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Abstract.

I re-examine the lower crust and mantle relaxation following two large events
in the Mojave Desert: the 1992 M7.3 Landers and 1999 M7.1 Hector Mine,
California, earthquakes. Time series from continuous GPS sites out to 300
km from the ruptures are used to constrain models of postseismic relaxation.
Crustal motions in the Mojave Desert region are elevated above background
for several years following each event. To account for broadscale relaxation
of the lower crust and mantle, the Burgers body model is employed, involv-
ing transient and steady-state viscosities. Joint afterslip / postseismic relax-
ation modeling of the GPS time series up to one decade following the Hec-
tor Mine earthquake reveals a significant rheological contrast between a northwest-
trending ‘southwest domain’ (that envelopes the San Andreas fault system
and western Mojave Desert) and an adjacent ‘northeast domain’ (that en-
velopes the Landers and Hector Mine rupture areas in the central Mojave
Desert). The steady-state viscosity of the northeast-domain mantle astheno-
sphere is inferred to be ~ 4 times greater than that of the southwest do-
main. This pattern is counter to that expected for regional heat flow, which
is higher in the northeast domain, but it is explicable by means of a non-linear
rheology that includes dependence on both strain rate and water concentra-
tion. I infer that the southwest-domain mantle has a relatively low steady-
state viscosity because of its high strain rate and water content. The rela-
tively low mantle water content of the northeast domain is interpreted to re-
sult from the continual extraction of water through igneous and volcanic ac-

tivity over the past ~ 20 Myr.

(©2015 American Geophysical Union. All Rights Reserved.



1. Introduction

Satellite-based observations of post-earthquake relaxation have provided valuable data
that constrain postseismic deformation processes. In diverse tectonic regimes, observations
made from months to years following a M 2> 7 earthquake permit the inference of lower
crust and mantle rheology [Savage, 1983; Cohen, 1999; Biirgmann and Dresen, 2008;
Thatcher and Pollitz, 2008; Hammond et al., 2009; Wright et al., 2013]. In the context
of linear, radially stratified viscoelastic rheologies, inference of viscosities in the ductile
sub-lithosphere typically yield a ‘strong’ lower crust, of effective viscosity > 10?° Pa s and
a ‘weak’ upper mantle of effective viscosity < 10! Pa s. This pattern is confirmed by
values of effective viscosity estimated in the context of stress- and temperature-dependent
rheologies [Freed et al., 2012], and yield a picture in which the lower crust is essentially
elastic and the mantle relaxes vigorously on a timescale of years to decades following an
earthquake.

Estimation of depth-dependent viscosity would ideally be based on harnessing available
post-earthquake crustal motion data at both near-field and far-field distances from the
earthquake source. This allows sampling of relaxation both in the shallow mantle, where it
is expected to be vigorous and affect mainly near-field sites (e.g. within about two elastic
plate thicknesses of the source), and the deeper mantle, where the relaxation is expected
to be more subdued but also broader [e.g. Cohen, 1982; Freed and Biirgmann, 2004; Het-
land and Hager, 2005; Hearn et al., 2009] and affect mainly far-field sites. Using data at
near-field distances is complicated by the possibilities of poro-elastic rebound [e.g. Peltzer

et al., 1996, 1998; Fialko, 2004] and shallow or deep afterslip [e.g. Savage and Svarc, 1997,
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Perfettini and Avouac, 2007]. The former is considered most important very close to the
fault zone based on clear distortions of very near-field postseismic motions constrained
by InSAR [Peltzer et al., 1996; Jonsson et al., 2003]. Discrimination of broadscale lower
crust and mantle relaxation is more challenging and has been based of two chief types
of discriminants: 1. The vertical postseismic surface motions, for which the broadscale
relaxation and shallow afterslip processes are predicted to be nearly anti-correlated, and 2.
The far-field horizontal surface motions, which are negligible for afterslip and substantial
for broadscale relaxation. Both types of discriminant have been used in practice [e.g. Pol-
Litz et al., 2000, 2001; Nishimura and Thatcher, 2003; Pollitz, 2003; Freed and Birgmann,
2004; Gourmelen and Amelung, 2005; Freed et al., 2007; Pollitz and Thatcher, 2010; Freed
et al., 2012].

In this study I use more than one decade of GPS observations of postseismic relaxation
in the Mojave Desert, California, following the June 28, 1992 M7.3 Landers earthquake
and October 16, 1999 M7.1 Hector Mine earthquake. These quakes occurred within the
Eastern California Shear Zone (ECSZ) south of the Garlock fault, a zone of active defor-
mation east of the San Andreas fault system. I apply models of quasi-static deformation
to the postseismic relaxation following the Landers and Hector Mine quakes in order to
infer radially and laterally variable viscoelastic structure. The most conservative approach
towards inferring regional mantle viscoelastic structure is to restrict attention to far-field
data in order to avoid complications of shallow afterslip and lower crust relaxation [e.g.
Freed et al., 2007, 2012]. The alternative is to include all available relaxation data but
to comsider simultaneously afterslip and lower crust and mantle relaxation, as has been

done to interpret post-earthquake motions elsewhere [e.g. Hearn et al., 2009; Shao et al.,
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2011; Rousset et al., 2012; Huang et al., 2014; Hu et al., 2014]. Given the benefits in
terms of resolving regional viscoelastic structure [Pollitz and Thatcher, 2010; Hines and
Hetland, 2013] and exploiting the relaxation signal that is expected to be vigorous in the
near-field, I adopt the latter approach. Use of a wide aperture of observations carries
the additional benefit that one may potentially constrain lateral variations in regional
viscoelastic structure. Such variations have been deemed important in both theoretical
studies [e.g. Cohen, 1994, 2000] and applied studies in strike-slip settings [Ryder et al.,
2011; Pollitz et al., 2012; Huang et al., 2014] and subduction zone settings [Khazaradze
et-al., 2002; Hu and Wang, 2012; Hu et al., 2014]. T will document that the post-Hector
Mine GPS observations illuminate a first order contrast in rheological properties between

the central Mojave Desert and the San Andreas plate boundary zone.

2. Data set

[ utilize three-dimensional time series of 109 regional GPS sites within 300 km of the
Hector Mine centroid (Figure 1). These are extracted from the Nevada Geodetic Labora-
tory (NGL) archive (http://geodesy.unr.edu/gps_timeseries/tenv3/NA12/). These time
series have been processed by NGL in a fixed North America reference frame [Blewitt
et al., 2013]. T consider postseismic crustal deformation for the period between the 1992
Landers and 1999 Hector Mine earthquakes and in the 10.46 years following the 1999 Hec-
tor Mine earthquake, i.e., up to the time of the April 4, 2010 M7.2 El Mayor - Cucapah
earthquake. Observed time series at selected sites are shown in Figure 2.

