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SUMMARY

Most geodetic inversions of surface deformation rates consider the depth distribution of
interseismic fault slip-rate to be time invariant. However, some numerical simulations
show down-dip penetration of dynamic rupture into regions with velocity-strengthening
friction, with subsequent up-dip propagation of the locked-to-creeping transition. Re-
cently, Bruhat & Segall (2017) developed a new method to characterize interseismic slip
rates, that allows slip to penetrate up dip into the locked region. This simple model consid-
ered deep interseismic slip as a crack loaded at its down-dip end, and provided analytical
expressions for stress drop within the crack, slip, and slip rate along the fault. This study
extends this approach to strike-slip fault environments, and includes coupling of creep to
viscoelastic flow in the lower crust and upper mantle. We employ this model to investi-
gate interseismic deformation rates along the Carrizo Plain section of the San Andreas
fault. This study reviews possible models, elastic and viscoelastic, for fitting horizontal

surface rates. Using this updated approach, we develop a physics-based solution for deep
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interseismic creep which accounts for possible slow vertical propagation, and investigate

how it improves the fit of the horizontal deformation rates in the Carrizo Plain region.

Key words: Creep and deformation — Mechanics, theory, and modelling — Transient de-
formation — Dynamics and mechanics of faulting — Seismic cycle — Continental tectonics:

strike-slip and transform.

1 INTRODUCTION

Earliest models for interseismic deformation described a fault as a single screw dislocation in an elastic
half-space, locked to some depth, but slipping at constant rate below (Savage & Burford|1970). Using
this simplified model, kinematic inversions of geodetic surface rates have, for decades, been used to
estimate the locking depth, presumed to delimit the depth extent of the seismogenic region.

The screw dislocation model lacks physical realism, as shown by the infinite stress concentrations
at the dislocation tip. The need for more realistic models called for transitional regions between the
fully locked fault and the freely creeping regions. These transitional regions involve some smoothing
of the locked to creeping slip distribution, needed to mitigate the stress singularity. As a result, many
inversions for interseismic slip rate include some smoothing, or simply add a linear transition from
locked to creeping fault (e.g., [Fliick et al.|{1997), whether or not the approach removes the stress
singularity. Still, little is known about the physical characteristics of these transitional regions.

A better understanding of the mechanics of the locked-to-creeping transition is even more critical
when we consider that the slip-rate distribution might not be stationary in time. While nearly all kine-
matic inversions of interseismic surface rates make this assumption there is no reason to believe a pri-
ori that this is true. Indeed, recent studies have shown, using fully dynamic simulations of earthquake
cycles, that locked-to-creeping transition might evolve significantly during the earthquake cycle. En-
hanced dynamic weakening behavior in the velocity-strengthening region can allow dynamic rupture
to propagate into the locked-to-creeping transition following the earthquake (Jiang & Lapustal2016).
This behavior had already been observed in conventional rate-state models, where upward penetration
of the locked-to-creeping transition occurs over lengths that scale with critical nucleation dimensions
(e.g.,/Hetland et al.|2010; Hetland & Simons|2010; Segall & Bradley|[2012} Jiang & Lapustal2016).

The detection of transient slip behavior during the interseismic cycle, such as slow slip events
(Dragert|2001} |Obaral2002) or decadal-scale transient events (Mavrommatis et al.|2014)), also demon-
strates that a time-invariant interseismic slip-rate distribution is not appropriate. Numerical model-
ing to reproduce such transient events often exhibit changes in locked-to-creeping transition during

the earthquake cycle. Simulations for slow slip events using quasi-dynamic simulations with thermal
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pressurization have shown that, between large earthquakes, the region of slow slip events gradually
propagate into the locked zone (Segall & Bradley|2012). More recently, |Johnson et al.|(2016) showed
that the canonical frictional model with locked asperities of fixed size was inconsistent with GPS-
derived deformation in northern Japan. To address this issue, they suggested that locked asperities
shrink under surrounding creep during the interseismic period (Mavrommatis et al.|2017). Given the
presence of such time-dependent slip events, it appears difficult to support the standard definition of a

fixed locked-to-creeping transition.

Bruhat & Segall| (2017)) recently developed a new method to characterize interseismic slip rates,
that allows slip to penetrate up dip into the locked region. This simple model considers deep interseis-
mic slip as a crack loaded at constant slip rate at the down-dip end. It provides analytical expressions
for stress drop within the crack, slip, and slip rate along the fault. These expressions allow the ex-
pansion of any non-singular slip rate distribution in a combination of Chebyshev polynomials. The
simplicity of the method enables inversions for physical characteristics of the fault interface, estab-
lishing a first step to bridge from purely kinematic inversions to physics-based numerical simulations
of earthquake cycles. When applied to observed deformation rates in northern Cascadia, best fitting
models reveal a new class of solutions, where the locking depth migrates up dip with time. Best fitting
models there are consistent with a very slow up dip propagation, between 30 and 120 m/yr along the

fault.

In this study, we apply this model of propagating deep interseismic creep to strike-slip faults.
Unlike [Bruhat & Segall (2017) which considered creep propagation in a fully elastic medium, we
include here the long-term deformation due to viscoelastic flow in the lower crust and upper mantle.
The surface predictions greatly change when including potential viscoelastic deformation and cumu-
lative effect of previous earthquake cycles. Purely elastic models tend to have locking depths greater
than the depth of seismicity. Including viscoelastic effects (e.g. [Savage & Prescott/|[1978}; Johnson &
Segall|2004)) allows reasonable fits to interseismic deformation rates with shallower locking depths
(e.g. [Segalll|2010, Section 12.4.2). More physically motivated models have recently been developed
(e.g., Takeuchi & Fialko|2012; |Hearn & Thatcher|[2015; [Lambert & Barbot|[2016; |Allison & Dunham
2018) but are still rare.

