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Abstract.  There are two kinds of finite-element (FE) models of neotectonics: (1) 2-D surface kinematic 

models which fit geodetic and geologic data, but use little physics; and (2) thin-shell dynamic models 

that use realistic rheologies and stress-equilibrium, but rarely match kinematics. A dynamic model can 

be tuned to improve its kinematics by: (A) adjusting the common effective friction on all faults; (B) 

adjusting horizontal shear tractions on the base of the lithosphere; or (C) adjusting the friction of each 

fault separately. I built a Shells_v5.0 dynamic model incorporating the lateral heterogeneity of CTM and 

CRM, and then adjusted it to better match long-term fault offset-rates from the NeoKinema 

deformation model of UCERF3 that was built on CFM. Method (A) had little success; at optimal effective 

friction (0.05~0.20) RMS residual errors were 4.6 mm/a for fault offset rates, 2.6 mm/a for GPS 

velocities, and 35 for stress directions.  In method (B), 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 of these microplates. At best, the model with fault friction 0.05 reduced RMS fault offset-rate 

errors from 4.6 to 3.7 mm/a; however, required basal shear tractions were implausible in magnitude 

and also implausible in map-pattern. In method (C), basal shear tractions were eliminated, but the 

Shells_v5.0 solution was revised 100 times, and each time the effective friction of each of 1000 fault 

elements was adjusted up or down based on its current sense of slip-rate error. RMS error in slip-rates 

fell rapidly from 5.5 to 1.7 mm/a. About 48% of fault elements reached the lower friction limit of 0.01, 

and another 18% were below 0.21. My interpretation of this successful experiment 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 high effective friction and serve as nucleation sites.  

However, effective fault friction is only very weakly correlated (-0.142) with target slip-rate, and not at 

all with total slip (-0.082) or fault age (-0.015); therefore, the factors that control effective friction may 

be subtle (e.g., fault shape and continuity at depth; structure of the gouge zone). 

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 time. 
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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 

view of the model, compared to geologic data) or as locked in their shallow seismogenic portions (for 

short-term “interseismic” view of the model, compared to GPS data).  Also, only one of the stress 

models discussed here is 3D; the dynamic models use various approximate representations of velocity 

and stress variation with depth, so they are perhaps best described as “2.5-D thin-shell models.” 

However, I am able to report a large step forward, which is: tuning the material properties of a 2.5-D 

thin-shell dynamic model to achieve almost 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 could yield a better long-term-average deformation model (for future updates of UCERF) 

and better long-term-average stress models (for the Community Stress Model); it also constrains the 

effective strengths of active faults, and thus the physics of large earthquake ruptures. 

II. Existing models used or extended in this project:  To understand the new work reported here, it is 

useful to be acquainted with 3 previous UCLA models of the southern California lithosphere: 

NeoKinema is my kinematic FE program for estimating long-term-average velocities, fault slip-rates and 

rakes, and long-term (permanent) strain-rates on the 2-D surface of the spherical Earth.  Under the 

assumption that temporary interseismic fault locking can be modeled with backslip on Savage & Burford 

[1973] dislocations in an elastic half-space, the program also estimates interseismic velocities and strain-

rates.  Input data include GPS velocities (with covariance matrix, if available), geologic offset rates (with 

uncertainties) and also limits on offset rates, azimuths of most-compressive horizontal principal stress, 

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], Petersen et al. [2014a, b] and Shen & Bird [2022].  The 

NeoKinema models in the last 4 publications were used as deformation models in the UCERF3, NSHM-

WUS2014, and NSHM-WUS2023 seismic-hazard models, so the methods and datasets used in 

NeoKinema received extensive scrutiny by a variety of geophysical and geologic experts. 

Shells [Kong & Bird, 1995] is my dynamic FE model for simulating neotectonic motion and deformation 

of plates on a spherical Earth, based on quasi-static stress equilibrium, realistic rheologies of friction and 

dislocation creep, estimated lithosphere structures and geotherms, and plate-tectonic velocity boundary 

conditions.  Its grid of nodes (on which long-term-average velocity is computed) is 2-D, but the strength 

and buoyancy properties of the lithosphere (e.g., gravitational potential energy) are obtained from 3-D 

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 2-D spherical-surface 

equilibrium of these integrated stresses is enforced.  Thus, I like to refer to this program as providing a 

“2.5-D” solution.  Shells has been used for regional neotectonic 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 
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[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).  In 

2017, 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 latest version, Shells_v5.0, allows lateral 

heterogeneity in lithospheric rheology constants (fault & continuum friction; dislocation-creep flow-

laws).  The main drawback of 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 is finished. 