I'seek to isolate the transient signal in the observed time series. This is the observed
deformation that is not attributable to either steady background motions or seasonal
signals. I assume a trial model consisting of time-dependent displacement produced by
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afterslip wa.g(t) and broadscale relaxation wu, and estimate: (1) a steady background
velocity, (2) seasonal terms of the time series, and (3) (for those time series beginning
before the 1999 Hector Mine earthquake) the coseismic displacement step of the Hector
Mine earthquake. I then correct each observed time series for the background velocity
and seasonal terms. Specifically, defining ¢y as the origin time of the 1999 Hector Mine

earthquake, I parameterize a model postseismic time series displacement tuy,q(t) as

um0d<t) = uaft(t) + urel(t) + G1H<t — to) + as + Gg(t — to)

+ay cos(27t) + as sin(27t) + ag cos(4nt) + a7 sin(4nt). (1)

The ay term represents the coseismic jump in displacement at ¢y, the as term an initial
displacement, the a3 term the background (i.e., pre-1992 Landers) velocity, and remaining
terms the annual and semi-annual seasonal displacements. Linear least squares inversion
is used to minimize the Lo norm of the difference uyoq — uohs and determine the seven
constants a; from observations ueps(t) at distinct times ¢ = t¢;; typically hundreds or
thousands of time samples are used in such an inversion. For the vertical time series,
[ assume that the background velocity is zero, hence the az term is fixed at zero when

fitting these time series. The corrected observed time series is then

Ul () = uops(t) — [ag + az(t — to) + aq cos(27t) + as sin(27t) + ag cos(4nt) + ag sin(4nt)]
2)

Observed corrected time series u!, _ at selected sites are shown in Figure 2. If no transient
velocity signals were present, the time series in pre- and post-Hector Mine time intervals
would be flat. The corrected time series generally exhibit a significant slope averaged over

several years, particularly in the post-Hector Mine epoch, and several time series exhibit
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curvature suggestive of a relaxation process with an exponentially decaying temporal
dependence. Excursions in several time series during 2005, particularly in the vertical
component, are attributable to the effects of the very wet winter of 2004-2005 [Ji and
Herring, 2012].

I determine the average velocity following the Hector Mine event within distinct time
intervals. Since the observed time series have considerable scatter, I first smooth all ob-
served time series with parametric curves. Often, this curve is chosen to be a logarithmic
function [e.g. Freed et al., 2007, 2012], or a combination of a logarithmic function and a
decaying exponential, which is more appropriate for prolonged (several years) periods of
postseismic relaxation. As an alternative, here I use bi-cubic spline fitting of these time

series. This involves a greater number of parameters but can better account for system-

!/

atic trends in the time series. Corrected observations u/,

(t;) over the entire available
time interval following the Hector Mine event are fit with a model of two separate cubic

polynomials joined at break point #,eqx:
Ucube (t) = bO + bl (t - tbreak) + b2 (t - tbreak)z + b3 (t - tbreak)g (t < tbreak)

Ugiibe () = bo 4 b1 (t — treak) + ba(t = torear)” + b5(f — torear)® (¢ > toreax) (3)
This parameterization enforces the condition of continuity of displacement and velocity
at t = tpreax, this reduces the number of parameters needed for the two cubic polynomi-
als from 8 to 6. For a given time series the constants {b;,7 = 0,---,5} are found by
minimizing the misfit function

= Z (Uébs(tz‘) ;Ucube(tz‘))2 (@)

)
ti>to
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where 0; is the standard error in the observation. The estimated average observed velocity

over-any post-Hector Mine time interval (z1, z5) is

ucube<x2) — ucube(xl) (5)
To — I

Vobs =

with standard error denoted by o,(x1, xs), derived through propagation of errors through
the cubic model fit of the data. Robust fits to the time series are generally obtained by
choosing ... to be two years after the Hector Mine event, i.e., tq + 2 years. This choice
allows the bi-cubic polynomial parameterization to replicate accurately both logarithmic
functions and a superposition of exponentially-decaying functions that may include one
associated with a rapid transient (i.e., a decay time much shorter than two years). Note
that the bi-cubic polynomial fits to the observed time series (green curves in Figure 2)
accurately capture the smoothly varying trends in the data, even if these trends are not
always consistent with the supposition of a monotonically decaying transient, e.g., the
DSSC vertical or CSN1 north-component time series. This is what the bi-cubic curves
are designed to do in order to stabilize the estimation of velocity by means of eqn 5.
The corrected observed horizontal velocity fields for three selected postseismic time pe-
riods-are shown in Figure 3, and the vertical velocity fields in Figures 4, Figure S-1, and
Figure S-2. The vertical velocity field is retained only at sites within 150 km of the Hec-
tor Mine rupture, as these are expected to exhibit the largest tectonic signals associated
with excitation from the Hector Mine source. Since the background velocity field has,
in principle, been subtracted, these velocity fields represent the transient velocity field
that is attributable to processes unique to the postseismic epoch, e.g. afterslip and/or
broadscale relaxation. The horizontal and vertical velocity fields conform closely to the

quadrant pattern expected for these processes, suggesting that most of the background
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velocity field has been subtracted from the initial observed velocity field. The vertical ve-
locity pattern is a useful discriminant between the afterslip and deep (mantle) relaxation
processes, and the pattern in Figures S-1 and 4 are anti-correlated with the coseismic ver-
tical displacement field and therefore qualitatively consistent with deep relaxation rather
than afterslip [Pollitz et al., 2000, 2001].

Velocities are potentially contaminated by non-tectonic perturbations, the largest of
which is likely that induced by the wet 2004-2005 winter, which affects many GPS time
series (Figure 2). I find that the year 2005 excursions have a negligible effect on estimated
velocities during the 2.5 - 10.46 years time period; these velocities are nearly unchanged

if the 2005 portion of the time series are removed.

3. Models

3.1. Coseismic slip models

For the 1999 Hector Mine earthquake I use a 24-plane representation of the distributed
slip model of Jdnsson et al. [2002], which is based on joint GPS and InSAR dislocation
modeling (Figure S-3). The slip distribution involves right-lateral slip up to about 6
meters on a ~ 56 km length of faults that includes the Lavic Lake fault and a more
northerly-trending branch that bifurcates from this fault (green traces in Figure 1).

A T-plane approximation to the rupture model of Wald and Heaton [1994] is employed
for the 1992 Landers earthquake. The event involved right-lateral slip up to about 7

meters over a length of ~ 80 km.
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3.2. Afterslip following the 1999 Hector Mine earthquake

[ allow for possible afterslip using the Jdnsson et al. [2002] slip surface and its downdip
extension. The afterslip is parameterized with uniform right-lateral slip on each of
Npaten = 32 patches which envelop the Jdnsson et al. [2002] Hector Mine coseismic rup-
ture plane and continue on a down dip extension to 30 km depth. The vast majority of
aftershocks lie north of ~ 34.6°N [Li et al., 2002], i.e., within the northern area spanned
by the assumed coseismic rupture plane and its down dip extension, but possible afterslip
south of the aftershock region is included.

Afterslip is implemented kinematically and is not coupled with the viscoelastic flow.
This is an alternative to a mechanically-driven afterslip process [e.g. Perfettini and
Avouac, 2007] that would depend on the stress changes induced by the coseismic slip
model. Here afterslip is realized with a Monte Carlo simulation of forward models. In one
realization, the average afterslip § is randomized according to the uniform distribution:
5 =U(0, Smax), where spax is a maximum average which I take to be 2.5 m. The slip values
si-on-each of the afterslip patches are then randomized to u; = U(0, 1) and normalized to
s, i.e.

