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10 [1] Major intracontinental strike-slip faults tend to mark boundaries’between lithospheric blocks of contrast-
11 ing mechanical properties along much of their length. Both crustal and mantle heterogeneities can form
12 such boundaries, but the role of crustal versus mantle strength contrasts for localizing strain sufficiently
13 to generate major faults remains unclear. Using the crustal velocity field observed through the Global Posi-
14 tioning System (GPS) in the epicentral area of the M7.2 2010 El Mayor-Cucapah earthquake, Baja Califor-
15 nia, we find that transient deformation observed after the event is anomalously small in areas of relatively
16 high seismic velocity in the shallow upper mantle (~50"km depth). This pattern is best explained with a
17 laterally heterogeneous viscoelastic structure that mimics the seismic structure. The mantle of the Southern
18 Colorado River Desert (SCRD) and Peninsular Ranges (PR), which bound the fault system to its east and
19 west, respectively, have anomalously high viscosity and seismic velocity. We hypothesize that compared
20 with the rest of the San Andreas'fault (SAF) system to its north, the strike-slip fault system in northern Baja
21 California is narrow because of the presence of the PR and SCRD high-viscosity regions which bound it.

22 Components: 8100 words,.13 figures.
23 Keywords: mantle; postseismic; rheology; viscoelasticity.

24 Index Terms: 1207 Geodesy and Gravity: Transient deformation (6924, 7230, 7240); 1240 Geodesy and Gravity: Satellite
25 geodesy: results (6929,.7215, 7230, 7240); 8162 Tectonophysics: Rheology: mantle (8033).

26 Received 9 March 2012; Revised 24 April 2012; Accepted 26 April 2012; Published XX Month 2012.

27 Pollitz, F. F., R Blirgmann, and W. Thatcher (2012), The M7.2 2010 El Mayor-Cucapah earthquake illuminates rheological
28 mantle heterogeneity, Geochem. Geophys. Geosyst., 13, QXXXXX, doi:10.1029/2012GC004139.

29
30 1. Introduction they tend to be bounded on one side by ‘strong’

34

lithosphere. Two issues are whether the existence of 35
31 [2] Molnar and Dayem [2010] examine numerous  Such contrasts is a prerequisite for the formation of 36

32 major strike-slip faults (those with slip rate > 10 mmy/yr) ~ the faults and whether pre-existing contrasts in the
33 and document using a wealth of past studies that ~ Crust versus the mantle are more effective for

Copyright 2012 by the American Geophysical Union 1 of 17

37
38


http://dx.doi.org/10.1029/2012GC004139

S h
| "‘ SSSC heg:ésstry( POLLITZ ET AL.: RHEOLOGICAL MANTLE HETEROGENEITY 10.1029/2012GC004139
Geosystems \ s

Transient deformation following 2010 ElI Mayor earthquake
T

BLL  P740 2 weeks - 6 months 25 mm/yr 1D Model
25 mm/yr 3D Model

<«— 25 mm/yr Observed

10 mm/yr,1D Model
10 mm/yr 3D Model
<— 10 mm/yr Observed

-117 -116 -115 114

Figure 1. Observed transient. deformation following the M7.2 2010 El Mayor-Cucapah earthquake (black vectors)
in the time periods (a) 2.weeks to 6 months and (b) 2 weeks to 1.5 years. A model prediction based on the visco-
elastic model of Pollitz [2003a] and on the 3D viscoelastic model is shown with the red vectors and blue vectors,
respectively. (For.the later time period, model velocities for PALX, PLPX, PLTX, PTEX, PJZX, and PSTX are
for the period 9 months — 1.5 year because of the later start times of these sites.) Fault planes F1, F2, F3,
and F4 of Wei et al. [2011] are superimposed. In green are the surface traces of the Laguna Salada, Canon
Rojo, Cucapah, Pescadores, and Chupamirtos faults. (c and d) Boxed areas of Figure la re-plotted in larger scale
and (e and f) boxed areas of Figure 1b re-plotted in larger scale.

39 localizing deformation sufficiently to generate  [3] Crustal deformation observed following a large
40 major faults. Although numerical modeling of lith-  crustal earthquake provides a window into the
41 ospheric flow is useful for addressing these ques-  rheological properties of the crust and underlying
42 tions [Molnar and Dayem, 2010, and references  mantle. The coseismic stresses imparted by the
43 therein], crustal deformation data can illuminate the = earthquake relax within the ductile lower crust and
44 mechanical properties of the lithosphere and con-  mantle, leading to continued deformation of the
45 tribute to the understanding of at least the second  upper crust. Recordings of these motions by GPS
46 issue, i.e. discriminate whether a rheological strength ~ receivers at Earth’s surface constrain the mechani-
47 contrast exists in the crust or mantle. cal properties of these ductile regions, particularly
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57 viscosity. Results from numerous studies of post-
58 seismic relaxation following large continental earth-
59 quakes in plate boundary zones yield a picture of a
60 relatively strong lower crust (viscosity = 10°° Pa s)
61 and relatively weak upper mantle (viscosity =
62 10" Pa s), with remaining uncertainty concerning
63 the possible existence of a high-viscosity region in
64 the uppermost ~10 km of the mantle [Freed et al.,
65 2007; Hammond et al., 2009; Biirgmann and
66 Dresen, 2008; Thatcher and Pollitz, 2008].