FlatMaxwell [Bird, 2017] is a 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 by convolution of analytic solutions 

with loads from topography and buoyant loads from Moho topography.  (3) Represent the tectonic 

stress anomaly (which is 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.Update to source code of Shells: New Shells_v5.0 allows for lateral heterogeneity in all lithospheric-

rheology constants (fault & continuum friction; dislocation-creep laws for crust and mantle) in all 

continuum and fault elements.  Each set of constants is identified by an integer index number, and 

supporting utility programs OrbWin and NeoKineMap have been updated to allow editing and/or display 

of those indices.  These changes were made to allow representation of the different rheologic provinces 

in the SCEC Community Rheology Model (CRM). 

2. Customized version of code: A modified source code Tuned_Shells5_for_SCEC was created from 

Shells_v5.0 by adding 2 main features that support kinematic tuning: (a) Input of a target slip-rate for 

every fault element, from an additional tabular input file.  This allows routine computation of the error 

in model slip-rates during program execution.  (b) Addition of an (optional) outer iteration loop for the 

entire solution, in which fault friction values can be adjusted individually based on the sense of the 

current error in slip-rate (in each converged solution from the program’s completed inner loop). 

3. Incorporation of CTM and CRM: Shells_v5.0 allows each node of the FE grid to have a distinct 

geotherm, represented by a quadratic polynomial of elevation in the crust and a different quadratic 

polynomial in the mantle-lithosphere.  Naturally, continuity of temperature and heat-flow are enforced 

at the Moho.  However, the geotherms are not required to be in steady-state.  Therefore, it was 

straightforward to incorporate the heat-flow map and also the lithosphere-thickness map from CTM; 

this was done with utility program OrbDataSCEC.   
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The Community Rheology Model (CRM) required two compromises due to its complexity: (a) The varying 

stress-exponents (n) of its 19 different dislocation-creep flow-laws, ranging from 3.5 to 4.4, were 

replaced by a common compromise value of 3.75, since Shells requires the crust and the mantle-

lithosphere to share a common stress-exponent.  (b) Since Shells only allows a single dislocation-creep 

law for the crust (and a different one for the mantle-lithosphere) in each vertical column, I created 

utility program LR_set_for_SCEC to sum the strengths of the different crustal layers in each province of 

the CRM, and find a single crustal flow-law with the same vertically-integrated strength that 

approximately matches the vertical variation of effective viscosity in CRM. 

4. Adjustment of (uniform) fault friction:  As in all modeling projects since Bird & Kong [1994], I tested 16 

different (uniform) values of effective fault friction, ranging from 0.01 to 0.85.  Model misfits were 

computed with respect to fault slip-rates from UCERF3, with respect to interseismic GPS velocities, and 

with respect to principal stress azimuths from the World Stress Map.  At the best effective friction values 

(0.05~0.20), RMS residual errors were 4.6 mm/a for fault offset rates, 2.6 mm/a for GPS velocities, and 

35 for stress directions.  This confirms the general result of low effective fault friction from all 

previous modeling studies (that did not include CTM and CRM), but does not achieve an acceptable 

match to regional kinematics. 

5. 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 ~Eulerian 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_Shells5_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 closer to the target rotation.  The steps were: (i) Impose artificial internal 

velocity constraints on 2~4 nodes of each 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 tuning experiment was repeated for 5 values of (uniform) fault friction: 0.01, 0.05, 0.10, 0.20, 0.40.  

The best result was at fault friction of 0.05, where the addition of basal shear tractions reduced the RMS 

fault slip-rate error from 4.6 mm/a to 3.7 mm/a.  However, this model is physically implausible and 

unacceptable for two reasons: (a) The model magnitudes of basal shear tractions typically rose during 

iteration to hit the (arbitrary) upper limit of 20 MPa under most microplates.  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 “Mantle” dislocation-creep flow-law of CRM, then asthenosphere temperatures would have to be 
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~1000C to allow such large shear stresses.  But most expert opinion expects upper-asthenosphere 

temperatures in the range of 1150~1300C.  (b) The map-pattern of the directions of basal shear 

traction is chaotic and implausible.  Thus, this group of experiments (#5) is considered a failure. 

This failure does not prove that tuning the Shells_v5.0 dynamic model with basal shear tractions is 

impossible; it just shows that we have not yet found the correct algorithm to do so.  But it does raise 

serious doubts about whether the required map-pattern of basal tractions would be plausible. 

6. Experiments with models tuned by varying local fault friction.  In this third set of tuned models, all 

basal shear tractions on the lithosphere were set to zero.  (Therefore, the 31 “microplates” described in 

the previous section were discarded.)  The outer iteration loop of Tuned_Shells5_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 

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 480 (48%) were at the lower 

limit of 0.01.  The remaining 520 values were approximately uniformly distributed, with a secondary 

peak of 90 (9%) at the upper limit 0.85.  The spatial distribution of effective 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 1.7 mm/a.  The 

long-term vertically-integrated stress anomaly field is shown in Figure 3; its complexity is the joint 

product of heterogeneous fault friction and lateral strength heterogeneities based on CTM and CRM. 

