\S}

O o0 3 N W

10

12
13

14
15
16
17
18
19
20
21
22
23
24

25
26
27
28
29
30

Bookshelf Kinematics and the Effect of Dilatation on Fault
Zone Inelastic Deformation: Examples from Optical Image
Correlation Measurements of the 2019 Ridgecrest

Earthquake Sequence

Christopher Milliner'?*, Andrea Donnellan', Saif Aati?, Jean-Philippe Avouac?, Robert Zinke!,

James F. Dolan’®, Kang Wang*, Roland Biirgmann*

! Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
2 California Institute of Technology, Pasadena, CA

3 University of Southern California, Los Angeles, CA

4 University of California, Berkeley, Berkeley, CA

*corresponding author. milliner(@caltech.edu

This manuscript has been submitted for publication in Journal of Geophysical Research:Solid
Earth. Please note that the peer-review is in progress, and subsequent versions of this
manuscript may have different content. If accepted, the final version of this manuscript will be
available via the ' Peer-reviewed publication DOI' link on the EarthArxiv webpage.




31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic
Deformation: Examples from Optical Image Correlation Measurements of the

2019 Ridgecrest Earthquake Sequence

Christopher Milliner'?*, Andrea Donnellan', Saif Aati?, Jean-Philippe Avouac?, Robert Zinke!,

James F. Dolan’®, Kang Wang*, Roland Biirgmann*

! Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
2 California Institute of Technology, Pasadena, CA

3 University of Southern California, Los Angeles, CA

4 University of California, Berkeley, Berkeley, CA

*corresponding author

Key Points

e We resolve finite strain, rotation and dilatation, finding wider fault zones along
transtensional bends due to increasing extension

e The foreshock has larger off-fault strain (56%) than the mainshock (34%) suggesting it is
less mature, and why its slip deficit is larger

e [Large rotations beyond fault tips explain why conjugate faults do not intersect and that

cross-faulting results from bookshelf kinematics
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Abstract

The 2019 Ridgecrest earthquake sequence initiated on July 4" with a series of foreshocks,
including a My 6.4 event, that culminated a day later with the My 7.1 mainshock and resulted in
rupture of a set of cross-faults. Here we use sub-pixel correlation of optical satellite imagery to
measure the displacement, finite strain and rotation of the near-field coseismic deformation to
understand the kinematics of strain release along the surface ruptures. We find the average off-
fault deformation along the mainshock rupture is 34% and is significantly higher along the
foreshock rupture (56%) suggesting it is a less structurally developed fault system. Measurements
of the 2D dilatational strain along the mainshock rupture show a dependency of the width of
inelastic strain with the degree of fault extension and contraction, indicating wider fault zones
under extension than under shear. Measurements of the vorticity along the main, dextral rupture
show that conjugate sinistral faults are embedded within zones of large clockwise rotations caused
by the transition of strain beyond the tips of dextral faults leading to bookshelf kinematics. These
rotations and bookshelf slip can explain why faults of different shear senses do not intersect one
another and the occurrence of pervasive and mechanically unfavorable cross-faulting in this
region. Understanding the causes for the variation of fault-zone widths along surface ruptures has
importance for reducing the epistemic uncertainty of probabilistic models of distributed rupture
that will in turn provide more precise estimates of the hazard distributed rupture poses to nearby

infrastructure.

Keywords: Ridgecrest, inelastic, off-fault deformation, finite strain, rotation, dilatation,

distributed rupture

1.1 Introduction

The 2019 Ridgecrest earthquake sequence initiated on July 4™ with a series of foreshocks that

included a My 6.4 event and culminated 34 hours later with a My 7.1 mainshock event. This
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sequence was also notable in that it resulted in rupture of a set of more than 20 cross-faults
(Brandenberg et al., 2020; Ross et al., 2019; Xu et al., 2020). The earthquake sequence occurred
within the northern region of the Eastern California Shear Zone (ECSZ), a 150-km-wide zone of
NW-trending dextral shear that accommodates up to ~20% of the North America-Pacific plate
boundary motion (McClusky et al., 2001; Rockwell et al., 2000). Seismic and geodetic inversions
show the My 6.4 event likely ruptured multiple fault segments, where it initiated on a short NW-
trending, dextral fault, and then propagated to the southwest along a series of parallel NE-trending
sinistral faults for 16 km (Liu et al., 2019; Ross et al., 2019; Chen et al., 2020; Goldberg et al.,
2020; Wang et al., 2020). On July 5, 34 hours after the foreshock, the My 7.1 mainshock initiated
~15 km to the north, from where it propagated bilaterally at a relatively slow velocity of ~2 km/s
along a NW-trending set of dextral faults for ~45 km. The mainshock rupture terminated at its
northern extent within the Coso volcanic field and at its southern extent ~5 km from the Garlock
fault, where it was found to have triggered creep at the surface along parts of the Garlock fault and
a small cluster of seismicity (Barnhart et al., 2019; Ross et al., 2019). The Ridgecrest sequence is
also notable in that it occurred within a region of similar sized events, including the My, ~7.5 1872
Owens Valley earthquake located ~45 km to the north, and the 1992 My, 7.3 Landers and 1999 My
7.1 Hector Mine earthquakes ~110 km to the south.

Here we use optical image correlation of satellite data to measure the near-field surface
deformation patterns and study the kinematics of finite fault strain release along the Ridgecrest
surface ruptures. Documenting coseismic surface strain is important as we describe in section 1.2,
as it can alter the fault zone mechanical properties which are relevant to understanding earthquake
dynamics and is an important input for constraining probabilistic models of distributed fault
rupture hazard (e.g., Petersen et al., 2011). Here, we assess whether fault zones are wider and the
strain distribution different under tension, and assess the effects of rotations adjacent to faults that
may explain the occurrence of mechanically unfavorable cross-faulting. We also use our
observations of surface strain to shed light on the regional scale tectonic questions of the Eastern

California Shear Zone (ECSZ) and Garlock fault which we describe in the second section below.

1.2 Significance of distributed inelastic strain
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Distributed inelastic strain is accommodated via a range of mechanisms across fault zones,
including secondary fracturing, pervasive continuous shear and rotations (Shelef and Oskin, 2010).
These act to alter the mechanical properties of the fault-zone material which can affect a range of
earthquake processes including the attenuation of seismic waves (Mitchell, 1995), dissipation of
rupture energy and velocity (Sammis et al., 2010; Dunham et al., 2011; Gabriel et al., 2013;
Thomas and Bhat, 2018; Bao et al., 2019), and the ability of ruptures to fully reach the surface
(Kaneko and Fialko, 2011). Therefore, understanding what controls the variation of the magnitude,
width and spatial decay of inelastic strain across fault zones has importance for seismic hazard,
both for accurately estimating the probability of seismic shaking and distributed fault displacement
(McGuire, 1995; Petersen et al., 2011). It is also important for accurately estimating geologic fault
slip rates that are susceptible to underestimating the long-term displacement when restoring offset

geomorphic features across fault zones (Dolan and Haravitch, 2014; Scharer et al., 2014).