67 [4] The M7.2 April 4, 2010 El Mayor-Cucapah
68 earthquake involved predominantly strike slip along

along a ~120-km long set of faults extending from
the northern Sierra Cucapah to the Gulf of Cali-
fornia [Wei et al., 2011]. The black vectors of
Figure 1 show average transient velocity of GPS
stations from the continuously operating PBO net-
work, including six new stations installed in response
to the earthquake, following the earthquake in two
time periods spanning the 1.5 years after the event.
These observed horizontal transients, as well as the
vertical transients discussed below, have been cor-
rected for background inter-seismic velocities (see
section Al) and shallow afterslip and a large M5.7
aftershock (see section A2).. We present the inter-
pretation of the postseismic velocity field in terms of
viscoelastic relaxation of the surrounding mantle
(and to a lesser extent the lower crust), then discuss
the implications for the mechanical properties of the
surrounding lithosphere.

2. Candidate Models of Postseismic
Relaxation

[5] Candidate explanations for the postseismic
relaxation are deep afterslip, poroelastic relaxation,
and viscoelastic relaxation of the lower crust and
upper mantle [Thatcher, 1983; Savage, 1983; Savage
and Lisowski, 1998; Fialko, 2004; Freed et al.,
2007]. The postseismic vertical velocity pattern is
an effective discriminant between the deep afterslip
and viscoelastic-relaxation models, the former model
predicting a quadrant pattern that is positively corre-
lated with the coseismic uplift pattern, and the latter
predicting a quadrant pattern — of generally longer
wavelength — that is negatively correlated with the
coseismic uplift pattern provided that the mantle is of
low viscosity relative to the lower crust [Pollitz et al.,
2000, 2001; Freed and Biirgmann, 2004]. It is also
useful for evaluating the poroelastic rebound mech-
anism, which generally predicts a quadrant pattern of
the same sign as the viscoelastic-relaxation mecha-
nism [e.g., Jonsson et al., 2003; Fialko, 2004].

2.1. Viscoelastic Relaxation of the Lower
Crust and Mantle

[6] For two time periods spanning the first 1.5 years
after the El Mayor-Cucapah earthquake, average
vertical velocities are evaluated on the laterally
homogeneous structure of Pollitz [2003a], shown in
Figure 2. This model was derived from postseismic
relaxation observations following the 1999 Hector
Mine, CA earthquake and is characterized by a rel-
atively high-viscosity lower crust and low-viscosity
mantle (see section 3.1). Figure 3 compares the
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Figure 2. Viscoelastic stratification assumed for the Salton Trough/Cucapah Mtns area, which is the Mojave Desert
structure of Pollitz [2003a]. Elastic parameters p; and « are the steady state shear modulus and bulk modulus, respec-
tively. Elastic and viscoelastic parameters are constant in the mantle‘(depth > 30 km). Note that the mantle is a Jeffreys
fluid with transient shear modulus u, equal to the steady state shear modulus 1. (Modified from Pollitz and Thatcher

[2010, Figure 3].)

119
120

observed and predicted average velocities. There is
a good correlation between quadrants of predicted
121 uplift and observed uplift for both time periods. This
122 comparison is depicted more clearly in Figure 4.
123 The viscoelastic-relaxation model is positively cor-
124 related with observed vertical velocities; with cor-
125 relation coefficients of 0.75 fand 0.76 in the
126 considered time periods (Figure 4).

127 2.2. Deep Afterslip

128 [7] The deep afterslip model is tested by con-
129 structing a model of deep slip beneath the principal
130 strike-slip fault strands (F2 and F3). Uniform slip
131 on these extensions is prescribed over the depth
132 range 15-30 km,-and the slip values in the considered
133 time periods are determined by least squares estima-
134 tion to explain the horizontal postseismic motions.
135 The resulting predicted vertical motions are shown in
136 Figure 5 and compared with observed vertical
137 motions. The negative correlation coefficients in this
138 case (—0.59 and —0.63 in the considered time peri-
139 ods) contrast with the positive correlation coefficients
140 obtained with the viscoelastic-relaxation model and
141 indicate that afterslip alone is not the dominant
142 postseismic process at timescales of one year fol-
143 lowing the earthquake.

