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Observations in tectonically active areas increasingly reveal sets of high-angle
conjugate faults (“cross-faults”) that apparently contradict theories of faulting
based on experimental data. Possible explanations include low in situ coefficient
of friction, dominant control of ductile shear zones in the lower crust, and tec-
tonic rotation. Discrimination between these mechanisms has been hindered by
uncertainties in the state of stress, deformation history, and fault geometry at
seismogenic depths. Here we use a combination of seismic, geodetic, and geologic
data to demonstrate that ubiquitous cross-faults in the Ridgecrest (California)
area, including those ruptured in the sequence of strong earthquakes in 2019,
result from rotation from an initially optimal orientation consistent with experi-
mental data. The inferred rotation pattern can be explained by the geodetically
measured velocity field. Our model suggests that the observed asymmetric rota-
tion of faults in the Eastern California Shear Zone can result from simple shear.
The same mechanism can be responsible for high-angle conjugate faults observed
in other tectonic settings.

Earthquakes result from unstable slip on faults that are brought to failure by the am-
bient stress field, however relationships between causal stresses and the consequent seismic
ruptures are not well understood. The Mohr-Coulomb-Anderson (MCA) theory predicts that
faults should form at an acute angle with respect to the principal compression axis2. Such
an “optimal” angle 6, depends solely on the coefficient of friction p, 6, = 0.5 arctan(u=1).
For typical laboratory values of the coefficient of friction of 0.6-0.8 (the Byerlee’s law)?, the
respective angle is |6,] ~25-30 degrees®?. New faults that are produced in the laboratory
experiments at a scale of 1072 — 10~!'m, and in nature at a scale of 1 — 10>m appear to
agree with predictions of the MCA theory®". However, mature (well-slipped) faults are
often severely mis-oriented with respect to the present-day stress field® 1!, implying rotation
of faults with respect to the principal stress axes, rotation of the principal stress axes, or
both, throughout the fault history!?. Mature faults can operate at high angles with respect
to the principal compression axis (and therefore at low resolved shear stress) if they are sub-
stantially weaker than the host rocks, owing to either static'®'® or dynamic!'%1? weakening
mechanisms. Many of the proposed weakening mechanisms require extreme localization of
slip within a fault zone®’, and such localization may in turn depend on fault maturity?!. If
so, an outstanding question is at which point during a fault evolution may various weakening
mechanisms become activated. Alternatively, faults might be weak from their inception??,
implying that either the coefficient of friction is well below the experimentally measured
values of 0.6-0.8%23, or the pore fluid pressures are well above the hydrostatic. These possi-
bilities can in principle be distinguished by evaluating the orientation of incipient faults with



respect to the principal stress axes. As the latter may not be well known, one can instead
use the relative orientation of conjugate faults, under the assumption that the principle com-
pression axis bisects the angle between conjugate planes®2*. Unfortunately this approach is
not easily applicable to fossil conjugate fault zones because it is not always clear whether dif-
ferent sets of faults were active at the same time. The relationships between active conjugate
faults could be studied using seismic focal mechanisms, however uncertainties in the fault
plane solutions are typically too large, especially for small to intermediate-size events. Also,
the focal mechanisms are essentially indistinguishable in case of high-angle conjugate faults
25 An optimal data set for a case study would thus involve a sequence of earthquakes that
occur on conjugate faults that are relatively immature, yet the earthquakes are large enough
not to be treated as point sources. These (rather restrictive) criteria have been met during
the 2019 Ridgecrest, California, earthquake sequence, which offered an excellent opportunity
to investigate the problem of in situ fault strength.

Conjugate faulting in the Ridgecrest area

The 2019 Ridgecrest, California, earthquake sequence occurred on a network of northwest
(NW) trending right-lateral and northeast (NE) trending left-lateral strike-slip faults?6-28.
The largest events in the sequence were the M,,6.4 foreshock and the M,7.1 mainshock
(Fig. 1a). The seismic moment release due to the M,7.1 mainshock was dominated by slip
on right-lateral faults, and the seismic moment release due to the M,,6.4 foreshock was dom-
inated by slip on left-lateral faults?®. Both the foreshock and the mainshock involved slip
on antithetic cross-faults?6?°. Events comprising the 2019 sequence occurred on immature
and largely unmapped faults that were not previously recognized as connected and capa-
ble of major earthquakes®’. The angle between the left- and right-lateral faults ruptured
by the M,6.4 foreshock and the M, 7.1 mainshock is close to 90 degrees, so that the focal
mechanisms based on the moment tensor solutions (see section “Online data” in Supple-
mentary Information) are essentially similar (Fig. 1a). However, because of the earthquake
size the sense of motion is unambiguous from the aftershock distribution, as well as surface
displacements imaged by field studies and space geodetic observations (Fig. 1b).

