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Abstract.  Two kinds of thin-shell finite-element model of neotectonics exist: (1) kinematic models which 
fit geodetic and geologic data, but use little physics; and (2) dynamic models that use realistic rheologies 
and stress-equilibrium, but don’t match kinematic data. A dynamic model can be tuned by: (A) adjusting 
horizontal shear tractions on the base of the lithosphere; or (B) adjusting the friction of each fault. I 
adjusted a Shells dynamic model to better match long-term flow and slip-rates from the NeoKinema 
deformation model of UCERF3. In method (A), I defined 31 microplates based on long-term velocities in 
the NeoKinema solution. Then I used an iterated-solution method to adjust basal tractions on 23 
microplates. At best, the model with fault friction 0.04 reduced RMS fault slip-rate errors from 4.87 to 
2.98 mm/a; however, required basal shear tractions were implausible (to 100 MPa) and also implausible 
in pattern. In method (B), the Shells solution was revised 100 times, and each time the effective friction 
of 1000 fault elements was adjusted up or down based on the current sense of slip-rate error. Over 60% 
of fault elements reached the lower friction limit of 0.01. RMS error in slip-rates fell from 5.69 to 1.55 
mm/a. My interpretation is that ~60% of active fault area in southern California experiences near-total 
stress-drop in large earthquakes due to dynamic weakening. Yet, other areas retain higher effective 
friction and serve as nucleation sites. All results are tentative because the planned Community Thermal 
Model and Rheology Model were not yet available. 

I. Overview and context.  One intriguing vision for the future of the SCEC collaboration includes creation 
of a three-dimensional (3D), time-dependent (TD) physics-based model of the deformation of the 
southern California lithosphere.  Such a model would inter-operate with other codes providing fine-
grained simulations of individual earthquake ruptures.  It could provide date-specific seismic hazard 
maps as well as improved understanding of the dominant causal linkages in the complex seismogenic 
system.  This distant objective will require contributions of innovative code from various experts, 
assimilation of multiple SCEC datasets, and lots of supercomputer cycles. 

In contrast, the models discussed here are not TD; instead, they represent long-term averages of crustal 
velocities, fault slip rates, and lithospheric stresses.  Instead of representing specific earthquake 
ruptures, we either approximate all faults as slipping slowly and smoothly (for the long-term-average 
vies of the model) or as locked in their shallow seismogenic portions (for short-term “interseismic” view 
of the model).  Also, only one of the models discussed here is 3D; the others use various approximate 
representations of how velocity and stress vary with depth, so they are perhaps best described as “2.5-D 
thin-shell models.” 
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However, I am able to report a large step forward, which is: learning to tune the material properties 
(and/or boundary conditions) of a 2.5-D thin-shell dynamic model to achieve the same levels of realism 
in long-term-average kinematics that were previously found only in nonphysical kinematic inverse 
models.  The resulting tuned dynamic model(s) immediately yield(s) better long-term-average 
deformation models (for the next update of UCERF) and better long-term-average stress models (for the 
Community Stress Model, or CSM); they also constrain the effective strengths of faults, and thus the 
physics of large earthquake ruptures. 

II. Existing models extended in this project:  To understand the new work reported here, it is important 
to be acquainted with 3 previous UCLA models of the southern California lithosphere: 

NeoKinema is my kinematic finite-element (FE) program for estimating long-term-average velocities, 
fault slip-rates and rakes, and distributed permanent strain-rates on the surface of a spherical Earth.  
Under the assumption that temporary interseismic fault locking can be modeling with backslip on 
Savage & Burford [1973] dislocations in an elastic half-space, the program also provides estimates of 
interseismic velocities and strain-rates.  Input data include secular GPS velocities (with covariance 
matrix, if available), geologic offset rate targets (with uncertainties) and also limits on offset rates, 
azimuths of most-compressive horizontal principal stress (e.g., from World Stress Map), and plate-
tectonic velocity boundary conditions.  The solution is found by weighted least-squares minimization of 
misfits, and nonlinear terms are handled by iteration of the solution (~50 times).  NeoKinema has been 
used to model the Persia-Tibet-Burma orogen [Liu & Bird, 2008], the Philippines [Rucker, 2009], 
southern Europe [Howe & Bird, 2010], Iran [Khodaverdian et al., 2015], and Italy [Carafa & Bird, 2016; 
Carafa et al., 2017?].  Successively more sophisticated models of California have included Bird & Liu 
[2007], Bird [2009], Field et al. [2013], and Petersen et al. [2014a, b].  In the last 3 publications, the 
NeoKinema model was used as a deformation model in the UCERF3 and NSHM-WUS2014 seismic-hazard 
models, so its methods and datasets received extensive scrutiny by a variety of geophysical and geologic 
experts. 