144 [8] The correlations in the later time period have
145 been determined without two sites — P494 and P506

(Figure 3) — which are outliers in the 2 weeks to
1.5 year period. These two sites lie within the
southern Salton Sea geothermal field and may be
affected by non-tectonic processes that are not
accounted for in our simple methodology to esti-
mate the background velocity field (see section A1).
The correlations with the 1D viscoelastic model and
afterslip model in this time period are 0.73 and
—0.61, respectively, when these sites are included.

2.3. Poroelastic Rebound

[s] A model of combined poroelastic-rebound and
afterslip mechanisms was theoretically capable of
explaining the joint postseismic horizontal and
vertical motions after the 1992 Landers earthquake
[Fialko, 2004], suggesting it may be applicable
to the El Mayor - Cucapah postseismic motions.
However, the poroelastic-rebound mechanism may
be applicable only over a short time after the event
and at relatively short wavelength [Jonsson et al.,
2003]. Moreover, the ‘combined’ mechanism can-
not explain the substantial far-field motions observed
after the 1999 Hector Mine earthquake [Freed et al.,
2007]. We consider poroelastic relaxation of the
crust in response to the coseismic stress changes
imparted by the El Mayor - Cucapah event. This is
calculated as the difference between the static
deformation on the Pollitz [2003a] elastic structure,
which has Poisson’s ratio of 0.322 in the upper
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Figure 3. Comparison of average observed and modeled vertical velocities in two postseismic time periods. The
modeled velocitiesrare calculated on the Pollitz [2003a] viscoelastic structure.

174 4 km of the crust, and a modified structure where
175 Poisson’s ratio is reduced to 0.282 in the upper
176 4 km. Calculations on these layered elastic struc-
177 tures [Pollitz, 1996] yield the net deformation field.
178 The choice of depth range of relaxation is guided by
179 the permeability-depth curve of Ingebritsen and
180 Manning [1999], which indicates that permeability
181 in the crust generally decreases rapidly below about
182 4 km depth. The net relaxation (Figure 6) is domi-
183 nated by vertical motions that are opposite to the
184 coseismic uplift and concentrated near the source
185 faults. Although these vertical motions are of the
186 correct sign, the restricted spatial scale of both

predicted horizontal and vertical postseismic motions
is a severe drawback of this mechanism.

3. Lower Crust and Mantle Relaxation

[10] We henceforth consider viscoelastic relaxation
of the lower crust and upper mantle to explain
observed transient deformation. We implement a
two-step approach for evaluating transient crustal
deformation following earthquake faulting on a 3D
viscosity structure: (1) Define a laterally homoge-
neous reference structure, and (2) employ perturbation
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Figure 4. Comparison of average observed and mod-
eled vertical velocities (in two postseismic time periods
on the 1D reference viscoelastic structure, from Figure 3,
converted intorordinate and abscissa values, respectively.
Slope of best-fitting: line, correlation coefficient, and
reduced x? are indicated for each time period. Errors for
observed velocities are one-sigma values.

197 theory to evaluate the deformation on a laterally
198 variable viscosity structure.

199 3.1. 1D Reference Model

200 [11] For a laterally homogeneous (i.e. 1D) reference
201 viscoelastic structure, in principle any 1D reference
202 model will suffice, but in practice it is best to
203 choose a reference model that explains a large
204 fraction of the initial variance. For this purpose
205 we consider the laterally homogeneous viscoelas-
206 tic structure of Pollitz [2003a] (Figure 2). This

three-layer model prescribes a Maxwell rheology in
the lower crust with viscosity 7. = 3.2 x 10'° Pa's
and transient rheology in the mantle with transient
viscosity of 17, = 1.7 x 10'7 Pa s and steady state
viscosity of 7, = 4.6 x 10'® Pa s. This type of
model has been applied successfully to post-
earthquake relaxation studies in both continental
[Pollitz, 2003a, 2005; Hearn et al., 2009] and
oceanic [Panet et al., 2010; Hu, 2011] settings.
To evaluate the suitability of this model as a 1D
reference model, we calculate the post-earthquake
velocity fields from two variations of it: (1) the
same three-layer model with variable 7,, keeping
the ratios 7,/n; (= 0.037) and 7./7; fixed, and (2) a
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20
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Figure 5. Comparison of average observed and mod-
eled vertical velocities in two postseismic time periods
based on the deep afterslip model. Slope of best-fitting
line, correlation coefficient, and reduced y? are indicated
for each time period. Errors for observed velocities are
one-sigma values.
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Figure 6. Poroelastic relaxation for the El Mayor - Cucapah event, calculated as the difference between the drained
and undrained response with poroelastic flow restricted to the upper 4 km.

221 four-layer model with an additional layer in the
222 uppermost 10 km of the mantle. We assign this layer
223 a viscosity of 10 x 7; based on the proposed exis-
224 tence of a relatively strong layer in the uppermost
225 ~10-20 km of the mantle [Freed et al., 2007]. In
226 this case we again consider variable/7,;, keeping
227 mo/my and n./n, fixed.