We test this new approach by investigating the interseismic deformation rates along the Carrizo
Plain section of the San Andreas fault. The choice for this fault section is twofold. The model we
develop is two-dimensional anti-plane strain (infinitely long along strike), so we choose a relative
straight and simple part of a major strike-slip system. The Carrizo Plain section segment also motivated
work by Jiang & Lapustal (2016) on migrating locking depth. To justify the lack of microseismicity,
they suggested that the last event on this section, the M,, 7.9 Fort Tejon earthquake in 1857, could
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have propagated into the velocity-strengthening region beneath the nominally seismogenic zone. Even
162 years after the last earthquake the stress concentration due to gradients in slip-rate could still be
below the region where earthquakes can nucleate.

This study reviews possible models, elastic and viscoelastic, for fitting horizontal surface rates.
We improve the model presented in|Bruhat & Segall| (2017) to account for the coupling between fault
creep and viscoelastic flow. Using this updated approach, we develop a physics-based solution for
deep interseismic creep which accounts for possible slow vertical propagation, and investigate how it

improves the fit the horizontal deformation rates for the Carrizo Plain section of the San Andreas fault.

2 METHODS

In this section, we describe the method we develop to compute interseismic deformation rates from
viscoelastic earthquake cycle model including up-dip propagation of deep interseismic creep. Surface
velocities Viory result from 1) cumulative effect of viscoelastic earthquake cycle veqceycle, and 2) the

elastic and viscoelastic responses due to interseismic creep, respectively Velcreep and Vyecreep:
Vhorz = VEQcycle T Velcreep T Vvecreep + 0 + € with €~ N(O, E) (D

where X is the data covariance matrix and « a parameter that accounts for the difference in reference

frames for the fault model (anti-symmetric about the fault) and the measured velocities.

2.1 Viscoelastic earthquake cycle model

We first consider the contribution from repeated coseismic slip. Consider a strike-slip fault embedded
in an elastic layer of thickness H, overlying a Maxwell viscoelastic half-space (Figure [T). Every T’
years, an earthquake partly ruptures the fault section. To keep pace with the far-field motion, maximum
coseismic displacement is Au = Tv™>°.

Following Savage & Prescott (1978) and Segall| (2010, Sections 6.3 and 12.4.1), we consider the
cumulative effect of K regularly spaced earthquakes at t.;, = —k7T', for k = 0,1, ..., K. The surface

velocity due to coseismic slip §; between z; and z;4 for¢ = 1, .., N is then given by:

) K n—1
vi(z,t) = i(ft/tR Z Gn(@, 2, H) Z e FT/tr (t * kT) ) (2)

TtR — (n—l)! o tr

where ¢ is the time since the last earthquake. Positive is for right-lateral strike slip faults. The Maxwell

relaxation time ¢ of the viscoelastic medium is given by ¢z = 2n/u, where 7 is viscosity and u shear
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Figure 1. Model set-up for this study. The fault accommodates long-term plate rate v°>°. Every T  years, an
earthquake ruptures the upper part of the elastic crust. Maximum coseismic slip is given by T'v*°. During the
interseismic period, the deeper part of the fault creeps, pushing the locking depth up. The sum of aseismic and

seismic slip are set to equal plate motion at all depths.

modulus. G,, are spatial operators defined by:

Gn(.’I],Zz’,H) - Fn(xazi—i-l’H) - Fn(l',Zi,H), (33)
ImH — 2 ImH + 2
where Fy(z, 2, H) = tan™t (”z) — tan~! <W> (3b)
T xr

The cumulative effect viQcycle 0f a coseismic slip distribution described by a distribution of ¢;

atdepth z = 21, .., 23, .., 2y 1s thus

N
VEQcycle (l’, t) = Z V5 (1’, t). 4)
i=1
or possibly
N
VEQeycle(Z,1) = Zv(:r,t; 2i). (5)
i=1

Expressions for corresponding stress distribution are derived in appendix [A]
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2.2 Crack models for interseismic creep

Interseismic creep below the locking depth produces elastic deformation at the surface. We here review
the method developed in Bruhat & Segall| (2017) to describe deep interseismic creep. Consider a 1D
crack of length a, extending vertically in the elastic layer and loaded by displacement 6°° at the top of
the viscoelastic medium (see Figure[T)). We follow the same approach of Bruhat & Segall| (2017) who
expanded the stress drop within the crack in Chebyshev polynomials of the first kind 7;:

Ar(et) = pY_ aTi(s), 6)
=0

where c; are the coefficients of the Chebyshev polynomials, and & the spatial variable such that £ €
[—1,1]. { is defined as € = 1 — 2z /a such that z € [0, a] and the lower crack end z = 0 is fixed during
crack growth. General expressions for stress drop, slip and slip rate distributions for any ¢; are given
in appendix

For a non-singular crack driven at steady displacement, Bruhat & Segall (2017) derived values
of the coefficients ¢; for ¢+ = 0, 1. Due to the large number of unknowns already considered in the
viscoelastic modeling, we will limit the number of additional parameters to invert from the crack
models. In the following inversions, we restrict analysis to the simplest case where for all ¢+ > 1,

¢; = 0 and Oc;/0t = 0. This simplification leads to the following stress drop, slip and slip rate

distributions:
20%°
AT(fv t) = /f‘?f (7a)
dAT 2 | i a8
W(&t) = p_ 0E+ T(l - 25)] (7b)
600 . T
s(&,t) = — [5 1 — &%+ arcsin(§) + ik (7¢)
ds 500 ] T 96
SEn = W[g =& +aresin(€) + 5 | +a——(1-V1-¢. (7d)

Bruhat & Segall| (2017) set the bottom displacement condition to be that the crack was loaded at
constant creep rate v°°. Here we present general expressions that describe displacement and velocity
conditions as 6°° and §°°, which are coupled to the top of the viscoelastic medium. The slip and slip-
rate boundary conditions reflect the viscoelastic response of the mantle. If the crack started propagating
after the last major earthquake, we compute 6°° and 5% to account for viscoelastic flow during this
interval. Details are given in appendix

