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Abstract

This proposal was for the continued study of gravitational potential energy, mantle flow,
and edge force loading of faults in southern California. We mainly developed visco-plastic,
three-dimensional (3D) finite element models for regional deformation modeling; almost all
support went to post-doc Noah Fay who performed the modeling. Through the involvement
of PI Becker, the grant also partially supported global mantle flow modeling with resolutions
that are high enough to produce regionally realistic estimates for the western United States,
as well as analysis of geodetically determined strain-rates along San Andreas and their in-
terpretation in terms of transform fault mechanics. Major findings include the detection of a
significant mantle component of tectonic deformation and fault stressing in southern Califor-
nia, comprehensive models of fault loading which produce slip-rate variations as a function
of fault strength variations, and an augmented framework for interpretation of plate boundary
shear deformation. During 2008–2010, the grant partially supported four journal publications
and six conference contributions, five of which at the SCEC annual meeting.
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1 Regional modeling results

(a) (b)

Figure 1: (a) Map of the regional model study area (topography) with finite element domain overlain,
focusing on southern California. (b) 3D perspective view of the finite element grid, major fault zones in
southern California are marked. WLB: Walker Lane Belt; SAF: San Andreas Fault; cSAF: Central SAF;
mSAF: Mojave section of the SAF; sSAF: southern SAF (Carrizo segment); SJF: San Jacinto Fault; ELS:
Elsinore fault; Other abbreviations used in text: TR: Transverse Ranges; ECSZ: Eastern California Shear
Zone.

Our goal is to constrain the tectonic stress field in the crust, the rheological and buoyancy-
related controls on this stress field, and the relationships to how faults are loaded, as reflected
in active tectonic deformation and earthquakes. In the regional modeling effort, we use 3D fi-
nite element methods that are capable of representing visco-elastic-plastic rheology, incorporating
frictional deformation on and off faults, viscous flow in the lower crust and upper mantle, and
buoyancy forces caused by lateral density heterogeneity.

To evaluate the role of vertical loading on the stress field (Figure 2), we compute the stresses
in the crust as caused by gravity acting on lateral density heterogeneities (gravitational potential
energy variations, GPE). In the regional models, the rheology of the upperer crustal layer is visco-
elastic-plastic. The layer is 15 km thick, the viscosity is η = 1023 Pas, the yield stress σy =
50 Mpa, the shear modulus µ = 35 GPa, and the Poisson’s ratio ν = 0.25. The lower crust is
visco-elastic, 15 km thick, η = 1020 Pas, the upper mantle visco-elastic, 60 km thick, and η =
1019 Pas. Boundary conditions are bottom fixed, sides fixed with prescribed velocities on the
western side, free surface on the top with Winkler restoring forces, Fw, applied at the surface
(Fw = 2850 kg/m3× 9.8 m/s2× δz) and Moho (Fw = 450 kg/m3× 9.8 m/s2× δz), where δz is
the vertical deflection from the initial state. Results are shown at “viscous steady state”, i.e., five
Maxwell times after model start-up.

We also investigate the kinematic (block motions, fault slip rates) and dynamic (state of stress)
effects of spatially-varying fault strength. Questions to be addressed include: Are all of the major
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Figure 2: Horizontal deviatoric stresses
from the finite element computation of
Fay et al. (2009) for southern California
(see Figure 1 for geometry) evaluated at
7.5 km depth.
(a) Crustal load, inferred from surface
topography. The excess elevation (above
sea level) pushes down and is applied as
a body force to topmost elements with
load proportional to crustal density times
elevation. The Moho topography pushes
up and is applied as a body force from
below, with load proportional to the den-
sity difference between crust and man-
tle times the differential crustal thickness
with respect to mean thickness.
(b) Mantle viscous flow load. Tractions
on the crust caused by density-driven
flow of the upper mantle. Tractions from
Fay et al. (2008b) are applied to the Mo-
ho.
(c) Total stress field. Tension is pre-
dicted in the southern Great Valley
and compression in Western Transverse
Ranges caused by thick Great Valley
crust “buoying up”. Tension in the Walk-
er Lane belt caused (in part) by vertical
mantle tractions. Compression in Trans-
verse Ranges are caused by mantle trac-
tions. Tension in the Eastern Transverse
and Peninsular Ranges caused by grav-
itational collapse of thick crust. Com-
pression in Salton Trough caused by
“buoying down” of shallow mantle (thin
crust).
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faults of the San Andreas fault system similar in long-term frictional strength? What distribution
of fault strengths results in compression in the Transverse Ranges (TR) to balance the buoyancy-
driven tension (especially in the central and eastern Transverse Ranges)?

The main advance during the project funding period was the establishment of a modeling
framework for regional deformation. Preliminary conclusions from the modeling include that
tension in the Transverse Ranges (especially central and eastern) can be caused by “collapse” of
mountains and thick crust (Figure 2). The strongest signal is seen in the eastern Transverse Ranges.
Compression in the TR is caused by density-driven mantle flow. For the seismic velocity-density
scaling of Fay et al. (2008b), these stresses are smaller than stresses caused by topography.