228 [12] Resulting misfit patterns forthese two cases are
229 shown in Figure 7. Results of a variation of these
230 two models with the ratio 7,/n, fixed at the value 0.1
231 are shown in Figure 8. These results indicate that the
232 viscosity structure of Pollitz [2003a] has relatively
233 low misfit and is ‘therefore well suited as a 1D
234 reference model. It is consistent with the inference
235 of a relatively high-viscosity lower crust [Fay and
236 Humphreys, 2005] and relatively low-viscosity
237 mantle [Luttrell et al., 2007] for the Salton Trough
238 area. Although the range of considered 1D models
239 is not exhaustive, these results also suggest that a
240 thin high-viscosity lid at the top of the mantle is
241 not warranted for this region.

242 3.2. Methodology on 3D Viscoelastic
243 Structure

244 [13] Postseismic relaxation on a laterally variable
245 viscosity structure is computed with the method of
246 Pollitz [2003b]. This is a semi-analytic method that

uses. a combination of viscoelastic normal modes to
represent the quasi-static displacement field in a
truncated spherical harmonic expansion. Starting with
the laterally homogenous reference model, the integral
equation for the weighting coefficients of these basis
functions is solved iteratively, each successive itera-
tion using a more accurate estimate of the quasi-static
displacement field in the Laplace transform domain,
which then interacts with the laterally heterogeneous
viscoelastic structure to update the weighting coeffi-
cients. Four iterations are found sufficient to achieve
convergence of this solution for each component in
the Laplace transform domain, and time domain
results are finally obtained through application of an
inverse Laplace transform. For all calculations, the
earthquake source model of Wei et al. [2011] is used
to implement the source and calculate postseismic
relaxation in specified time periods.

4. Correlation of Transient Velocity

With Mantle Seismic Velocity

[14] A model prediction on the (1D) laterally
homogeneous viscoelastic structure (section 3.1)
with a strong lower crust and low-viscosity upper
mantle is shown in Figure 1. Comparison of
observed and model velocity fields indicates that
observed transient surface velocity is subdued in
the SCRD area (e.g. sites P509, 1ID2, P796, GMPK,
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Figure 7. Root-mean square misfit of horizontal veloc-
ity in the indicated time periods as a function of steady
state mantle viscosity 7, for (a) three-layer.model with
uniform-viscosity mantle and (b) four-layer model which
includes an additional high-viscosity. mantle layer in the
uppermost 10 km of the mantle (i.e. from 30 to 40 km
depth). Filled circles in Figure 7a correspond to the
Pollitz [2003a] viscosity. model.. The ratio of transient
to steady state mantle viscosity is 775/, = 0.037.

274 and P003) and west toward the PR (e.g. P066, P472,
275 P473, P475, and P480), whereas the observed
276 velocity is elevated in the Salton Trough (ST) area
277 (e.g. CRRS, P495). This is more apparent in
278 Figure A2 (section A3), where East-velocity resi-
279 duals with respect to the 1D model are systematically
280 positive at western sites and negative at eastern sites.
281 Similarly, transient surface velocities are anoma-
282 lously large in the southern Salton Sea area, and
283 corresponding North-velocity residuals are system-
284 atically negative at sites in this area (Figure A2).

285 [15] The lower crust and mantle are of relatively
286 high seismic velocity [Pollitz and Snoke, 2010],
287 about 2% higher than surrounding regions, in the
288 broad areas of the SCRD and the PR, and they are

of anomalously low velocity, about 2% lower than
surrounding regions, in the ST (Figure 9). This
pattern is corroborated by independent studies
[Yang and Forsyth, 2006; Zhang et al., 2007; Yang
et al., 2008; Moschetti et al., 2010; Schmandt and
Humphreys, 2010].

[16] A robust measure of the relative amplitude
between observed and model horizontal velocity is

Relative Amplitude = Yobs — Vmodel (1)

Vobs T Vmodel
where Vo and vipqe1 are the magnitude of observed
and model horizontal velocity vectors, respectively.
Using the 1D Pollitz [2003a] model as the reference

model, a first-order correlation of transient veloc-
ity with mantle seismic. velocity is apparent in

Three Layer Model

RMS Misfit (mm/yr)

2: w ks -6 énonths

..... -

RMS Misfit (mm/yr)

L L i
1018
Mantle Viscosity n, (Pa s)