We quantified the dihedral angle between faults that produced the foreshock and the
mainshock using seismic, geodetic, and geologic data, as well as finite fault models informed
by all of the available data (see section “Evaluating the attitude of the 2019 ruptures”
in Supplementary Information). The admissible range of angles is 75-100 degrees, with
the preferred value of about 85 degrees (Supplementary Fig. 2). As the 2019 Ridgecrest
earthquake sequence occurred within a densely instrumented area featuring long-lived seismic
and geodetic networks (Supplementary Fig. 3), additional insights can be gained regarding
the fault orientation with respect to the principal stress axes. Inversions of focal mechanisms
of abundant small local earthquakes indicate an approximately north-south orientation of
the maximum horizontal compressive stress ogmaz>>. We used 15-year long time series
of displacements from the Plate Boundary Observatory (PBO) network to compute the
principal axes of strain rate (see the Methods section and Supplementary Figs. 4 and 6).
The axis of the maximum horizontal shortening rate € g4, in the neighborhood of the 2019
rupture is oriented ~ 5° east of north (Supplementary Fig. 6). The estimated trajectories
of 0Hmar and €pgma, are shown in Fig. 2, along with the precisely relocated background
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Figure 1: Aftershocks and coseismic surface displacements due to the 2019 Ridge-
crest earthquakes. (a) Map of the epicentral area. Black wavy lines denote surface offsets
due to the Ridgecrest earthquakes mapped by field surveys®’. Red and blue stars denote the
epicenters of the M7.1 and M6.4 earthquakes, and red and blue “beach balls” and arrows de-
note the focal mechanisms and the average fault strikes, respectively. Teal and magenta dots
denote the aftershocks of the M6.4 and M7.1 events, respectively?. Thin green lines denote
mapped active faults®'. The inset shows the site location (black rectangle) with respect to
the plate boundary (red line). (b) Coseismic displacements derived from space geodetic data
(see Methods). Color denotes the logarithm (base 10) of the amplitude of horizontal dis-
placement®?, in meters (107°¢ &~ 0.25m, 107%3 &~ 0.5m), and arrows denote the displacement
vectors on a sub-sampled grid. Vertical displacements are shown in Supplementary Fig. 1.



seismicity®3. The principal compression and shortening axes are in general agreement, except
in areas with sparse seismicity and/or PBO station coverage (e.g., in the SW corner of
Fig. 2). Around the epicenter of the M,,7.1 mainshock, the orientations of g, and € gmaz
are essentially north-south, with the contraction rate axis possibly oriented slightly more
easterly compared to the compression axis. Within the uncertainties, the ogmee and €gmaz
axes bisect an angle formed by the cross faults ruptured by the 2019 Ridgecrest earthquakes
(Supplementary Fig. 2).

Mechanisms responsible for development of cross-faults

Previous studies suggested that the pattern of high-angle faulting observed during the 2019
sequence results from either near-zero coefficient of friction, so that the crustal strength is
limited to cohesion, or rock failure due to dynamic stress perturbations near a propagating
rupture front?°. While the latter might be responsible for small-scale “wing” faults oriented
at high angle with respect to the main rupture®’, it doesn’t apply to the two largest events
of the 2019 sequence that were separated by a day (Fig. 1a). Also, inspection of prior back-
ground seismicity reveals a number of lineated structures that closely follow the strike of the
right- and left-lateral faults ruptured during the 2019 sequence3®. Several of such lineations
are marked by the red and blue dashed lines in Fig. 2. These observations indicate a wide-
spread distribution of active cross-faults in the Ridgecrest area that cannot be attributed to
the effects of dynamic off-fault yielding.

