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1. EXECUTIVE SUMMARY 
 

The purpose of the workshop was to begin scientific consideration of how to 
incorporate GPS constraints on strain rates and fault slip rates into the next generation 
Uniform California Earthquake Rupture Forecast ("UCERF3"). Principal outcomes of 
the meeting were (1) an assessment of secure science ready for UCERF3 applications 
within the next year; and (2) an agenda of new research objectives for SCEC, USGS and 
others in support of UCERF3 and related probabilistic seismic hazard assessments 
(PSHA). 

A number of goals potentially achievable within a year were identified including (1) 
slip rate estimates—with uncertainties or ranges—for all major and some minor faults of 
the extended San Andreas system; (2) strain rate estimates or bounds on rates for 
selected regions lying off the major faults of the San Andreas system; and (3) corrections 
or bounds on perturbing effects of post-seismic deformation and elastic crustal moduli 
heterogeneities on the observed GPS velocity field (needed as input to models for 
estimating fault slip and strain rates in 1. and 2. above). 

 Longer-term research priorities for improving fundamental understanding and better 
contributing to PSHA objectives of USGS, SCEC and the international earthquake 
community were also identified. These include: (1) new observations and modeling of 
earthquake cycle deformation, focusing especially on better constraining the duration 
and spatial distribution of postseismic transient deformation; (2) more refined block 
models that consider uncertainties in fault slip and intra-block strain rates due to 
variations in block geometry, long-term postseismic transients, and lower crust/upper 
mantle rheological heterogeneities; and (3) improved strain rate mapping methodologies 
and space geodetic measurements that better capture the spatial heterogeneity of the 
surface strain rate field. 

Immediate follow-on activities were identified to begin implementing the short- and 
long-term goals enumerated here.  These include tightly focused mini- and micro-
workshops of ~5-20 participants each that would be oriented along the same niche 
specialist lines as the 3 main Pomona workshop sessions. These workshops should begin 
occurring no later than the SCEC Annual Meeting in September 2010. A principal goal 
of these small topical workshops would be to zero in on consensus space geodetic results 
that could be delivered to UCERF3 within a year. Concurrently, longer-term scientific 
and applications-oriented research should be encouraged and facilitated through 
ongoing projects within USGS and SCEC, as well as in other earthquake science groups 
within the US and worldwide. Immediate financing would be required to support 
UCER3-related activities through 2012, and sustained long-term funding is needed to 
initiate and maintain new research activities.  
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2. WORKSHOP PARAMETERS 
 

1. Time: 01- 02 April 2010 
2. Location: Pomona (near Los Angeles), California 
3. Co-conveners: Kaj Johnson (Indiana), Liz Hearn (UBC), David Sandwell (Scripps) 
and Wayne Thatcher (USGS) 
4. Participants: Total 42  (See List, Appendix III) 
5. Duration: 2 days 
6. Format: 3 topical sessions with limited number of invited presentations scheduled & 
lots of open discussion time; break-out groups discuss main science issues; poster session 
(See Agenda, Appendix I) 
7. Main Scientific Issues:  
• Earthquake Cycle Deformation and Influence of Postseismic Transients 
• Strain Rate Map Methodologies & Issues 
• Block Modeling Methodologies & GPS Fault Slip Rate Estimation 
• Reconciliation of Differing GPS Fault Slip and Strain Rate Estimates 
• Three Test Exercises and Results (See Appendix IV) 
8. Application Process: By invitation, opened late January 2010; application deadline 
was 28 February 2010 
9. Abstract Submission: Requested from all participants for poster presentation; a small 
number of short (~5 minute) presentations were solicited from submitted abstracts (See 
Abstracts, Appendix II) 
10. Support: Most invited participants were fully supported by SCEC and UCERF3 
funding 
 
 
 

3. DISCIPLINARY SESSION SUMMARIES 
 

Session 1: Strain Rate Map Methodologies & Issues (Leader: Sandwell) 
 

(i) Introduction 

One of the geodetic parameters to be used in UCERF-3 is crustal strain rate (Figure 1-
left).  Crustal strain rate is produced by two related processes.  Strain rate along faults, 
which can have large amplitudes (100 - 3000 nanostrain per year), is concentrated within 
10-50 km of the fault trace depending on the locking depth of the fault.  The second 
process that produces strain rate is widespread deformation of the crustal blocks.  This 
strain rate generally has much lower amplitude (10 – 100 nanostrain per year) and can be 
masked by the larger near-fault component.  Both of these components of strain rate may 
help in forcasting earthquakes (Figure 1-right).  As discussed next, the near-fault strain 
rate is proportional to the long-term slip rate across the fault divided by the thickness of 
the locked zone, typically referred to a the locking depth.  Mapping this near-field strain 
rate may help to refine our physical understanding of the recurrence interval of major 
earthquakes.  The widespread strain internal to the crustal blocks may be an indicator of 
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stress rate which can produce intermediate (magnitude 5-6) and sometimes large 
earthquakes (e.g., the 1992 Landers M7.2 rupture). 

 

Figure 1. (left) Strain rate model derived from fitting a continuous horizontal velocity field 
through 2053 GPS velocities [Kreemer et. al, 2009].  The model assumes that the deformation is 
accommodated continuously, and lateral variation in damping is applied to ensure that the 
reduced chi-squared fit between observed and modeled velocities is ~1.0 for subregions.  (right) 
UCERF-2 probabilities of a nearby earthquake rupture (within 5 to 7 km of magnitude 6.7 or 
larger in the next 30 years. The chance of having such an event somewhere in California exceeds 
99%.  The 30-year probability of an even more powerful quake of magnitude 7.5 or larger is 
about 46%. 
 