Equation [/d provides an expression for slip rate along the fault. To compute elastic surface rates

caused by deep interseismic creep on a fault length A, we combine these expressions with homoge-
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neous half-space Green’s functions G:

Velcreep(‘rv t) = /AG(:I:, 5)5(57 t)df (8

We discretize the fault A in segments z; and z;41 for i = 1, .., N such that the above expression can

be approximated as discrete:

Velcreep(xv t) ~ GS. (9)

2.3 Viscoelastic response from time-varying interseismic creep

In this section, we develop a method to compute analytically the viscoelastic response due to time-
varying slip rates below the fully locked region. Consider $(¢) the slip rate distribution along the
fault within the region defined between the depth extent of full earthquake rupture D and the top of
the viscoelastic layer . Following [Savage & Prescott| (1978)) and Segall| (2010, Section 12.4.1), the
viscoelastic response associated with creep $;(t) at depth z;, can be written as an infinite sequence of
repeating slip events at times ¢’ extending from —oo to current time ¢:

bi(x,t, z) = % i Gl 2, H) /t sﬁi(t’)e_(t_t,)/m(t_t/)nldt', (10)

(TL - 1)' —o0 lr

n=1
where G, is the spatial operator defined in equation[3al The cumulative effect of a slip rate distribution

described by a distribution of slip segments $; between z; and z;41 for¢ =1, .., N is thus

Vvecreep €, t = Z x,t, zz (11)
=1

Now consider that the slip rate distribution $(¢) can be expressed as the sum of the long-term plate
motion rate and a time-dependent term. For simplicity, we assume here that prior to the most recent
earthquake, i.e. ¢ < 0, creep occurred at constant rate, and that only during the current earthquake
cycle, creep is time dependent:
>+ As(t) whent >0
i) = (12)
v whent < 0
The steady part v°° applies to all past earthquake cycles, whereas the time-dependent term corresponds
to the present cycle. Substituting this expression into equation (10) gives:

t e
72 flf Zm / ,UOOe—(t—t/)/tR(t_t/> ldt/
(n—1)!

tr

ig nx_zzl, / As(#)e (- t)/tR(t_t/)nldt’ a3

iR
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The first term corresponds to classical solution for constant creep at speed v°>° from [Savage & Prescott
(1978). The integral can be rewritten as the Gamma function I'(n), which for integer values of n

becomes (n — 1)!. Equation yields

A 1 & oo 1 Ny e At A
Ui(x,t):WZIGn(fE,Zi,H)<'U +(n_1)‘/_OOASZ(t,>€ (t t)/tR(?> dt/> (14)

Because the time-dependent term A$(¢') is non-zero only during the current cycle, As(¢') = 0 when

t' <0, leading to:

- _ 1 0o 1 b —(t—t")/tR t—t'\-1
vi(x,t)—;ZGn(x,zi,H)@ +(nl)!/0 As;(the (?) dt). (15)

Equation (I5)) gives the expression of the cumulative effect of viscoelastic flow due to time depen-
dent creep. The first term accounts for constant creep in the region limited by z; and z; 1. The integral
in the second term is calculated numerically. This models is verified against results from Johnson &
Segall| (2004) who computed slip and slip rate within the creeping region using a boundary element
approach (details are given in appendix [D). Our method reproduces adequately the results from John-
son et al.|(2014) except when considering the very early part of the earthquake cycle. The difference
originates from [Johnson et al.| (2014)’s modeling of postseismic deformation. Their model has slip
within the creeping region instantaneously after the earthquake in order to match the stress bound-
ary condition, a condition not present in the current formulation. As a result, our method is not be
appropriate for modeling afterslip at an early stage of the earthquake cycle. As we intend to study
interseismic deformation that is well past the short-term postseismic processes, we conclude that our

method is adequate to reproduce viscoelastic response induced by time-dependent creep.

Figure[2]displays slip rate profiles as a function of depth and surface velocity profiles as a function
of distance due to elastic and viscoelastic response. These profiles are computed at five times during
the interseismic period, and for two normalized relaxation times. Here the creeping region is mod-
eled, following section [2.2] by a crack lying initially between 18 and 25 km, migrating vertically at
10 m/year. Att = 0 the viscoelastic response is the same as the solution for a region creeping at con-
stant rate v°°. Depending on the relaxation time, the behavior early in the interseismic period varies.

Later in the cycle, the amplitude of the viscoelastic response decreases with time and distance.
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Figure 2. Elastic and viscoelastic deformation induced by time-varying creep when tg = 7/2 and tp = T/10.
The creeping region is described by a crack lying initially between 18 and 25 km, migrating vertically at
10 m/year. Left panels show the slip rate profiles in the region between the rupture region and the top of the vis-
coelastic layer. Middle panels show the elastic surface rates caused by interseismic creep. Right panels give the
viscoelastic surface rates using equation (I3)). Dashed back line is the solution for a region creeping at constant

rate v°°.
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3 APPLICATION TO THE CARRIZO PLAIN SEGMENT OF THE SAN ANDREAS
FAULT

The previous section developed an improved description of deep interseismic creep which includes
the earthquake cycle and response from viscoelastic flow. We now apply this method to investigate

geodetic surface velocities across the Carrizo Plain segment of the San Andreas fault.

3.1 Deformation rates

This study considers horizontal interseismic rates in Central California provided by the SCEC Crustal
Motion Model Map 4.0 published in[Shen et al.| (2011). Displacements and velocities were computed
from a combination of EDM, GPS, and VLBI data. Stations perpendicular to the Carrizo Plain section
of the San Andreas fault are then selected (Figure [3). We exclude stations in the Central Valley to
avoid displacements perturbed by the agricultural industry. We finally project the horizontal rates onto
a line perpendicular to the fault to obtain a 1D profile of interseismic deformation.