U;

S; = ngatchm (6)

Do

For a given afterslip model {s;}, time-dependent deformation following the 1999 Hector
Mine event is calculated by convolving this model with the static Green’s functions on a

spherically layered earth model and assuming an exponential time dependence:

t— 1

Ta

van(r,t) = 3 /rlepmhi 5; G(r,x'; VL) {1 ~ exp (— )} t>t)  (7)

where G(r,1’; Mz) is the static Green’s function for a unit displacement component at r

from a point source at r’ with a given dislocation geometry on patch ¢, denoted by the
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unit moment tensor M;. The exponential time dependence is consistent with models of
the afterslip process in a variety of tectonic settings. The time constant 7, ranges from
a few days to months for many studied earthquakes [e.g. Shen et al., 1994; Savage and
Svarc, 2005; Perfettini and Avouac, 2007]. 1 use the value 7, = 0.25 year, close to the
value 0.32+0.18 year obtained for near-field post-Hector Mine deformation [Savage et al.,

2003],

3.3. Lower crust and mantle relaxation

Viscoelastic relaxation of the lower crust and upper mantle is calculated using the
spectral element method code VISCO2.5D, which yields a 3D quasi-static displacement
fieldfor 2D structures in a spherical geometry [Pollitz, 2014]. This approach assumes
linear viscoelasticity and that the viscoelastic structure is azimuthally symmetric about
a prescribed pole. Quasi-static displacements are first calculated in the Laplace trans-
formrdomain, and time-domain displacement is then obtained through an inverse Laplace
transform evaluation.

I'choose the pole of symmetry to be at —32.8°N, 174.3°E and define the model domain
to be an annulus on the unit sphere between small circles located 90° and 98.63° from
this pole (Figure 1c¢). This envelopes much of southern California from its southern coast
region to adjacent Nevada and Arizona. The radial part of the domain extends from a
depth of 300 km to earth’s surface, hence the computational domain is of dimensions
8.63 geocentric degrees (960 km) x300 km. A zero-displacement boundary condition is
applied at the base of the model, and Robin boundary conditions meant to approximate

the far-field decay of quasi-static displacements with lateral distance from the source is
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applied to the annular boundaries. A sum over a series of azimuthal order numbers is
used to synthesize the 3D quasi-static displacement field over the model volume.

This method is applied to the coseismic slip models of the Landers and Hector Mine
earthquakes (section 3.1) to calculate post-earthquake relaxation in a defined volume
around these sources, including regional GPS sites. Summing the contributions from
both-sources yields time series displacement from viscoelastic relaxation u(t) at every

point in the model volume.

3.4. Velocity
For given models of afterslip w,g(t) and relaxation u.(t), model displacement ty,oq(%)

is given by eqn 1. To render the model directly comparable with the observed transient

/

Uobs

that has the background and seasonal components removed, we consider that part of

the model representing transient tectonic deformation:

Ul oq(t) = Umod (t) — a1 + as(t — to) + aq cos(27t) + as sin(27t) + ag cos(4nt) + ay sin(4rt)]

mod

= Uaf () + Urel () + a1 H(t — 1) (8)

/
mod

/

Ibs) In order

The coseismic step a;H(t — to) is retained in u! 4(t) (and implicitly in u
to help visualize the difference between pre-Hector Mine and post-Hector Mine transient
displacement and to emphasize the size of these transients relative to the coseismic step.

The transient model velocity in a time interval (xy,z5) (that excludes the origin time

tg) is determined directly from uyoq as

/ o
Vinod = Umod ($2) umod(xl) ‘ (9)
To — Iy
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4. Rheology models

4.1. Choice of rheology

In the Mojave Desert [Pollitz, 2003; Freed et al., 2012] and elsewhere [e.g. Pollitz, 2005;
Hetland and Hager, 2005, 2006; Hearn et al., 2009; Ryder et al., 2011; Pollitz et al., 2012;
Wang et al., 2012; Huang et al., 2014] it has been recognized that a transient rheology is
necessary to explain the time-dependence of observed relaxation. An initial rapid tran-
sient and subsequent transition to more steady postseismic motions at much slower rates
are consistent with laboratory observations of transient creep followed by steady state
creep at much lower strain rates [Chopra, 1997; Post, 1977]. This behavior is often rep-
resented with a Burgers body, which may be represented with springs and dashpots as a
Kelvin element in series with a Maxwell element (inset of Figure 5) associated with a tran-
sient viscosity and steady-state viscosity, respectively. The Maxwell component may be
implemented as either a linear (stress-independent) rheology [e.g. Pollitz, 2003; Hetland
and Hager, 2005] or non-linear (stress-dependent) rheology [Freed et al., 2012]. T adopt
the Burgers body model for the mantle with a linear rheology for its steady-state compo-
nent, noting that its steady-state component can be reconciled with a stress-dependent
rheology provided that the background stress is much larger than the stress change im-
parted by the imposed source. If that is the case, then a stress-dependent rheological law
given by an Arrhenius relation [Birgmann and Dresen, 2008] may be approximated by a
stress-independent law for an equivalent (linear) Maxwell body with a stress-independent
effective viscosity. This steady-state rheology may then be appended with a transient com-
ponent using the Burgers body model. I assume a Maxwell rheology for the lower crust

because its material relaxation time is typically several decades [Thatcher and Pollitz,
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2008], an order of magnitude greater than the material relaxation time associated with
the steady-state mantle viscosity, so a possible transient component cannot be resolved
with the present data set.

I consider several viscoelastic models to characterize the regional postseismic deforma-
tion. All models have a Burgers body rheology in the upper mantle and Maxwell rheology
in the lower crust. The Burgers body rheology [Pollitz, 2003; Hetland and Hager, 2005;
Hearn et al., 2009; Segall, 2010] is prescribed by bulk modulus &, transient viscosity and
shear modulus 7, and s, and steady state viscosity and shear modulus n; and pq. The
Maxwell rheology is realized as an endmember alternatively by specifying 7, = co or the

combination of 7; = co and py = 0.

4.2. Laterally homogeneous models

A set of laterally homogeneous (i.e., radially stratified) models is represented in Figure
5. These models involve a mantle characterized by a Burgers body, a Maxwellian lower
crust, and an elastic upper crust. The steady state viscosity in the mantle is assumed
constant in the separate depth ranges 30 - 43 km and 43 - 220 km. The discontinuity at
43 km is meant to mark the base of a high-viscosity mantle lithosphere. This boundary
is in reality not sharp and in the study area may be located somewhat deeper at > 50
km depth [Lekic et al., 2011; Smith-Konter et al., 2014]. The material between 220 and
300 km depth is assigned a Maxwell rheology with viscosity 1, = 10?° Pa s in order to
account for the expected increase of viscosity with increasing pressure [e.g. Karato and
Jung, 2003]. The ratio of steady state viscosity in the 30 - 43 km range to that in the
43 - 220 km range is assumed to equal 5, in conformity with laboratory-derived flow laws

applied to typical uppermost mantle conditions [e.g. Birgmann and Dresen, 2008; Ranalli,
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1995]. Similarly, the ratio of lower crust to uppermost mantle viscosity is consistent with
laboratory-derived flow laws for felsic or magic granulite [ Wilks and Carter, 1990]. Models
1 to 5 are trial models that explore a range of steady-state and transient mantle viscosities.
Model 6 is the preferred model of Pollitz [2003] based on three years of postseismic GPS

observations. It represents a low-viscosity endmember of the considered models.

4.3. Laterally heterogeneous models

The physical state of the southern California crust and mantle are constrained by seismic
velocity imaging [e.g. Tian et al., 2007; Yang et al., 2008; Tape et al., 2010; Schmandt
and Humphreys, 2010], the crustal thickness pattern [Richards-Dinger and Shearer, 1997,
Kohler and Davis, 1997; Zhu and Kanamori, 2000; Yan and Clayton, 2007; Ozakin and
Ben-Zion, 2014], and regional heat flow. Uppermost mantle seismic velocities exhibit
an approximately northwest-southeast trending fabric with a contrast across a NW-SE
trending boundary that roughly divides the western and central Mojave Desert [Yang
et al., 2008; Schmandt and Humphreys, 2010]. Heat flow values in southern California
(Figure 6a) exhibit a step-like increase across a similar boundary dividing the western
and central Mojave Desert, best seen when averaged in the N40°W direction (Figure 6b).
The crustal thickness pattern determined by the above studies exhibit an approximate
step in thickness from ~ 28 — 30 to ~ 33 km across roughly the same boundary. This is
exemplified by the Yan and Clayton [2007] crustal thickness pattern in Figure S-4 based
on teleseismic receiver function analysis, which is similar to the pattern obtained by the
other studies.