Shells is my dynamic FE model for simulating neotectonic motion and deformation of plates on a 
spherical Earth, based on quasi-static stress equilibrium, assumed realistic (nonlinear) rheologies of 
friction and dislocation creep, estimated lithosphere structure and geotherms, and plate-tectonic 
velocity boundary conditions.  Its grid of nodes (on which long-term-average velocity is computed) is 2D, 
but the strength and buoyancy properties of the lithosphere (e.g., gravitational potential energy) are 
obtained from 3D integrals.  Faults (with known traces and dips) are represented by special elements, 
which are typically assigned a lower effective friction.  Stress anomalies are vertically-integrated, and 2D 
horizontal-plane equilibrium of these integrated stresses is enforced.  Thus, I like to refer to this 
program as providing a “2.5-D” solution.  Shells [Kong & Bird, 1995] was derived from less-sophisticated 
precursor FE programs Faults [Bird & Kong, 1994] and Plates [Bird, 1996] that used the flat-Earth 
approximation.   In recent years, Shells has been used for regional plate-deformation studies in the 
North America plate [Liu & Bird, 2002], Alaska [Kalbas et al., 2008], the Andes [Iaffaldano & Bunge, 
2009], the Mediterranean region [Barba et al., 2008; Carafa et al., 2015], the Pacific basin [Austermann 
et al., 2011] and Iran [Jimenez, 2012].  A set of global models by Bird et al. [2008] was used to estimate 
the balance of driving and resisting torques on each plate, including effects of basal shear tractions 
(which we solved for).  Recently, a local dynamic model of southern California, based on UCERF Fault 
Model 3.1, was developed to estimate stresses in the region for the CSM of SCEC.  The main drawback of 



3 
 

the Shells method is that GPS data on relative velocities and geologic data on fault offset-rates cannot 
be incorporated into the solutions; they can only be used to assess model realism (or lack of realism) 
after the computation. 

FlatMaxwell [Bird, 2014; 2017?] is a new tool for estimating stress fields in the lithosphere 
(approximated as flat-Earth) that satisfy 3D quasi-static equilibrium at every point.  This tool can be used 
to smooth and filter the discontinuous and jagged stress fields estimated by a dynamic FE program like 
Shells.  At the same time, FlatMaxwell can approximate known stress orientations and tectonic styles 
from focal mechanisms and boreholes, to increase the realism of the solution.  The method is to: (1) 
Divide the stress field into a standard pressure as a function of elevation, plus a topographic stress 
anomaly, plus a tectonic stress anomaly.  (2) Compute the topographic stress field (which is not very 
controversial) by convolution of analytic solutions with loads from topography and buoyant loads from 
Moho topography.  (3) Represent the tectonic stress anomaly (which is very poorly known) by a sum of 
spectral basis functions that each satisfy equilibrium exactly.  (4) The coefficients in this sum are 
determined from available target stresses and other constraints by weighted least-squares.  Currently, 
FlatMaxwell has a spatial-frequency cutoff at 6 wavelengths per side of the model volume.  This model 
was computed for, and submitted to, the SCEC CSM.  It was also presented in a plenary lecture at the 
September 2015 SCEC Annual Meeting. 

III. New Work Performed in this Subcontract: 

1.Updating the source code of Shells: (a) The fixed-format Fortran 77 source code of Shells version 3 was 
converted to free-format Fortran 90 source code.  This improves readability, and allows comments on 
any line.  (b) Former ALL-CAPITAL spelling was replaced by a mixture of ALL-CAPS for Fortran reserved 
words, InitialCaps for names of subprograms, and lower-case or camelCaps for variable names.  (c) My 
informal groupings of subprogram arguments under the dummy-argument headings of 
INPUT/WORK/MODIFY/OUTPUT were replaced by the new Fortran 90 formal argument designators 
INTENT(IN/INOUT/OUT).  (d) All REAL (4-byte) variables and constants were replaced with REAL*8 (8-
byte) floating-point variables and constants.  This reduces numerical noise in the solutions; in particular, 
strain-rates and stresses are less noisy in regions that are fast-moving but slow-deforming.  (e) Linear-
algebra solvers (for linear systems and eigenanalysis) from International Mathematics Subroutine 
Library (IMSL) where replaced with routines from Intel’s Math Kernel Library (MKL).  This provides an 
option for parallel execution of those routines, and compatibility with the latest Intel compilers.  The 
resulting source code is called Shells version 4. 