1019

Figure 8. Root-mean square misfit of horizontal veloc-
ity in the indicated time periods as a function of steady
state mantle viscosity 7; for (a) three-layer model with
uniform-viscosity mantle and (b) four-layer model which
includes an additional high-viscosity mantle layer in the
uppermost 10 km of the mantle (i.e. from 30 to 40 km
depth). The ratio of transient to steady state mantle vis-
cosity is 1,/n; = 0.1.
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Figure 9. Perturbation in seismic/shear wave velocity at (a) 40 km and (b) 50 km depth from surface wave tomog-
raphy using the dataset and methodology of Pollitz and Snoke [2010] with the dataset updated through August, 2011.
Contour interval is 1%. Elliptical regions represent three areas (SCRD and PR in blue, ST in red) where the underlying
mantle between 30 and 220 km depth is prescribed transient and steady state viscosity values of 75 and nj, respec-
tively, their ratio constrained:by equation (2). Fault planes F1, F2, F3, and F4 of Wei et al. [2011] are superim-
posed. (c and d) Root-mean square misfit of horizontal velocity in the indicated time periods as a function of 7j in
the ST, PR, and SCRD-anomalies; 7 is assumed identical in the PR and SCRD anomalies. Solid black circle indi-
cates the combination of ST and PR+SCRD anomaly viscosities used in forward models.

302 Figure 10, which shows the relative amplitude as
303 a function of underlying seismic-shear wave velocity
304 perturbation at 50 km depth (Figure 9b). The large
305 scatter is due, in part, to the preponderance of sites
306 with relatively small transient velocity, which have
307 correspondingly larger errors. Because of the possi-
308 bility of afterslip not accounted for in our simple
309 model of shallow afterslip (Figure Al), postseismic
310 motion at sites near the northern endpoint of Fault F2
311 may contain additional signal from unmodeled after-
312 slip. Nevertheless, there is a systematic correlation
313 between relative amplitude and seismic shear wave
314 velocity in both considered time periods, regardless
315 of whether we consider all GPS sites (red lines in
316 Figure 10)) or all sites restricted to be >35 km from

the traces of Faults F2 and F3 (black lines), which
together accommodated almost all of the coseismic
slip. This is confirmed by the negative slopes of the
best linear fits to the relative amplitude observations
(red and black dashed lines in Figure 10), regardless
of the restriction on distance to the fault, which are all
consistent with this at >99% confidence.

[17] Based on the general correlation between
seismic velocity and mantle viscosity through the
intermediary effects of water content and (to a
lesser extent) temperature [Dixon et al., 2004], we
hypothesize that the reduced transient velocity near
the SCRD and PR is caused by relatively high
mantle viscosity. Similarly, the elevated transient
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Figure 10. Relative amplitude between observed and
model horizontal velocity (defined in-equation (1)), plotted
with 1—o error bars, versus shear wave velocity perturba-
tion dvy/v, at 50 km depth below each station. Model veloc-
ity is that calculated on the 1D model [Pollitz, 2003a]. Red
and black symbols.correspond to all observations less than
or greater than 35 km from segments F2/F3, respectively.
Dashed red and black lines indicate the best linear fits to
all observations (regardless of distance) or observations
greater than 35 km from segments F2/F3, respectively;
corresponding slope values with 1 —o errors are indicated.

331 velocity near the ST is caused by relatively low
332 mantle viscosity.

333 5. 3D Viscosity Structure

334 [18] A three-dimensional (3D) model consistent
335 with the seismic data involves two anomalous
336 high-viscosity regions (SCRD and PR) and one

low-viscosity region (ST) occupying the elliptical
areas shown in Figures 9a and 9b. These are pertur-
bations to thelD reference viscoelastic structure.
Within each of the volumes defined over the SCRD,
PR, and ST anomalies from 30 to 220 km depth, we
test models of anomalous transient viscosity 75 and
steady state viscosity 7}. To simplify the analysis, we
assume that the ratio of the transient to steady state

viscosities equals that on the 1D reference model, i.e.
0037 )
m ™

The lower depth of 220 km marks the nominal base
of the asthenosphere, though-depth-dependent vis-
cosity structure using postseismic deformation data is
generally difficult to resolve deeper than ~60 km
depth [Pollitz and Thatcher, 2010]. From a grid
search over 7} ovet the ST and combined PR and
SCRD anomalies (Figures 9c and 9d), we find for the
SCRD and PR anomalies viscosity values a factor of
20 higher than the 1D'model, i.e. 5= 3.4 x 10" Pas
and 77, =9.2 x 10" Pa s. Within the ST anomaly, we
find viscosity values 30% less than the 1D model, i.e.
=12 x 10" Pasand 7;=3.2 x 10'® Pas. Lower
viscosity values are not warranted by the GPS data
(Figures 9¢ and 9d).

[19] The horizontal velocity field on this 3D vis-
coelastic structure is shown by the blue arrows in
Figure 1. Figures 1 and A2 show that the 3D model
better replicates observed velocities. Following
Freed et al. [2007], we evaluate quantitative misfit
using only far-field sites, defined here as those sites
>35 km from the traces of faults F2/F3. Root-mean
square (rms) residuals of horizontal velocity (misfit
defined as the Euclidean distance between observed
and model horizontal velocity vectors) is 3.46 mm/yr
and 2.98 mm/yr on the 1D and 3D models, respec-
tively, during the 2 weeks — 6 months period; it is
2.24 mm/yr and 2.15 mm/yr on the 1D and 3D
models, respectively, during the 2 weeks — 1.5 years
period. An F-test indicates that the reductions in
horizontal residuals are significant at the >99.9% and
97.4% confidence levels for the shorter and longer
time periods, respectively. The initial RMS (i.e. for
a model of no relaxation) is 7.92 mm/yr (2 weeks —
6 months) and 4.39 mm/yr (2 weeks — 1.5 years), so
that the 3D model achieves a net variance reduction
of 86% and 76% in these time periods, respectively.