Measurements of off-fault deformation (OFD) from field survey mapping and remote-based
methods (e.g. lidar differencing and optical image correlation) of surface ruptures have shown that
the sediment thickness, type of near-surface material and fault dip have an important effect on the
amounts of off-fault distributed inelastic deformation (Rockwell et al., 2002; Dolan and Haravitch,
2014; Zinke et al., 2014; Gold et al., 2015; Teran et al., 2015; Milliner et al., 2015; 2016; Scott et
al.,2018; Zhou et al., 2018). However, how the distribution and magnitude of inelastic strain varies
in regions where the fault experiences fault-normal contraction and extension is less well
understood. This is largely due to the difficulty of measuring the fault-perpendicular component
of displacement in the field and the challenge of accurately estimating strain from geodetic
displacement measurements which requires sufficiently high-resolution sampling and low noise
when calculating the spatial derivatives. Here we analyze the surface deformation due to the 2019
Ridgecrest earthquakes for which such measurements exist. Specifically, we use these data to
evaluate the sensitivity of the width and spatial attenuation of inelastic strain across the surface

rupture to the amount of extension and contraction the fault zone experiences.

From our observations of the kinematics of surface strain we also seek to understand the
widespread occurrence of orthogonal cross-faulting along the surface rupture. Cross-faulting

occurred at almost all scales as shown by 100-m-long distributed fractures (Ponti et al., 2019; Xu
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et al.,, 2020), to the coseismic rupture strands involved directly in the foreshock-mainshock
sequence and the distribution of aftershocks, which suggests cross-faulting is pervasive through
the seismogenic crust and is not just a surficial feature (Ross et al., 2019). Similar cross-faulting
rupture behavior has been observed during other large earthquakes (e.g., the 1987 Superstition
Hills ) and seems to be a common mode of strain release along the North American-Pacific plate
boundary (Hudnut et al., 1989; Smith et al., 2020). Although the occurrence of faults with nearly
orthogonal orientations is not uncommon, it is still poorly understood as the conventional Mohr-
Coulomb faulting theory predicts that faults form at 30° from the direction of maximum
compression and ~60° from one another (Anderson, 1951). Here we attempt to understand why
faults may occur in these mechanically unfavorable orientations by assessing the near-field
kinematics along the Ridgecrest surface rupture at various scales which relate to different

evolutionary stages of fault development.

We note that in our study we refer to the inelastic strain that is distributed across the fault zone and
adjacent to the primary fault strand as off-fault deformation (OFD) and not as fault damage.
Damage has been detected following major surface rupturing events by a decrease in the seismic
velocity across the fault zone that is thought to occur by the generation of microcracks which
reduces the rock’s shear rigidity (Vidale and Li, 2003). Postseismically the seismic velocity of the
damaged material has been found to recover and increase with time due to the closing and healing
of microcracks, which indicates damage exhibits a time dependent behavior (Li et al., 2001).
Damage can also be generated by the dynamic passing seismic waves with very little true shear
strain in the form of shattered or “pulverized rocks” (Dor et al., 2006). In contrast the inelastic
strain that we measure here is permanent, occurs at a much larger spatial and displacement scale
(both > 10 cm’s) than microcracking and results from both the quasi-static and dynamic stresses.
This suggests that in some cases damage and off-fault deformation reflect rock failure associated
with different processes and scales, and therefore here we do not use the two terms

interchangeably.

1.3 Regional Tectonics and outstanding questions
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Why the major faults in the ECSZ do not intersect or displace one another has been another long-
standing issue because the kinematic evolution of fault junctions is not clear over long-term, geologic
timescales. (Andrew and Walker, 2017; Frankel et al., 2008; Oskin and Iriondo, 2004; Oskin et al.,
2008). For example, none of the major NW-trending dextral faults in the Mojave ECSZ (e.g., the
Blackwater, Gravel Hills, North Lockhart and East Goldstone Lake faults) continue northward to
intersect or displace the central Garlock fault. The same can also be found at the southern margin
of the Mojave Desert for the sinistral Pinto Mountain fault near the southern termination of the
1992 Landers rupture (Sieh et al., 1993). Numerical modeling and long-term geologic structural
evidence indicate that dextral strain likely transitions to distributed off-fault deformation beyond
fault tips (Andrew and Walker, 2017; Herbert et al., 2014). Paleomagnetic studies in this region
have provided constraint of the rotation of panels of crustal blocks associated with regional-scale
bookshelf faulting, finding rotations of up to ~40° over the past ~10 Ma (Schermer et al. 1996;
Miller and Yount, 2002). However, there are an insufficient number of paleomagnetic
measurements that constrain the spatial distribution and magnitude of rotations beyond the tips of
NW-trending dextral faults to understand how the long-term elastic strain is released at the
junctures with conjugate sinistral faults. Here, we seek to provide measurements of coseismic finite
strain and rotations along the Ridgecrest rupture to understand how dextral shear strain may
transition to rotation beyond fault tips and whether this can explain why the major conjugate faults

in this region do not physically connect.

To answer the questions outlined above we used optical image correlation to, 1) measure the 2D
dilatational, shear and rotational components of horizontal strain across different transpressional
and transtensional geometrical bends of the surface rupture and ii) asses how the width of the fault
zone varies according to the magnitude of extension and contraction it experiences. To provide
more robust estimates of how the inelastic strain decays as a function of distance from the primary
fault trace we developed a template-based stacking method that minimizes smoothing of
displacement across the rupture, and we attempt to correct for the effect of smearing of the
displacement signal caused by the convolution of the correlation window weighting function that
arises during image matching. From the 2D displacement field we derive 2D finite strain maps and
the infinitesimal vertical axis rotations to understand the kinematics of faulting along the rupture

at the local and regional scale (10 and 100 km scale, respectively). We then use the strain and
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rotation maps to understand the mechanisms by which some faults in the ECSZ do not intersect or
displace the Garlock fault, and the possible origin of cross-faulting and aftershock distributions

given they are mechanically contradictory to conventional Mohr-Coulomb failure criteria.

2. Data & Methods

To measure the coseismic surface deformation we used subpixel image correlation of two optical
SPOT-6 images that were acquired on September 15th, 2018 and July 24th, 2019 and therefore
capture surface motion of both the foreshock and mainshock events. The SPOT images have a 60
km footprint and resolution of 1.5 m, with almost the same incidence angles (9.57° and 9.55° for
the pre and post images respectively), which helps minimize topographic distortions that can arise
from the parallax effect between different viewing geometries. To co-register, orthorectify and
correlate the before and after images we used the COSI-Corr software (Leprince et al, 2007). The
images are orthorectified using the satellite ancillary information which describes the exterior
orientation (i.e., look angle, attitude and satellite position) and a 2 m pre-earthquake World-View
DEM to correct for topographic distortions (Willis et al., 2019). The orthorectified and co-
registered images were then correlated using COSI-Corr’s phase correlator with a sliding window
of 32x32 pixels and step of 4 pixels, producing a disparity map of the horizontal surface
displacement at 6 m resolution (Figure 1, see supplements S1 for details on noise of the result and

image artifacts).