The near-fault strain rate has been modeled as a locked zone between two elastic 
blocks, as shown in Figure 2.   The model velocity profile across the locked fault zone is 
given by 

v x( ) = V
π
tan−1 x

D
, 

 
where V  is the far field velocity, x is the horizontal fault distance, and D  is the locking 
depth.  The derivative of the velocity profile across the fault is the strain rate  ε .  The 
peak value occurs directly above the fault and has amplitude given by 

 

ε =
V
πD

. 

 
Another related parameter is the moment accumulation rate per unit fault length,  
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M
L
= µVD . 

 
This simple theory shows that strain rate is proportional to velocity divided by locking 
depth, while the moment accumulation rate is proportional to velocity times the locking 
depth.  Both parameters could be important for assessing earthquake hazard.   
 
Furthermore, strain rate multiplied by the shear modulus and the time since the last major 
rupture provides a first-order estimate of the stress that has accumulated since the last 
earthquake.  The “characteristic” model for earthquakes predicts that a rupture will occur 
when the stress reaches a threshold value [Reid, 1910].  While most scientists do not 
believe that earthquakes follow a characteristic rupture cycle, the accumulated stress is 
still a quantitative measure of whether a particular fault is early or late in its earthquake 
cycle.  The moment accumulation rate, however, is probably a more important measure 
of earthquake potential since this rate multiplied by the time since the last major rupture 
and the length of a potential rupture is a proven measure of earthquake size.  Note that 
both of these measures depends on slip rate and locking depth, or the thickness of the 
locked zone if the fault has shallow fault creep. 

 
Figure 2.  Diagram of a simple model of strain accumulation near a locked zone of a strike-slip 
fault.  The important parameters are slip rate V and the thickness D of the locked zone.  Some 
faults also have shallow fault creep which reduces the effective D.  

Geodetic measurements can be used to estimate both the strain accumulation rate and 
the moment accumulation rate, although the spacing of the measurements must be less 
than the locking depth (~12 km) to achieve accurate estimates.  When the measurements 
are spatially dense, the strain rate can be measured quite accurately.  An example of a 
strain rate profile derived from dense GPS measurements across the Imperial fault is 
provided in Figure 3.  However, the typical spacing of GPS data in California is about 30 
km, so in most cases the GPS data cannot adequately resolve the strain rate unless 
additional information, such as the location of the major faults, is also available.  Because 
of this inadequate sampling, published strain rate maps sometimes differ by an order of 
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magnitude.  To better understand these differences and to determine “best practices” for 
strain rate estimation, we developed a Strain Rate Estimation Exercise for the Workshop 
participants.  Fifteen groups submitted their strain rate maps for comparison and 
evaluation.  We compared strain rate maps from these groups in order to determine the 
uncertainties in strain rate, as well as to determine “best practices” for strain rate 
estimation. 

 
Figure 3.  Velocities across the Imperial fault from a dense GPS array [Lyons et al., 2002] and 
best fitting arctangent model (V = 40 mm/yr, D = 6 km).  The derivative of the model with respect 
to distance from the fault shows a peak in the strain rate having an amplitude of 2100 
nanostrain/yr and a 1/2 width of 16 km. 

(ii) Strain Rate Estimation Exercise 

Background 
GPS measurements across the North American - Pacific Plate boundary are providing 
decade and longer time series at 2 to 3 millimeter-level precision from which surface 
velocity estimates are derived.  Several geodetic research groups have used these point 
velocity measurements to construct large-scale maps of crustal strain rate.  Since the 
typical spacing of GPS stations is 30 km or greater, an interpolation method or physical 
model must be used to compute a continuous vector velocity model that can be 
differentiated to construct a strain-rate map.  Four approaches are used to develop strain 
maps: isotropic interpolation, interpolation guided by known faults, interpolation of a 
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rheologically-layered lithosphere, and analytically determined strain rates derived from a 
geodetically constrained block model in an elastic half space.   

Objective of this exercise 
This exercise continues and expands the analysis and comparison of crustal strain rate.  
Previous comparisons have been presented at the May 2009 EarthScope meeting in 
Boise, ID, the 2009 SCEC annual meeting in Palm Springs, CA, and the October 2009 
EarthScope Science Planning meeting in Snowbird, UT. All data and results are available 
at the following ftp site  ftp://topex.ucsd.edu/pub/sandwell/strain .  We envision this as a 
living process and welcome additional participants as well as updates of submitted 
models.  Our objective is to identify the differences in the strain-rate maps and relate 
these differences to factors such as incomplete GPS data sampling, different model 
assumptions, and different interpolation methods.   

Practical issues 

The common measure of strain rate used for the comparison is the second invariant of the 
horizontal strain rate 

 
ε II = ε xx

2 + ε yy
2 + 2 ε xy

2( )1/2 . 
 
The area of the comparison is Western North America with a minimum bounding box 
longitude -121.5 to -114.5 and latitude 32.3 to 38. Ocean areas are not included in the 
analysis.  Models were supplied in two ascii formats and sent to David Sandwell 
dsandwell@ucsd.edu .  The first format is a grid of longitude, latitude, and horizontal 
strain rate components 

 
exx , eyy ,  and exy .  (Note the x- and y- directions correspond to east 

and north, respectively.) The z-components of strain rate were welcome but were not 
used in this analysis.  Results were accepted in whatever grid spacing respondents felt to 
be appropriate.  All three strain rate components were re-gridded at a 0.01˚ spacing using 
the surface program in GMT and a tension factor of 0.5.    
 