I assume that the lateral variations in uppermost mantle seismic velocity, heat flow, and

crustal thickness are diagnostic of different mantle rheologies in two contrasting domains
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without regard to the precise nature of the origin of this difference. I construct a 2D
viscoelastic structure consisting of separate northeast’ and ‘southwest’ domains, the two
domains being divided by a boundary that approximately coincides with the Lenwood-
Lockhart fault and the southern San Andreas fault south of the Pinto Mountain fault
(Figure 1). Trial viscoelastic structures are assumed laterally homogeneous within each
respective domain.

In the next session I present evidence that these two domains possess very different
viscoelastic structures. The crustal thickness, although possible to include as an inde-
pendent parameter, is assigned the value 30 km under both domains. It is of secondary
importance because the viscosities of the lower crust and mantle lithosphere are relatively
large in all considered models, and thus these volumes accommodate little relaxation.
The chief property affecting the postseismic relaxation will prove to be the transient and

steady-state viscosities of the mantle asthenosphere.

5. Fit of rheology models to observed postseismic relaxation

5.1. Measures of model misfit

3D welocities in selected time periods are used to evaluate how well candidate rheology
models fit the observed postseismic deformation field. Specifically, a number of non-
overlapping time periods (:L']l, xé) are used to evaluate misfit separately for horizontal and

vertical velocity components:

X%{(le" :C%) _ Z [(UTfEb(;J(if;%od] [(Uf\f()j?s(;j(zfj;j]xzod] (] =1,2, 3) (10)
Gt =Y [(”U[Sj’s (;j(jjij“;d] G123 (1)
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where vob and vfﬁédj are the observed and model velocity at site n in time interval j,

S

respectively, and E, N, and U denote East, North, and Up components, respectively.

A related measure is the root-mean-square velocity misfit:

[SIES

o 2 (d pud
RMS VH(LU{,I"%) = Z 1XH($1f2) 1 (j = 17 27 3) (12)
n [ n iN]?

JvE (I{,;EQ)]

X (2], 73)

IENE
A final measure is the root-mean-square velocity misfit averaged over all time periods

RMS vy (2], z)) =

o, (] 7762)]

and over horizontal and vertical components:

Z il 23) + x¥ (2], 22)

> 2 " el el

2
[UvE £B17:)32):| JLLN (levx%)]

RMSv =

(14)

5.2. Laterally homogeneous models

Time-dependent variations in the post-earthquake relaxation are captured by con-
sidering average crustal velocity within the following three time intervals: (z7,z3) =
(0,6 months, (2%, z3) = (6 months, 2.5 years ), and (23, x3) = (2.5 years, 10.46 years ). The
earliest time interval captures the rapid early relaxation, and the last time interval cap-
tures the longer-term relaxation that is expected to proceed at much slower rates. The last
time interval finishes at the time of the M7.2 4 April 2010 EI Mayor - Cucapah earthquake
in order to avoid any perturbations from that event.

Model misfit for each of the six laterally homogeneous models prescribed in Figure 5
in these time periods is shown in Figure S-5 for horizontal and vertical components. The
corresponding model misfit averaged over all time periods is shown in Figure 7. These

result from 200000 realizations of random afterslip distributions as described in section 3.2.

All patterns are summarized in terms of the total potency (ie., summed slip times area) of
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the afterslip model. The scatter for any given model arises from different combinations of
slip that give rise to the same potency; for a given potency, some models perform better
than others. The best-performing models are Model 1 and Model 3, with steady-state

mantle viscosities of 7; = 10! and 4 x 10 Pa s, respectively..

5.3. Laterally heterogeneous models

As a first step towards obtaining an improvement over laterally homogeneous models,
I explore hybrid 2D viscoelastic structures consisting of Model 1 structure in one domain
(northeast or southwest domain in Figure 1) and Model 3 structure in the other domain.
I find that a hybrid 2D structure, consisting of Model 3 structure in the northeast domain
and'Model 1 structure in the southwest domain, yields a slightly better RMS v fit than that
of Model 1 (Figure 7), but the alternative combination (Model 3 structure in the southwest
domain and Model 1 structure in the northeast domain) performs worse. Despite the
apparent similarity in performance ( RMS v = 0.262 mm/yr for the laterally homogeneous
Model 1 versus 0.252 mm/yr for the hybrid model), an F-test indicates that the hybrid
model is an improvement over the laterally homogeneous model at nearly the 100% level.

This follows from the definition of the F-statistic

[(RMSv1)* — (RMSv,)?] /(p2 — p1)

F= (RMSv2)2/(n — ps)

(15)

where p; = 5 is the number of independent parameters in one laterally homogeneous
model (variable Kelvin and Maxwell viscosities in the mantle asthenosphere and mantle
lithosphere; variable Maxwell viscosity in the lower crust); ps = 10 is the number of
independent parameters in a trial hybrid structure; n = 765 is the number of independent

data (109 %2 horizontal velocities and 37 vertical velocities observed in three time periods);
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RMS vy = 0.262 mm/yr and RMS vy = 0.252 mm/yr. This yields F' = 12.2, which is more
than99.9% significant.

I examine a wider range of 2D hybrid models using the Model 1 and Model 3 structures
as a guide. I parameterize trial viscoelastic structures in the southwest domain as Model
1 structure modified such that 1; below 43 km depth may vary from 1.25 x 10'® to 4 x 10
Pa s, with the ratio n,/m; fixed at the value 4.17. Viscoelastic structures in the northeast
domain are parameterized as Model 3 structure such that 7; below 43 km depth may vary
from 1.0 x 10'? to 3.2 x 10?° Pa s, with the ratio 79/, fixed at the value 10.

The overall misfit RMSv is evaluated as a function of NE-domain 7; and SW-domain
n.. For each 2D viscoelastic structure I obtain the minimum RMS v resulting from 200000
random afterslip models. The pattern shown in Figure 8 depicts the minimum RMSv as
a function of the trial viscoelastic parameters. All viscoelastic models within the range
considered in Figure 8 fit the data better than a null model, i.e., one with no relaxation
(trer= 0), which has RMSv = 0.36 mm/yr. The smallest RMSv is achieved with SW-
domain 17, = 10! Pa s and NE-domain 7, = 4 x 10* Pa s. The hybrid viscoelastic
structure associated with the smallest RMSv (black triangle in Figure 8), which I shall
refer to as the ‘optimal 2D viscoelastic structure’, is depicted in Figure 9.

It is identical to the hybrid of the two best laterally homogeneous models — the Model
1 + Model 3 structure presented in Figure 7.

The discrimination of laterally variable structure from laterally homogeneous structures
is possible because of the use of both horizontal and vertical postseismic motions. This
is illuminated by the pattern of horizontal and vertical velocity rms misfits, RMS vy and

RMSvy (Figure S-6). The optimal 2D viscoelastic structure is a compromise among
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the fits of horizontal and vertical data among different time periods, which collectively
constrain both the NE-domain and SW-domain 7; more tightly than any single data type
or time period alone. An F-test indicates that the optimal structure is significantly better
at the 99% level than any model with RMSv > 0.255. This suggests that the NE-domain
n lies within the range 2.5 — 5 x 10! Pa s, i.e., about 2.5 to 5 times higher than the
SW-domain 7.