To measure the total fault-parallel offset and decay of inelastic fault-parallel shear strain across
the surface rupture first requires projecting the 2D displacement maps (Figure 1) into the local
fault-parallel direction and then stacking over the profile swath width to minimize the effect of
noise. Here we have developed a new stacking profile method that provides a more accurate
estimate of the distribution of fault-parallel surface motion across the rupture over standard profile
stacking approaches. Conventional stacking averages the fault-parallel motion along a constant
direction over the profile swath width. However, this can be problematic as it ignores variations
of the fault orientation within the profile swath that can lead to averaging of surface motion from
either side of the fault, which results in smoothing of the displacement distribution, artificial

widening of the fault zone and underestimation of the fault-parallel shear strains (see Figure S1
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comparing conventional stacking versus our approach). To avoid this issue, we have developed a
subpixel template alignment stacking method, which first aligns each individual profile line with
subpixel precision prior to stacking. This is achieved by first creating a template from an initial
stack that is then cross-correlated with each individual profile line (here we use an along-fault
swath width of 138 m and across-fault profile length of 1-2 km, which involves 23 separate ‘profile
lines’). The optimal lateral shift to align each individual profile line is found with subpixel
precision by determining the peak of an outlier-resistant cross correlation coefficient. Once the
surface displacements are stacked with this approach, the total magnitude of the fault-parallel
offset (i.e., the total amplitude of the discontinuity shown in Figure S2 and S13) is then estimated
by inverting the fault-parallel displacements (v), which are a function of the distance across the

profile (x), for the coefficients of a linear and error function (eq. 1 and 2).

LI E . (1)
y(x)—a+§ er N +Ep X

_ 2 (7 e _x-c ()
erf(z)—ﬁfoe dt, z = N

The parameters, which include the intercept (a), total fault displacement (b), fault location (c), shear
width (w;) and slope (&,;), are estimated using a non-linear regression as ¢ and wg are nonlinear in the
model. The uncertainties for these are then estimated from the Jacobian, which contains the partial
derivatives of the residuals with respect to the model parameters, that is used to calculate the model
covariance matrix. The error function which characterizes the fault-parallel displacement across
the fault zone implies that the distribution of fault-parallel inelastic shear strain follows a Gaussian
distribution (i.e., the derivative of eq. 2). Therefore the variation of the fault-parallel shear strain

(&rp, €9. [3]) across the fault zone can be expressed as the summation of the inelastic strain (€;,¢;)

and the fault-parallel elastic strain (&,;, see Figure 13), which is given by the following relation

using the chain rule,

dy(x) b 2
g (x) = = e “ +¢ 3)
fp( ) dx WS\/% el

gfp(x) = Einel T €ei 4)
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In the displacement profiles (eq. 1), the elastic strain in the near-field is approximated by a linear
trend which we find is reasonable given our profiles only sample the elastic dislocation signal
within a short distance from the fault (<1 km) compared to the length scale at which the elastic
signal varies (which is ~tan(x) with a length scale proportional to the depth extent of fault slip
Scholz [2019], which for Ridgecrest is 10-15 km and therefore a distance much longer than that

of our profiles).

From the 2D displacement maps derived from the image correlation analysis we calculate the
distribution of finite surface strain and local infinitesimal rotations. We first apply a non-local
means filter to reduce the effects of noise and then calculate the spatial gradients of the
displacement field and the finite strain tensor using a second-order accurate central difference
approximation. Here we use the 2D displacement field ua(i,j) that is the output of the image
correlation (Figure 1), where subscript d is the change of position between the pre and post-event
satellite images in the east-west direction (denoted by subscript x) and north-south direction
(denoted by subscript y), where i, j denote the indices of the displacement field in the x and y axes
and Ax is the displacement map resolution (6 m). For example, the gradient of the east-west
component of displacement in the x direction is calculated using the following finite difference

approximation

Aux(irj) _ ux(i + 1']) - ux(i - 1']) (5)
Ax 2Ax

Calculating the gradients of the displacement components (ux, u,) in the x, y directions gives the

displacement gradient tensor, D,

<Aux) (Aux
Ax Ay )
- (Auy) (Auy) (6)
Ax Ay
To calculate strain we use the Lagrangian finite strain tensor (E) instead of the typical infinitesimal

strain tensor because the condition of small strain is not met when resolving large strains across

the surface rupture (which can exceed 1% strain in most cases, see supplements where we show

10
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the differences between the two strain approximations in Figure S2), and is calculated from the

following relation using Einstein summation convention,

_ [Exx Exy
ny E)’y

1 {Au; Au; Auy Aug
E.o= L(Aw o AW AugAug
Y 2 \Ax; t Ax; t Ax; Axj 7

To measure contraction and extension along the rupture we calculate the dilatation (i.e., areal
strain) from the product of the principal stretches (1+E;, i = 1, 2), where positive values denote
extension and negative values contraction (Ramsay, 1967). To illustrate areas with different senses
of shear and to measure the infinitesimal rotations of regions away from the faulting regions we

calculate the vorticity (w) of the vector field, which is also defined as half the curl (c).

we So 1<Aux _Auy)

c

2 2\ay  Ax ®)

We note that the vorticity is used primarily to measure the amount of instantaneous local vertical
axis rotation of blocks away from faults (which has units of radians) or to illustrate the rotational
component of surface motion associated with simple shear strain but it does not measure the shear
strain component of simple shear (where w is defined as half the difference of the off-diagonal
components of the displacement gradient tensor [i.e., eq. 8] while the shear strain is the
summation). To help illustrate the variation of the total magnitude of strain along the surface

rupture we estimate the second invariant of the strain tensor (/2), which we call the total strain

intensity and can be computed from the determinant of E or,

I, = 5 ([er(B)]? — tr[E]) ©

The fault-zone width is measured from each profile as the average width where the square root of
I> exceeds a threshold value of 2x 1073 which corresponds to 0.2% of the shear strain intensity,
and is an amount that corresponds to faulting observed in the field (Ponti et al., 2019; DuRoss et

al., 2020).

11
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3 Results

3.1 Distribution of Inelastic Strain

The left-lateral slip distribution of the foreshock rupture shows a simple asymmetric triangular
shape, while the mainshock is right-lateral and has a heterogeneous multi-peaked distribution
suggesting (Figure 2b). These along-strike variations of slip at different length scales (from 1-10
km) are robust as indicated by the uncertainty in our measurements and may reflect variations due
to the fault geometrical roughness and strength or applied stress (Dunham et al., 2011; Shi and
Day, 2013; Milliner et al., 2016; Allam et al., 2019; Bruhart et al., 2020), and are an important
source of information for scaling relations in probabilistic fault displacement hazard models
(Lavrentiadis & Abrahamson, 2019). In addition, the second invariant strain maps clearly show
changes of the total strain intensity, which correspond to variations of the fault geometry and
orientation along the rupture. The total strain intensity is generally largest at the center of fault
segments and systematically dissipates towards their tips in areas of fault bends, branches or en-
echelon steps. Along the foreshock rupture we find the mean and maximum left-lateral fault
displacements of 0.60 + 0.03 m (all uncertainties represent 1 standard deviation error, 1) and 1.40
+ 0.07 m (1o), respectively, and for the mainshock rupture the mean and maximum right-lateral

displacements of 1.69 + 0.06 m (1c) and 4.78 = 0.22 m (10), respectively (Table 1).