The second format was a grid of longitude, latitude, and horizontal velocity vx, vy.  These 
data were also re-gridded at a 0.01˚ spacing and the horizontal strain components were 
computed using the standard formula 

 

εij =
1
2

∂vi
∂x j

+
∂vj
∂xi









  

implemented in GMT using grdgradient.   We encouraged the participants of the Fault 
Slip Rate Exercise (see below) to compute their vector velocities on a regular grid 
(perhaps 0.1˚ grid spacing) so that these models could also be used in the Strain Rate 
Estimation Exercise. 
 
Each contribution was accompanied by an abstract with list of authors and a brief 
description of how the velocity field or strain rate field was generated.  The final results 
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were reported in nanostrain per year but any reasonable input unit and format were 
welcome.  Results were sent to the contributors for checking and improvement.   
 
Reporting of results 

Participant’s results were summarized at the workshop.  In addition, each contributor was 
assigned a folder at the ftp site (listed above) containing their original contributed data, 
the scripts used to convert the data into strain maps, and any text or publications related 
to their contributions.  During the workshop each participant was given time to elaborate 
on the methods used to create their map.  In particular, we were interested in addressing 
the following questions: 
 

1. What is the range of strain rate maps that all fit the point GPS velocity data within 
the error bounds (i.e. null space)? 

2. What additional assumptions or model parameters (e.g., fault locations, locking 
depths, or geologic rates) can be used to reduce the null space? 

3. Do we need additional geodetic data (e.g., InSAR or campaign GPS) to reduce the 
null space? 

4. What are the strain rate accuracy requirements for these maps to be useful for 
earthquake rupture forcast models? 

An example of the comparison from the Snowbird EarthScope meeting can be found at  
ftp://topex.ucsd.edu/pub/sandwell/strain/strain_rate_all.ppt . 

 
Results 

Strain rate maps provided by the 15 participants are shown in Appendix A.  The raw 
data going into the maps is openly available at the following ftp site 
ftp://topex.ucsd.edu/pub/sandwell/strain .  The results show that the strain rate maps are 
very different from one another and it is difficult to determine which maps are closer to 
the true strain rate.  An example of 5 maps plotted along with the UCERF-2 model, 
rescaled into pseudostrain rate, are shown in Figure 4.  They are arranged according to 
the rms strain rate, which varies from 62 to 147 nanostrain/year (Appendix A).  The large 
variation of the models confirms that the current spatial distribution of GPS data does not 
resolve the spatial variations in strain rate.  In other words, there is a large class of 
velocity models that exactly fit the GPS velocities but have pronounced disagreements in 
velocity gradient (i.e. strain rate).  This set of models is called the null space of the data 
distribution [Parker, 1994].  

There are basically two ways to reduce the null space.  First, one can densify the data 
so that the characteristic data spacing is less than the spatial variations in interseismic-
related crustal strain.  Since this spatial scale is approximately equal to the locking depth, 
a station spacing of perhaps 5 km or smaller is required.  A second approach is to change 
the model parameterization by including additional information such as the locations of 
the major faults, their long-term slip rates, or their locking depths.  This second approach 
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of specifying the fault locations, often called “block modeling” is a common approach 
published in many papers [e.g. McCaffrey, 2005; Meade & Hager, 2005] and could be 
considered “secure science”.   

 
Figure 4.  Second invariant of strain derived from GPS velocity measurements using a variety of 
approaches ranging from numerical modeling of a viscous sheet driven by point GPS velocities 
[Freed et al., 2007], to statistical anisotropic interpolation [Holt et al., this workshop] to 
modeling of rotating elastic blocks having a locked zone [e.g. McCaffrey, 2005; Meade and 
Hager, 2005].  The area is limited to the union of the coverage of all 15 maps.  For comparison 
purposes only, the area distribution of the earthquake probability P of the UCERF-2 earthquake 
forecast was scaled into strain rate using the following ad-hoc formula  ε = 10

P+3.4 .  The 3.4 
factor was selected so the variance on the UCERF strain rate matched the median variance of the 
15 strain rate maps. 
 

Profiles of strain rate extracted across three parts of the plate boundary highlight the 
differences among the strain rate maps (Figure 5).   As shown in Figure 3, the actual 
strain rate across the Imperial fault is ~2000 nanostrain/year.  Based on this analysis, we 
believe that 9 of the models have strain rates that are too small and smooth.  These 
models might accurately represent the strain rate away from the active faults.  However, 
in order to match the observed velocity field, the strains must be redistributed far from 
the fault zones into the interiors of the blocks.  This likely causes an overestimate of 



Report on April 2010 Workshop on Incorporating Geodetic Surface Deformation Data into UCERF3  
      Version 3.0  
    21 May 2011 

 9 
 
strain rate in the interiors of blocks.  For example, the “freed” model shown in Figure 4 
does not have a pronounced strain rate minimum within the Mojave Block just north of 
the Mojave section of the SAF.  The six models that have greater than 1000 nanostrain/yr 
across the Imperial fault have been considered for further UCERF analysis.  This does 
not mean that the other 9 models are inferior but only that they do not have the order of 
magnitude spatial variations in strain rate that seem to be real and are needed for 
earthquake forecasting.  It is interesting to note that 4 of the candidate models consist of 
rotating blocks with forward or back-slip (smith_konter, mccaffrey, harvard, bird).  The 
other two models use a parameterization that allows for high strain rates along fault 
zones.  Therefore, the secure science of strain rate mapping seems to require that the 
model include some information on the locations of the major faults in order to properly 
localize the strain rate.   