Model time series and velocity vectors for the optimal 2D viscoelastic structure are
shown in Figures 2 and 3, respectively. These time series contain only transient signals,
i.e: those generated by viscoelastic relaxation, afterslip, and the coseismic step at the
time of the Hector Mine quake. They generally capture the observed rapid early transient
and much longer slow transient over the subsequent decade.

The juxtaposed mantle domains of contrasting rheology predict different postseismic
flow patterns at depth. This is demonstrated by comparing depth-dependent cumulative
postseismic displacements for laterally homogeneous and laterally heterogeneous models.
The latter differs from the former via the reduced mantle viscosities 7; and 7, assigned to
the southwest domain. Comparing Figures S-7a and S-7b for these two cases, the effect
of its relatively low viscosity is to amplify postseismic displacements within the southwest

domain and the proximal part of the northeast domain.

5.4. Independent mantle viscosity estimates

The steady-state viscosity pattern under the two domains is compared with independent
estimates in Figure 9. The mantle lithosphere viscosity of 2 x 10%° Pa s for the northeast
domain agrees with the range obtained by Behr and Hirth [2014] for mantle xenoliths of

the Cima volcanic field. The mantle asthenosphere viscosity of 4 x 10! Pa s is within
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the wide range obtained for Basin and Range xenoliths [Ave’Lallemant et al., 1980] as
interpreted in Figure 8 of Behr and Hirth [2014]. It agrees well with the range of 3
to 5 x 10 Pa s obtained by Freed et al. [2012] using a joint transient and non-linear
steady-state rheology model to interpret the first 7 years post-Hector Mine postseismic
deformation. Under the northeast domain, the mantle asthenosphere viscosity estimate of
10'? Pa s agrees well with the range 8 to 10 x 10*® Pa s estimated by Smith-Konter et al.
[2014] using a viscoelastic earthquake cycle model to interpret tide gauge measurements.

The transient viscosity of 4 x 10'® Pa s for the northeast-domain mantle asthenosphere
is.comparable with the range ~ 3 to 10 x 10'® Pa s obtained by Hammond et al. [2010]
using a Maxwellian rheology model to interpret the post-Hector Mine relaxation pattern
in southern Nevada from 1999 to 2009. These viscosity estimates, however, are much
higher than the ~ 10'® Pa s obtained by Kaufmann and Amelung [2000] and Cavalié
et al. [2007] for the response of the Lake Mead, Nevada, region to changes in surface
loads using leveling and InSAR data, respectively. This could indicate additional lateral
variations within the northeast domain or that a non-linear rheology (see next section)
combined with a relatively high strain rate is applicable to the relaxing mantle beneath

Lake Mead following abrupt lake level changes.

6. Physical interpretation of laterally heterogeneous rheology

The preceding results imply that the mantle of the central Mojave Desert is much
stronger than the mantle of the western Mojave Desert and the region surrounding the San
Andreas fault. Factors affecting the effective viscosity of ductile rock include temperature,
strain rate, and water concentration [e.g. Birgmann and Dresen, 2008]. For non-linear
power-law creep, the appropriate constitutive equation for olivine in the shallow upper
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mantle is [Hirth and Kohlstedt, 2003; Karato and Jung, 2003]
¢ = Ao" (Con)" e/ H* = Q"+ PV* (16)

where ¢ is the strain rate, A is a constant, o is the deviatoric stress, n is the stress
exponent, Cpy is the water concentration, r is the water fugacity exponent, H* is the
activation enthalpy, Q* and V* are the activation energy and volume, respectively, P is
pressure, T is absolute temperature, and R is the gas constant. n, A, Q* and V* may be
determined experimentally. The effective viscosity is one-half the ratio of stress to strain
rate:

1 _ .
et = §A_l/n eI (Con) r/n e H nRT (17)

Based on eqn 17 , the lower value of steady-state viscosity in the southwest domain (Fig-
ure 9) could imply either higher mantle temperature, a higher strain rate, or higher water
concentration. Surface heat flow is a guide to mantle temperature. Remarkably, the heat
flow values (Figure 6a) tend to be lower in the southwest domain, where the steady-state
mantle viscosity is lower (Figure 9). This is recast in Figure 6b, where the heat flow values
are laterally averaged along the N40°W direction and plotted along the N50°E profile dis-
tance. The laterally averaged heat flow values are much lower where the mantle viscosity
is lower. Heat flow depends upon numerous factors, chiefly crustal thickness, radiogeneic
heat production in the crust, and temperature at the crust-mantle boundary [e.g. Afonso
and Ranalli, 2004]. Neither the crustal thickness nor the lithospheric thickness varies
greatly across the Mojave Desert and adjacent San Andreas fault zone [Richards-Dinger
and Shearer, 1997; Lekic et al., 2011]. However, advective heat transfer from magmatic
sources is believed to play an important combined role with lithospheric thinning in the

Basin and Range [e.g. Morgan and Gosnold, 1989; Mareschal and Bergantz, 1990]. An
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uncertain part of the high heat flow in the northeast domain reflects such advective heat
transfer. A further constraint is provided by uppermost mantle seismic velocities, which
are lower in the uppermost ~ 200 km of the mantle of the northeast domain than south-
west domain [Yang et al., 2008; Schmandt and Humphreys, 2010]. If temperature is the
dominant factor shaping the seismic velocity pattern, then mantle temperature in the
uppet. ~ 200 km is higher in the northeast domain, consistent with surface heat flow.
Figure 6 then implies that the estimated steady-state mantle viscosity is anti-correlated
with mantle temperature and thus shaped by factors other than temperature.

I propose that water concentration in the shallow mantle is an important factor affecting
mantle viscosity around southern California. Its capability for explaining the laterally
variable steady-state viscosity is demonstrated with viscosity profiles using either a water-
saturated olivine rheology or a ‘damp’ olivine rheology and identical temperature profiles
(Figure 10). Cop values in the water-saturated case are from Table 3 of Dizon et al. [2004],
which have Coy = 1361 in the shallow asthenosphere and increasing with depth. The
damp viscosity profile is derived from assigning Coy values 18% of the water-saturated
values. This is consistent with Cop = 250 ppm H/Si obtained by Behr and Hirth [2014]
for shallow mantle xenoliths from the Cima volcanic field, which is located in the northeast
domain.

From Figure S-8, the strain rates appropriate for the southwest and northeast domains
are € ~ 6 x 1071 /s and 2 x 1071%/s, respectively. The viscosity profiles in Figure 10 are
calculated for strain rates of 107!*/s and 107'% /s for lower crust and mantle materials and
additionally 2x 1071% /s in the mantle. Whether these crustal strain rates are applicable to

the underlying mantle is uncertain, but I consider it likely that the mantle strain rates do
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not exceed these values. Both differing strain rate and hydration level appear necessary
to explain the factor of ~ 4 difference in steady-state mantle viscosity 7, between the
two domains. Although water-saturated and damp viscosity profiles at a given strain rate
differ by only a factor of ~ 2, water-saturated olivine at ¢ = 2 x 1071°/s underpredicts
m of the northeast domain, and damp olivine at ¢ = 6 x 107'°/s overpredicts n; of the
southwest domain. This suggests that water-saturated olivine and damp olivine mantle
(combined with either felsic granulite or mafic granulite in the lower crust) best describe
the average compositions within the southwest and northeast domains, respectively.
Uncertainties in the above analysis include the extrapolation of laboratory flow laws to
geologic strain rates, the extrapolation of surface strain rates to mantle depths, and the
use of 2.5D modeling, where only 2D structures are considered. The latter clearly does
not permit 3D variations such as the likely presence of very low viscosity rock around the
Salton Sea, but it accounts for first-order differences in structure in two domains parallel

to the trend of the San Andreas fault.