Because this section of the San Andreas fault is too short to fully represent an infinitely long
fault, we must account for 3D effects. We use the kinematic block models developed by |Johnson
(2013) to compute 2D synthetic data along a line perpendicular to the Carrizo Plain section of the San
Andreas fault. This model considers the entire extent of the San Andreas fault in Central and Southern
California. For this correction only, we assume the San Andreas fault locked to 19 km depth (Smith-
Konter et al.[2011)) and fully creeping in the northern creeping section. From the surface velocities due
to an infinitely-long fault also locked to 19 km, we compute the difference between the 1D and the 2D
models; these are considered as a correction for 3D effects, as described in detail in appendix [E]

Finally, we correct the data set for the effect of the right-lateral Hosgri fault. We use results from
Johnson & Watt (2012) & Johnson et al.|(2014) that indicate a lateral slip rate of 2.6 4+ 0.9 mm/yr,
considered as a minimum rate for the Hosgri fault given the presence of an active western strand. We
take a locking depth of 12 km from Hardebeck| (2010) used in UCERF 3 modeling (see Appendix A
from UCERF 3 report (Field et al.|2014)). The corrected data are displayed in Figure 3]

3.2 Current knowledge of fault coupling and earthquake characteristics

Paleoseismic studies provide constraints on the surface coseismic slip. Although earliest measure-
ments suggested surface displacements up to 10 m along the Carrizo Plain segment (Siehl[1978]), these
estimates have been reevaluated since to lower estimates, around 5-7 m (Zielke et al|2010; [Scharer
et al|[2014). In this study, we impose the coseismic slip distribution (Figure [I). For simplicity, we

will consider that the coseismic displacement is constant with depth down to the full rupture depth
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Figure 3. Data set used in this study. Left: Map of central and southern California fault system with selected
stations. The San Andreas fault is denoted in blue. Right: Fault parallel component of interseismic velocities

relative to the North American plate for the selected stations. The presented rates are corrected for 3D effects.

D recognizing that in fact it must be tapered. A reasonable estimate for the maximum coseismic dis-
placement in this study will be 8 m.

Classical dislocation models define the locking depth as the greatest depth of slip deficit. In our
study, the locking depth is defined as the upper (shallowest) limit of the interseismic slip rate (Fig-
ure [T). Since we assume that the sum of aseismic and coseismic slip are set to equal plate motion at
all depths, the upper (shallowest) bound of the locking depth is given by the extent of the maximum
coseismic displacement. Across the Carrizo segment of the San Andreas fault, numerous studies have
estimated over the past decades the locking depth, using different modeling approach from elastic dis-
locations to fully numerical models. In 2010, a Southern California Earthquake Center (SCEC) work-
shop compiled these estimates through an exercise where participants were asked to fit the geodetic
surface rates using whatever method they preferred (see https://www.scec.org/workshops/2010/gps-
ucerf3/index.html). The mean locking depth estimated from nine independent analyses of the same
geodetic data set was then 16.7 &= 2.2 km. Likewise, using a geodetically constrained semi-analytic
dislocation model for the entire Southern California fault system, Smith-Konter et al.| (2011) found
locking depths around 18.7 £ 2.0 km across the Carrizo Plain segment. In this study, we consider that
a reasonable estimate on the locking depth around or less than 16.7 km.

Geological studies, such as Noriega et al.[(2006), provide bounds on long-term plate motion rate

v around 30-37 mm/yr at the Carrizo Plain segment. More recently, using a suite of inversions with
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four kinematic models, some of them including viscoelastic flow, Johnson| (2013) found that slip rates
range from 29 to 37 mm/yr for the Carrizo segment of the San Andreas Fault. In this study, we bound
v™>° to 29-37 mm/yr.

Records of microseismicity also provide information on fault coupling. Using the earthquake cat-
alog from Lin et al.| (2007), Smith-Konter et al.| (2011) examine seismicity profiles along the San
Andreas fault to define the thickness of the seismogenic layer. Across the Carrizo Plain segment, mi-
croseismicity is first estimated to extend down to at 14-16 km. Using the SCSN relocated earthquake
catalog for Southern California, downloaded from http://scedc.caltech.edu/research-tools/alt-2011-dd-
hauksson-yang-shearer.html (Lin et al.2007; Hauksson et al.[2012), most of the seismicity is located
at depths 8—12 km, but extends to as much as 18 km. This helps constrain reasonable upper bounds on

the elastic thickness H and the current locking depth.

3.3 Slip rate inversions

In this section, we describe the inversions that will be carried out in the next section. Surface velocities
Vhorz results from the cumulative effect of viscoelastic earthquake cycle VvEQeycle, and the elastic and

viscoelastic responses due to interseismic creep, respectively Veicreep ad Vyecreep:

Vhorz = f(H,D,tR,Au,voo,d, UupyHcreewa)y (16a)

= VEQcycle T Velcreep T Vvecreep + & +- € with €~ N(Ov 2) (16b)

where 3. is the data covariance matrix and « a parameter that accounts for reference frame offset.
Equations for vgqcycle are given in section Velcreep T€lates to the unknown vector of slip-rates
$ via elastic homogeneous half-space Green’s functions G. Equations for the viscoelastic response
Vvecreep ar€ given in section using expressions for interseismic slip rates given in section
Inversions search for the elastic thickness H, the rupture depth D, the locking depth, defined by the
top of the creeping region d, the long-term plate motion rate v°°, the viscoelastic relaxation time ¢,
and the maximum coseismic displacement Aw, related to the earthquake recurrence time 7". To account
for the possibility of a region of constant creep at the transition between the elastic and the viscoelastic
region, we invert for the bottom depth of the creeping region Hrcep (see Figure [T). Between Hepeep
and H, the fault slips at the constant speed 5% defined in section 2.2.