 

Figure 5.  Second invariant of strain rate extracted from profiles A-A’ just south of the Parkfield 
segment of the SAF, B-B’ across the LA Basin and Mojave sections of the plate boundary, and C-
C’, across the Imperial Fault where there is dense GPS coverage. 
 

While it is impossible to say which of the 6 high strain rate models is more accurate, 
they can be compared with each other and with the pseudo-strain rate derived from 
UCERF-2 (Figure 6).  This is done by performing linear regressions between the strain 
rate from every possible pair of models.  The complete comparison with all 15 models is 
provided in Appendix A.  
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It is worth spending some time examining both correlation matrices.  The general 
observation is that all of the smooth models having rms variation less than 93 
nanostrain/yr show good correlation with each other but usually poor correlation with the 
rough models.  Among the rough models (Figure 6), the holt model has most in common 
with the other 14 models.  The mean correlation among the rough models is holt-0.80, 
smith_konter-0.77, kreemer-0.76, mccaffrey-0.71, bird-0.70, and harvard-0.67.  The 
models can also be compared with the pseudo-strain rate derived from UCERF-2 (Figure 
6).  Again the holt model seems to correlate best, followed by smith_konter and bird.  
This analysis raises the question of how to properly evaluate the accuracy of the strain 
rate models without making ad-hoc assumptions, which was discussed more completely 
in the breakout session associated with this topic. 

 
Figure 6. Matrix of cross correlation among the rough models measures the similarities of the 
models to each other as well as the pseudo-strain rate derived from UCERF-2.  The holt, 
smith_konter, and kreemer models show the highest cross correlations. 
 

(iii) Secure Science and Next Steps for UCERF3 

1. How do we assess the accuracy of the strain rate models? 
 
A. We need to perform a synthetic data exercise.  We could take an approach like rupture 
dynamics code validation exercises.  We need to start with simple code tests and expand 
to full tests with locked faults, off fault strain, and errors in data.  Approaches should also 
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provide error bounds on strain rate components. Some modest funding is needed to 
pursue this approach via a focused working group and mini-workshops.  
 
B. We need to show and analyze the already-assembled strain rate data more completely.  
Such an analysis should show principal components of strain in addition to the second 
invariant.  These data are openly available at ftp://topex.ucsd.edu/pub/sandwell/strain. 

 
2. How do we decompose strain rate into elastic and inelastic (e.g., creep)? Three 
approaches suggest themselves:   
 
A. We could use the creep data compiled from UCREF2 for a first order correction to the 
block models. 

B. This problem is beyond the scope of what we can do for UCERF3 given that we have 
less than one seismic cycle worth of GPS data, so it is a topic of future research. 

C. We shouldn’t worry because the strain is mostly elastic, due to accumulating strain on 
many small faults.  
 
3. How can we improve the distribution and accuracy of the data going into the strain 
maps?   
A.  We need to increase the number of high quality GPS data near faults.  We should also 
include EDM measurements.  Some of this can be done with existing data.  During the 
modeling process we need to report data outliers back to the data providers.   
 
B. We should use current strain rate models plus the current distribution of GPS to 
determine the optimal location of future campaign GPS networks.   We should also 
determine whether it is better to deploy new stations, or reoccupy existing stations to 
reduce noise.  

 
4.  What is the best approach for constructing strain rate maps? 
 
A. We need a hybrid approach to capture both the high strain rates along major faults and 
the low diffuse strain rate within the blocks.   
 
Possible remove/restore approach:   

(a) Apply block models to solve for slip rates and locking depth.  Only include the 
major faults where the slip rate is well resolved.  

(b) Remove this velocity model from the GPS velocities.  
(c) Use an anisotropic interpolation algorithm (e.g., Holt or Shen or Zeng, . . .) to 
model the residual velocity.  
(d) Add the block model velocity and residual velocity. 
(e) Propagate data errors into model uncertainties and finally to strain rate. 
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B. One must be careful when taking derivatives of velocity.  One can either do the 
derivatives analytically (e.g., Smith-Konter or Loveless) or sample the model velocity at 
a very fine spacing and take numerical derivatives. 
 
(iv) Long-term Research Objectives 
1. How do we improve the measurements of strain rate? 

A. We should utilize campaign GPS with optimal distribution based on best strain rate 
models and current GPS distribution. 

B. We should use L-band InSAR from ALOS-1 (2006-present), ALOS-2 (2014), and 
DESDYNI (2017) 
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Session 2: GPS Fault Slip Rate Estimation from Block Models (Leader: Johnson) 
 

(i) Introduction 
The objective of Session 2 was to discuss current methods for estimating fault slip 

rates from GPS data using kinematic models. Kaj Johnson gave a brief overview of 
various published kinematic models. A number of questions were posed to stimulate 
discussion about the limitations of current methods and challenges in estimating slip rates 
from GPS data: 1. How much of the current strain is elastic and recoverable and how 
much is non-recoverable? 2. Is it appropriate to treat blocks between major faults as small 
tectonic plates (microplates)? 3. How sensitive are our slip rate estimates to our 
assumptions about the source elastic strain (e.g., locking depths, amount of coupling)? 4. 
Is a thin-lithosphere model (distributed flow at depth) or a thick-lithosphere model 
(narrow shear zones extending into the mantle) more appropriate? 5. Does transient (post-
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seismic) deformation need to be considered? 6. How sensitive are the slip rate estimates 
to assumed block and fault geometry? 