7. Discussion

7.1. Afterslip

The distribution of afterslip may be derived from the set of models derived for the
optimal viscoelastic structure. A Bayesian approach based on a-priori model uncertainty
and a likelihood function is possible [Minson et al., 2013], but here I take a simpler ap-
proach. Using the misfit measure RMSv for the optimal 2D viscoelastic structure, the
100 best afterslip models have approximately the same fit to the data (inset of Figure
S-9), and I take the mean of these 100 models. The resulting afterslip distribution, i.e.,

the limit of u.g(t) for large ¢, is shown in Figure S-9. It is characterized by relatively
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deep slip (> 15 km depth) along the northwest segment and part of the southeast seg-
ment. The northeast segment has relatively little afterslip despite the fact that a great
many aftershocks occurred beneath it [e.g. Hauksson et al., 2002]. The obtained afterslip
distribution is consistent with the tendency of joint seismic-geodetic or purely geodetic
models to place relatively large and deep coseismic slip along the northernmost part of
the northwest segment [e.g. Ji et al., 2002; Kaverina et al., 2002; Price and Birgmann,
2002].

At sites within 25 km of the Hector Mine rupture surface, viscoelastic relaxation con-
tributes no more than one-quarter of the postseismic motions during the first 0.5 year
(Figure 3). Hence afterslip accounts for most of the near-field horizontal deformation
during the first 0.5 year. At near-field campaign GPS sites of the 'Emerson Transect’,
Savage et al. [2003] find that post-Hector Mine horizontal motions fit with a time series
of the form a + b 4 cexp(—t/d) yield a decay time d = 0.32 4+ 0.18 year. The preferred
Burgers body model of Pollitz [2003], who interpreted postseismic deformation at near
and-intermediate-field sites with a model of viscoelastic relaxation only, has an estimated
transient mantle viscosity (i.e., Kelvin component of the rheology) of 1.6 x 10" Pa s,
equivalent to a material relaxation time of 0.07 years. This is near the low end of the
range of d estimated by Savage et al. [2003]. T have re-estimated the near-field relaxation
times using the two closest continuous GPS sites to the Hector Mine rupture that were
operational at the time of the earthquake: LDES and CTMS. Fitting of the first 2.5 years

of their horizontal time series with curves of the form

displacement = A 4+ Bt + C'exp(—t/71) + D exp(—t/73) (18)
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yields 71 = 1.43 £ 0.27 year and 7, = 0.065 £ 0.014 year. The fits of the parametric form
of eqn 18 to LDES, CTMS, and far-field site BUST are shown in Figure 11. The solid and
dashed curves indicate the fits obtained using all parameters or all parameters except the
D (i.e., rapid relaxation) term, respectively. Comparison between these curves indicates
that postseismic deformation governed by the smaller time constant is about 25% and
50% of the net deformation during the first 0.5 years at CTMS and LDES, respectively,
and a negligible fraction at BUST. Since this is qualitatively consistent with the relative
contributions of afterslip and relaxation during the first 0.5 years (Figure 3), it is tempt-
ing to interpret the smaller time constant as associated entirely with afterslip. However,
Figure 3 suggests that afterslip contributes about 50% and 65% of the displacement accu-
mulated during the first 0.5 year at CTMS and LDES, respectively, so the remainder may
be attributable to relaxation with a time constant much smaller than 0.5 year, possibly
as small as 0.065 year. Model 3 (Figure 5) is the northeast-domain part of the optimal
2D viscoelastic structure and envelopes the Hector Mine rupture area. The Kelvin ele-
ment of Model 3 has a material relaxation time of 1.81 year, which is close to 7, = 1.43
year obtained in the parameteric fits. The Maxwell element of Model 3 has a material
relaxation time of 18.1 years.

An interpretation consistent with these results is that postseismic deformation is gov-
erned by a combination of afterslip with an exponential decay time of ~ 0.07 to 0.32
years, combined with relaxation at several timescales: ~ 0.07, 1.8, and 18 years. The first
and _second relaxation timescales are those inferred by Pollitz [2003], while the second

and third relaxation times are those inferred here for the northeast domain (Figure 9). If
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three time constants are indeed needed to describe the relaxation, then the Burgers body

model is not wholly adequate for this purpose [e.g. Hetland and Hager, 2005].

7.2. Pre-Landers deformation rates

A product of fitting model time series to observed time series is the pre-Landers velocity
field, which is a variable in the fit described by eqn 1. The horizontal velocity field resulting
from fitting with the optimal 2D viscoelastic structure is shown in Figure S-8a. Away
from the plate boundary zone it is very close to the North American plate motion in the
NA12 reference frame [Blewitt et al., 2013].

The estimated pre-Landers velocity field exhibits right-lateral strain accumulation along
the San Andreas fault system and to a lesser extent within the ECSZ. The horizontal strain
rate field is derived from it using the methodology of Pollitz and Vergnolle [2006]. This
yields the magnitudes and directions of the principle strain rates (e.g., axes of maximum
contractile and tensile strain) and the rotation rate (Figure S-8b,c). These strain rates
are compared with estimates of pre-Landers strain rates determined from regional tri-
lateration networks operating during the period 1973 - 1990 [Savage and Prescott, 1973;
Savage et al., 2001] in Figure S-8c. The two estimates of pre-Landers strain rates are in
reasonable agreement. The estimates based on our quasi-static modeling predict strain
rates increasing from west to east in the Barstow net and decreasing from west to east in
the Garlock net, in agreement with observed trends from the trilateration nets, though the
trilateration-based strain rates in the Garlock net exhibit a smaller decrease. The rates
based on the quasi-static model are ~ 50% smaller than the trilateration-based rates in

the Garlock central and Garlock east subnets.
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If this discrepancy is real, it may imply a shortcoming of the quasi-static model in
this area. The pre-Landers ‘background’ velocities will trade off with the steady-state
mantle viscosity. A larger steady-state viscosity in a localized area will produce a larger
background velocity because the mantle relaxation and the background velocity are the
primary factors that shape the tail end of all post-Hector Mine time series; if the velocity
contributed by the relaxation decreases, the background velocity must correspondingly
increase. The Garlock subnet strain rates at ~ 35.5°N are interpolated velocity gradient
fields that factor in velocities in the ECSZ both north of ~ 36.0°N and south of ~ 35.0°N.
L find that a 3 mm/yr decrease in northward background velocity north of 36.0°N, or a
3.mm/yr increase south of 35.0°N, yields a greater model north-south contractile strain
around the eastern Garlock and thus explains the discrepancy with the trilateration-
measured strain. However, a 3 mm/yr tradeoff with steady-state relaxation is unlikely
since the overall relaxation signal at late times is less than 2 mm/yr (Figure 3). It is
possible that the central and Garlock network strains are influenced by local effects such
as steady deep slip beneath the Garlock fault; this process would contribute to the Savage
et al: [2001] trilateration measurements but not the GPS-derived strain estimated in this
study since the GPS measurements can resolve only relatively long-wavelength strain in
this area. Another explanation for the discrepancy may be postseismic relaxation following
the 1952 Mw 7.3 Kern County earthquake [Bawden, 2001]. Forward models done by Hearn
et al. [2013] indicate transient motions of a few mm/yr in the Garlock central and east
subnet areas (depending on the assumed viscoelastic model) in the 1970s that diminish
gradually with time. This would have led to strain transients on the order of 107% per

year that might have contributed to the ‘background strain rate’ measurements analyzed
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by Savage et al. [2001] but less so to recent GPS measurements. The size and pattern of

the 1952-earthquake transient deserves further study.