Another possible explanation for the nearly-orthogonal fault orientation is strain local-
ization in the ductile lower crust3738. If strength of the continental crust is dominated by
a ductile substrate, development of ductile shear zones may dictate fault orientations in the
upper brittle crust. Since the ductile rheology is essentially independent of the mean stress,
shear zones are expected to align at 45 degrees with respect to the principal stress axes, thus
forming a right angle between the conjugate shear zones. Several lines of arguments however
suggest that this mechanism is unlikely responsible for the observed fault geometries in the
Ridgecrest area. First, a potential for strain localization in the ductile regime is inversely
proportional to the effective viscosity®?. Localized shear zones are less likely to form in a
warm stretched crust such as that in the Ridgecrest area, characterized by a recent volcanism
and ongoing geothermal activity“’. Second, ductile shear zones are unlikely to develop below
immature low slip rate faults, especially small, broadly distributed, low offset faults such as
those abundantly present in the Ridgecrest area (Fig. 2). Finally, even if multiple conjugate
faults were associated with deep ductile roots, the respective network of intersecting ductile
shear zones would not be able to preserve its geometry under finite strain.

It might be tempting to interpret ubiquitous high-angle faults in the Ridgecrest area,
including the 2019 ruptures (Fig. 2), as well as their orientation with respect to the principal
compressive stress (Supplementary Fig. 2), in terms of a low coefficient of friction in the
upper crust. If the observed active faults represent failure on optimally oriented planes (i.e.,
20, >75 degrees), the respective coefficient of friction is smaller than 0.3, well below the
experimentally determined values for most rock types®23. If so, this would have profound
implications for the mechanics of faulting and strength of the brittle part of the lithosphere.
Below we demonstrate that the angle between cross-faults involved in the Ridgecrest sequence
is not an optimal angle for the Mohr-Coulomb failure, and that the brittle strength of the
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Figure 2: Orientation of the principal stress and strain rate axes in the 2019 main-
shock area. Black dashed lines denote trajectories of the maximum horizontal compression
(aHmax)S?’, magenta lines denote the direction of the maximum horizontal shortening rate
(€ Hmaz, see Methods), and grey dots denote the background seismicity (1981-June 2019)3%.
Filled triangles and green arrows denote the location of continuous GNSS sites and secular
velocities (with respect to site SHOS, see Supplementary Fig. 3). Black solid lines denote
surface traces of the 2019 Ridgecrest earthquakes. Blue and red dashed lines denote lin-
eations in the background seismicity that are parallel to the left- and right-lateral faults
involved in the 2019 M,,6.4 foreshock and the M,,7.1 mainshock (see Fig. 1). Local origin is
at 117.5°W, 35.5°N.



seismogenic crust is in agreement with the Byerlee’s law at the onset of faulting.

Fault rotation from long-term tectonic deformation

Theoretical considerations confirmed by observations suggest that tectonic deformation that
promotes faulting, over time gives rise to a rotation of active faults away from the shortening
axis*+42. The amount of rotation depends on the rate of deformation and the fault age. We
use the modern deformation rates calculated using the Global Navigation Satellite System
(GNSS) data (Supplementary Figs. 3-6) to estimate the time required to rotate conjugate
faults from an initially optimal orientation (26, ~ 50 — 60°) to the observed configuration
(20 ~ 75—90°, Supplementary Fig. 2). As a preliminary, we develop an analytic solution for
the case of pure shear (see section “Fault rotation under pure shear” in Supplementary Infor-
mation). The results are shown in Supplementary Fig. 7. Given the present-day shortening
rate of ~ 31072 Myr~! (Supplementary Fig. 5), optimally oriented faults are expected to
rotate by 10-15 degrees over a time period on the order of 5-10 Myr (Supplementary Fig. 7).
The resulting rotation is symmetric with respect to the shortening axis. The estimated age
of rotation agrees well with time since the inception of the Eastern California Shear Zone
(ECSZ)*3, suggesting that the currently active cross-faults (Figs. 1 and 2) may indeed have
formed at optimal angles with respect to the compression axis at the early stages of initiation
of the ECSZ, and subsequently rotated toward their current (non-optimal) orientations.