6. Discussion

[20] The effect of the viscosity anomalies on the
mantle flow is seen in Figure 11, which shows the
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Figure 11.

Average velocity for the postseismic period 2 weeks — 6 months on a vertical section along profile AA’

(indicated in Figures 1 and 9) projected onto the profile plane. Superimposed is the second invariant of the strain rate
tensor. Thick vertical line indicates the northward projection‘of the Laguna Salada fault.

385 average depth-dependent velocity and strain rate
386 fields over the period 2 weeks to 1.5 years. Relative
387 to the 1D model (Figure 11a) the strain rate at depth
388 on the 3D model (Figure 11b) is clearly reduced
389 in the areas of the SCRD and PR high-viscosity
390 anomalies, with a corresponding reduction of hori-
391 zontal velocity. Similarly, the strain rate.at depth is
392 elevated in the area of the low-viscosity ST anomaly.

393 [21] The existence of “contrasts in mechanical
394 properties of the lithosphere is supported by geo-
395 detic data [Hearn /et al., 2002; Schmalzle et al.,
396 2006; Ozeren-and Holt;2010; Ryder et al., 2011]
397 and seismic and heat flow data [Fulton et al., 2010;
398 Molnar and Dayem, 2010]. A dichotomy of
399 strength contrasts into those of crustal and mantle
400 origin would illuminate the context of how they
401 control associated plate boundary phenomena, e.g.
402 style and type of faulting, the relations between
403 volcanism and faulting, etc., but we do not attempt
404 a thorough examination of this issue here. We may
405 point out that Fay and Humphreys [2005] evaluated
406 the effect of elastic heterogeneity arising from the
407 thick Salton Trough sedimentary basin on geodetic
408 velocities; Malservisi et al. [2001] used heat flow
409 data to infer upper mantle heterogeneity in the
410 Eastern California Shear Zone; Fulton et al. [2010]
411 used interseismic strain accumulation and heat flow

data to infer lateral variation in elastic plate thick-
ness as well as Young’s modulus across the Carrizo
segment of the SAF.

[22] Previous geophysical studies indicate a posi-
tive correlation among seismic velocity, low heat
flow, and effective elastic plate thickness in the
western US [Humphreys and Dueker, 1994b;
Lowry et al., 2000; Pollitz et al., 2008, 2010],
though the correlation may not be as strong glob-
ally [Audet and Biirgmann, 2011]. Lowry et al.
[2000] point out a tentative correlation of low heat
flow and effective elastic plate thickness, as ele-
vated temperature is expected to reduce the depth of
the brittle-ductile transition. The generally low
mantle viscosity in the active western US may
reflect, to a large extent, the higher heat flow and
mantle hydration of the western US relative to the
cratonic areas to the east, which emphasizes the
dependence of mantle viscosity on the thermal
regime and volatile content [Hyndman et al., 2005;
Biirgmann and Dresen, 2008]. The association of
high seismic velocity and high viscosity in the
SCRD may highlight the role of volatiles, since
heat flow is high throughout the northern Gulf of
California and areas eastward [Blackwell et al.,
2004]. The area of southeastern California and
southwestern Arizona had widespread magmatism
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439 of Laramide age (~50 MyrBP), thought to be of
440 subduction origin and indicative of relatively thin
441 lithosphere at that time [Humphreys et al., 2003].
442 Throughout the southern Basin and Range this is
443 overprinted by extension accompanied by magma-
444 tism between 25 and 15 MyrBP [Spencer et al.,
445 1995]. Humphreys [1995] hypothesizes that pre-
446 existing relatively thin lithosphere was more sus-
447 ceptible to vigorous melting following removal of
448 the Laramide slab and consequent exposure of the
449 lithosphere to ascending asthenosphere. The resid-
450 ual mantle is expected to be dry and depleted of
451 basaltic components and therefore of relatively low
452 density, a hypothesis that is supported by the
453 uppermost mantle density structure given by Kaban
454 and Mooney [2001] (their Plate 3). The high seis-
455 mic velocity arises from the low density; the high
456 viscosity results from the depletion of volatiles. The
457 distribution of 3D mantle viscosity around the
458 northern Gulf of California obtained here supports
459 this scheme of the physical state of the regional
460 mantle. It is consistent with the strong lateral var-
461 iations in the lithosphere-asthenosphere boundary
462 (LAB) depth [Lekic et al., 2011], supporting the
463 hypothesis that LAB lateral variations reflect lateral
464 variations in rheology [Lekic et al., 2011].