2. New version of code: A new source code Tuned_SHELLS_for_SCEC was created from Shells v.4 with 
the addition of 3 features: (a) Input of a target slip-rate (and fault name) for every fault element, from 
an additional tabular input file.  This allows routine computation of the RMS error in model slip-rates 
during program execution.  (b) Replacement of the PB2002 global plate model [Bird, 2003] by 
augmented model P2002SCEC, which replaces the Gorda-California-Nevada orogen with many small 
microplates in the southern California region.  (c) Addition of an outer iteration loop for the entire 
solution, in which fault friction values are adjusted individually based on the sense of the current error 
in slip-rate. 
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3. Experiments with models tuned through basal shear traction.  In this phase, I tested whether 
velocities and slip-rates of dynamic models of southern California neotectonics can be improved by 
adding shear tractions on horizontal planes at the base of the lithosphere.  (a) I plotted the long-term 
velocity field of NeoKinema model NSHM-WUS_2013001 with a continuous color spectrum, and then 
manually outlined 31 contiguous-but-nonoverlapping “microplates” within southern California, each of 
which has relatively uniform long-term velocity.  (b) I wrote and applied auxiliary code Rigidify to 
identify all nodes of the NeoKinema F-E grid that lie within any one microplate, obtain their long-term 
velocities from the NeoKinema solution files, and then compute the best-fitting Euler pole to describe 
the long-term rotation of that microplate.  These new microplate outlines and Euler poles were inserted 
into the source code of Tuned_SHELLS_for_SCEC.  (c) I applied the solution-iteration technique of Bird et 
al. [2008] to find the basal-traction pattern (“traction pole”) for each internal microplate that would 
result in microplate velocities close to the target rotation.  The steps were: (i) Impose artificial internal 
velocity constraints on 2~4 nodes of each internal microplate, in a model with no basal shear tractions.  
Compute the nodal reaction forces, and sum them to get an external torque on each microplate.  (ii) Re-
run the simulation, with basal shear tractions on each microplate computed to provide the necessary 
external torque.  (iii) Iterate this cycle twice more; the reaction forces to artificial internal velocity 
constraints are gradually reduced and replaced by distributed basal tractions.  (iv) Run the model one 
last time with updated basal shear tractions, but without any artificial internal velocity constraints.  This 
gives a physically-plausible model, with no stress singularities, but with microplate velocities and fault 
slip-rates closer to target values. 

This tuning experiment was repeated for 6 values of (uniform) fault friction: 0.15, 0.10, 0.05, 0.04, 0.03, 
0.02.  The best result was at fault friction of 0.04, where the addition of basal shear tractions reduced 
the RMS fault slip-rate error from 4.871 mm/a to 2.975 mm/a.  However, this model is physically 
implausible and unacceptable for two reasons: (a) The required magnitudes of basal shear tractions are 
typically over 10 MPa, and some range up to 100 MPa.  In contrast, the global study of Bird et al. [2008] 
found that the largest slabless plates all have mean basal shear tractions of 1 MPa or less.  Also, if the 
upper asthenosphere is mostly composed of olivine, and if it deforms according to the dislocation-creep 
flow-law of Kirby [1983], then asthenosphere temperatures would have to be ~800~1000°C to allow 
such large shear stresses to be transmitted.  But most expert opinion expects upper-asthenosphere 
temperatures in the range of 1150~1300°C.  (b) The spatial pattern of the directions of basal shear 
traction are implausible.  It has long been known that there is a high-velocity anomaly under the 
Transverse Ranges down to ~300 km depth [Raikes, 1980; Humphreys et al., 1984; Kohler, 1999] which 
probably reflects downwelling of relatively cold mantle lithosphere [Bird and Rosenstock, 1984; 
Humphreys & Hager, 1990] which could drag microplates toward this downwelling zone.  However, the 
inferred basal tractions in the best Tuned_SHELLS_for_SCEC model, while chaotic, point generally away 
from the Transverse Ranges.  There is no known source for such tractions. 