To further explore this possibility, we performed calculations in which we relaxed a
number of simplifying assumptions. In particular, instead of the infinitesimal strain rate
tensor, we used secular velocities measured with GNSS (Fig. 2 and Supplementary Fig. 4)
to track rotation of linear markers that were initially optimally oriented with respect to the
principal compression axis. The only assumptions behind this model are that (i) the present-
day deformation is indicative of deformation over the last several million years, and (ii) the
principal compression axis is the same as the principal shortening axis. Fig. 3a shows the
predicted fault orientations (thin color lines) as a function of time, for the last 6 Myr. Also
shown for reference are surface traces of the best-fit fault model of the 2019 Ridgecrest events
28 While the relative rotation between left- and right-lateral conjugate faults predicted by
the long-term tectonic deformation model is able to explain the observed angles between
faults ruptured during the Ridgecrest sequence, as well as other active faults in the area
(Fig. 2), the individual fault strikes predicted by the rotation model do not quite match the
observed ones (Fig. 3a).

From Fig. 3a, one can notice that a better agreement can be rendered by a modest
counter-clockwise rotation of the entire set of thin color lines. This is equivalent to suggesting
that the orientation of the principal compression axis at the time of inception of the ECSZ
was slightly different from its current orientation suggested by inversions of the earthquake
focal mechanism data (Fig. 2). Fig. 3b presents a model in which new faults are formed
at optimal angles (assuming a typical value of the coefficient of friction of 0.6) with respect
to the ogme: axis oriented 5 degrees west of north. In this case, a good match between
the predicted and observed fault geometries is obtained at 5 Myr after the fault initiation
(purple lines in Fig. 3b). The inferred origin time is a function of the deformation history,
but we note that values between 5 Myr ago (a constant strain rate) and 10 Myr ago (a
linear increase from zero to the present-day strain rate) likely bracket a possible range of
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Figure 3: Fault rotation predicted by extrapolation of the present-day velocity
field into the geologic past. (a) Orientations of right- and left-lateral faults (thin solid
and dashed lines, respectively), as a function of time since their formation at an optimal
angle with respect to the principal compression axis (assumed to be coincident with the
present-day shortening rate axis). Thick red and blue lines denote surface traces of the
right- and left-lateral faults from the best-fit slip model of the 2019 Ridgecrest earthquakes
8 (b) Same as (a), except the maximum compression axis at the onset of faulting is oriented
5 deg. west of north.

deformation histories, and are in excellent agreement with geologic constraints (6-10 Myr)
43 Sensitivity of model predictions to the assumed values of the coefficient of friction is
evaluated in Supplementary Fig. 8.

Our analysis shows that the initial model assumptions were not strictly valid. Both
the ogmar and €pgmae axes likely underwent a small clockwise rotation since the onset of
faulting caused by reorganization of the plate boundary and formation of the ECSZ. Recall
that in the epicentral area of the 2019 Ridgecrest earthquakes, the shortening rate axis is
oriented more easterly compared to the compression axis (Fig. 2 and Supplementary Fig. 2).
While the difference in orientations is likely within the data uncertainties, we note that for a
non-stationary deformation scenario the axes of compression and instantaneous shortening
do not need to coincide.



Geologic evidence of finite strain

Results shown in Fig. 3 suggest that the fault rotation model is a reasonable explanation for
the observed fault geometry. However they alone do not rule out an alternative hypothesis,
namely that the currently active cross-faults are optimally oriented for failure. The key
discriminant between the two interpretations is the fault age. While it may be difficult to
constrain the total offset for all of the linear features expressed in microseismicity (Fig. 2),
there is geologic evidence indicating that cross-faults that broke the Earth’s surface have
accommodated finite strain commensurate with the total amount of shear since the inception
of the ECSZ. Fig. 4 shows a satellite photo of an outcrop at the eastern end of the NE-striking
left-lateral fault system ruptured by the M,6.4 foreshock. The outcrop features several
igneous dikes that have the same trend as the Independence dike swarm, an extensive dike
swarm in Eastern California emplaced around 150 Myr ago**. The exposed dikes are offset
by left-lateral faults that have the same trend as the NE-striking cross-faults ruptured in
2019 (Fig. 4 and Supplementary Fig. 9), and some of the faults that cut the dikes were
indeed activated by 2019 earthquakes (e.g., Supplementary Fig. 9a). The apparent average
spacing between the faults of ~150-200 m, and the average offsets on the order of a few
tens of meters (Fig. 4) indicate that the faults have accommodated shear strain on the order
of 10%. This is comparable to the total shear strain produced by integrating the present-
day deformation field (Fig. 2 and Supplementary Fig. 6) over the life time of the ECSZ
(i.e., several Myr). Additional geologic and geomorphologic evidence also exist regarding
longevity of the right-lateral fault system?3’. These arguments lend further support to the
hypothesis that the abundant cross-faults identified in the Ridgecrest area formed at the
early stages of the ECSZ at optimal angles with respect to the principal compression axis,
remained active over the last several millions of years, and were gradually rotated to their
current configuration by the long-term tectonic motion.