7.3. Relaxation pattern in southern Nevada and Los Angeles Basin

Freed et al. [2007] showed that transient motions near Yucca Mountain, southern
Nevada, demand mantle relaxation during the 7 years following the Hector Mine earth-
quake. In that region (their Figure 1), they find transient horizontal motions ~ 0.6
mm/yr. My estimate of the transient horizontal velocity field for these 7 years based on
the optimal 2D viscoelastic structure, using only the first 7 years of observed time series,
is shown in Figure 12. The size of the observed transient in southern Nevada using the
present estimation procedure is ~ 0.4 mm/yr. The rates are small and vary substantially
over ~ 50 lateral distance, despite the > 200 km distance of the southern Nevada sites
from the Hector Mine source, because the area is located just east of a node in the post-
seismic displacement field. The viscosity of 10**® inferred for this region by Hammond
et al. [2010] using a Maxwell rheology is similar to the Kelvin viscosity of 4 x 10'® Pa s
on the optimal 2D viscoelastic structure.

In the Los Angeles Basin I discern a small observed NW transient in this area ~ 0.5 —1
mm/yr, a result consistent with the observation of Argus et al. [2005]. The westward
component of the transient in this region is directly implied by the concave upward cur-
vature of east-component time series such as LVMS and CSN1 (Figure 2). The modeled
transient on the 2D structure is also to the NW (Figure 12) and matches the amplitude
of the observed transient. Hence, to explain the these motions with mantle relaxation,
lateral variations within the southwest domain, e.g., higher viscosity mantle west of the

San Andreas fault [Spinler et al., 2010], need not be invoked.
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7.4. Implications of rheology structure

Taken at face value, the damp versus water-saturated olivine envisioned for the north-
east and southwest domains implied by Figure 10 is consistent with the extraction of water
and incompatible elements when producing partial melt which is then transported upward
to produce igneous rocks or extruded as surface volcanics. This is a consequence of the
high solubility of water in the melt compared to the solid fraction [e.g. Kohlstedt et al.,
1996; Zhao et al., 2004]. This process has been proceeding continually in the southwestern
Basin and Range Province since 24-22 Ma, and the late Cenozoic activity effectively termi-
nates at the border dividing the two domains [Glazner et al., 2002]. In this interpretation,
water delivered by plate subduction to the western US mantle [e.g. Hyndman et al., 2005;
Dizon et al., 2004] has remained essentially intact under the southwest domain since the
cessation of subduction ~ 30 Ma [Atwater and Stock, 1998].

Seismic wave attenuation is expected to be very sensitive to water content [Karato and
Jung, 1998; Aizawa et al., 2008]. Joint phase velocity and attenuation structure of the
western US have been obtained by Lin et al. [2012] based on interpretation of Rayleigh
wave amplitudes with Helmholtz tomography. Constraining seismic wave attenuation in-
dependently from systematic focussing / defocussing effects is difficult, and Lin et al.
[2012] present surface wave amplification results both without and with a correction for
these effects. The high-resolution results at 60 sec period, which is sensitive to astheno-
sphere structure between 50 and 150 km depth, in their Figure 11 exhibit features that
appear robust, i.e., they appear regardless of whether a local amplification correction is
made or not. Most of the western US coastal region exhibits relatively high amplitude

decay (low Q). As shown by laterally averaged values of amplitude decay estimated by
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Lin et al. [2012], southwestern California — over an area approximately coinciding with
the southwest domain — is more highly attenuating than the adjacent southern Basin
and Range (Figure 13). This pattern for the southern California asthenosphere and else-
where, e.g., relatively low amplitude decay (high Q) inferred at 60 sec period below the
Yellowstone hotspot (Figure 11 of Lin et al. [2012]), run counter to expectations based
on heat flow. They may all be part of a systematic pattern where lateral variations in
hydration, resulting chiefly from the pattern of igneous and volcanic activity over the past
20 Myr, shape the mechanical strength and seismic wave attenuation of the western US
asthenosphere more strongly than temperature.

Relatively low viscosity of the southwest domain mantle is consistent with interpreta-
tions of downwelling mantle beneath the Transverse Ranges [e.g. Bird and Rosenstock,
1984; Sheffels and McNutt, 1986; Humphreys and Clayton, 1990]. High-velocity mantle
extending to ~ 150 km depth [Yang and Forsyth, 2006] or deeper [e.g. Humphreys and
Clayton, 1990] is interpreted using thin sheet models to result from convective instability
below the Transverse Ranges arising around the time of onset of crustal convergence 5 Ma
[Houseman et al., 2000; Billen and Houseman, 2004]. The steady-state mantle viscosity
(m deeper than 43 km) of the present study is equivalent to the asthenosphere viscosity
of Houseman et al. [2000] and Billen and Houseman [2004], who regard the asthenosphere
viscosity as negligible compared with the viscosity of the lithospheric mantle. Estimated
lithospheric mantle viscosity to replicate the topography and width of the San Gabriel
Mountains is ~ 10*' Pa s [Billen and Houseman, 2004]; it is < 10%° Pa s to form the
Transverse Ranges downwelling over the past 5 Myr [Houseman et al., 2000]. The south-

west domain 7; of 10'? is much less than both estimates and is thus consistent with the
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thin sheet models of convective instability. The viscosity of the mantle lid (i.e., 7; be-
tween 30 and 43 km depth in the optimal 2D viscoelastic structure) is not independently
constrained in the grid search of section 5.3, but its value of 5 x 10 Pa s is close to the

Houseman et al. [2000] estimate of 10%° Pa s.

8. Conclusions

The time-dependent GPS velocity field obtained from 15 years of postseismic relaxation
data from the 1992 M7.3 Landers and 1999 M7.1 Hector Mine earthquakes constrains the
viscoelastic structure of the southern California lower crust and upper mantle. Application
of a 2.5D spectral element model of quasi-static deformation enables the determination
of 2D wiscoelastic structure; it varies in the depth and N50°E direction but is uniform in
the N40°W direction. The use of near-field and far-field observations, as well as the ver-
tical component of surface motions, permits the discrimination of viscoelastic relaxation
from afterslip and helps resolve both depth-dependent and laterally variable viscoelastic
structure.

Joint modeling of viscoelastic relaxation and afterslip yields a viscoelastic structure
characterized by a relatively weak mantle of a ‘southwest domain’ comprising the west-
ern Mojave Desert and the San Andreas fault zone. Its steady-state viscosity is ~ 4
times lower than that of an adjacent northeast domain that comprises the central Mo-
jave Desert, including the Landers and Hector Mine rupture zones. Since heat flow of
the southwest domain is on average lower than that of the northeast domain, its lower
viscosity is explained via a combination of higher background strain rate and higher wa-
ter concentration in olivine. This conclusion, based on a non-linear (stress-dependent)
rheelogy, is tentative because of numerous uncertainties, including the extrapolation of
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laboratory flow laws to geologic strain rates and the extrapolation of the surface strain
rate field to mantle depths. If true, however, it implies that water injected into the man-
tle during Mesozoic-to-mid-Cenozoic subduction has remained intact under the southwest
domain since the cessation of subduction ~ 30 Ma, but not under the northeast domain
where continual volcanism for the past ~ 20 Myr has gradually extracted water from the
mantle.