To estimate the magnitude of OFD along both ruptures we calculate it as a percent of the total
displacement by subtracting the field observations (Dy) (Ponti et al., 2019; DuRoss et al., 2020),
which are assumed to capture the primary on-fault displacement, from the total displacement
estimated by our optical stacked profiles (which captures both the on- and off-fault deformation
across the entire fault zone [D,]) which is then normalized by D,, i.e., OFD = [(D, — DyyD,] X 100.
By normalizing the difference of the total and on-fault displacements (measured in meters) by D,,
this allows for more direct comparisons of the amount of off-fault strain between the two ruptures
which have different moment magnitudes and amounts of total slip. From this comparison we find
OFD is largest near both terminations of the mainshock rupture (see Figure 2 for comparison and
Figures S3 and S4) and is overall much larger for the foreshock (mean and median values of 56,

65 + 15%, 10) than the mainshock (mean and median values of 34, 25 + 15%, 1c), which have

12
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negatively and positively skewed distributions, respectively (Figure S5). Measurements of the
fault-zone width show similar widths of inelastic strain between the foreshock and mainshock
rupture strands, with mean fault-zone widths of 59 £ 17 m (1o) and 69 + 23 m (10), respectively
(Figure S6).

The 2D dilatational strain maps show it is largest at changes in the geometry of the rupture, where
for example, extensional strain (positive dilatation) is largest at sites of right transtensional fault
bends (e.g., Figure 3). Along curvilinear segments, where there are subtle changes in the fault
orientation, the dilatation varies in sign from negative (contraction) to positive (extensional) over
short ~100 m distances that correspond to subtle releasing and restraining bends of the fault
(bottom right of Figure 3b along segment i). To understand how the width of the fault-zone may
vary according to the type of strain the fault experiences, we compare the fault-zone width
measurements along the mainshock rupture from within the transtensional bend (segment ii in
Figure 3a) to the linear segment adjacent to it that experienced predominantly shear (segment 1).
From a comparison of the distributions of the fault-zone widths measured between these two
neighboring segments, we find a clear statistical difference (Figure S6). A one-tailed t-test shows
that we can reject at the 5% confidence level that the two distributions have the same mean between
these two fault segments, indicating there are significantly wider fault zones within the
transtensional bend undergoing tension than along the linear segment that experienced mostly

shear strain.

To then asses the possible dependency of the fault-zone width with the magnitude of contraction
and extension the fault zone experiences we regress the fault-zone widths measured from two km-
scale right bends, a linear segment between these bends (Figure 3a) and two short transpressional
bends with the magnitude of dilation measured from the 2D dilation strain map. Here we find
wider fault zones along the transpressional and transtensional segments and narrowing in regions
of decreasing dilatational strain (Figure 4a). To describe this dependency, we use a segment
regression analysis, which is a model choice supported by an F-test that shows a piecewise linear
function provides a better fit over a linear one even when considering the effect of additional model
parameters. Unfortunately, as there are simply not enough transpressional segments or bends along

the rupture we are unable to better populate the negative dilatation quadrant in our regression

13
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analysis (left side of Figure 4a). In addition, as illustrated by the wide 95% confidence interval
bands we do not have sufficient constraint to test with confidence whether fault zones are wider
under extension than contraction. Another limitation of the analysis is that due to the sparsity of
field measurements along the transtensional segment (segment ii in fig. 3¢) there are an insufficient
number of OFD points (shown in Figures S3 and S4) to assess how the magnitude of distributed

inelastic shear strain may scale with the degree of fault-zone dilatation.

We also find a difference of the spatial distribution of deformation across the fault zone between
types of different fault geometries. This can be seen when comparing strain profiles across the
transtensional bend (segment ii, Figure 3b) to the adjacent more linear rupture segment to the south
(segment 1). These profiles show a clear difference in how the inelastic dilatational and shear
components of strain decay with distance away from the primary rupture between these two
segments (Figure 4c). This suggests that not only can the differences in width of fault-zones be
resolved (a scalar quantity) but also the spatial distribution of inelastic strain across segments of

different geometries.

The effect of the foreshock rupture with the distribution of strain across and along the mainshock
rupture can also be clearly observed at the site where they intersect using the displacement,
vorticity and dilatational strain maps (Figure 5). The dilatational strain field shows that the
mainshock rupture experienced extension on the segment northwest of the intersection and
contraction southeast of the intersection (Figure 5d), which is consistent with the expected location
of unclamping and clamping, respectively, due to static stress changes imposed by slip along the
foreshock rupture (e.g., Barnhart et al., 2019; Wang et al., 2020; Chen et al., 2020). In addition,
we find a noticeable increase of the vorticity along the mainshock rupture that experienced positive
dilatation (unclamping) and a decrease along the segment that experienced negative dilatation
(clamping) (which are labelled 1) and ii) in Figure 5c). These differences in the amount of rotation
between the two segments suggests a possible increase in the intensity of simple shear strain but
this is not definitive evidence as the vorticity only captures the rotational component of simple
shear. Therefore, to verify this we found from displacement profiles that there is indeed a 20 cm
increase of the total fault-parallel displacement from the segment that was clamped compared to

that which was unclamped (Figure 5f). Profiles that measure the fault-perpendicular motion

14
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(Figure 5g) also clearly show the two fault mainshock rupture segments either side of the
intersection experienced clamping (with a total of 50 cm of differential surface motion converging
across the fault) and unclamping (a total of 40 cm of differential surface motion diverging away

from the fault).

3.2 Bookshelf kinematics

Near the northern termination of the mainshock rupture the vorticity map shows a series of faults
that are orthogonal to the main trend of the mainshock rupture that produce a symmetrical
‘hourglass’ shape (Figure 6). The vorticity maps reveal a series of parallel, NE-trending sinistral
shear zones (red regions), that are bracketed to the southeast and northwest by conjugate and
almost orthogonally orientated NW-trending dextral faults (blue regions). Between the series of
parallel sinistral faults are zones of relatively large vorticity (blue regions in Figure 6a, also see
7a, b). We note that the vorticity cannot differentiate between rotations and distributed fracturing,
but due to the pervasive distribution of these high vorticity values and the lack of observed
distributed fracturing from field surveying (depicted as black lines in Figures 6a and 7a), the
regions between the main faults are likely indicative of rotations of up to ~0.12°. These types of
kinematics are indicative of bookshelf faulting, where the conjugate faults and intra-fault block
rotations act to collectively accommodate regional dextral shear (McKenzie and Jackson, 1983;
Wesnousky, 2005). The different mechanisms by which the regional dextral shear is released can
be seen first in the center of Figure 6a, where the total right-lateral shear is accommodated by a
single dextral fault strand with a total offset ~1.6 m, this offset is then partitioned further south
between three parallel dextral fault strands, and then partitioned again further south amongst the

conjugate sinistral faults and clockwise rotating blocks (Figure 6a and 7a, b).

To quantify whether the observed kinematics are actually consistent with bookshelf faulting, we
compare the surface motions measured in our displacement and vorticity maps to the kinematic
relations of a bookshelf fault system (McKenzie and Jackson, 1983; Platt and Becker, 2013). If the
regional right-lateral shear displacement (y) and the angle between the conjugate and bounding

faults (a) are known, then the amount of sinistral slip along the array of conjugate faults (y')
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expected from bookshelf faulting can be estimated from the following geometric relation (also see

inset of Figure 6¢).

Y = v cos(2a) (10)

The rotation of the blocks (@) can be estimated from eq. 11 and assuming horizontal plane strain,
a component of contractional or extensional strain normal to the fault blocks (e) can be estimated

from eq. 12, where /5 is the block length.