Uniform fault strength (all faults at a yield stress of 10 MPa) results in tension in the central and
eastern Transverse Ranges (Figure 3). Variable fault strength (SAF 10 MPa, all others greater) re-
sults in compression throughout the Transverse Ranges, potentially providing the necessary load to
overprint the buoyancy-related tension. Fault slip rates adjust for variable fault strength as expect-
ed given the kinematic boundary conditions. More work is needed to further investigate support
of topographic loads and effects of variations in viscosity. Preliminary results were presented at
the SCEC meeting (Fay et al., 2008a, 2009), and we hope to be able to submit a paper after more
model parameter testing in the near future.

2 Western United States tractions from global mantle flow
Basal shear tractions, as generated by mantle convection, are likely to affect the stress field over
western North America, and hence, influence the deformation of the North American lithosphere
(Figure 2). To place the regional modeling for southern California into a broader context, and to
check the consistency of the mantle loading that was explored in the regional finite element mod-
els, we also explore plate-wide models with high enough resolution to incorporate the western US.
Earlier studies (Humphreys and Coblentz, 2007) have argued for the importance of shear tractions
beneath the continent, but at a reduced amplitude from those predicted by Becker and O’Connell
(2001). However, these tractions did not take into account the existence of lateral viscosity vari-
ations (LVVs) beneath North America, resulting from strong cratonic root and weak plate margin
(cf. Conrad and Lithgow-Bertelloni, 2006; Becker, 2006).

We evaluate the tractions and the resulting stresses over North America by incorporating LVVs
in a global, high resolution, finite element convection code, CitcomS (Zhong et al., 2000). Since
on of our goals is to match observables, such as plate motions and geoid, in addition to stresses, we
perform a global inversion for both radial and lateral viscosity variations and choose the viscosity
structures that yield a good fit simultaneously to both the global geoid and plate motions. We eval-
uate the tractions and corresponding stress field from those models. We also, newly, incorporate
the effects of gravitational potential energy in our convection model by applying the GPE gradients
as a stress boundary condition throughout the lithosphere (Figure 4). The GPE induced stresses
from the flow model are benchmarked with vertically integrated deviatoric stresses obtained from
a thin sheet model (Ghosh et al., 2009). We are in the process of refining the representation of plate
boundaries (thinner weak zones), and intend to explore the role of regional and global tomographic
models for mantle tractions further.
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Figure 3: Predicted slip rates and fault yield strength (left, see Figure 1 for abbreviations), model velocities
(center), and stress field (right). (a, top) Uniform strength model for all faults. Tension is predicted in the
central and eastern TR. Compression in the western TR, tension in SE Sierra Nevada, and oscillating stress
along southernmost SAF owing to fault “wiggles”. (b) San Andreas weaker than other faults. Tension and
slight compression is predicted in the central and eastern TR. Compression in the western TR. There is some
correlation with observed deformation when inferred from seismicity (not shown, cf. Becker et al., 2005). (c)
San Andreas much weaker than other faults. Compression is predicted throughout the TR, compression NE
of ECSZ from clockwise rotation of Mojave block (itself caused by compression on western side). Nearly
all right-lateral slip taken up by SAF (SJF, ELS inactive), WLB and ECSZ accommodating ∼25% of plate
motion. (d, bottom) The SAF is weaker than other faults and there is a strength gradation throughout the
sSAF, SJF, and ELS system. Compression is predicted throughout TR, and slip is distributed between the
SAF, SJF, and ELS. The WLB and ECSZ slip slower than in the model above, even though they have same
strength (stress and strain are nonlinear with plasticity). All models show tension along the Carrizo Plains
SAF. 5
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Figure 4: Lithospheric stress fields as predicted from a preliminary global, viscous flow computation (cf.
Becker, 2006; Ghosh et al., 2009); red and black sticks indicate the orientation of the tensional and compres-
sional axes, respectively. (Strike-slip style of stresses are correspondingly represented a pair of stresses.) (a)
Deviatoric stress prediction from density driven flow model with lateral viscosity variations (LVVs). The
tomography model used is the composite SMEAN (Becker and Boschi, 2002). LVV models are based on
the best-fitting viscosity structure that matches both global geoid (correlation of 0.82) and plate motions
(correlation of 0.85, both up to spherical harmonic degree 20) well (Ghosh et al., 2009). The LVVs are
generated by weak plate boundaries (reduced viscosity), strong keels and temperature dependent viscosity.
Most of the western US exhibits strike slip style of deformation, but note artifacts from the NW-SE trending
weak zone which is at present too wide. (b) Deviatoric stresses from gravitational potential energy (GPE)
differences. GPE is calculated based on the CRUST2.0 model of crustal structure, and the gradients of GPE
are applied as traction boundary condition throughout the lithosphere. The resultant stress field is due to the
instantaneous flow induced by these tractions alone. Tensional stresses mostly occur in the Great Valley and
Sierra Nevada region where the GPE is relatively high, mainly due to topography. The stress field is dom-
inated by either pure extension or compression. (c) Deviatoric stresses from GPE differences and density
driven flow combined. Strike-slip stresses dominate in most areas except for the westernmost part.