The Burgers body rheology model in each domain permits two material mantle relax-
ation times. They equal 1.81 and 18.1 years in the northeast domain, which envelopes
the Hector Mine rupture area. Much shorter timescales are indicated by the Savage et al.
[2003] analysis of the campaign GPS Emerson Transect (0.32 £ 0.18 year) and by exami-
nation of continuous time series near the Hector Mine rupture (0.065 £ 0.014 year). Since
such short-timescale deformation is absent at remote sites, it is interpreted as associated
predominantly with afterslip. However, a small part of the mantle or lower crust relax-
ation may have occurred with a similarly short timescale. If so, then a generalized Burgers
body model [e.g. [vins, 1996; Hetland and Hager, 2005] may be necessary to more fully
capture the details of the relaxation.
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Figure 1.  Delineation of southwest and northeast 2D rheological structure domains. The
boundary between the two domains lies approximately along the Lockhart-Lenwood faults and
the Southern San Andreas fault south of the Pinto Mountain fault. GPS sites are shown with
black triangles. Selected stations are highlighted with red triangles and labelled. Yellow and green
line denote traces of the 1992 Landers and 1999 Hector Mine earthquake ruptures, respectively.
(a) is a-closeup of the boxed area in (b). The horizontal boundaries of the model domain are

shown in (c) as thick black lines.
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Figure 2.  Time series of corrected observed displacement u/, = (black dots) and corrected

model displacement u!_ . (red curves) at selected stations (locations shown in Figure 1). Green
curves are the bi-cubic polynomial fit to the post-Hector Mine portion of each time series. Model
time series are on the optimal 2D viscoelastic structure (Figure 9) based on joint afterslip and
viscoelasti¢ relaxation modeling (section 5.3). wupg, uy, and uy refer to east, north, and up
displacements, respectively.
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Figure 3. = Observed transient velocity field wuqps (black vectors) and model transient velocity
field wupoq (red vectors) in three distinct time periods. Model velocities are on the optimal 2D
viscoelastic structure (Figure 9) based on joint afterslip and viscoelastic relaxation modeling

(section 5.3).
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Figure 4. Smoothed observed and model vertical velocity wuons and unyeq, respectively, from 0 to

10 years following the Hector Mine earthquake. To render them comparable with observations,

model velocities are sampled only at contributing GPS sites before smoothing, and they are on

the hybrid 2D viscoelastic structure (Figure 9) based on joint afterslip and viscoelastic relaxation

modeling (section 5.3).
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Figure 5. Laterally homogeneous Burgers body rheology models considered in this study. (a)
and (b) show depth-dependent transient and steady state viscosity, respectively. (¢ ) and (d)
show the depth-dependent elastic bulk and shear modulus, respectively. All models have the
same elastic structure (k and p1) and the same transient shear modulus py = 70 GPa in the
mantle.. The lower crust is assumed to be a Maxwell solid. The inset shows the components of
the Burgers body, a Kelvin element with material relaxation time 7/ in series with a Maxwell

element with material relaxation time 7 /p;.

(©2015 American Geophysical Union. All Rights Reserved.



I I I
| <\ & Heat Flow (mW/m?)

37’ R m >100
2\, m 75-100
g O 50-75
36°
35°
34°
33°
32°
120" -119°  -118° 1177 116" 115" -114°
150 L ! ! ! L L - 1e+20
& (B) i m
E ©
= 125 Q.
= >
E Heat Flow E
ea
= %07 [ttt O
= F1e+19 @
o ’ S
Ll 751 southwest domain o
S =
o [
:CII:') 50 Northeast domain =
T T 1e+18

0 50 160 1%0 260 2%0 300 350
Profile Distance (km)

Figure 6. (a) Heat flow in southern California from the USGS online database. Southwest
domain from Figure 1 is shaded. (b) Laterally averaged heat flow within the boxed region of (a)
as a function of N50°E distance from the southwest edge of the box, using a 10 km averaging half-
width along the profile. The steady-state mantle viscosity n; from the optimal 2D viscoelastic

structure (Figure 9) is superimposed. Selected profile distances are labeled in (a).
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Figure 7. Model misfit RMS v averaged over all time periods for the six laterally homogeneous
models prescribed in Figure 5, plus a hybrid 2D structure consisting of Model 3 structure in the
northeast domain and Model 1 structure in the southwest domain (Figure 1), as a function of the
poteney of afterslip for 20000 illustrative (out of a total 200000) random afterslip models. The

best-fitting laterally homogeneous and hybrid models are indicated with RMS v values of 0.262

and 0.252 mm /yr, respectively.
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Figure 9. Optimal 2D Burgers body model determined in a grid search. (a) and (b) show depth-
dependent transient and steady state viscosity, respectively, for the northeast and southwest
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domains have the same elastic structure (Figure 5c,d) and the same transient shear modulus
o = 70 GPa in the mantle. The lower crust is assumed to be a Maxwell solid. Independent
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Figure 10. Steady-state viscosity as a function of depth for water-saturated and damp olivine
in the mantle and lower crust materials at strain rates of 107 /s and 107! /s, and additionally
at 2.x 107" /s in the mantle. Flow parameters for olivine aggregates are [Hirth and Kohlstedt,
2003] A=90 (MPa)~("*7) /s, E* = 480 kJ/mol, Q* = 11 x 107%m?3/mol, n = 3.5, and r = 1.2.
Water concentration (Cop) values for water-saturated olivine are provided by Table 3 of Dizon
et al. [2004]; for ‘damp’ olivine Cog is assigned 18% of the water-saturated values. In the mantle
the temperature is the mean Western US geotherm of Goes and van der Lee [2002]. In the crust,
the geotherm is prescribed by eqn (3) and Table 2 of Afonso and Ranalli [2004], with a surface
heat flow of 70 mW/m? and Moho depth of 30 km. Lower crust viscosity curves are based on
material constants for wet quartzite [Kirby and Kronenberg, 1987], felsic granulite, and mafic

granulite {Wilks and Carter, 1990].
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Figure 11. Observed time series at CTMS, LDES, and BUST are compared with the best-
fitting curves of the form of eqn 18 (solid curves, 71 = 1.43 year and 72 = 0.065 year) or
of the form of eqn 18 without the D term (dash curves, 71 = 1.43 year). The cumulative
postseismic displacement up to 0.5 years is indicated for each north-component time series (the
north component dominates the relaxation at each site).
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(red vectors) in the 0 - 7 year time period. Model velocities are on the optimal 2D viscoelastic

structure (Figure 9).
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Figure 13. Laterally averaged amplitude decay of 60 sec Rayleigh waves (derived from
Figure 11 of Lin et al. [2012]) within the boxed region of Figure 6a as a function of N50°E
distance from the southwest edge of the box, using a 10 km averaging half-width along the profile.
Separate curves are shown for apparent (solid curve) and corrected (dashed curve) amplitude
decay. The steady-state mantle viscosity 7; from the optimal 2D viscoelastic structure (Figure
9) is superimposed. Selected profile distances are labeled in Figure 6a. The generally larger
amplitude decay and lower viscosity under the southwest domain are consistent with higher

mantle water content under this domain.
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