W= g (1 —=cos[2a)) (11)
- _ Y
e= T sin (2a) (12)

From these relations and measuring y = 1.6 m and a = 66° (from Figure 6a) this predicts y’'= 1.0
m, e=0.044% strain and w = 0.05° (see Table 2). These predicted values compare well with those
observed from the strain and displacement maps (Figure 6a and 7), where we find y' = 0.8 m
(measured from the southernmost sinistral fault), e=0.04% strain (measured from within the
bookshelf blocks, see Figure S7) and w = 0.06° (mean value estimated from within the
southernmost ‘block’ in Figure 6), which show the observed kinematics are consistent with

bookshelf faulting.

To test whether the foreshock and mainshock cross-faulting are a larger-scale version of the same
bookshelf tectonics shown in Figure 6a and c, we again use the kinematic bookshelf relations to
compare its predictions against the observed displacements at the macroscopic scale (McKenzie
and Jackson, 1983; Platt and Becker, 2013). From measuring the mean slip along the mainshock
strand immediately adjacent to the foreshock strand we find y= 0.98 m and the angle between the
mainshock-foreshock strands is o = 86°. From this we find the predicted slip on the foreshock fault
is " = 0.97 m which falls within the variation of observed values (mean observed sinistral

displacement of 0.71 + 0.33 m, 1o, and maximum of 1.40 m, Figure 2).
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We can also estimate the total amount of long-term cumulative displacement (dr.) accrued along
the conjugate sinistral foreshock fault (the strand west of the mainshock strand) since its initiation.
To do this we use a simple geometric expression that relates dsr. to the amount of total block
rotation that has occurred across a zone of simple shear (Freund, 1974; Ron et al., 1984). Assuming
only plane strain, dy,r. is related to: the width of fault-bounded blocks (ws, see Figure 6¢), the initial
angle between the conjugate faults when they first formed (a;) and the total amount of rotation

since they formed (wr) as defined by the following relation (Freund, 1974; Ron et al., 1984),

drore = Wy [=—mien) | (13)

sin(a)-sin(a—wT)

The width of the block (w, = 4.89 km) is measured as the distance between the foreshock fault
west of the mainshock strand to another parallel SW-trending fault to the south (see Figure 6c¢).
This gives an aspect ratio of the crustal block (width/length) of 0.37 which is consistent with the
aspect ratios of the smaller blocks in Figure 6a, that have a mean value of 0.35 (n = 5). The total
amount of rotation of the foreshock fault (wr= 3-7°) is estimated from the difference of its average
azimuth (N43°E) with the azimuth of the smaller conjugate sinistral faults shown in Figure 6a
(with minimum and maximum values ranging from N36-40°E). This assumes that the much shorter
sinistral faults (ranging in lengths from 200 — 1300 m) shown in Figure 6a are close to their initial
orientation when they developed. The initial angle between the conjugate foreshock faults and the
bounding dextral mainshock faults is assumed as o = 90° (a value also used for conjugate faults
further north in the Walker Lane [see Wesnousky, 2005]). This gives dfre = 256-600 m, which

indicates that the foreshock fault is highly structurally immature.
4. Discussion
4.1. Effect of Off-fault Deformation on Rupture

Experimental and theoretical studies show that the rupture propagation through the near-surface
(< 5 km depth) can be inhibited by a range of mechanisms, including velocity-strengthening
frictional properties of the sliding fault in the near-surface, generation of plastic strain during

rupture, and frictional sliding on pre-existing fractures that can dissipate the rupture energy (Fialko
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et al., 2005; Sammis et al., 2010; Kaneko and Fialko, 2011; Gabriel et al., 2013). These
mechanisms may explain why some earthquakes exhibit significantly lower slip at the surface than
at seismogenic depths (6-10 km), which has been termed the shallow slip deficit (Fialko et al.,
2005), and why ruptures with faster velocities are observed along more mature structurally
developed smoother faults, e.g., the 1999 My, 7.4 Izmit, 2001 My, 7.8 Kokoxili, 2002 My, 7.9 Denali
and 2018 My, 7.5 Palu earthquakes (Bouchon et al., 2001, 2010; Ozacar and Beck, 2004; Bao et
al., 2019; Socquet et al., 2019).

As faults accumulate displacement over geologic timescales, they are thought to evolve or ‘mature’
progressively from a network of disorganized and disconnected segments that are separated by
geometrical complexities (such as stepovers, bends and branches), to a structurally simplified
system or sometimes single throughgoing fault (Tchalenko, 1970; Wesnousky, 1988; Stirling et
al., 1996). This structural evolution can occur via a range of fault growth and strain weakening
feedback processes (Ben-Zion & Sammis, 2003; Faulkner & Mitchell, 2011). A consequence of
this evolutionary process is that as strain progressively localizes to the fault core, distributed
fractures become abandoned (Frost et al., 2009). This is manifest by a decreasing density of
stepovers at the macroscopic scale (Wesnousky, 1988) and decreasing amounts of distributed oft-
fault inelastic strain (Dolan and Haravitch, 2014; Frost et al., 2009). Here we find OFD for the
foreshock is much larger than the mainshock (56% and 34% respectively), which we interpret as
indicating the faults involved in the foreshock rupture have a lower degree of strain localization
and are therefore less structurally developed (Dolan and Haravitch, 2014). To support this
inference, we have assessed a number of other relevant factors, which includes both qualitatively
and quantitively comparing the geometrical fault complexity of the foreshock to the mainshock.
First, surface rupture mapping from daily Planet Labs imagery, which can uniquely separate the
two events in time (Milliner & Donnellan, 2020), show the foreshock is clearly more structurally
complex with a higher number of disorganized segments (see Figure S8). Second, from estimating
the density of major stepovers (> 1 km width, following the approach of Wesnousky [1988]) we
find it is almost a factor of two higher for the foreshock (0.157 stepovers/unit length) than the
mainshock (0.08), again showing the foreshock involved a more disconnected fault system. Lastly,
measurements of offset Jurassic felsic dikes across the southern end of the Ridgecrest mainshock

rupture found a cumulative displacement of 1.6 km, although there are no available geomorphic
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features to estimate a value across the foreshock rupture (Andrew & Walker, 2020). However, this
value of 1.6 km is much larger than our estimated cumulative displacement for the foreshock
rupture of 256-600 m, suggesting a clear difference in the structural maturity. Although there is
not a known independent estimate of the cumulative displacement for the foreshock rupture to
verify possible differences in the relative structural maturity of the faults involved in the two
ruptures, our results do show clear differences in the degree of strain localization, structural
organization and significant differences in estimates of the cumulative displacement assuming

bookshelf type kinematics.

Here, we assess whether faults that have larger OFD (i.e., larger amounts of distributed inelastic
strain and are therefore likely less mature), have slower rupture velocities and more pronounced
shallow slip deficits. Estimates of the mean OFD along the mainshock rupture (34 = 10%) is
similar to that measured along nearby surface ruptures using a similar approach used here (from
comparison of the optical and field-based displacements), which are fault systems that are known
to be immature, which include the 1992 Landers and 1999 Hector Mine ruptures (with OFD of 46
+ 10% and 39 £ 22%, respectively [Milliner et al., 2016]). Interestingly, all three of these relatively
immature NW-trending dextral fault systems exhibit relatively similar slow rupture velocities of
~2.7 km/, 2.2 km/s, and 2 km/s for the Landers, Hector Mine and Ridgecrest events, respectively
(Chen et al., 2020; Goldberg et al., 2020; Ji et al., 2002; Liu et al., 2019; Peyrat et al., 2001; Ross
et al., 2019), consistent with the notion that slower ruptures occur along faults of higher OFD with

more complex multi-segment rupture geometries.