Brendan Meade gave a short presentation showing that different fault geometries 
in block models can lead to different inferences of long-term fault slip rates. For southern 
California this is particularly true in the Mojave region where block boundaries are not 
well defined by mapped active faults.  
 Peter Bird discussed his kinematic inversion code “NeoKinema” which 
simultaneously solves for slip rates on faults and smooth off-fault velocity field that 
produces distributed long-term strain. His models for California map only about 2/3 of 
the Pacific-North America plate motion on faults; the remaining 1/3 of the relative plate 
motion is distributed throughout the crust. 
 
(ii) Brief statement of test exercise & summary of main results 

The purpose of this test exercise was to facilitate the comparison of various model 
estimates of fault slip rates and locking depths.  Participants were provided with the same 
GPS velocity field (a portion of the SCEC CMM4 velocity field) and the same fault 
geometry and asked to use their methods to estimate fault slip rates and locking depths. 
The motivation behind this exercise is the notion that if all participants use the same fault 
geometry and GPS data, any differences between model estimates of fault slip rate could 
be attributed to model assumptions. The GPS data and model fault segments provided to 
participants is shown in Figure 7.    
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Figure 7. GPS velocity field for use in test exercise (a subset of SCEC CMM4). Velocities are 
relative to stable North America. Velocities on Pacific plate relative to North America were also 
provided, but not shown in this figure. The red lines are fault segments provided to exercise 
participants. 
 
 
Brief summary of results 

Participants were requested to provide model estimates of strike-slip, dip-slip, and 
tensile components of velocity discontinuities across model segments, predicted surface 
velocities, and estimated or prescribed locking depths (if applicable).  

Participants included: Peter Bird (NeoKinema), Jack Loveless and Brendan 
Meade (Harvard, elastic block model), Rob McCaffrey (elastic block model –DefNode), 
Bill Hammond and Jayne Bormann (elastic block model), Ray Chuang and Kaj Johnson 
(Indiana, elastic and viscoelastic block models), and Michele Cooke (elastic boundary 
element model). 

Figure BB summarizes slip rate estimates for the elastic block models. Figure CC 
compares the block model slip rate estimates with those from NeoKinema. The slip rate 
estimates for the elastic block models are similar, but not identical with disagreements of 
4-5 mm/yr on some segments. Some of these discrepancies might be attributed to 
different locking depths. McCaffrey solved for variable locking depths whereas the 
Harvard group fixed locking depths at 15 km and the Indiana group solved for a uniform 
locking depth. 

There are a number of significant differences between slip rates estimated with 
the elastic block models and with Peter Bird’s NeoKinema, which produces slip rates 
typically 20-50% less than those for the block models. This is not surprising because 
NeoKinema allows for deformation to occur off the major faults.  
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Figure 8. Slip rate estimates on some fault segments from elastic block models. Right-lateral is 
positive. Left-lateral is negative. 
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Figure 9. Comparison of slip rate estimates on some fault segments from elastic block models 
and NeoKinema. Right-lateral is positive. Left-lateral is negative. 
 
(iii) Secure science and next steps for UCERF3 

At this point in our research efforts, there is an emerging consensus on how to 
begin bounding slip rates from GPS data, but several outstanding issues must be 
addressed during the next year or so in order to deliver bounding rates useful to UCERF3.  
The geodetic community are currently generally agreed that: 

Not all crustal deformation can be mapped onto large faults. However, it remains 
unclear exactly how much permanent, off-fault deformation is recorded in the geodetic 
signature. For example, some models (example the Meade and Hager elastic block 
model), can reproduce the geodetic observations with minimal off-fault, long-term 
distortion of the crust between major faults. Rob McCaffrey’s 2005 model is able to 
match most geologic slip rate estimates on major faults and the geodetic observations, but 
the model requires small amounts of internal, permanent distortion of blocks between 
faults. In contrast, Peter Bird’s deformation models place only about 2/3 of the relative 
Pacific-North America plate motion on major mapped faults. 
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Geologic slip rate measurements should eventually be used to constrain model 
slip rate estimates and remove some the of non-uniqueness issues raised in point 1, 
above. A useful approach might be a 3-step process in which: (1) GPSers and geologists 
would independently estimate ‘their’ slip rates; (2) the two groups would compare 
numbers; and (3) once ‘true’ discrepancies were pinpointed the GPSers would repeat 
their calculations using agreed upon geologic constraints.  

Various geodetic model estimates of slip rates agree along long, straight, mature 
strike-slip fault segments such as the Carrizo segment of the San Andreas Fault. It is 
more difficult to uniquely infer fault slip rates in regions with many parallel fault strands 
(e.g., San Francisco Bay area, western Transverse Ranges, central Mojave, and the 
southern San Andreas near the Salton trough). 

Because geodetic observations span only a few decades, it has been unclear how 
variable the surface velocity field is with time. There is growing consensus that the 
velocity field within ~100 km of major strike-slip faults is essentially stationary with 
time. This argument is based on theoretical predictions based on laboratory-derived 
rheological models and limited observations of pre- and post-seismic observations (e.g., 
North Anatolian fault). For further discussion see section 3 summary below. 

We know the mantle flows and there is general consensus that this flow could 
lead to low amplitude, long-wavelength deformation patterns that vary with time (see 
session 3). 
Fault slip rate estimates are dependent on assumptions about locking depth and amount of 
coupling on faults. However, these effects may have a generally only minor influence on 
slip rate estimates in most regions (see session 3).  