This tuned model is physically plausible.  It is notable that most elements along the San Andreas fault 

system have effective friction of 0.01.  Such low values (0.2) 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).  Higher friction values (0.3~0.8) tend to be 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.  I interpret these relatively-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_Shells5_for_SCEC model TS2023001 has been used (together with 

point data from the World Stress Map) as input to compute FlatMaxwell 3-D stress model HiRes2023.  

(However, SCEC’s limit on figures does not permit that additional step to be displayed in this report.)  

Both Tuned_Shells5_for_SCEC model TS2023001 and the smoother FlatMaxwell model HiRes2023 stress 

fields are candidates for possible inclusion in a future release of the Community Stress Model. 



6 
 

IV. References Cited 

Austermann, J., Z. Ben-Avraham, P. Bird, O. Heidbach, G. Schubert, and J. M. Stock [2011] Quantifying 

the forces needed for the rapid change of Pacific plate motion at 6 Ma, Earth Planet. Sci. Lett., 

307, 289-297, doi:10.1016/j.epsl.2011.04.043. 

Barba, S., M.M. C. Carafa, and E. Boschi [2008] Experimental evidence for mantle drag in the 

Mediterranean, Geophys. Res. Lett., 35, L06302, doi: 10.1029/2008GL033281. 

Bird, P., and X. Kong [1994] Computer simulations of California tectonics confirm very low strength of 

major faults, Geol. Soc. Am. Bull., 106(2), 159-174. 

Bird, P. [1996] Computer simulations of Alaskan neotectonics, Tectonics, 15(2), 225-236. 

Bird, P. [2003] An updated digital model of plate boundaries, Geochem. Geophys. Geosyst., 4(3), 1027, 

doi:10.1029/2001GC000252. 

Bird, P. [2009] Long-term fault slip rates, distributed deformation rates, and forecast of seismicity in the 

western United States from fitting of community geologic, geodetic, and stress direction 

datasets, J. Geophys. Res., 114(B11403), doi: 10.1029/2009JB006317. 

Bird, P. [2017] Stress field models from Maxwell stress functions: Southern California, Geophys. J. Int., 

210(2), 951-963, doi: 10.1093/gji/ggx207. 

Bird, P., and Z. Liu [2007] Seismic hazard inferred from tectonics: California, in: S. E. Hough and K. B. 

Olsen (ed.), Special Issue on: Regional Earthquake Likelihood Models, Seismol. Res. Lett., 78(1), 

37-48. 

Bird, P., Z. Liu, and W. K. Rucker [2008] Stresses that drive the plates from below: Definitions, 

computational path, model optimization, and error analysis, J. Geophys. Res., 113(B11), B11406, 

doi:10.1029/2007JB005460, plus digital appendices. 

Carafa, M. M. C., and P. Bird [2016] Improving deformation models by discounting transient signals in 

geodetic data, 2: Geodetic data, stress directions, and long-term strain rates in Italy, J. Geophys. 

Res., 121(7), 5557-5575, doi: 10.1002/2016JB013038. 

Carafa, M., S. Barba, and P. Bird [2015] Neotectonics and long-term seismicity in Europe and the 

Mediterranean region, J. Geophys. Res., 120(7), 5311-5342, doi: 10.1002/2014JB011751. 

Carafa, M. C. C., G. Valensise, and P. Bird [2017] Assessing the seismic coupling of shallow continental 

faults and its impact on seismic hazard estimates: A case-study from Italy, Geophys. J. Int., 

209(7), 32-47, doi: 10.1093/gji/ggx002. 

Field, E. H., G. P. Biasi, P. Bird, T. E. Dawson, K. R. Felzer, D. D. Jackson, K. M. Johnson, T. H. Jordan, C. 

Madden, A. J. Michael, K. R. Milner, M. T. Page, T. Parsons, P. M. Powers, B. E. Shaw, W. R. 

Thatcher, R. J. Weldon, II, and Y. Zeng [2013] Unified California Earthquake Rupture Forecast, 

version 3 (UCERF3)-The time-independent model, U.S. Geol. Surv. Open-File Rep., 2013-1165 

(Cal. Geol. Surv. Spec. Rep. 228, and Southern California Earthquake Center Pub. 1792), 97 pages; 

http://pubs.usgs.gov/of/2013/1165/. 

Howe, T. M., and P. Bird [2010] Exploratory models of long-term crustal flow and resulting seismicity 

across the Alpine-Aegean orogen, Tectonics, 29, TC4023, doi: 10.1029/2009TC002565. 