A notable feature of fault rotation predicted by models shown in Fig. 3 is a pronounced
asymmetry between the right- and left-lateral fault systems. Right-lateral faults essentially
preserve their orientation throughout geologic time, while left-lateral faults accommodate
most of the rotation. This is a well-recognized but poorly understood feature of deformation
in the ECSZ!2. In case of pure shear, the two sets of conjugate faults are expected to rotate
symmetrically with respect to the shortening axis. Ron et al.'? proposed that the observed
asymmetry is caused by a large (20-25°) rotation of the principal stress axis coeval with
faultling. Our model naturally explains the asymmetry due to the fact that deformation in
the ECSZ is closer to simple shear rather than pure shear (Fig. 2). Because simple shear
intrinsically involves rotation®, the latter combines destructively with rotation due to axial
shortening in case of right-lateral faults, and constructively in case of left-lateral faults,
producing the observed asymmetry (Fig. 3). This may also explain why right-lateral faults
grow into connected structures that ultimately dominate the seismic moment release in the
ECSZ, while left-lateral faults tend to be disrupted and disorganized as they rotate away
from the favorable orientation. An eventual de-activation of left-lateral faults may be delayed
by the onset of enhanced weakening (either static or dynamic). Conditions for the onset of
enhanced weakening are poorly understood, but are likely related to shear localization and
structural maturity of fault zones, evolution of porosity, mineral alteration, etc. Persistence
of slip on faults that formed at optimal angles and are now at ~ 45° to the principal stress
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Figure 4: Finite strain and rotation recorded by offset dikes. Satellite photo of a dike
swarm offset by left-lateral faults (white dashed lines) that have the same attitude as the
2019 left-lateral rupture that produced the M6.4 foreshock (red line). « is the angle between
the axes of the least compressive stress acting at present (dashed yellow line) and at the
time of dike emplacement (solid yellow line). White cross marks the indicated coordinates.
The inset shows the outcrop location (blue rectangle) with respect to the entire earthquake
rupture (red lines). Photo is from Google Earth.



axis (Fig. 2) suggests some form of enhanced weakening, in particular because the rotated
faults co-exist with (presumably younger) faults that are more optimally oriented for failure.
We note that the 2019 M, 7.1 mainshock nucleated on one of such more optimally oriented
faults, and proceeded to rupture a pre-existing less favorably oriented fault, suggestive of
dynamic weakening?®.

Our preferred model (Fig. 3b) is not sensitive to the time history of rotation of the
principal stress axes. However, we note that orientation of dikes of the Independence dike
swarm (Fig. 4 and Supplementary Fig. 9) is consistent with the sense of rotation inferred
from our analysis (Fig. 3b). Given that a normal to a dike plane marks the paleo-axis of the
least compressive stress*®, the angle between the axis of the present-day least compressive
stress (orthogonal to the axis of 0 ymaz, see Fig. 2) and the least compressive stress acting at
the time of dike intrusion is a ~ 60 — 70° (Fig. 4 and Supplementary Fig. 9). Dividing a by
the dike age of ~ 150 Myr** yields an apparent rotation rate of the principal stress axes on
the order of 0.4-0.5°/Myr, a factor of 2 to 5 smaller than the average rotation rate of ogmaz
over the last 5-10 Myr (1-2°/Myr, Fig. 3b). The former rate is an upper bound because
some fraction of « is likely due to axial shortening, rather than the absolute rotation of the
principal stress axes. It follows that the clock-wise rotation of the principal stress axes was
occurring well before the initiation of the ECSZ, but substantially accelerated over the last
5-10 Myr.

A kinematic model of the origin of cross-faults proposed in this study links the present-
day fault geometry to the deformation history and age of the ECSZ constrained by geodetic
and geologic observations, respectively. It may also be applicable to other areas of high-
angle strike-slip conjugate faulting?47, as well as the observed clustering of the dip angles of
normal earthquakes in the continental?? and oceanic?? lithosphere.

