment was released
along it (see INSAR modelling in Section 6).

A nearly continuous ~10-km-long surface slip with 5-
20 cm offset has been observed only along the western
segment (mainly west of Highway 95) and mapped by
Koehler et al. (2021). The surface ruptures are north of
most seismicity (corresponding roughly to intense after-
shock activity shown in cross-section (b) in Figure 5)
consistent with a southward dip of the fault. The appar-
ent offset between the surface ruptures and seismicity in
map view indicates that the aftershocks illuminate the
main fault at depth. Interestingly, the surface slip is
confined to the area east of the mapped trace of the
Candelaria fault (Koehler et al. 2021) suggesting that the
earthquake ruptured a previously unmapped eastern
extension of the Candelaria fault.

The mainshock rupture appears to involve at least
two east-northeast trending segments. The eastern ter-
minus of predominant strike-slip motion near 117.76°W
coincides closely with the southern extension of the
north-northwest trending (right-lateral) Petrified
Springs fault zone, indicating that the Monte Cristo
Range earthquake ruptured the easternmost part of
the Mina Deflection.

In addition to left-lateral motion, aftershock clusters
also show regions of right-lateral and normal faulting,
possibly facilitated by small positive changes in
Coulomb Failure Stress. The two larger (M, 4.7) strike-
slip aftershocks north of 38.2°N and near 117.8°W (on 22
May and 8 June, Table 1) likely ruptured on a north-
northwest trending conjugate, near-vertical right-lateral
fault based on seismicity (map and cross-section (e) in
Figure 5). This aftershock zone became active immedi-
ately following the main shock. There are indications for
activity along other NNW trending conjugate faults such
as near 117.95°W. From the width of our relocated earth-
quakes, it seems likely that other faults parallel and
conjugate to the main fault also became active.
Conjugate faulting and Coulomb Failure Stress are
explained in more detail in the Supplement. Briefly,
these reflect westward motion of the block north of
the main fault plane. Conjugate faulting seems to play
an important role for earthquake sequences in the
Walker Lane/ECSZ region, for example the 2019
Ridgecrest sequence (e.g. Ross et al. 2019).

Aftershock distributions are particularly wide at the
eastern and western ends of the fault zone. Both ends
include a number of normal faulting events; their dis-
tribution in map view may reflect a shallower dip for
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these sub-faults. The eastern end - east of the intersec-
tion with the north-northwest trending conjugate fault -
includes strike-slip and normal faulting earthquakes; the
depth distribution (cross-section (f)) is similar to the
strike-slip segments (cross-sections (b)-(e) in Figure 5)
and the largest event (M,, 4.8) has a strike-slip mechan-
ism (cross-sections with our data are inconclusive
whether the fault is east-west or north-south trending)
suggesting a mix of strike-slip and normal faulting.

At the western end — west of about 118.05°W and
until December - aftershock mechanisms show consid-
erable normal faulting. The largest aftershocks (M,, 4.1)
are smaller than elsewhere. Larger events mainly
occurred during the first month following the main
shock, and the depth distribution of the aftershocks
(about 5-6 km; cross-section (a) in Figure 5) is more
compact than for other aftershock zones. These after-
shocks could represent activity on a releasing bend of a
left-lateral strike slip fault zone involving dip-slip-domi-
nated movement on NE to NNE striking faults. The ten-
sion (T) axes trend northwest-southeast, similar to the T-
axes trends at the adjacent strike-slip segment. A M 5.1
strike-slip earthquake on December 1, slightly north of
the normal faulting events, generated its own strong
aftershock sequence; these are mainly strike-slip events,
and the sequence resembles an earthquake swarm (the
largest events have similar magnitudes). The event dis-
tribution (Figure 5 and cross-section (a)) suggests activ-
ity on an east-northeast trending left-lateral fault.