7 
 

Iaffaldano, G., and H.-P. Bunge [2009] Relating rapid plate-motion variations to plate-boundary forces in 

global coupled models of the mantle/lithosphere system: Effects of topography and friction, 

Tectonophysics, 474, 393-404, doi: 10.1016/j.tecto.2008.10.035. 

Jiménez, Andrés Felipe Ordóñez [2012] Neotectonic numerical modelling of the Arabia-Eurasia collision 

in the Zagros region, Master en Geofisika thesis, Universitat de Barcelona – Universitat Ramon 

Llull, 36 pages. 

Kalbas, J. L., A. M. Freed, and K. D. Ridgway [2008] Contemporary fault mechanics in southern Alaska, in: 

J. T. Freymueller, P. J. Haeussler, R. L. Wesson, and G. Ekstrom (ed.), Active Tectonics and 

Seismic Potential of Alaska, Geophys. Mon., 179, 321-336. 

Khodaverdian, A., H. Zafarani, and M. Rahimian [2015] Long term fault slip rates, distributed 

deformation rates and forecast of seismicity in the Iranian Plateau, Tectonics, 34, 2190-2220, 

doi: 10.1002/2014TC003796. 

Kong, X., and P. Bird [1995] SHELLS: A thin-plate program for modeling neotectonics of regional or global 

lithosphere with faults, J. Geophys. Res., 100(B11), 22,129-22,131. 

Liu, Z., and P. Bird [2002] North America plate is driven westward by lower mantle flow, Geophys. Res. 

Lett., 29(24), 2164, doi:10.1029/2002GL016002. 

Liu, Z., and P. Bird [2008] Kinematic modelling of neotectonics in the Persia-Tibet-Burma orogen, 

Geophys. J. Int., 172(2), 779-797 + 3 digital appendices, doi: 10.1111/j.1365-246X.2007.03640.x. 

Petersen, M. D., Y. Zeng, K. M. Haller, R. McCaffrey, W. C. Hammond, P. Bird, M. Moschetti, Z. Shen, J. 

Bormann, and W. Thatcher [2014a] Geodesy- and geology-based slip-rate models for the 

Western United States (excluding California) national seismic hazard maps, U.S. Geol. Surv. 

Open-File Rep., 2013-1293, 80 pages; http://dx.doi.org/10.3133/ofr20131293. 

Petersen, M. D., M. P. Moschetti, P. M. Powers, C. S. Mueller, K. M. Haller, A. D. Frankel, Y. Zeng, S. 

Rezaeian, S. C. Harmsen, O. S. Boyd, N. Field, R. Chen, K. S. Rukstales, N. Luco, R. L. Wheeler, R. 

A. Williams, and A. H. Olsen [2014b] Documentation for the 2014 update of the United States 

National Seismic Hazard Maps, U.S. Geol. Surv. Prof. Pap., 2014-1091, 255 pages. 

Rice, J. R. [2006] Heating and weakening of faults during earthquake slip, J. Geophys. Res., 111(B5), 

B05311, doi: 10.1029/2005JB004006. 

Rucker, W. K. [2009] Neotectonic kinematic analysis of the Philippines orogen: Regional strain-rates and 

a forecast of long-term seismicity, M.S. thesis, University of California, Los Angeles, 56 pages. 

Savage, J. C., and R. O. Burford [1973] Geodetic determination of relative plate motion in central 

California, J. Geophys. Res., 78, 832-845. 

Shen, Z.-K., and P. Bird [2022] NeoKinema deformation model for the 2023 update to the U.S. National 

Seismic Hazard Model, Seismol. Res. Lett., 93(6), 3037-3052, 

https://doi.org/10.1785/0220220179, 16 pages. 

  



8 
 

 

Figure 1.  Ribbon-map of computed effective friction coefficients on southern California faults, from 
Tuned_SHELLS_for_SCEC model TS2023001.  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 effective (lithostatic – 
hydrostatic) normal stress during earthquakes; thus, very low values suggest dynamic weakening. 
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Figure 2.  Ribbon-map of predicted long-term fault heave rates from the same 
Tuned_SHELLS_for_SCEC model TS2023001 as in Figure 1.  Ribbons are colored by slip-sense (rake), 
using somewhat arbitrary bounds between colors.  This heave-rate map is more realistic than the 
heave-rate map from NeoKinema (that defined the target rates during tuning) because it includes 
tapering of heave-rates to zero at the ends of unconnected faults.  Selected rates are given in mm/a. 
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Figure 3.  Vertically-integrated stress anomalies in the lithosphere of southern California, according to 
the same Tuned_SHELLS_for_SCEC model TS2023001 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-integrated stress anomaly tensors at many points.  Regional stress concentrations in 
Sierra Nevada and Peninsular Ranges correspond to 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. 

 