Methods

The horizontal coseismic surface displacements shown in Fig. 1b were computed by invert-
ing Synthetic Aperture Radar (SAR) data that represent diverse projections of the surface
displacement field*®%° including line of sight displacements (Sentinel-1A/B and ALOS-2
interferograms), range offsets (Sentinel-1A/B), and azimuth offsets (Cosmo-Skymed), from
ascending and descending satellite tracks. The input data are from ref.?® (also see section
“Online data” in Supplementary Information). To reduce speckle, the offset maps were fil-
tered using a 1km Gaussian filter. For each pixel we formed a system of linear equations
by adding the respective unit look vectors as rows to the design matrix, and the observed
quantity to the data vector. The system was inverted to obtain the 3 orthogonal components
of the displacement vector subject to two conditions: (i) more than two observations from
different data sets are available for a given pixel, and (ii) a condition number of the design
matrix is less than some threshold (150 in our calculations). The first condition ensures
that the system is not under-determined, and the second condition ensures that there is a
sufficient diversity in the look angles (i.e., the solution is not highly unstable with respect
to the data errors).

To analyze secular deformation in the Ridgecrest area, we used data from the continu-
ously recording GNSS sites of PBO within ~200 km from the 2019 mainshock (Supplemen-
tary Fig. 3). We used solutions for daily positions provided by UNAVCO. The data were



screened using the following criteria: (i) the site must have been in operation for the last 15
years (since 2004, to minimize transients from the 1992 Landers and the 1999 Hector Mine
earthquakes?), and (ii) over the respective time period, the fraction of missing data is less
than 30%. After the initial quality checking of the data, we have eliminated sites for which
the displacement time series exhibited a strong non-linear behavior (e.g. site HIVI). We
also excluded site COSO, which secular velocities are affected by production at the nearby
geothermal plant“%®. Sites that were used in the analysis of secular deformation are shown
as blue triangles in Supplementary Fig. 3. To compute secular velocities, we first cleaned
up the UNAVCO timeseries by removing outliers and offsets (Supplementary Fig. 4). We
then fitted a linear function to the cleaned timeseries for each component of the displace-
ment vector. The slope of the best-fit line represents a respective component (i.e., E or N)
of the secular velocity vector. We verified the robustness of the derived velocity field by
predicting the secular velocity at site TOWG that is closest to the mainshock epicenter (see
Supplementary Fig. 3), but was excluded from the analysis because it was installed only 5
years ago. The interpolated secular velocities show a good agreement with the observed time
series at site TOWG (Supplementary Fig. 5), indicating that the derived velocity field is
accurate and has a predictive power at spatial scales that are less than the distance between
the continuous GNSS sites used in the analysis.

To compute the strain rate and rotation rate tensors from secular velocities, we used
Delaunay triangulation to identify the nearest GNSS sites (Supplementary Fig. 6). For
each triplet of sites forming vertices of the Delaunay triangles, we subtracted velocity of
one site from the velocities of the remaining two sites. Assuming that the strain rate and
the rotation rate are constant within a triangle, this gives rise to a system of 4 linear equa-
tions with 4 unknowns, v; = &;;7; + w;;x;, where ¢ = E/, N are the components along the
respective coordinate axis, €;; is the 2-D strain rate tensor, w;; is the rotation rate tensor
(anti-symmetric with zero diagonal components), z; is the baseline vector from the reference
site, and summation is implied over repeating indices. After obtaining components of the
strain rate tensor at each resolution cell, we computed the magnitude and orientation of the
principal shortening rate as follows: €gmer = 0.5(épp + énn — [(ErE + Enn)? + éQEN]l/Q ),
¢ = 0.5(arctan gy /(¢pp — Enn)] + ) (see Supplementary Fig. 6).

Data availability

All data used in this study are open access, available at:

First motion focal mechanism of the 2019 M7.1 mainshock:
https://earthquake.usgs.gov/earthquakes/eventpage/ci38457511/focal-mechanism,
last accessed May 2020.

Seismic moment of the 2019 M7.1 mainshock:
https://earthquake.usgs.gov/earthquakes/eventpage/ci38457511/moment-tensor, last
accessed May 2020.

Seismic moment of the 2019 M6.4 foreshock:



https://earthquake.usgs.gov/earthquakes/eventpage/ci38443183/moment-tensor, last
accessed May 2020.

Waveform-relocated earthquake catalog for Southern California*:

https://scedc.caltech.edu/research-tools/alt-2011-dd-hauksson-yang-shearer.html,
last accessed May 2020.