465 [23] The Peninsular Ranges (PR) batholith is/a
466 typical Cordilleran batholith that developed on the
467 edge of the continental margin during the Jurassic
468 to Late Cretaceous [Silver and Chappell, 1988;
469 Todd et al., 2003]. As this belt is presently under-
470 lain by low-density mantle [Kaban and Mooney,
471 2001], this mantle may represent. the depleted and
472 dry residuum from batholith emplacement. A key
473 question is whether the mantle has remained intact
474 since batholith emplacement..Geochemical analy-
475 ses of rocks exposed by subsequent rapid uplift 80
476 to 65 MyrBP suggests that the lower crust and
477 mantle roots beneath the northeastern PR may have
478 been removed by flat subduction [Krummenacher
479 et al., 1975; Grove et al., 2003]. The restriction of
480 Laramide-age deformation to the northern PR sug-
481 gests that Laramide slab descent may have remained
482 deep beneath the southern PR [Saleeby, 2003],
483 implying that the mantle beneath the southern PR
484 has remained essentially intact through the Lar-
485 amide Orogeny.

486 [24] The existence of relatively strong SCRD and
487 PR mantle may have helped define the locus of
488 tectonism in the Salton Trough and Imperial Valley
489 during the last ~22 Ma. The record of volcanic and
490 sedimentary rocks indicates that volcanism and
491 associated extension began in the early Miocene
492 [e.g., Kerr, 1984]. Incursion of marine sediments

in the late Miocene marks the initiation of modern
rifting associated with the development of the
Gulf of California transtensional system [Axen and
Fletcher, 1998; Stock and Hodges, 1989; Oskin and
Stock, 2003]. Although rifting since the early
Miocene is expected to produce a locally thin litho-
sphere which is mechanically weaker than its
surroundings, the evidence cited above suggests
that the SCRD and PR regions have been anoma-
lous for tens of Ma, suggesting that they exerted
an influence on the localization of faulting as the
rift system in the Gulf of California propagated
northward.

7. Conclusions

[25] Our results suggest that the active fault system
in northern Baja California occupies a low-viscosity
‘trough’ in lithospheric 'strength (i.e. the Salton
Trough),-bounded on both sides by relatively strong
lithosphere (PR and SCRD regions). This is consis-
tent with the defining role of ‘strong objects’ for
concentrating lithospheric strain sufficiently to pro-
duce continental faults [Molnar and Dayem, 2010].
Our results illustrate that at least in the present case
the origin of the strength contrast resides in the
mantle. Molnar and Dayem [2010] draw a distinction
between regions where a clear strength contrast is
present, resulting in a dominant fault (e.g. the SAF)
and those where it is not, e.g. the Basin and Range. In
this context, most of the SAF system in California,
broadly defined to include neighboring fault strands,
may generally occupy a trough in strength, bounded
by the relatively strong Pacific oceanic lithosphere
to its west and the Central Valley lithosphere to its
east, both of which are known to be of relatively
high seismic velocity [e.g., Humphreys and Dueker,
1994a; Moschetti et al., 2010]. Thus, major faults
appear to occupy plate boundary zones whose width
is defined by the high-strength regions which bound
it. Where the Central Valley terminates (~35°N), the
SAF system greatly broadens to include the Eastern
California Shear Zone [ Dokka and Travis, 1990], and
south of ~34° the system narrows again because of
the presence of the PR and SCRD high-viscosity
regions.

Appendix A
Al. Data Analysis
[26] The GPS data product obtained from UNAVCO

(http://pboweb.unavco.org/) consists of time series of
horizontal displacement with respect to a Stable

12 of 17

493
494
495
496
497
498
499
500
501
502
503
504
505

506

507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

o35

539

540
541
542



~/

3 hemi R
1 ! 828;;},‘;2;?5")/ IJ POLLITZ ET AL.: RHEOLOGICAL MANTLE HETEROGENEITY 10.1029/2012GC004139
)| Geosystems | T

Transient deformation following 2010 El Mayor earthquake

2 weeks - 6 months 25 mm/yr Uncorrected
for shallow afterslip

<— 25 mm/yr Corrected
for shallow afterslip

10 mm/yr Uncorrected
for shallow afterslip

<—10" mm/yr Corrected
for shallow afterslip

-117 -116 -115 -114

Figure Al.  Transient deformation following the M7.2 2010 El Mayor-Cucapah earthquake in two time periods.
Black vectors are uncorrected, and red vectors are corrected for shallow afterslip on the fault plane indicated in red,
which includes coseismic slip associated with the 06/15/2010 M5.7 aftershock (epicenter and focal mechanism super-
imposed). Fault planes F1, F2, F3, and F4 of Wei et al. [2011] are superimposed; only F2 is labeled. In green are the
surface traces of the Laguna Salada, Canon Rojo, Cucapah, Pescadores, and Chupamirtos faults.