Finally, in order to be consistent with microseismicity data, we will consider solutions whose peak
in stress rate lies in the same region as the current seismicity (between 8—13 km). This is an important
point in our inversion. Our updated model allow us to derive the distribution of shear stress rate within

the creeping region. While our inversion is directed by horizontal geodetic rates, we assume that the
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Parameter Symbol Minimum Maximum
Maximum depth of full earthquake rupture, km D 5 10
Long-term fault slip rate, mm/yr v 29 37
Elastic thickness, km H 18 100
Half-space relaxation time, years tr 0 500
Coseismic displacement, m Au 4 8
Current locking depth, km d D H
Depth of constant creep, km Hereep d H
Recurrence time, m/yr T Aufv™> Aufv™>
Propagation speed, m/yr Vup (d-D)(T-162) (d-D)/I(T-162)
Time since 1857 earthquake, years t 162 162 (fixed)
Block motion, mm/yr «a none none

Table 1. A priori bounds for MCMC inversions

highest rate should coincide with the location of maximum shear stressing rate, which is indicated by
the region of largest moment release from the microseismicity.

The coseismic slip distribution is defined as followed. From the surface to the full rupture depth
D, the coseismic slip distribution is equal to the maximum coseismic displacement Au. To ensure that
at the end of the cycle, slip along the entire fault is equal to the maximum coseismic displacement,
the coseismic slip distribution between D and H,.¢p is defined as the complement of the aseismic
slip distribution at the end of the cycle (see Figure [I). In other words, we not only integrate up to the
current time, but also to the end of the cycle, T' = Au/v°°. Likewise, we bound the migration speed
Uyp such that slip in the elastic region is equal to Aw at the end of the cycle. The creeping region must
reach the down dip limit of the coseismic region at the end of the earthquake cycle:

vy = (17

This study aims at developing inverse methods to test different models of interseismic deforma-
tion, accounting in some cases for propagating deep creep. Since we consider viscoelastic deformation
we estimate at least the rupture depth D, the elastic thickness H, the viscoelastic relaxation time %,
the coseismic displacement Aw, the long-term plate motion rate v°°, and a. When considering mod-
els with propagating deep interseismic slip, we also invert for the locking depth d, and deduce the
propagation speed v,,. We employ Markov Chain Monte Carlo (MCMC) methods for the inversions.

MCMC algorithms efficiently estimate the maximum-likelihood solution and enable the construction

of posterior distributions. We assume that the loading time ¢ that appears in equations is fixed
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Figure 4. Models for interseismic creep considered in this study. Details are summarized in Table[2]

at 162 years, since the last earthquake occurred in 1857. Depending the inversions, prior knowledge

about the other model parameters will be included. A priori bounds are summarized in table[I}

4 RESULTS

In this section, we present the results of our inversions to fit geodetic rates across the Carrizo Plain
section of the San Andreas. We first found best fitting solutions for classical inversions that consider
either the fault to be a single dislocation in a fully elastic medium, or models that include a region
of steady creep above a viscoelastic region. We also consider solutions from the boundary element

method developed by Johnson & Segalll (2004). We finally apply the method we developed including

propagating deep interseismic creep. Different creep models are sketched in Figure 4]

Inversions details are summarized in Table 2] and best fitting parameters are given in Table[3] The
results of the inversions are summarized in Figure [5} The posterior distributions of the full rupture
depth D, the elastic thickness H, the coseismic displacement Aw, the relaxation time tg, the recur-
rence time 7', the locking depth d, and propagation speed v,,;, are displayed for the four inversions.
Best fits and log-likelihood distributions are shown in Figure 6]

We first perform classical inversions to explain the deformation rates across the Carrizo Plain

segment. Best fitting parameters will provide insights on expected fault parameters inferred from this
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Type Label Description
Elastic Dislocation Single dislocation in elastic half-space
Viscoelastic ~ Constant creep Model from Savage & Prescott| (1978)

Creeping region slipping at constant speed v>°
Viscoelastic  Constant stress Model from Johnson & Segall| (2004)

Creeping region slipping at constant resistive stress
Viscoelastic  Propagating creep  This study

Creeping region migrating vertically

Table 2. Inversion descriptions

set of data, before launching more complicated inversions. We first consider a single dislocation within
an elastic medium (d = D). Because we only invert for the maximum depth of uniform coseismic
slip and long-term velocity in this model, resulting distribution are only shown for the depth D. The
inverted locking depth is 10 km and long-term plate rate v*° 30.1 mm/yr.

Following inversions consider the fault to be embedded in an elastic layer lying over a viscoelastic
medium. Inverted parameters are the coseismic uniform depth D, the elastic thickness H, the relax-
ation time ¢ g, the coseismic displacement Au and v*°. The first inversion considers creep at constant
velocity v*° between D and H (as in|Savage & Prescott||1978)). Best fitting solutions indicate rupture
depth of 10 km and elastic thickness of 18-20 km. Maximum coseismic displacement reaches 8 m.
This model favors short relaxation time, around 30-50 years. Recurrence time 7' ranges from 220 to
240 years. The second inversion assumes the creeping region to slip at constant resistive stress. This
is the model developed by Johnson & Segall| (2004). Best fitting parameters also reaches 10 km for D
and 8 m for Awu. Unlike the previous inversion, this model infers slightly higher values for the elas-
tic thickness H, between 18 to 21 km, and shorter recurrence time, around 210 years. The estimated
relaxation time t g is two to three times higher than the one in the previous inversion.

Finally, we perform the inversion using our model. Uniform rupture depth is estimated between 9
and 10 km. Estimates of elastic thickness vary from 18 to 23 km. Coseismic slip is distributed between
7 and 8 m. Recurrence time lies between 200 and 240 years. Current locking depth lies between 9 and
10.5 km, co-located at the location of most of the microseismicity. Finally, rates for propagating creep
vary between 0 and 10 m/years.