GNSS position time series from the Plate Boundary Observatory: DOI:10.7283/P2HT0Z
https://www.unavco.org/data/gps-gnss/gps—-gnss.html, last accessed May 2020.

Coseismic displacement data and fault slip models®®: DOI:10.5281 /zenodo.4646321

Code availability

Matlab codes used to generate results presented in this study are available at:
DOI:10.5281/zenodo.4646292
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Evaluating the attitude of the 2019 ruptures

We quantified strike angles of the right- and left-lateral faults ruptured during the 2019
Ridgecrest sequence using several independent data sets. Centroid Moment Tensor (CMT)
solutions are point-source approximations of finite ruptures that represent average rupture
characteristics'. We used CMT solutions for the M6.4 foreshock and the M7.1 mainshock
from the Global CMT catalog?. The latter provides both the components of the moment
tensor, and the strike, dip and rake angles for the two nodal planes derived from the moment
tensor. Estimated errors are provided only for components of the moment tensor. To evaluate
the associated uncertainties in fault strike, we have randomly perturbed each component of
the moment tensor by 3o, where o is the reported error for the respective component.
The perturbed moment tensor was used to calculate strike angles for the main and auxiliary
nodal planes. Calculations were repeated 10* times. The maximum deviation from the CMT
catalog value of the fault strike angle did not exceed 1 degree. The fault strikes suggested
by the CMT solutions are shown as dashed lines in Supplementary Fig. 2.

Aftershocks provide another constraint on the rupture geometry, as they typically occur
on or close to the rupture interface®. Estimating the fault strike however is not straightfor-
ward if more than one fault was activated during an earthquake, as was clearly the case in
the 2019 Ridgecrest sequence (see Fig. 1 in the main text). In case of the M6.4 event that
produced aftershocks on a set of NE and NW striking faults (Fig. 1la), we used a model
employing mixture of two linear regressors based on the expectation-maximization (EM)
algorithm?. The model estimates two linear trends in a scattered data set using trials with
different random starting points, and is quite robust in case of noisy and multi-valued input
data. For the M7.1 event, there is a well-defined dominant NW striking rupture (Fig. 1a),
however a simple linear regression is hindered by aftershocks that are associated with multi-
ple cross-faults®. In case of the mainshock, we use an unbiased linear regression®" along with
an iterative procedure to eliminate events that are further away than a prescribed distance

D from a current best-fitting linear trend. The cut-off distance D is decreased from 7 to

2



3 km as a number of iterations increase. The strike angles suggested by the best-fit linear
trends to the aftershock data are shown as dotted lines in Supplementary Fig. 2, along with
the estimated uncertainties.

Finally, we collected statistics on the fault strike from a finite rupture model that in-
corporates data from field mapping of surface offsets, aftershock distribution at depth, and
surface displacements away from the fault trace measured with space geodetic techniques®.
Circular histogram plots in Supplementary Fig. 2 illustrate a distribution of fault strikes
in the best-fit finite rupture model, scaled by the seismic moment released on faults of the
respective orientation.

Also shown in Supplementary Fig. 2 are strike angles suggested by the first-motion
focal mechanisms (thin solid lines; see Section “Online data”). While for the M6.4 foreshock
the fault orientation suggested by the focal mechanism is in a good agreement with other
estimates, in case of the M7.1 mainshock the fault strike suggested by the first-motion focal
mechanism is notably different from fault strikes constrained by other data (Supplementary
Fig. 2). This may be indicative of the rupture initiation on a plane that is more optimally
oriented for failure with respect to the principal compression axis, and subsequent propaga-
tion on a pre-existing less favorably oriented fault®. Formal uncertainties on the orientation
of nodal planes from the first-motion mechanism are fairly large (on the order of 10 degrees
or more, mostly due to sensitivity of the inversion method to trade-offs between rupture

strike, dip and rake)?.

Fault rotation under pure shear

Consider a case of homogeneous plane strain with eigenvalues ¢; (i = 1,2) and eigenvectors
that are aligned with the Cartesian coordinate axes ;. We wish to find how the prescribed
deformation changes the orientation of straight lines forming an angle +6, with respect to
the x4 axis. Because of the symmetry with respect to the xo axis, we only consider zo > 0.
Prior to deformation, the line is defined by a diagonal of a surface element Ax;, such that
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0, = arctan(Azy/Axy). After deformation, the sides of the surface element become Ax; +u;,

where u; is a displacement of a point with initial coordinates Ax;, u; = Axieq, us = Awges.