Regional results were presented at the SCEC meeting (Ghosh et al., 2008), global models for
plate motions in a Geophys. Res. Lett. publication (Ghosh et al., 2009), and we are working on a
manuscript describing the regional, western US modeling efforts.

3 Geodetic analysis of strain-rates
This SCEC grant also partially supported Becker’s collaboration with John Platt (USC) on trans-
form fault mechanics, results of which were previously published in Platt et al. (2008). Our most
recent work, as presented at SCEC (Platt and Becker, 2009) involves analysis of geodetically de-
termined crustal velocities (Figure 5).
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Figure 5: Scalar strain rate (second invariant of the 2D strain-rate tensor) calculated using velocities in-
terpolated from the PBO MIT Joint Network (November 2009) and Kreemer and Hammond (2007) GPS
compilations, plotted on an oblique Mercator projection (see Platt et al., 2008, for details on the interpola-
tion method). Note that the zone of highest strain rate does not everywhere coincide with the surface trace
of the SAF, is straighter than the SAF, and has an overall trend that is closer to the plate motion vector than
the SAF. Figure is from Platt and Becker (2010), see also Sandwell et al. (2009).

We substantiate earlier suggestions that the zone of highest geodetically-defined strain-rate in
California does not everywhere coincide with the surface trace of the San Andreas Fault (SAF).
To determine whether this reflects the pattern of long-term, permanent deformation, we analyzed
the velocity field on swaths across the transform, located so as to avoid intersections among the
major fault strands. Slip rates and flexural parameters for each fault were determined by finding
the best fit to the velocity profile using a simple arctan model, representing the interseismic strain
accumulation. Our slip rates compare well with current geologic estimates, which suggests the
present-day velocity field is representative of long-term motions. We find that the transform is a
zone of high strain-rate up to 80 km wide that is straighter than the SAF, and has an overall trend
closer to the relative plate motion vector than the SAF. Most sections of the SAF take up less than
half of the total slip rate, and slip is transferred from one part of the system to another in a way
that suggests the SAF should not be considered as a unique locator of the plate boundary. Up to
half of the total displacement takes place on faults outside the high strain-rate zone, distributed
over several hundred kms on either side. Our findings substantiate previous suggestions that the
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transform has the characteristics of a macroscopic ductile shear zone cutting the continental litho-
sphere, around which stress and strain-rate decrease on a length scale controlled by the length of
the transform. This work is now in press at G-Cubed (Platt and Becker, 2010).

By sharing our results as shown in Figure 5, we also partake in the strain-rate map comparison
effort of Sandwell et al. (2009), as presented at the 2009 SCEC meeting.

4 Publications and presentations partially supported by this
grant, 2008–2010
• Platt, J. P. and Becker, T. W.: Where is the real transform boundary in California? In

press at Geochem., Geophys., Geosys., 2010. (http://geodynamics.usc.edu/˜becker/
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• Ghosh, A., T. W. Becker, G. Humphreys, and M. Gérault. Western North America dynamics.
Eos Trans. AGU, 90(52), Fall Meet. Suppl., Abstract U53B-0064, 2009.

• Fay, N. P., Becker T. W., and Humphreys E. D.: Southern California modeling of geody-
namics in 3D (SMOG3D): Toward quantifying the state of tectonic stress in the Southern
California crust, Southern California Earthquake Center Annual Meeting, Proceedings and
Abstracts, 19, 251, 2009.

• Sandwell, D., Becker, T. W., Bird, P., Fialko, Y. , Freed, A., Holt, W. E. , Kreemer, C. ,
Loveless, J. , Meade, B. , McCaffrey, R. Pollitz, F., Smith-Konter, B., and Zeng, Y.: Com-
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• Platt, J. P., Kaus, B. J. P. and Becker, T. W.: The San Andreas Transform system and the
tectonics of California: An alternative approach. Earth Planet. Sci. Lett., 274, 380-391,
2008.

• Platt, J. P., T. W. Becker, and B. Kaus, The mechanics of continental transforms: implications
for the tectonics of California, 2008 SCEC Annual Meeting poster, 1-123, 2008.
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doi:10.1029/2008GC001988, 2008.

• Ghosh, A., T. W. Becker, and E. D. Humphreys, Effects of lateral viscosity variations on the
dynamics of western North America, 2008 SCEC Annual Meeting poster 1-124, 2008.
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• Fay, N. P., T. W. Becker, and E. D. Humphreys, Southern California Modeling of Geody-
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