4. Experiments with models tuned by varying local fault friction.  In this second set of tuned models, all 
basal shear tractions on the lithosphere were set to zero.  (Therefore, the 31 “microplates” described in 
the previous section have no influence.)  The outer iteration loop of Tuned_SHELLS_for_SCEC was used 
to repeat the dynamic solution 100 times.  Each time, any fault element whose long-term slip-rate was 
too low had its fault friction reduced by 0.01 (but no lower than 0.01).  Any fault element whose long-
term slip-rate was too high had its fault friction increased by 0.01 (but no higher than the continuum 
friction of 0.85).  All fault friction increments were gradually reduced from 0.01 to 0.0004 in the last 30 
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iterations to damp local oscillations and improve model convergence.  The result was a distribution of 
1000 values (in 1000 fault elements) of effective fault friction, of which 610 were at the lower limit of 
0.01.  The remaining 390 values approximate an exponential distribution clustered at low values, with a 
median of 0.08.  The spatial distribution of fault friction is shown in Figure 1.  The distribution of long-
term fault slip-rates is shown in Figure 2; although fault rakes (slip senses) were not imposed, they are 
all correct; also, RMS fault slip-rate error is only 1.551 mm/a.  The long-term vertically-integrated stress 
anomaly field is shown in Figure 3; it is not very different from that of previous uniform-friction models, 
and appears to be controlled primarily by the input map of heat-flow.  (This result suggests that it may 
be worthwhile to re-do all these models once the planned SCEC Community Thermal Model and 
Community Rheology Model become available to use in input datasets.) 

This tuned model is physically plausible.    It is notable that almost all elements along the San Andreas 
and Garlock fault systems have effective friction of 0.01.  This low value must represent dynamic 
weakening [Rice, 2006] by mechanisms like thermal pressurization and/or melting during large 
earthquakes, which could progress readily as slip pulses along established planes of weakness (and of 
lower seismic velocity, in the damage zones around established faults).  High friction values (0.4~0.8) are 
located either on “minor” (slow-slipping) faults, or on step-overs and unstable triple-junctions of 
established faults such as the San Jacinto and San Andreas, in places where one might expect new 
fractures to be forming and gradually linking-up within a high-friction continuum.  One could interpret 
these high-friction patches as “asperities” on which seismic ruptures are nucleated in an environment of 
high shear stress, before propagating along adjacent fault patches which have only the small amounts of 
shear stress accumulated since the previous earthquake.  In this interpretation, a typical southern 
California seismic stress drop (on the order of 2 MPa) represents a small fraction of the initial stress at 
the asperity, but a large fraction of the initial stress along well-established fault planes of large offset. 

The stress-anomaly field from Tuned_SHELLS_for_SCEC model TS2016005 has been used (together with 
World Stress Map 2008 point data) as input to compute FlatMaxwell stress model HiRes046.  (However, 
SCEC’s limit on figures does not permit that additional step to be displayed in this report.)  Both 
Tuned_SHELLS_for_SCEC model TS2016005 and the smoother FlatMaxwell model HiRes046 stress fields 
will be submitted for possible inclusion in the planned Release 2 of the Community Stress Model. 
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Figure 1.  Ribbon-map of estimated effective friction coefficients on southern California faults, from 
Tuned_SHELLS_for_SCEC model TS2016005.  The upper limit of 0.85 is the assigned friction of all 
continuum elements (not shown) between the faults.  A lower limit of 0.01 was also imposed.  A 
reasonable physical interpretation of these “effective friction” coefficients from a quasi-static 
dynamic model is that they give the ratios of coseismic shear stress to lithostatic normal stress during 
earthquakes; thus, very low values suggest that dynamic weakening is common on those faults. 
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Figure 2.  Ribbon-map of predicted long-term fault slip rates from the same Tuned_SHELLS_for_SCEC 
model TS2016005 as in Figure 1.  Ribbons are colored by slip-sense (rake), using somewhat arbitrary 
bounds between colors.  This slip-rate map is more realistic than the slip-rate map from NeoKinema 
(that defined the target rates during tuning) because it includes tapering of slip-rates to zero at the 
ends of unconnected faults.  Selected slip-rates are given in mm/a. 

 



10 
 

 
Figure 3.  Vertically-integrated stress anomalies in the lithosphere of southern California, according to 
the same Tuned_SHELLS_for_SCEC model TS2016005 that was shown in Figures 1 & 2.  Colors 
represent the vertical integral of the greatest shear stress.  Tensor symbols show all components of 
the vertical integral of stress anomaly tensors at selected points.  Regional stress concentrations on 
this map generally correspond to regions of low heat flow, high lithospheric strength, and slow 
deformation.  Weak faults are not visible in this map, but are in quasi-static equilibrium with it. 

 