The larger amount of OFD found for the foreshock (56%) than the mainshock rupture (34%),
provides another and more direct means to compare the possible effect of off-fault distributed
strain on the shallow slip deficit and rupture velocity. Current seismic inversion models of the
rupture do not show a significant difference of the velocity between the two events, finding they
are both ~2 km/s (Chen et al., 2020; Goldberg et al., 2020; Ross et al., 2019; Wang et al., 2020).
However, the lack of a resolvable difference could result from limitations of the inversion method
such as the model resolution, data constraints and sensitivity, or inherent trade-offs (e.g., see Figure
S4 of Chen et al., 2020 for the range of possible velocities). An additional complication is that it

is possible the mainshock rupture velocity could have been inhibited by a decrease of static
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Coulomb stress applied by the foreshock rupture, as high shear pre-stresses along faults are thought
to cause faster rupture velocities (Bao et al., 2019). However, the effect of reduced shear pre-stress
is likely to be small in this case, given inverted slip models estimate a minor amount (~-0.2 MPa)
compared to the total stress drop (10 MPa), (Barnhart et al., 2019; Chen et al., 2020). Therefore, it
is not clear if the rupture velocities between the foreshock and mainshock are significantly similar

or not, or could result from pre-stress changes that inhibited rupture propagation.

To assess differences in the variation of slip with depth between the My 6.4 foreshock and My, 7.1
mainshock events we compiled slip distributions from the available geodetic and seismic slip
inversion studies (Chen et al., 2020; Jin and Fialko, 2019; Xu et al., 2020; Wang et al., 2020).
Although there is a wide variation of the slip-depth distributions between the various slip inversion
models, which reflects the epistemic uncertainty due to varying model parameterizations, inversion
strategies and data types, there are still systematic differences between the foreshock and
mainshock events (Figure 7). Estimating the shallow slip deficit as the percent difference of surface
slip to the maximum at depth, we find a more pronounced shallow slip deficit for the foreshock
(ranging from 42-65%) than the mainshock (18-35%), consistent with the notion that more
immature faults that exhibit larger amounts of inelastic strain (i.e., OFD) correspond to larger
shallow slip deficits (as proposed by Kaneko & Fialko, 2011). In contrast, shallow slip deficit
estimates of the 1992 Landers and 1999 Hector Mine events from geodetic inversions show much
smaller values at 18% and 3%, respectively (Xu et al., 2016). The apparent similar amounts of
inelastic strain (34%, 46% and 39% OFD) but differing shallow slip deficits (18-35%, 18%, and
3%) between these three large events (Ridgecrest, Landers and Hector Mine, respectively)
conflicts with the expectation that the former may influence the latter. This may suggest the
importance of other processes in affecting the efficiency of rupture propagation through the near-
surface such as sediment thickness and type, pre-stress on the fault, frictional properties, or
dilatancy strengthening (Rice, 1975; Marone et al., 1991; Kaneko and Fialko, 2011; Dolan and
Haravitch, 2014).

4.2. Inelastic strain and the effect of fault-zone dilatation
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From comparison of the measured fault-zone width with the dilatational component of the 2D
strain tensor we find that both the scalar width and rate of dissipation of inelastic strain away from
the main rupture are wider and slower in regions of extension and contraction than shear (Figure
4). The magnitude and sense of dilatational strain (i.e., contraction or extension), varies according
to the fault geometry and orientation, with extensional strain expectedly largest along releasing
fault bends (Figures 3 and 4). This is consistent with previous work that have found correlations
of the scalar fault width or OFD with the fault geometry along oblique-normal strike-slip faults
(Scott et al., 2018; Teran et al., 2015). Along the Ridgecrest rupture we have shown that these
geometries alter the type of strain the fault-zone experiences and that strain is partitioned

differently between the shear and dilatational components (Figure 4b and c).

Constraining how fast or slow inelastic strain decays away from the primary rupture holds
importance for better characterizing the hazard of distributed fault rupture, which is needed to
effectively engineer structures to withstand its effect (e.g., for roads, pipelines or bridges that
cannot avoid fault crossings). As more confidence is known of what parameters control the spatial
distribution of inelastic strain across a surface rupture (e.g., the type of fault geometry or sediment
thickness) through increasing observational constraint, this will help explain more of the total
variation of the fault-zone width along the lengths of ruptures. In doing so this will reduce the
epistemic uncertainty of empirically constrained probabilistic fault displacement hazard models
and improve their predictive power (e.g., Petersen et al., 2011). For example, our results show that
transtensional bends have a different level of distributed rupture hazard, with a higher probability
of experiencing distributed rupture further away from the primary fault, than segments that
experience predominantly shear strain (Figure 4b and c). This would therefore justify developing
separate fault displacement prediction equations for differing fault geometries into probabilistic

fault displacement hazard analysis.

4.3 Orthogonal faulting due to Bookshelf kinematics

Bookshelf faulting is thought to initiate from simple shear being accommodated by conjugate pairs

of synthetic (R) and antithetic (R’) Riedel shears across a trans-tensional step-over region

(Wesnousky, 2005). Over time, as the Riedel fractures accumulate slip, the primary en-echelon R
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shears coalesce to form a single through-going fault strand, while the R’ shears located within the
stepover are progressively rotated and become increasingly more oblique to the R shears,
eventually forming a set of orthogonal faults. Here, we find that the observed displacements along
the orthogonal set of faults involved in the foreshock and mainshock ruptures are consistent with
predictions of bookshelf kinematics indicating they are a larger scale, more-developed system of
the bookshelf faulting observed at the smaller scale in Fig 6a and c. In addition, the asymmetric
triangular distribution of slip along the foreshock rupture (at the ~10 km scale) bears a strong
similarity to that of slip along the smaller sinistral conjugate faults shown in Figure 6a (at the ~100
m scale, also see Figure S9 for comparison). Such bookshelf faulting which involves progressive
rotation of conjugate faults to orientations that become highly mis-aligned could also explain the
wide-spread distribution of orthogonal aftershocks at other length scales in this region (Ross et al.,
2019). A bookshelf system at the ~10 km scale also suggests that the Little Lake Fault Zone
(LLFZ) would be the west-most bounding NW-trending dextral fault. This provides a possible
explanation as to why the foreshock rupture terminated surprisingly at a site of peak slip in the
southwest (~1.4 m, Figure 2), simply because it is structurally controlled by the bookshelf
kinematics; i.e., west of the LLFZ there are likely no rotations of crustal blocks and therefore
sinistral slip is not kinematically required and thus the foreshock fault simply does not extend

further west.