An important goal of the geodetic community is to provide WGCEP with fault 
slip rate estimates constrained by GPS data that can be used in the UCERF3 ‘deformation 
model’. In previous versions of UCERF, slip rate estimates from GPS data were not 
explicitly incorporated in the deformation model. There was general agreement among 
participants of the fault slip rate breakout session (including Ned Field and Ray Weldon 
representing UCERF3) that a two-pronged approach is necessary to move forward. A 
near-term objective is, as quickly as possible, to compile a database of model slip rate 
estimates for California. There are a number of publications with slip rate estimates for 
faults in California, but the members of UCERF3 would benefit from having a 
compilation of these estimates provided by the geodetic community. At first this would 
be an open data base without any control on the types of model estimates or the data used 
or the fault geometries adopted, etc. We then recommend a follow-on half- or one-day 
micro-workshop (say at the September 2010 SCEC annual meeting) with the purpose of 
moving towards a more sharply defined consensus that we would aim to accomplish 
within a one-year time period.  
 
(iv) Long-term research objectives 

Participants of the fault slip rate breakout session agreed that there are two long-
term objectives for the geodetic community in informing future UCERF models. The first 
is to move the ‘open’ database described above towards some uniformity; that is, we 
might want to encourage all modelers to use some specified ‘UCERF fault geometry’ and 
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eventually seek to incorporate geologic slip rate constraints that adhere to UCERF’s 
standards for quality. 

A second objective is to begin systematic benchmarking/model comparison 
exercises to help us understand why model estimates sometimes disagree. This could be 
divided into short- and longer-term goals. It seems probable that the 3 major block 
modeling groups can agree on most/all current matters within a year, but it will be 
necessary to continue to hash out further development issues (e.g. incorporation of 
viscoelasticity; evaluation of the new Meade/Loveless model geometry space polling 
code) as on-going research, perhaps within SCEC. This type of effort has proven 
effective for other communities (for example, kinematic source inversion exercises and 
transient strain detection exercises within the SCEC community). Such exercises will 
help the community and WGCEP assess what model estimates to use in UCERF and 
what confidence level can be placed on the various estimates. 

A number of future research questions emerged from discussions at the meeting: 
How well is locking depth resolved from GPS data? Are locking depths inferred from 
models in agreement with depths of seismicity? As is discussed in the session 3 summary 
below, these questions can be readily addressed using current methods. For example, one 
approach would be to pose an appropriate inverse problem to test the extent to which 
locking depths and seismicity depths are in agreement. 

As is also mentioned in the session 3 discussion below, how much temporal 
variation is there in the surface velocity field over time? Only longer observation times 
can finally and definitively resolve this issue, but existing data sets from regions with 
recent large earthquakes (e.g., Denali, Alaska; Izmit and Duzce, Turkey; Wenchuan, 
China) can be utilized now to address this problem. 
Can one distinguish between off-fault distributed permanent deformation and elastic 
strain along faults that will be recovered in large earthquakes? Further research that 
attempts to reconcile geologic and geodetic estimates of fault slip rates will undoubtedly 
shed light on this topic. 

What is the source of discrepancies between geologic and geodetic estimates on 
some faults in southern California? For example, most kinematic models of GPS data 
infer slip rates of 10-20 mm/yr on the Mojave segment of the San Andreas fault yet 
geologic studies of million-year and millennial time-scale deformation yield slip rates 
that are typically 30 mm/yr or greater. 

 
 
Session 3: Earthquake Cycle and Other Effects on Interseismic Deformation 

(Leader: Hearn)  
 

(i) Introduction 
 The objective of Session 3 was to evaluate how earthquake cycle effects and 
material heterogeneities influence deformation around major faults. Such effects could 
bias the presumed steady-state velocity field, from which the strain rate field, fault slip 
rates, locking depths, and stressing rates are typically inferred assuming a homogeneous, 
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linearly elastic Earth. As shown in the agenda (Appendix I), the session included a 
breakout discussion, several presentations, and a test exercise.  
 
(ii) Br ief s tatement of tes t exercise & summary of main  results  

For the Session 3 test exercise, participants were given a GPS velocity profile, 
that is, the fault-parallel velocity, one-sigma error, and distance to the fault for 64 GPS 
sites (Figure 10).  The data were from the San Andreas Fault at the Carrizo Plain, though 
this was not mentioned in the exercise. Participants were asked to devise models that 
could explain the velocity profile, given some basic information (position of the strike-
slip fault, interevent time, and time since the last large earthquake).  These models could 
incorporate small variations to parameters that are not precisely constrained by 
geophysics (e.g., fault dip). More details on the test exercise and results are included in 
the summary presentation in Appendix IV. 

 The purpose of this test exercise was to assess non-uniqueness in 2D or quasi-2D 
models of interseismic deformation around strike-slip faults. In particular, we were 
interested in whether models that can fit a GPS velocity profile might yield significantly 
different estimates of slip rate, locking depth, or interseismic stress accumulation rate. If 
geodetic estimates of fault parameters required for UCERF3 are insensitive to model 
refinements, then strain rate maps and elastic block models may be suitable for estimating 
such parameters. In any case we need to better understand the conditions under which 
these perturbations in the steady-state velocity field might influence fault slip and strain 
rate estimates.  And, ultimately, we want to correct out these perturbations. 

Six of the workshop attendees (Fialko, Hearn, Hetland, Johnson, Smith-Konter, 
and Meade) supplied models. These included a block model (illustrating the effect of 
rotations on slip rate estimates), elastic dislocation models with material heterogeneities 
or a dipping fault, and several viscoelastic earthquake cycle models with and without a 
creeping deep crustal extension of the fault (Figure 11).  