5. Geodetic data

Beginning in the early 1990s, satellite geodetic data
began to revolutionize the study of earthquakes by
accurately measuring plate motion, inter-seismic strain
accumulation and co-seismic and post-seismic strain
release. One technique involves the use of ground recei-
vers that measure surface displacement with signals
from the Global Positioning System (GPS), now referred
to as the Global Navigation Satellite System (GNSS)
(Dixon 1991; Bock and Melgar 2016). Hammond et al.
(2021) describe GPS results for the Monte Cristo Range
earthquake, showing how these data provide detailed
and unique information on the event. They conclude
that the fault slip is of order ~1 m, much greater than
the observed < 20 cm surface slip.

Satellite-based Interferometric Synthetic Aperture
Radar (InSAR) is the other major satellite geodetic tech-
nique used for earthquake studies. The technique was
first demonstrated by Gabriel et al. (1989) and used by
Massonnet et al. (1993) to measure surface deformation
associated with the 1992 Landers earthquake on one of
the active ECSZ faults in the Mojave Desert. Since that
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time, InSAR has been used to study earthquakes, active
volcanoes, subsidence associated with fluid withdrawal
(ground water, oil, and natural gas), landslides, and other
crustal motion processes. Briefly, the technique involves
illuminating the ground with coherent radar signals and
recording both the amplitude and phase of the reflected
signal. A subsequent satellite pass (in our case, 2 days
after the earthquake) records similar signals, and phase
changes between the before and after signals are esti-
mated. Changes in the line-of-sight (LOS) distance
between the ground and the satellite associated with
the earthquake can be computed from the phase differ-
ences, after correction for satellite orbits and other con-
founding effects (by definition a 2m phase change is
equivalent to LOS displacement of one half of the radar
wavelength). The technique is especially useful in arid
regions like that around the Monte Cristo Range earth-
quake, where vegetation cover and atmospheric water
vapour are minimal (vegetation can corrupt the phase
measurement via decorrelation, while water vapour
slows the microwave signal by variable amounts, chan-
ging the LOS measurement). Massonnet and Feigl
(1998), Bamler and Hartl (1998), Hanssen (2001) and
Simons and Rosen (2007) provide thorough reviews.
Since its initial demonstration a number of important
refinements to the InSAR technique have been made. In
vegetated areas, techniques that focus on strong radar
scatterers within the scene can be used to overcome the
decorrelation problem (e.g. Ferretti et al. 2001, 2011). For
crustal deformation problems where the three-dimen-
sional displacement vector is useful, several techniques
have been developed to overcome the limitations of the
scalar LOS measurement. For example, if both ascending
and descending passes are available, the quasi east-west
and up-down components of deformation can be
derived. Vector information can also be obtained from
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range changes from different view directions and pixel
offsets in the SAR image, depending on the magnitude
and orientation of deformation (Fialko et al. 2001, 2005;
Wright et al. 2004). A technique called multi-aperture
InSAR, exploiting changes in the Doppler history of the
reflected SAR signal, has also been used (Bechor and
Zebker 2006). Hu et al. (2014) review the various techni-
ques available to derive three-dimensional displace-
ments with the InSAR technique. In this study we use
ascending and descending passes and the methods of
Hu et al. (2012) and Xu et al. (2018) to derive the two-
component data.

We used data from the European Space Agency’s
Sentinel-1 satellites, providing coverage several days
before and after the earthquake (Table 2). The Sentinel-
1 radar system consists of two satellites in identical near-
polar orbits with a 12 day repeat cycle. The two satellites
are separated in their orbit plane by 180°, meaning that
each point on the ground is imaged every 6 days with
identical imaging geometry (optimal for interferometry)
and every three days with either an ascending or des-
cending orbit. Both satellites transmit the same C-band
signal (5.4 GHz frequency, 5.5 cm wavelength).