However, one notable difference from the bookshelf initiation framework proposed by Wesnousky
(2005) is that the bookshelf faulting found specifically at the northern end of the mainshock rupture
(Figures 6 and 7) does not seem to occur within a transtensional step. Here there are clearly no
dextral faults that extend to either side to ‘bound’ the sinistral faults that would satisfy the
definition of a stepover, nor does the rupture step to the left that would produce transtension and
the dilatation map shows no evidence of significant extension. Instead, the clockwise rotation and
sinistral faulting found here are located directly beyond the tips of and between three north-west
trending dextral faults (one to the north and the other two to the south), producing an ‘hourglass’
geometry. We argue another possible mechanism in which bookshelf kinematics could arise is due
to the transition of shear strain to rotation beyond fault tips (like that shown by the vorticity map,
Figure 6a). In the case here, two or more faults do not align or connect, which creates a zone of

distributed clockwise rotation. For the dextral shear to be accommodated over a region (in this
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case this is ~2 m of dextral motion distributed over an ~1.5 km wide zone across the ‘bookshelf’,
see Figure 7d) it can be shown that it requires both clockwise rotation (illustrated in Figure 6a and
7d) and perpendicular sinistral shear (shown in Figure 7c, where such strain is responsible for
producing the series of parallel sinistral fractures), as the summation of the displacement gradients
of both these types of surface motion are equivalent to dextral shear and does not require
transtensional strain (Platt, 2017). A similar behavior of bookshelf faulting was also observed from
relocated aftershocks of the 1986 My 5.7 Mount Lewis earthquake, CA (Kilb et al. 2002). The
seismicity showed a series of orthogonal sinistral faults that were not located within a stepover but
instead directly beyond the tips of a dextral fault, which produced a similar ‘hourglass’ shaped
feature as observed here. For the kinematics found specifically at the northern end of the Ridgecrest
rupture, the cause of bookshelf faulting seems to be more consistent with how shear strain
transitions beyond fault tips to rotation (i.e., a type of fault termination structure) than a result of
distributed transtensional shear across a right-stepover which is a mechanism more applicable to

faulting within the Mina deflection further north in the Walker Lane (Wesnousky, 2005).

A number of major northwest trending dextral faults in the ECSZ seem to stop abruptly at major
orthogonally orientated sinistral faults (such as the Garlock or Pinto Mountain faults, see Figure
6e). The lack of a physical connection makes it unclear how the regional right-lateral shear strain
is accommodated across these fault gaps and how these junctions evolve over geologic timescales.
A lack of paleomagnetic data specifically at these fault gaps also make it difficult to understand
the role of crustal rotations in accommodating this long-term regional dextral strain. Here the
vorticity map shows clear regions of relatively large clockwise rotation adjacent to NE-trending
sinistral faults (Figure 6a). Observations from field mapping of the rupture do not show pervasive
fracturing in these regions, which confirms that much of the large positive vorticity values most
likely reflect crustal rotations (that range up to ~0.1°). The vorticity map also shows that neither
the northern nor the southern set of conjugate sinistral faults (i.e., within either end of the
‘hourglass’ feature) intersect or displace the NW-trending dextral faults but are instead embedded
within regions of clockwise rotation. This provides one possible explanation as to why NW-
trending dextral faults do not physically connect with neighboring NE-trending sinistral faults,
simply because dextral brittle shear strain transitions beyond their tips to zones of clockwise

rotation as previously hypothesized (Andrew and Walker, 2017). As mentioned previously,
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dextral shear is kinematically equivalent to the sum of surface motion from orthogonally orientated
sinistral shear and clockwise rotation (Platt, 2017). Therefore our observations of coseismic strain
release we believe are analogous and support the kinematic argument that the remaining
component of long-term dextral strain across regions of fault gaps is likely accommodated by

clockwise rotation explaining the lack of physical connection (i.e., that shown in Figure 6a).

Conclusions

Measurements of surface motion across the Ridgecrest surface rupture from high-resolution optical
image correlation provide empirical constraints of the effect of contraction and extension on the
width of the fault-zone. The results show that as expected, faults are clearly wider under extension
and contraction than lateral shear, but we are unable to discern whether they are wider under
extension than contraction. This relation also helps explain the apparent correlation of fault
geometrical complexities with wider faults zones, as variations of the fault orientation alter the
local stress state, causing fault-perpendicular strain that is not equally partitioned across the fault-
zone between the dilatational and shear strain components. Observations of how the inelastic strain
attenuates with distance from the primary rupture (Figure. 4 b, c) also suggests there are different
hazard probabilities of distributed rupture for transpressional and transtensional bends compared
to simpler, more linear segments of the rupture that experience predominantly shear strain. We
suggest these differences could be accounted for by developing separate fault displacement
prediction equations for different fault geometries when incorporating them into probabilistic fault

displacement hazard analysis (PFDHA).

Our analysis shows that the faults involved in both the foreshock and mainshock ruptures are both
structurally immature and that the former is likely less structurally developed as we find a higher
amount of distributed inelastic strain for the former (with average off-fault deformation amounts
of 56 = 10% and 34 + 10 %, respectively). The structural immaturity of the foreshock faults is also
supported by an estimate of its cumulative displacement, which is found from approximating the
kinematics to bookshelf motion, that gives a relatively low total amount of 250-600 m. The larger
amount of off-fault deformation and inferred lower structural maturity for the foreshock faults

shows a fault system with higher amounts of near-surface distributed inelastic strain and poorer
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fault linkage. These are all thought to affect the efficiency of rupture propagation through the
shallow surface, which could explain why the foreshock rupture exhibits a higher slip deficit than
the more mature and structurally simplified mainshock rupture (Wesnousky, 1988; Kaneko &

Fialko, 2011; Dolan and Haravitch, 2014).

We propose that bookshelf faulting provides a concise and useful framework to explain a number
of questions regarding the faulting kinematics of this region at the local and regional scale. Our
measurements of 2D strain and rotation show, 1) faults do not intersect one another because dextral
strain transitions to clockwise rotation beyond their tips, ii) cross-faulting and aftershock
distributions arise because of progressive clockwise rotation of conjugate faults that accommodate
simple shear, iii) the foreshock-mainshock ruptures are likely a larger scale version of ‘bookshelf
faulting’ which can explain the southwestern termination point of the foreshock event because it

structurally abuts the Little Lake fault zone that marks the west-bounding ‘bookshelf” fault.
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Table 1 Summary of statistics and values estimated for the foreshock fault rupture that includes

comparisons of observed and predicted values for the bookshelf slip model.

Observed Predicted
Dextral slip (y, meter) 0.98 -
Angle between faults («, °) 86 -
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1089
1090
1091
1092
1093
1094

1095
1096
1097
1098

Sinistral slip (y’, meter)

Cumulative displacement ()

Total long-term block rotation (w7, °)
Mean displacement (d, meter)
Maximum displacement, (meter)
Median off-fault deformation (OFD, %)

Mean off-fault deformation (OFD, %)

Mean Fault zone width
Shallow slip deficit (%)

*(Chen et al., 2020, Jin & Fialko, 2020; Wang et al., 2020; Xu et al., 2020)

0.71-1.4
256-600
3-7

0.71

1.4

65

56
59
42-65*

Table 2 Summary of statistics and values estimated for the mainshock fault rupture that includes
comparison of observed and predicted values for the bookshelf slip model.