Elastic dislocation models, including those with a dipping fault and elastic 
heterogeneities, gave a slip rate of 33 to 35 mm/yr and a locking depth of 17 to 19 km 
(Table 1). Allowing a 10% elasticity contrast, a slight dip (87 degrees to the west), and/or 
a shift in the reference frame for the velocity profile improved the fit of models to data 
but did not otherwise affect the results. One elastic model gave a rate of 37 mm/yr, but 
this was done with a different Carrizo Plain GPS velocity dataset (Schmalzle et al., 
2006). 

A range of layered, linear viscoelastic models could be devised to fit the GPS 
velocity profile.  Models with higher viscosities generally gave slip rate and rupture depth 
estimates that were comparable to those obtained from elastic dislocation models. Models 
with high viscosities are also more consistent with observations of interseismic 
deformation from major strike-slip faults worldwide, which seem to show little variation 
in interseismic deformation more than a few decades after a major earthquake (e.g Hearn 
et al., 2009). This result is thus unsurprising and suggests that block models are indeed 
suitable for estimating slip rates and locking depths.  

Kaj Johnson’s viscoelastic modeling showed that a plate thickness (D) of 15 to 20 
km minimized variations in inferred slip rates at different times in the earthquake cycle 
(though these models were not deemed “most probable” based on his inversion). 
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Johnson’s estimates of Vo and Zl from models using D = 15-20 km (values in parentheses 
on Table 1) were consistent with those from other viscoelastic models in which the elastic 
plate thickness was set to similar values (i.e., results from Hetland, Hearn, and 
Schmalzle).  Results which are flagged as “believable” on Table 1 are from models in 
which, consistent with postseismic observations worldwide, the velocity profiles are the 
most stationary throughout the earthquake cycle.  

Viscoelastic models that included creeping faults gave varying locking depth 
estimates.  The differences result from different assumptions about fault creep. Models 
incorporated (1) uniform creep rate equal to the relative plate rate, (2) creep preserving 
zero shear stress along the fault zone surface, or (3) stress-driven creep assuming a 
viscous or stable frictional rheology. Models assuming (1) gave a locking depth (and an 
inferred coseismic slip depth) of 19 km. The coseismic slip from models (2) was not 
reported: it was the imposed slip plus whatever additional slip at greater depth yielded a 
shear stress of 0 during the coseismic time step. For models (3), those with a stiff 
rheology gave large locking depths, similar to (1) and elastic dislocation models. Those 
with a weak rheology gave coseismic rupture depths of about 11 km, substantially less 
than the locking depth inferred from (1) and elastic dislocation models. 

 Stressing rate for all models was accurately computed when the velocity gradient 
was fit by the model, because large variations in shear modulus over a large spatial scale 
were not tested. Such variations were deemed unlikely by most of the participants 
because elastic modulus variations in California’s crust determined by seismic imaging 
are modest. (Exceptions would include deep sedimentary basins, such as the Ventura 
Basin, and local, shallow zones of intense damage around active faults.)  

The test exercise illustrated how boundary conditions affect estimates of slip rate 
from viscoelastic models. For analytical earthquake cycle models, in which side and 
bottom boundaries were at an infinite distance from the fault, the inferred slip rate 
exceeded that obtained from finite-element (FE) models with imposed velocities at model 
boundaries 40 locking depths away from the fault.  This effect was especially pronounced 
for low mantle viscosities. A suite of FE models with side boundaries 150 locking depths 
from the fault gave slip rate estimates that were consistent with the analytical models. 
 
(iii)  Secure science and next s teps  for  UCERF3  
Possible misinterpretation of long-wavelength strain rates due to viscoelastic effects. 

One outcome of the breakout group discussion was general agreement that the 
California GPS velocity field may include a low-amplitude, long-wavelength contribution 
due to viscoelastic relaxation of the upper mantle. This is distinct from the rapidly 
decaying postseismic deformation noted in the vicinity of large earthquakes. Our concern 
is that this deformation, which is actually related to the viscoelastic response to large 
earthquakes on known faults, might be interpreted as indicating hazard on distributed 
minor faults. Participants agreed that this contribution could be modeled and its effect on 
the GPS velocity field could be bounded prior to the UCERF3 due date. This would allow 
researchers to use an “uncontaminated” velocity field to estimate strain rates, or using 
block models to estimate fault slip rates and locking depths. An alternative approach 
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would be to use a block modeling method to estimating fault slip rates that includes 
viscoelastic effects, for example, that of Johnson et al. (2007).  
Locking depth versus depth of coseismic slip: Evidence from seismicity depths? 

Since shear zones are likely in the lower crust and upper mantle, and locking 
depth is important for estimating moment accumulation rate, we need to better 
understand stress-driven aseismic creep and the extent to which maximum rupture depth 
correlates with locking depth inferred from block models. This involves modeling (see 
below) and an analysis of how seismicity depths correlate with geodetically-constrained 
locking depths and the maximum depths of large earthquke ruptures. For local regions, a 
correlation has been demonstrated between maximum rupture depth and either (1) the 
depth above which 95% of earthquakes occur (Williams, 2003), or (2) the depth above 
which 99.9% of seismic moment in small earthquakes is released (Nazareth and 
Hauksson, 2004). A detailed analysis for California and some tectonically similar plate 
boundary regions (e.g. Turkey) could be delivered prior to the UCERF3 deadline. 

 
(iv) Long-term research objectives 
Is interseismic deformation around major strike-slip faults insensitive to time? 