Figure 6 shows the ascending and descending inter-
ferograms from the Sentinel-1 satellites for the Monte
Cristo Range earthquake. Note that since the second
satellite pass is 2 days after the earthquake (Table 2),

Table 2. Information of SAR images used in geodetic modelling.
SAR data list

Satellite Path Frame Flight Direction Acquisition Time
Sentinel-1A 71 465 Descending 20/5/11
Sentinel-1B 71 463 Descending 20/5/17
Sentinel-1A 64 119 Ascending 20/5/11
Sentinel-1B 64 118 Ascending 20/5/17
Sentinel-1B 64 123 Ascending 20/5/17

b Descending Phase (rad)
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Figure 6. Interferograms from satellite images listed on Table 2 visualized using GMTSAR (Sandwell et al. 2011a, 2011b). (a) and (b)
represent ascending and descending flight directions, respectively. Beachball indicates the location and focal mechanism (from USGS)
of the Monte Cristo Range earthquake. Extent of Figure is indicated by the solid black box. Projected single-fault segment is shown in

dashed rectangle.



the resulting LOS displacement includes not only the co-
seismic offset but a variety of post-seismic effects as well.
These could include a small amount of continued slip on
the fault (after-slip), poro-elastic effects from water in the
uppermost crust responding to earthquake-induced
stress changes, and viscous relaxation in ductile lower
crust and uppermost mantle. Data from continuous GPS
stations near the event suggest that the cumulative
effects of these various process within three months of
the earthquake are less than 5% of the co-seismic offset
(Hammond et al. 2021). This is consistent with the seis-
mic data, which show minimal moment release via after-
shocks in the immediate post-seismic period.

6. Deformation modelling
6.1. Single fault segment model

Given detailed measurements of surface deformation
from the earthquake, it is possible to invert the data
for the pattern of slip at depth. We assume in this
type of modelling that the crustal material accommo-
dating the earthquake is a homogeneous elastic solid,
with a linear relationship between the earthquake slip
at depth and displacements at the surface. This
assumption is not strictly true for the upper ~ kilo-
metre of the crust in many parts of the Basin and
Range province, where thick sequences of alluvial
sediments differ significantly in their mechanical
properties from more rigid materials below.
Nevertheless, and perhaps surprisingly, these simple
models fit the observations quite well and yield use-
ful information. Here we give a brief summary, with
details provided in the Supplement. Barbot et al.
(2009b) give an example where the layered, non-
homogeneous nature of the upper crust is explicitly
considered.
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Okada (1985) introduced an analytical expression
relating a source of deformation in an elastic half-space
to surface deformation. This solution has many applica-
tions in Earth science, including the study of earthquake
co-seismic and post-seismic deformations (e.g. Barbot et
al. 2009a), inter-seismic coupling (e.g. Ader et al. 2012),
magma intrusion (e.g. Jousset et al. 2003), fluid injection
and resource extraction (e.g. Karegar et al. 2015; Deng et
al. 2020) and water reservoir changes (e.g. Shi et al.
2013). Input parameters for the Okada model include
constants describing the elastic properties of the med-
ium, the location of the surface observation point, and,
for faulting studies, the depth, dip, length and width of
the fault plane as well as the three components of the
fault slip (strike-slip, dip-slip and tensile). Model outputs
are surface displacements (x, y and z components) and
their spatial derivatives.

Here we use this model and the InSAR LOS dis-
placement data to invert for fault motions at depth.
The descending and ascending SAR imagery allows
creations of interferograms that indicate co-seismic
displacements. To reduce the effects of aftershocks
and post-seismic motion, satellite image pairs were
chosen with the shortest possible time spanning the
earthquake. Two main interferograms are made, using
descending and ascending data of May 11 and May
17 with 6-day separation (Table 2). Pre-processing, co-
registration, interferogram creation, unwrapping and
geocoding are done using the ISCE2 software (Rosen
et al. 2012). Figure 7 shows the LOS displacement,
reflecting the steps of phase unwrapping and geo-
coding. Positive values in the LOS map indicate
motion towards the satellite. LOS displacement from
near-polar orbiting satellites is mostly sensitive to
east-west and up-down components. The difficulty
in resolving the north-south component comes from
the absence of an appropriate viewing geometry
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Figure 7. LOS displacement maps from ascending (a) and descending (b) images visualized using GMTSAR (Sandwell et al. 2011a,
2011b). Values are in metres (m). Beachball (from USGS) indicates the Monte Cristo Range earthquake. Extent of Figure is indicated by
the solid black box. Projected single-fault segment is shown in dashed rectangle.
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(Wright et al. 2004). The x, y and z surface displace-
ment components are converted to LOS displacement
using the satellite incidence and heading angles, fol-
lowing Hu et al. (2012) and Xu et al. (2018).