Dextral slip (y, meter)

Angle between faults («, °)

Sinistral slip (y’, meter)

Instantaneous block rotation (w, °)
Internal block strain (e, %)

Mean displacement (d, meter)
Macroscopic block width (w;, meter)
Median off-fault deformation (OFD, %)

Mean off-fault deformation (OFD, %)

Mean Fault zone width (fault-zone
width, meter)
Shallow slip deficit (%)

Observed
1.6

66

0.8

0.06
0.004

1.69
4,890

25

34
69

18-35*

*(Chen et al., 2020; Jin & Fialko, 2020; Wang et al., 2020; Xu et al., 2020)

Predicted

1
0.05
0.0044
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Figure 1. Displacement maps from optical image correlation that measures surface motion

from both the foreshock (July 4", 2019) and mainshock ruptures (July 6, 2019). The pre-

SN

event image was acquired on September 15th, 2018 and the post image on July 24th, 2019 and
therefore surface motion from both events are found within the surface displacement maps. A)
Displacement projected into the N43°E direction parallel to foreshock faults. Inset shows the
location of Ridgecrest region (black rectangle), San Andreas fault (SAF, purple line) and Garlock
fault (GF, orange line). B) Displacement projected into the N150°E direction, parallel to mainshock
faults. Focal mechanisms from CMT catalogue. (Dziewonski et al., 1981; Ekstrom et al., 2012).
Inset in upper right shows fault rupture traces of the foreshock (red) and mainshock (blue) mapped
from field surveys (Ponti et al., 2020), with black lines showing Quaternary mapped faults (USGS,
2020).
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Figure 2. Comparison of slip profiles of the foreshock and mainshock events made from field
and optical measurements. Slip along the foreshock is measured along three parallel fault strands
and slip along the mainshock is measured along eight. Red and green values show optical and field
measurements along the foreshock rupture, respectively, and blue and black are optical and field
measurements along the mainshock, respectively. Optical displacements capture the total
displacement across the surface rupture using profiles with > 0.5 km in across-fault length (e.g.,
Figure S1), which includes both on-fault displacement and off-fault distributed inelastic strain,
explaining why the majority are larger than the field displacement measurements from Ponti et al.

(2019). Inset in top right shows the same optical displacement measurements in map view.
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Figure 3. Strain maps along a transtensional bend. A) Vorticity along a transtensional bend
located near the northern end of the mainshock rupture (see Figure 1 for location), segments i and
ii show location of profiles used in Fig. 4b and c. B) Dilatational strain component along the
transtensional bend showing systematic variations of width between the bend and adjacent linear
segment, and variations of the type of dilatation according to subtle curvature of the fault along

segment i. See Figure 1 for locations.
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Figure 4. Variation of fault zone width with dilatational strain. A) Fault width measured from
three different strain regimes, contractional (red), shear dominated (white), and extensional (blue),
which shows a segmented piecewise linear function can explain the variation, with wider fault
zones with increasing amounts of dilatational strain. Dark vertical gray band is 95% confidence
interval of the breakpoint estimated by bootstrapping the data with 3000 simulations. Light gray
bands are 95% confidence intervals of the segmented regression. B) shows dissipation of inelastic
strain from strain profiles taken across the transtensional bend (segment ii) from the dilatation map
shown in Fig. 3¢, where dilatational strain is significantly wider along transtensional bend than
adjacent segment (segment i) that experiences mostly shear strain. C) shows fault-parallel shear

strain, with high-strain fault core along segment i and lower shear strains in ii.
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Figure 5. Strain maps of the foreshock-mainshock intersection region illustrating how strain
release along the mainshock was affected by the foreshock rupture. a) Logarithm of />, which
illustrates how the scalar strain intensity varies along the rupture. b) Vorticity map illustrating the
different shear senses around the mainshock-foreshock intersection. ¢) Zoom of vorticity map

illustrating an increase along segment i) and lower values along segment ii), suggesting a possible
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difference in the intensity of simple shear strain. d) Dilatation of the intersection region
highlighting how different segments experienced contraction (orange) and extension (purple) due
to imposed stress changes from the foreshock rupture. Gray lines show major fault traces from
field mapping (Ponti et al., 2020). e) Surface displacement projected into the NE direction,
illustrating motion perpendicular to the mainshock rupture shown both by the colors (amplitude of
motion) and the vectors. This shows clear extension across the blue profile (vectors diverging away
from each across the mainshock rupture) and contraction across the green profile (shown by
vectors converging across the mainshock rupture, profiles labelled X-Y), which are plotted in f)

and g).
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Figure 6. Vorticity of the vector field illustrating bookshelf faulting and rotations associated
with simple shear. Location is shown as the green box in c) and Figure 1. A) Positive (negative)
colors show anti-clockwise (clockwise) rotation in a right-handed coordinate system. Black lines
are faults mapped in the field (Ponti et al., 2019). The vorticity illustrates that strain beyond the
fault tips of dextral faults transition to rotation, where according to field mapping (black lines)
fracturing is only limited to larger, finite amounts of strain, suggesting rotation accommodates
lower strains between faults. Inset shows schematic illustrating the kinematics of bookshelf slip
model consisting of regional dextral displacement (blue lines, y), rotation of blocks (w), rotation
of sinistral oblique fault (&), and slip on oblique faults (red, y'), modified from Platt & Becker
(2013). B) Vorticity rate from GPS velocities along the North America-Pacific plate boundary,
blue is clockwise, red anticlockwise from Kremeer et al. (2014). C) Fault traces of the foreshock
rupture (red), mainshock (blue) and Little Lake and Airport Fault Zones (LLFZ, ALFZ, magenta),
illustrating the larger scale ‘bookshelf” with block width (wp). D) Profile of vorticity and
displacement along and adjacent to the second southernmost sinistral fault (note displacement is
measured from displacement map shown in Fig. 6b), where a non-constant vorticity and slip is
evidence of non-rigid block strain. E) Map view of NW-trending dextral faults of the ECSZ show
that they do not intersect with the sinistral WSW-trending Garlock fault, which could be explained
by clockwise block rotation beyond the tips of dextral faults similar to that found in a), figure

adapted from Andrew et al. (2015).
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Figure 7. Projected surface displacement illustrating bookshelf kinematics. Location shown

in Figure 1. A) shows displacement projected into NE that highlights motion along the oblique NE

trending sinistral faults and contraction of dextral faults, while b) shows displacement projected

into SE direction parallel to the NW-trending dextral faults illustrating distributed shear across the

bookshelf. C) shows profile of displacement from a) normal to one of the sinistral oblique faults

illustrating rotation of displacement discontinuities (location is shown in panel A between the

labels C-C’). D) shows that distributed shear across the bookshelf is not well explained by constant

motion (green line) indicative of rigid-block rotation, but instead by shear that increases towards

the center of the ‘bookshelf’ described by an arctan function from a screw dislocation model

(location of profile is shown in b), between labels D and D’). Inverting the surface motion (black
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1194  line) suggests a possible single, freely slipping, discrete fault that reaches from depth to 342 m

1195  below the surface (magenta line).
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Figure 8. Normalized slip depth distributions for the My 6.4 foreshock (blue) and the My 7.1
mainshock (red) from different slip inversions. Here we have assumed that the My, 6.4 foreshock
rupture was mainly along the NE-striking sinistral fault segments, whereas the My 7.1 mainshock
rupture was along the NW-striking dextral faults, although seismicity and inversion of seismic and
geodetic data suggest that the My 6.4 foreshock may involve rupturing along the NW-striking
faults too (Ross et al., 2019; Chen et al., 2020; Wang et al., 2020). Despite large variations among
these models they all systematically show that the foreshock had a higher shallow slip deficit
ranging from 42-65% while the mainshock ranges from 18-35% (Chen et al., 2020; Jin and Fialko,
2020; Wang et al., 2020; Xu et al., 2020).
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