There is general agreement that after the first few decades have elapsed, near-field 
interseismic deformation around major strike-slip faults is fairly insensitive to time since 
the last major earthquake. There is insufficient information from southern California on 
this point, and some participants noted that in some regions (such as the Great Basin) this 
conclusion may not apply.  Still, evidence from recent earthquakes along the North 
Anatolian Fault in Turkey and the Denali Fault in Alaska are highly suggestive. An in-
depth study of postseismic deformation in different tectonic settings might clarify this 
point but we have to wait for more earthquakes. If interseismic deformation is stationary 
and localized, then (1) potential inaccuracies in estimates of fault slip rates  and locking 
depths from block models may be minor and (2) corrections to the GPS velocity fields for 
postseismic deformation from earthquakes before the 1970’s may be unnecessary. 

 
Locking depth versus depth of coseismic slip: Mechanics of stress-driven fault creep. 

Test-exercise models incorporating fault creep indicated coseismic rupture depths 
of 11 to 19 km. This depth depends on the resistance to sliding along the fault zone. For a 
stiff fault zone, coseismic stress changes have little influence on the creep rate, and a 
uniform rate of Vo is expected from the base of the coseismic rupture to the mantle 
asthenosphere (i.e., the Smith-Konter model). In this case, the GPS profile is fit by a 
model with a large locking depth (which is equal to the coseismic rupture depth). For a 
weak fault zone, coseismic stress drives accelerated afterslip, which subsequently slows. 
One such model that fits the GPS velocities has a coseismic rupture depth of 11 km, 
which is significantly smaller than the locking depth that would be inferred with an 
elastic dislocation model or the Smith-Konter model. The physics of fault creep and the 
ambient stress levels on sub-seismogenic shear zones must be understood better in order 
to narrow uncertainties on locking depth and the depth extent of coseismic rupture.  
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Table 1. Summary of estimated fault parameters. Models flagged as “believable” are 
from viscoelastic earthquake cycle models producing the most stationary interseismic 
velocity profiles (see text). 
 

 elastic viscoelastic “believable” 
viscoelastic 

viscoelastic 
with fault 

creep 

“believable”
viscoelastic 

with fault 
creep 

Vo  
(mm/yr) 

33.5 -
37 

30-60 33-35 (36-40) 35-45 33-35 (35-40) 

Zl (km) 16 - 19 6 to 25 16-18 (20-25) 5 -19 
 

10 -15(10) 
 

stress 
rate 

(kPa/yr) 

25 18-30 25-26 23-25 20-25 
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Figure 10. GPS velocity profile supplied to the Session 3 test exercise participants. 

 

 
Figure 11. Schematics of models provided by the Session 3 test exercise participants. a 
and b: elastic dislocation models with elastic heterogeneity or a dipping fault. c and d: 
viscoelastic earthquake cycle models with (c) and without (d) a creeping fault interval.  
For models c and d, both numerical and analytical solutions were provided by various 
participants. Most (but not all) models assumed a Maxwell viscoelastic rheology below 
an elastic plate. 
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4. NEXT STEPS AND REQUIRED RESOURCES  
 

Immediate follow-on work that builds on the Pomona workshop is urgently needed to 
meet both UCERF3 objectives and longer-term science goals identified in this report. 
Small workshops that follow the disciplinary subdivisions of the 3 Pomona workshop 
sessions, refine the test exercises, and focus their results towards UCERF3 needs are 
essential to fulfill the potential of delivering useful geodetic constraints to UCERF3 
within ~a year. Incorporation of longer-term research recommendations from the 
workshop into SCEC and USGS programs is necessary to ensure that space geodesy will 
continue to provide a strong process-based foundation for future applications to PSHA 
both within the US and worldwide. 

Manpower and funding will be necessary to carry out the ambitious but achievable 
short-term UCERF3 objectives identified in this report. Scientists both from within the 
USGS (which is making a major commitment to UCERF3) and from academia (where 
researchers are in general not supported by UCERF3) are needed.  Travel support and 
seed money for committed community participation in follow-on mini-workshops during 
the next 2 years will also be required.   

Given sufficient resources the core team to do this work is in place. Wayne Thatcher 
(USGS/Menlo Park) is committed to co-ordinate and lead this effort through 2012; 
Yuehua Zeng (USGS/Golden) has indicated a receptivity to contribute substantial effort 
to carry out directed research and standard computations agreed on by he, Thatcher and 
the other Pomona workshop conveners (Kaj Johnson/Indiana; Liz Hearn/UBC, and David 
Sandwell/Scripps).  Ned Field (USGS/Golden) will provide overall coordination and 
linkage between the space geodesy community and UCERF3. The dedication and sheer 
hard work to date of the 3 academic conveners has been exemplary.  However, it will 
take more resources than have been made available to Johnson/Hearn/Sandwell thus far 
(just travel expenses to and from Pomona) to enlist their continued commitment to the 
UCERF3 process through 2012. These researchers are willing to continue leading their 
disciplinary groups but separate financial support will be required to ensure their 
enthusiastic and dedicated involvement. The possibility of a coordinated internal/external 
NEHRP proposal to be submitted in 2011 is being pursued; response from USGS 
regional and topical coordinators to this idea has so far been very positive. But this 
approach is not certain to be successful and would not provide financial support to the 
academic conveners until late in calendar 2011 at the earliest. Meanwhile, energetic 
follow-up on workshop recommendations must begin as soon as possible. Immediate 
carry-on funding from USGS’s Multi-Hazards demonstration Project (MHDP) for Survey 
scientists, from UCEF3 itself, and from SCEC will be respectfully solicited in the near 
future. 
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