Although we found differences in parameters between the three viscoelastic earthquake cycle
inversions, Figure [6] shows that the differences in fit are limited. Our improved model shows, however,
a better range for the likelihood, compared to all other inversions. We also compute the deviance

information criterion (DIC) (Spiegelhalter et al.[[2002) to compare the fits. The deviance D(m) is
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Parameter  Dislocation Constant creep Constant stress Propagating creep

D, km 10.0 10.0 10.0 10.0
v, mm/yr 30.1 34.7 37.0 32.8
H,km 18 18.0 18.2
tr, years 45.5 101.0 70.2
Au, m 8.0 8.0 7.8
d, km 10.0
Hpeep, km 18.2
T, years 230.5* 215.0* 234.0*
Vyp, M/yr 0.43*

Table 3. Inverted parameters for best fitting solutions. Parameters with an asterisk are not inverted, but inferred

using the relations given in table

defined as
D(m) = —2log(p(d|m)) + C (18)

where d is the data, m the unknown parameters, p(y|m) the likelihood and C' a constant that later
cancels. The influence of the effective number of parameters is given by the difference between the

expectation of the deviance D(m) and the deviance of the expectation of m:

pp = D(m) — D(m). (19)
The deviance information criterion (DIC) is then computed as followed:
DIC = D(m) + 2pp. (20)

The DIC is a way of measuring model fit, similar to Akaike information criterion (AIC), but for
MCMC solutions. Models with lower DIC give the best estimated solutions. In this study, although we

increased the number of parameters, our improved model has a DIC lower than all the other inversions.

S DISCUSSION

We investigated models that include viscoelastic flow and deep interseismic creep to explain the de-
formation rates across the Carrizo Plain section of the San Andreas fault. We improved the method
develop by [Bruhat & Segall| (2017) to account for the coupling between the viscoelastic half-space
and time-dependent interseismic creep. We propose a model with a coseismic region with constant co-
seismic slip down to 10 km, then slowly tapering down to 15-20 km (Figure[7). The region of uniform

coseismic rupture, down to ~10 km is followed by a transitional region, where creep lies between the
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Figure 5. Posterior distributions for the depth of maximum coseismic slip D, the elastic thickness H, the amount

of maximum coseismic slip Awu, the half-space relaxation time tg, the recurrence time 7', and, for our model

specifically, the distribution of the current locking depth d and propagation speed of deep interseismic slip vy,.

See Figure [I] for a review of the different parameters.
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Figure 6. Best fitting models, log-likelihood distributions and corresponding deviance information criteria.

Although the difference is small, our propagating creep model fits better the data set compared to other models.
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Figure 7. Distribution of coseismic slip, slip rate, stress rate, D, d and H for our improved model. Median
solutions are indicated in bold lines, the 2-0 uncertainties are given by the shaded regions. We compare the
obtained stress rate distribution to the cumulative moment from microseismicity between 1981 and 2016 along

the Carrizo Plain (Lin et al.[2007; Hauksson et al.|[2012)).

top of the viscoelastic layer and the apparent locking depth, and potentially can migrate vertically at
speeds up to 10 m/year. This model exhibits positive stress rate within the same region than the current
microseismicity. Our results show that this model might explain the surface rates across the Carrizo
Plain section of the San Andreas fault.

Compared to the model with constant creep from Savage & Prescott| (1978) and the boundary
element model developed by [Johnson & Segalll (2004), we present a kinematic model that is much
more efficient computationally and allow the spatial migration of the creeping region during the earth-
quake cycle. We derived for this analytical expressions to compute the viscoelastic response due to
time-dependent creep. Although this model remains kinematic, it provides physical insights of the
transitional region between the locked region and the top of the viscoelastic medium.

Note that the best fitting solutions from our model have very low propagation speeds, less than a
meter per year, as shown in Figure [8 advocating for the lack of creep propagation. As a result, the
difference in fit with the model developed by Johnson & Segall| (2004) where creep occurs at constant
creep, does not seem to be caused by the additional creep propagation. The model we developed, in-
dependently from the propagation, seems to provide a more flexible solution for creep rate distribution

in the transitional region, leading to a systematic better fit.
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Figure 8. Density plot of the posterior distribution of the creep propagation speed against the log-likelihood. A
lower log-likelihood indicates a better fit. In this inversion, while we allow the possibility for vertical migration

of the locking depth, the best fitting solutions converge toward a solution which is not migrating.

All prior models assumed constant coseismic displacement along depth, meaning that the earth-
quake rupture would abruptly stop as it reaches the depth D. A sudden earthquake arrest is however
probably unlikely. Most slip inversions assume spatial smoothing between patches of high and low
slip for instance. The model we present here includes a more realistic transitional region below the
depth of uniform rupture D. It allows the presence of a transitional region where tapered coseismic
slip and migrating interseismic creep are co-located. Recent numerical studies have hinted the possi-
bility for such deeper partial coseismic ruptures (Jiang & Lapustal|2016) due to enhanced weakening
mechanisms. Although partial rupture add an extra degree of complexity when describing the tran-
sition between the locked and the creeping regions, such models improve significantly the physical
representation of the transitional region and the overall fit, as shown in Figure[6]

All the considered models assume an instantaneous characteristic rupture every 7' years. Al-
though,the cumulative response of the underneath viscoelastic medium to each characteristic earth-
quake is acknowledged, most of them neglect time-dependent afterslip and more generally postseis-
mic deformation. Postseismic slip could account for a significant part of the slip happening within the
creeping region. Only the boundary element model developed by |Johnson & Segall| (2004) considered
instantaneous slip in the region between D and H, which might be assimilated as a partial deep rup-
ture, but does not evolve with time. As the deep region of the elastic layer slips post-seismically, it also
feeds and amplifies the response of the viscoelastic medium. This additional time-dependent behavior
from the postseismic response is completely ignored in any of our viscoelastic modeling.