To reduce the computational burden, it is useful to
recognize that most of the InSAR points are spatially
correlated (do not provide unique information), espe-
cially points far from the earthquake. Hence there is no
need to use all points displayed in the LOS displacement
figure to model slip at depth. We therefore down-sample
the points using a technique called quadtree sampling
(Jonsson et al. 2002). This reduces the number of points
that are used for inversion from several million to several
thousand or fewer. Figure 8 shows the resulting model,
assuming all fault motion is restricted to a single fault
segment. Details on the data inversion and modelling
procedures are presented in the Supplement.

The moment magnitude of the earthquake can be
calculated from the modelled geodetic data by sum-
ming the total motion of each patch over the slip area,
assuming a value for rigidity. For our one fault segment
model we obtain a geodetic moment magnitude of M,,
6.61, comparable to the seismic estimate (Table 3). Most
moment release occurs near ~11 km depth and west of
the mainshock epicentre.

Projected surface rupture area
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A forward simulation is performed using the fault
parameters and slip of each patch derived from the
inversion to calculate the simulated LOS displacement
at the surface. The residual map (the difference between
the observed and simulated LOS) is one measure of
model robustness and is calculated separately for
ascending and descending data (Figure 9).

6.2. Multi-plane models

The distribution of aftershocks suggests the presence of
at least two different east-northeast trending faults
(Figure S4). These two left-lateral, strike-slip segments
appear to have slightly different strike angles and are
offset by a few kilometres. We tested whether a two-
segment model fits the data significantly better than our
simple, one-segment model. The maximum slip in this
model occurred 1.43 m at depth ~10 km, and 0.24 m at
depth ~6 km for west and east segment, respectively
(Look at Figure S5 on supplement). A complete descrip-
tion for the two-segment solution is provided in the
Supplement.

Since the eastern sinistral fault terminates near the
southern end of the NNW-SSE trending Petrified Springs
fault zone, we also implemented a three-segment
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Figure 8. (a) Inverted slip distribution based on the single fault segment model. The deeper and shallower stars indicate the Monte
Cristo Range hypocentre from the USGS and NSL locations, respectively. The large star shows the relocated hypocentre. Horizontal box
represents the projected surface slip zone according to Koehler et al. (2021). Maximum displacement occurred at ~11 km depth. (b)
Zoomed in version of (a) focusing on the shallow western quadrant, for comparison to the region of surface rupture.
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Table 3. Geodetic and seismic moment magnitude of each
solution. See Supplement for 2-segment and 3-segment solu-
tions. * means value is calculated.

Solution Moment (Mg) [N.m] Moment Magnitude (M,,)
1-Segment 9.43 x 10'® 6.61
2-Segment 7.23x 108 6.54
3-Segment 7.96 x 10" 6.56

USGS seismic solution 6.77 x 10'® 6.52%
Hammond et al. (2021) 462%x10®" 6.41

model. The third segment consists of the southern
Petrified Springs faults where some of the eastern after-
shocks likely occurred. This eastern segment has right-
lateral strike-slip with considerable normal motion, con-
sistent with west-directed block motion. The maximum
slip occurred 1.47 m at depth ~10 km, 0.31 m at depth
~6 km, and 0.2 m at depth ~16 km, for west, middle and
east segments, respectively (Look at Figure S7 on sup-
plement). A detailed description of the three-segment
solution is also provided in the Supplement.