In case of pure shear, e, = —e5 = . The element diagonal is rotated by an angle A6,
A]?Q + U2 1—c¢
tan(f, + Af) = —— =tanf,——. 1
an(f, + A9) Azy +uy o 1+e¢ M)

Making use of the sum formula for tangent,

tan 6, + tan A6
tan(6, + Af) — , 9
an(lo + A0) = T Ad 2)

equation (1) gives rise to

tan A6
+ tan 6, l—¢

1 —tan @, tan A6 T lte

Solving for Af, we obtain

2etand,

A = — arct
arctatt 1+¢e+(1—c¢)tan?0,

(4)

Equation (4) can be used to evaluate rotation of an initially optimally oriented fault (6, =
0.5arctan(u~1)) as a function of time ¢, given €y = €xpmaz, and € = Egmast. The resulting
fault orientations 0(t) = 6,4+ Af(t) are shown in Supplementary Fig. 7 for the observed value

of €xmas (Supplementary Fig. 6) and several assumed values of the coefficient of friction pu.
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Supplementary Figure 1: A vertical component of the coseismic displacement field due to
the July 2019 earthquakes. Note a color scale in centimeters. Other notation is the same as
in Fig. 1b in the main text.
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Supplementary Figure 2: Orientation of the left-lateral (blue color) and right-lateral (red
color) faults ruptured by the M6.4 foreshock and the M7.1 mainshock, respectively.
Different line styles denote fault strikes suggested by the first-motion focal mechanism,
moment tensor, and linear fit to the aftershock epicenters. Rose diagrams denote fault
strikes suggested by the best-fit slip model® (to save space, legend is shown for the
right-lateral faults only). Length of the 5-degree bins is proportional to the seismic moment
released by fault segments having the respective range of strikes. Hatched areas denote the
admissible range of strike angles, including the uncertainties. Pink solid line and black
dashed line denote orientations of the contraction rate and compression axes, respectively,
around the epicenter of the M7.1 mainshock (see Fig. 2 in the main text).
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Supplementary Figure 3: Continuous GNSS (triangles) and seismic (green circles) stations
within ~ 100 km from the earthquake epicenter (red star). Blue triangles denote GNSS
sites that satisfied the data selection criteria (see Methods section in the main text) and
were used to compute the strain and rotation rate tensors.
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Supplementary Figure 4: Example timeseries of GNSS displacements from several
continuous sites (see Supplementary Fig. 3). Blue circles: original solutions from
UNAVCO. Cyan dots: data after removal of outliers and offsets. Dashed lines: best
least-square fits to the cleaned data (cyan dots).
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Supplementary Figure 5: A comparison of the horizontal velocity components obtained
from interpolation of velocities from the selected sites (blue triangles in Supplementary Fig.
3) to the observed time series from site TOWG that was not included in the selection (blue
circles; see site location in Supplementary Fig. 3). Black and white dashed lines denote
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Supplementary Figure 6: The magnitude (color) and orientation (black tick marks) of the
maximum horizontal shortening rate computed from the GNSS secular velocities. Magenta
lines denote the surface trace of the 2019 earthquakes.
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Supplementary Figure 7: Time required to produce a given angle between conjugate faults
assuming a pure shear deformation at the observed present-day rate (equation 4 and
Supplementary Fig. 6). Color lines correspond to the different assumed coefficients of
friction. Grey area denotes the admissible range of angles between the left-and right-lateral
faults of the Ridgecrest sequence (Supplementary Fig. 2). Dashed magenta line denotes the
most likely value of 26.
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Supplementary Figure 8: Same as Supplementary Fig. 7, calculated using finite
displacements predicted by the present-day secular velocities over a given period of time.
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Supplementary Figure 9: NW-trending igneous dikes offset by the NE-trending left-lateral
faults. Notation is the same as in Fig. 4 in the main text. (a) A pre-existing left-lateral
fault activated by the 2019 earthquakes. Red line denotes mapped coseismic offsets. (b)
Examples of left-lateral dike offsets due to a localized fault (white dashed line) and a
distributed shear zone (white shaded rectangle). Photos are from Google Earth.
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