543 North America Reference Frame (SNARF). We have ~ where u,(?) is the pre-earthquake time-dependent 548
544 processed this data in three steps: displacement of the north or east component, a; 549
is a reference displacement, a, is the interseismic 550
velocity, a; and a4 are the cosine and sine terms 551
of the semi-annual terms with angular frequency 552
wy = 2m/(0.5 year), and as and a4 are the cosine 553
Upre (1) = a1 + @yt + a3 €O Wyt + g SN Wyt + +as cos wt and sine terms of the annual terms with angular 554

+ ag sin w,t (a1)  frequency w, = 27/(1 year). 555

545 [27] (1) Pre-earthquake displacement (i.e. at times
546 ¢t < 2010.259 — April 4, 2010) is explained with a
547 six-parameter fit using least squares estimation as
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Figure A2. Residual average East-velocity (observed minus modeled) in the (a) 2 weeks to 6 months and (b) 2 weeks
to 1.5 year periods, with model crustal velocity calculated on the 1D reference viscoelastic structure (red symbols
with error bars) and the 3D model (blue symbols). (¢ and d) Corresponding results for residual average North-velocity.
Sites < 35 km from faults F2/F3 are excluded. Selected sites are labeled (locations in Figure 1 of the main text).

556 [28] (2) For each of the three Cartesian components,
557 post-earthquake displacement wu(¢) for > 2010.259
558 is corrected for interseismic velocity and seasonal
559 terms by subtracting the amount u,.(f) given by
560 equation (Al). Observations at PALX, PLPX,
561 PLTX, PTEX,PJZX, and PSTX began after the
562 earthquake, and for these stations we correct post-
563 seismic horizontal time series for the interseismic
564 velocities determined by Plattner et al. [2007] at
565 nearby sites (The Plattner et al. sites INDE, ELCH,
566 SALD, RLOV, LAGH, and MELR for PALX,
567 PLPX, PLTX, PTEX, PJZX, and PSTX, respec-
568 tively). This is reasonable given the smoothness of
569 the interseismic velocity field in northern Baja
570 California obtained by Plattner et al. [2007].

571 [29] (3) Post-earthquake time series within specific
572 time spans are fit with a best-fitting quadratic
573 function, and corresponding average velocity and
574 velocity error for each component is estimated with
575 least squares estimation assuming a flicker noise
576 model [Pollitz and Thatcher, 2010].

A2. Shallow Afterslip Model

[30] Observed horizontal motions around the
northern termination of the rupture (black vectors
in Figure A1) exhibit systematic misfits which we
interpret as the result of afterslip in the months
following the El Mayor - Cucapah main shock,
including the coseismic slip associated with a M5.7
aftershock on 06/15/2010. We estimated a simple
dislocation model to explain the horizontal off-
sets within ~25 km of the northern termination
of fault plane F2. Through a process of trial and
error, we obtained the fault length, strike, lower
edge depth, northern termination, and amount of
right-lateral slip needed to minimize the variance
of the observed horizontal velocities in the absence
of any viscoelastic relaxation. The upper edge depth
(0 km) and dip (90°) were fixed in this procedure,
and all slip is assumed to have occurred within the
first 6 months following the main shock. The for-
ward problem for static deformation on a layered
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597 spherical structure was solved using the method of
598 Pollitz [1996]. We obtained a fault shown by the red
599 trace in Figure A1 with lower edge depth = 8.0 km,
600 length = 45 km, and slip = 17.5 cm. The southern
601 part of the inferred shallow dislocation plane over-
602 laps with the northern portion of fault plane F2
603 of Wei et al. [2011], who found relatively little
604 coseismic slip on the northern ~6 km of plane F2.
605 The northern part covers the rupture area of the
606 M5.7 aftershock. The observed transient velocity
607 fields after correcting for this shallow afterslip are
608 shown by the red vectors in Figure Al. The cor-
609 rection leads to improved fits of our models of
610 transient velocity. Since near-field model predic-
611 tions are sensitive to the precise details of the
612 shallow afterslip model, which is likely too crude,
613 we restrict our quantitative estimates of misfit to
614 far-field observations (i.e. those sites >35 km from
615 the traces of faults F2 and F3).

616 A3. Data Residuals

617 [31] Residual east and north-component velocities
618 with respect to the 1D and 3D viscoelastic models
619 described in the main text are shown in Figure A2.
620 As eastward and northward motions tend to vary as a
621 function of longitude and latitude, respectively, the
622 residuals are plotted as a function of increasing longi-
623 tude (east component) or latitude (north component).
624 Only far-field sites (>35 km from faults F2-and F3) are
625 included. The residuals in these hotizontal components
626 are systematically lower in the 3D model.
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