Additional fault planes could be added to these three
and perhaps improve data misfit, but at some point, the
small misfit improvements do not justify adding free
parameters (i.e. multiple fault planes). Statistical tests
such as the F-test, or common sense, can guide such
modelling decisions. Zheng et al. (2020) provide further
discussion.

7. Discussion

Figure 8(a) shows a simple (one fault plane) model
fit to the ascending and descending data. While we
know the rupture was considerably more complex,
this basic model illustrates three important points.
First, the maximum slip (~1.2 metres, at 11 km
depth) is much greater than the surface slip

observations, which are mostly less than 20 cm of
left-lateral motion and no more than ~6 cm of ver-
tical offset down to northwest (Dee et al. 2021;
Koehler et al. 2021). Second, the location where
modelled slip reaches the surface closely coincides
with the location of the mapped surface offsets
(Figure 8(b)) (Koehler et al. 2021). This point is well
west of the earthquake epicentre (surface projection
of where the rupture started) implying some direc-
tionality to the rupture process; note that rupture
likely propagated both east and west from the epi-
centre. West of the epicentre, the maximum normal
displacement is ~20 cm and reaches close to the
surface. In addition, the part of the fault plane east
of the epicentre shows less dip-slip motion (up to
~15 c¢cm) compared to the western portion. Third,
maximum slip occurred at relatively shallow depth
(~11 km), while most aftershocks occurred above
this depth (Figures 8 and 10).

The depth distribution of seismicity is an important
parameter, useful in formulating and testing models for
the physics of earthquake rupture and friction condi-
tions at depth. One such model (the rate-state friction
model) holds that earthquake rupture will occur in
regions that are velocity-weakening and hence unstable
with respect to slip (i.e. friction decreases as velocity
increases) (Dietrich, 1979, 1987; Ruina 1983; Tse and
Rice 1986; Chester 1995; Marone 1998). Areas of the
crust that are velocity-strengthening are considered
stable with respect to slip and hence unlikely to gener-
ate earthquakes. Areas of the crust that exhibit inter-
mediate or variable frictional properties are termed
conditionally stable. While earthquake rupture will not
initiate in these areas, their frictional properties can
change abruptly as a result of stress changes associated
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Figure 10. Various estimates of the brittle-ductile transition: (a) Calculated crustal strength. Brittle-ductile transition defined by the
intersection of the brittle strength (strike-slip line) and the lab-generated curve for ductile quartz (green curve). See supplement for
more information. (b) Average displacement per 1 km depth interval from geodetic modelling. (c) Number of aftershocks per 1 km
interval. Dashed red line indicates mainshock relocated hypocentre.

with the earthquake, and they can experience earth-
quake-related motion (e.g. Kuna et al. 2019 for a model
of slip in conditionally stable mantle lithosphere during
oceanic strike-slip faulting).

With respect to Figure 8, if we arbitrarily define the
velocity-weakening zone to be the depth range
where slip is at least 50% of the maximum value,
we can see that the region between about 3 km
and 17 km meets this criterion; regions deeper than
about 17 km would be considered velocity-strength-
ening. Note however that due to the well-known
decrease in resolution with depth associated with
surface geodetic data, this lower limit is poorly
defined. In fact, a model that constrains modelled
slip to the region where aftershocks occur, above 15
km, fits the InSAR data nearly as well. The region
between 3 km depth and the surface is conditionally
stable using the 50% of maximum slip criterion.