The variability of the typical-earthquake characteristics might also affect the long-term viscoelas-
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tic cycle model. Although the San Andreas Fault has been quiet in this region since 1857, paleoseis-
mic studies have shown that most precedent events displayed lower surface-breaking displacements,
as well as shorter recurrence time intervals (Akciz et al.[|2009, 2010; |Scharer et al.[2014)) These studies
suggest that there is no “characteristic” earthquake along the Carrizo Plain segment, and that, as a
result, the 1857 event might be a rare larger event. Note that the corollary would also suggest smaller
coseismic displacements in the geodetic inversions.

Nevertheless, we developed a model for crack propagation that considers the coupling between
the viscoelastic half-space and the creeping region. In particular, we extended the models from Bruhat
& Segall (2017) to compute viscoelastic surface rates caused by time-dependent slip rates along the
fault. Using this improved model, we found solutions for fitting the surface deformation rates that
allow for reasonable estimates for earthquake rupture depth and coseismic displacement. Above the
viscoelastic half-space, deep interseismic slip might be migrating vertically at rates up to 10 m/year,
slowly unlocking the deepest region of the elastic crust. We present a model that could be used as a
first step to explain the discrepancy between geodetically-derived locking depths and microseismicity
along the San Andreas fault. The observation of deep microseismicity and tremors suggests indeed
that there is at least some fault slip well below the nominally locked part of the fault (Nadeau &
Guilhem|2009; |Shelly|[2010). However, since the propagation velocity is very small, less than 1 km
in 100 years, it is highly likely that the creep migration could not be currently detected given the
geodetic data temporal span and the still large uncertainties on the locking depth along the San Andreas
fault. Future work should consider the use of additional data sets, such as microseismicity, repeating

earthquakes, and tremor locations, to study and better constrain this behavior in fault systems.
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APPENDIX A: VISCOELASTIC STRESSES CAUSED BY REPEATED SLIP IN THE
SEISMOGENIC REGION

Stress rates are obtained by computing the strain rates using velocities given in equation (2) and
applying Hooke’s law (Johnson & Segall [2004)). Stresses are then derived by integrating over the

duration of the time interval 7. The expression for stress at the location (zy, 2x) due to slip d; at depth

Zi is
T Wi i Y
‘ % —t/t xkazkvzu KT/t
0i(Th, 2k, 1) = 0ig— e RZ =1 Ze R(tR ) ; (A.1)
n=1 k=0
using the spatial operator W, :
Wn(l'k;,Zk;,Zi,H) = Vn(xkazk‘az’i+laH) —Vn(l'k;,Zk;,Zi,H), (Aza)
2 — 2nH + z; 2 — 2nH — z;
here V, V2, ZisH) = — A.2b
W n(Tk: 2k, 200 H) (2 — 2nH + 2;)? + a3 * (zx — 2nH — 2)? + 232 (A.2b)
zr + 2nH + z; 2+ 2nH — z;
T — 7 (A.2¢)
(zp +2nH 4+ z)2 + a7 (21 +2nH — 2)? + 23
For points on the fault, z;, = 0 and V,, simplifies to:
1 1 1 1
Vol2k, 2i, H) = — + + — (A.3)

2z —2nH + 2z, 2z —2nH — z;  zp+2nH 4+ 2z, 2z +2nH — z;

APPENDIX B: GENERALIZED EQUATIONS FOR CRACK MODEL

Following Bilby & Eshelby| (1968)), the stress drop within the crack can be expanded in Chebyshev
polynomials of the first kind 7;:

=pY aTi(u). (B.1)
=0
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Bruhat & Segall| (2017) showed that for a non-singular crack, i.e. with finite stress at the crack tip and
driven by steady displacement 6°°, ¢o = 0 and ¢; = 26°°/aw. This leads to the following expressions

for stress drop within the crack and slip:

25> =
A t) = p— i1 (€), B.2
7(&,1) umﬁJrM;c 3 (B.2)
5% _ = | U; U
s(Gt) = — [5 V1 — €2+ arcsin(é) + = | + g\/l —-2> 6 & _ Z,_Q(f)]. (B.3)
i=2
where U; are Chebyshev polynomials of the second kind.
Finally, taking the total derivative of s(&, ) to get slip-rate, we find
Dlen = gt ch’ g 5°°+Z (i ria-9)]. (B4
dt 9 (2 .
where
Ui Ui
o= /12 _ B.
fi Slict o (B:52)

fi = 2V1-8Ui, (B.5b)
g = ilfx/l—@—i—amsinf—i—;,

2
g = V1= (B.5d)

(B.5¢)

APPENDIX C: DISPLACEMENT CONDITION AT THE DOWN DIP LIMIT OF THE
CRACK

Consider a 1D crack of length a in a full space loaded at displacement §°° at the bottom end. The
average long-term rate is v at depth. The medium is loaded at constant stress 7°°. The stress acting
on the fault is 7, such that the stress drop is defined as A7 = 7°° — 7. In this part, we describe how
the bottom displacement and velocity conditions 6°° and 6 are computed such that they include
viscoelastic flow.

Equations (12.20)—-(12.21) in|Segall| (e.g.|2010, Section 12.4.1) gives the horizontal velocity at the

free surface due to the cumulative effect of N regularly spaced earthquakes:

v(z,t) = —ZT (t/tr,T/tg)Fn(x, D, H), (C.1)
where

v>™T e t/tr KTt t+ kT\n—1
To(t/tr, T/tr) = i (n— 1) - R( ) : (C.2)

Savage| (1990) noted that the viscoelastic solution given above is mathematically equivalent to
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fault slip within an elastic half-space in a series of strips at depths H,3H, ... below the coseismic
region. Time dependence is then given by the term 7, (t/tr, T /tr). Since the crack bottom end lies
at the upper limit of the viscoelastic medium, the bottom velocity condition §o° corresponds to the
velocity of the viscoelastic region at its upper end. In order to reproduce the time dependence of 5%,
we define it as a weighted sum of the first two nodes 7, from the previous equation. For large IV, it

can be rewritten as:

. 1

0™ = 3 [ﬂ(t/tR, T/tr) + Ta(t/tr, T/tr) (C3)
I S t, T 1
= e <6*T/tR,f1> 1+tR+tR<e*T/tR—1) (C.4)

This boundary condition has an exponential character and its average slip rate over the earthquake
cycle is v°°. Finally, we compute the condition §°° by numerical integration:

dt. (C.5)

5° — ;/t [Tl(t/tR,T/tR)+7§(t/tR,T/tR)
0

APPENDIX D: EVALUATION OF CREEP-INDUCED VISCOELASTIC EFFECTS

In this section, we verify the method that we developed in section 2.3 against previous codes for
creep-induced viscoelastic effects. We make use of earthquake cycle models developed by |Johnson &
Segall| (2004) to compute slip-rate profiles for interseismic creep. This model assumes that the region
between D and H is unlocked, is fixed in length during the interseismic period, and slips at constant
resistive shear stress. The solution for slip and slip rate within the creeping region is then computed
through a boundary element approach.

First we use profiles of surface rates and slip rates within the creeping region using the approach
from Johnson & Segalll (2004) to estimate the portion of surface deformation attributed to creep-
induced viscoelastic response. For a given set of input parameters: rupture depth D, elastic thickness
H, relaxation time ¢, recurrence time 7', and plate motion velocity v>°, we produce profiles of surface
rates and interseismic slip rates. Here we use D = 15 km, H = 30 km, , T" = 300 years, v>*° =
3 cm/yr. Deformation profiles for two relaxation times ¢x are displayed in figure [AT] Left panels
show profiles for surface rates and slip rates in the creeping region at ten time intervals during the
interseismic period. These profiles are computed using codes from Johnson & Segall| (2004). Top
middle panel gives surface rates due to periodic earthquake rupturing from the surface to depth D
every 1" years. These are computed using analytical solution for earthquake cycle models (as in [Segall

2010, Section 12.4.2). Bottom middle panel displays elastic deformation rates caused by interseismic
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Figure A1. Estimation of viscoelastic deformation induced by time-varying creep when tr = T7/2. Left: profiles
for surface rates and slip rates from Johnson & Segall| (2004). Top middle: surface rates due to cyclic earthquake
ruptures. Bottom middle: elastic rates caused by interseismic creep. Right: viscoelastic deformation as a function

of time, and space, caused by slip rates in bottom left panel.

creep. These surface rates relate to the slip rates displayed in the bottom left panel via elastic Green’s
functions.

Right panels display the viscoelastic deformation as a function of time, and space, due to time-
varying slip rate profiles shown in the bottom left panel. These profiles result from the subtraction of
the coseismic cycle deformation and the elastic deformation caused by creep, both displayed in middle
panels, from the original surface deformation shown in the top left panel. Figure[AT|shows that the sur-
face deformation is dominated by the earthquake cycle signal, up to 70% of the signal. The amplitude
of the elastic and viscoelastic deformation pattern are roughly similar, each accounting for 10-20% of
the total rates. However, note the different evolution, as the elastic deformation decreases both tempo-
rally and spatially, while the viscoelastic response reaches an asymptotic trend which increases with
distance from the fault. The viscoelastic signal will dominate especially late in the earthquake cycle.
Since the viscoelastic effect of interseismic creep is comparable to the elastic part, we cannot neglect
the effect of viscoelastic flow in the surface rates.

Now we compare the viscoelastic response induced by creep from Johnson & Segall| (2004) with
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Figure A2. Surface predictions of viscoelastic deformation induced by time-varying creep using the method
developed by Johnson & Segalll (2004) and ours. The recurrence time is 1" = 300 years, tg = 7/2, and the

number of time increments is 10.

our model. We use the slip rate profiles of creep from |Johnson & Segall| (2004), considering 10 time
increments, and compute the surface deformation from the viscoelastic response using equation (I5)
(see Figure [A2)). Our method reproduces the overall shape and amplitude of the surface rates, espe-
cially late in the earthquake cycle. Figure displays the misfit between the surface prediction from
Johnson & Segall| (2004) and our method as a function of the time discretization used in the boundary
element code and time. We show that the difference between the two methods decreases with finer
discretization. The main difference lies in the earliest computed time. This corresponds to the intan-
taneous coseismic deformation in the creeping response, that appears in Johnson & Segall| (2004)’s
method, but not in ours. When used for later periods in the earthquake cycle, we conclude that our

method is adequate enough to reproduce viscoelastic response induced by time-dependent creep.

APPENDIX E: 3D EFFECTS

We use the kinematic block model developed by Johnson| (2013)) to compute 2D synthetic data along
a line perpendicular to the Carrizo Plain section of the San Andreas fault (see Figure[A4). This model
considers the entire extent of the San Andreas fault in Central and Southern California. We assume the
San Andreas fault locked up to 19 km (Smith-Konter et al.|2011) and fully creeping in the northern

creeping section. Using the surface rates due to an infinitely-long fault also locked at 19 km, we



28  Lucile Bruhat

0.7 ) 300 ~
2
oo 0.6 250 =
3 os S
o O =}
ke]
z 200 g
= 041 _;::
_?5 150 §
z 031 [ f
ke]
= | [ ] 100 §
= 0.2 3 o ° s
2 ° B f o =
= 01 [ ] f 50
0 | | | | 1 | , | ’ | [ ] 8
5 10 15 20 25 30 35 40 45 50 55

Number of time increments in Johnson & Segall (2004)’s code

Figure A3. Comparison between the surface prediction of viscoelastic deformation induced by time-varying

creep from Johnson & Segall| (2004) (dpEar) and our method (derqcr) as a function of the time discretization

used in the boundary element code and time. The recurrence time is 7' = 300 years and tp = T/2.

compute the difference between the 1D and the 2D models that we considered as a correction to the

surface rates. Corrected data are displayed in Figure/[T]
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Figure A4. Estimation of 3D effects (locking depth is 19 km)
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