One problem with the rate-state friction model is that
there are number of factors potentially controlling fric-
tional behaviour. These include mineralogy, grain size,
damage zone width from past earthquakes, pore fluid
pressure, and temperature. Most of these are poorly
constrained for the depth range where maximum slip
occurs. Hence it is difficult to test the model directly by
comparing our results on the depth range of seismicity
to other potentially significant parameters. One excep-
tion is temperature, which can be estimated from sur-
face heat flow and knowledge of the thermal
conductivity of crustal rocks. The Basin and Range

province is characterized by relatively high heat flow,
and the implied relatively high temperatures at depth
may influence frictional conditions there, either directly,
or indirectly, e.g. by influencing permeability, pore fluid
pressure or other parameters. One way to evaluate the
role of temperature is to use it to calculate the depth of
the brittle-ductile transition, an important parameter in
structural geology, geodesy, and seismology. Briefly,
crustal strength is believed to reach a maximum in the
middle crust, at a point (depth) where frictionally modu-
lated brittle strength gives way to thermally modulated
ductile strength. The maximum slip zones of large earth-
quakes tend to occur in or near this region, although
most authors now consider the maximum strength esti-
mated by this model to be too high, modulated instead
by cataclastic, solution transfer or other processes (e.g.
Chester 1995). The depth of the transition may never-
theless be important and can be estimated accurately
from the intersection of frictional strength in the upper
crust, calculated from theoretical considerations, and
laboratory-based estimates of the ductile strength of
common minerals in continental crust such as quartz.
Figure 10 shows the results of this calculation, using a
thermal gradient representative for this part of the Basin
and Range. Note the close correspondence between the
depth of the brittle-ductile transition here (12 km) and
the depth of maximum slip estimated by the InSAR
model (11 km). A full description of the brittle-ductile
transition and how it is estimated is given in the
Supplement.



The Monte Cristo Range earthquake provides two
important lessons in terms of seismic hazard. Both
apply to the numerous seismogenic faults of the
Walker Lane and Eastern California shear zone. The first
is related to the observation that mapped surface offsets
are much smaller than the maximum slip at depth.
Observations of shallow slip deficit are common in
immature strike-slip faults and have been ascribed to
distributed deformation in the upper few kilometres,
mainly during the interseismic period (Fialko et al.
2005). If this pattern persists over many seismic cycles,
it suggests that geological estimates of fault slip rate, an
important aspect of seismic hazard assessment, may
underestimate the true slip rate of a fault, at least for
certain classes of fault (see also Xie et al. 2019). As of this
writing (more than one year after the event), post-seis-
mic slip does not appear to have made up the difference.
GPS data from a continuous station closest to the epi-
centre (ID: MONT) shows only modest post-seismic
motion, ending within a month of the main shock.
Preliminary InSAR analysis also shows about ~10 cm
post-seismic motion on the fault plane, up to a month
after the main shock, much less than required to make
up the shallow slip deficit. We hope to do a future study
on the afterslip pattern for this earthquake.

The second lesson has to do with the relation between
mapped surface faults versus the full spectrum of seismo-
genic faults (faults capable of generating an earthquake).
The Monte Cristo Range earthquake ruptured an upper
crustal section in western Nevada that included an area
with no mapped surface faults. Thus, it may have ruptured
previously intact rock, or reactivated previously faulted
rocks with no recent history of faulting (last few hundreds
of thousands of years or longer). This is important from a
seismic hazard standpoint, since it makes earthquake fore-
casting and mitigation more challenging. For well-devel-
oped faults such as the San Andreas fault, seismic hazard
maps can be developed with reasonably high levels of
confidence. This is more challenging in seismically active
areas such as the Walker Lane and ECSZ with their complex
mosaic of surface faults. This may reflect the immaturity of
this active deformation zone, where faulting is young (the
current deformation regime likely started or accelerated
sometime after 5 Ma) and where cumulative displacement
on most faults is no more than a few km (Faulds et al. 2005;
Dixon and Xie 2018; Xie et al. 2019). Wesnousky (1988,
200543, 2005b) and Dolan and Haravitch (2014) emphasize
the importance of total fault offset in defining faulting and
earthquake behaviour. As offset increases over many seis-
mic cycles, faults tend to lengthen and simplify, perhaps via
friction reduction. Gourmelen et al. (2011) present one
model for this. Our understanding of this process is com-
plicated if fault reactivation dominates — for such faults,
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does the earlier phase of offset ‘count’ in terms of assessing
maturity, or does fault healing nullify earlier friction reduc-
tions? With its well-recorded seismic and geodetic data,
and good, well-mapped surface exposures, the Monte
Cristo Range earthquake presents an exciting opportunity
to test these and other models of fault evolution.

8. Educational aspects

There are many ways that the large amount of informa-
tion resulting from the Monte Cristo Range earthquake
and its aftershocks can be used for teaching, from intro-
ductory and beginning undergraduates to graduate stu-
dents. It is important to adjust presentations to the
knowledge base of the students.

For students in an introductory geology class, the
Monte Cristo Range earthquake can be used to teach
about the relationship between plate tectonics and
earthquakes. A short (~5 minute) video produced by
the UT-Dallas group can be used (How did the
Nevada’'s 2020 Earthquake happen?). A brief introduc-
tion into the ways that an earthquake like this can be
studied today can be presented, with explanations
about foreshocks, mainshocks, and aftershocks.
Introductory material could take 20-30 minutes to pre-
sent, including showing the video. Such a presentation
could also be adapted for the general public.

For upper division students in a structural geology,
tectonics or neotectonics class, the introductory material
can be supplemented by going into greater detail about
the tectonics of transform plate margins and what the
Walker Lane and the Mina Deflection reveal about this.
The Monte Cristo Range earthquake can also be used to
introduce upper division geoscience majors to modern
ways of studying an earthquake. These students are
ready to learn how combining information from ground
rupture, locating and measuring energy release, under-
standing the significance of focal mechanisms, and under-
standing the results from GPS, InSAR, and numerical
deformation modelling can lead to better understanding
of this and other earthquakes. They are ready and inter-
ested to learn more about earthquakes and faulting and
how earthquake magnitude and focal depth are likely to
be manifested in ground rupture, displacement, and seis-
mic hazard. Exploring these topics might take up one or
two class periods. This audience will clearly benefit from
reading this paper.

For graduate students, there are a number of ways to
use the multiple datasets about the Monte Cristo Range
earthquake summarized here, depending on the focus of
the class. A general class in Tectonics could present this
material in a way that is similar to that suggested for an
upper division class, whereas more advanced classes in
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neotectonics, seismology, or geodesy may want to
spend more time on individual datasets and modelling
exercises. We hope the graduate student audience will
benefit from reading this paper, especially the detailed
information in the Supplement. Codes and example data
are provided here: https://github.com/
TahaSadeghi93/fault.

9. Conclusions

1. The 15 May 2020 M 6.5 Monte Cristo Range, Nevada
earthquake was a complex event rupturing faults with
no apparent surface break or previously unfaulted crust
within the Mina Deflection of the Walker Lane deforma-
tion belt.

2. The main rupture exhibited left-lateral motion on
an east-northeast — west-southwest striking fault, but
right-lateral and normal faulting components were also
observed on subsidiary faults.

3. The complex rupture of this event may be char-
acteristic of immature faults, i.e. faults with less than
a few km of displacement that are less than a few
million years old or were re-activated a few million
years ago or less.

4. A simple one-segment fault model for the InSAR
data provides useful information, demonstrating rela-
tively shallow rupture, with maximum slip at a depth of
~11 km. The model also predicts surface slip in the
location and with offset amounts that are in good agree-
ment with surface observations.

5. Multi-segment fault models with improved fit can
be constructed from the InSAR data that are consistent
with the aftershock distribution. A two-segment model
has two sub-parallel east-northeast - west-southwest
striking left-lateral fault planes. A three-segment model
includes a third fault plane striking north-northwest
exhibiting right-lateral slip but with significant dip-slip
motion, consistent with expectations for conjugate fault
motion.

6. The earthquake and the multiple resulting datasets
provide new opportunities for teaching lower division
undergraduate, upper division undergraduate, and
graduate students, and new research opportunities
related to seismic hazard in new or rapidly evolving
crustal deformation zones.
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