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Summary 
 

The work performed was to extract from continuous and survey-mode GPS timeseries the 
linear velocities at the sites along with parameters that describe co-seismic slip and afterslip of 
recent earthquakes (1992-2014). The time series from 550 sites in the CMM4 velocity field 
(Shen et al., 2011), from ~800 PBO sites and from ~300 sites from the Pacific Northwest 
velocity field (McCaffrey et al. 2013) were inverted simultaneously to estimate the source 
parameters for 13 earthquakes and afterslip for 10 of them. The linear velocities estimated were 
then used in a block model for California and vicinity to estimate slip rates on faults and to test 
whether or not the method used improves the agreement of the geodetic velocities with the 
geological slip rates. When the predicted fault slip rates at 13 well-determined locations are 
constrained to be within 1 mm/yr of the geologic rate, the new CMM4 survey-mode velocities 
give a normalized rms (Nrms) misfit of about 10% better for the same model and constraints. 
The improvement may be due to the longer time series providing better representations of the 
afterslip than was available for the original CMM4 estimates but other factors are likely 
involved. Eleven of the 13 geologic slip rates agree with the geodetic rates when the geologic 
rates are allowed to vary by 5 mm/yr. 
 
Introduction 
 

The use of so-called ‘block models’ to represent the kinematics of crustal deformation 
has picked up in utility in recent years because, unlike continuum models for example, they can 
make predictions about discrete fault slip rates and frictional locking depths. Among the primary 
purposes of acquiring dense GPS velocity fields is certainly the goal of constraining fault slip 
rates and locking depths for earthquake hazards assessment. Block modeling also allows 
separation of permanent from elastic strain rates, which is useful in estimating off-fault strain 
rates. While in its initial stages, block models have been used for assessing earthquake hazards in 
both recent UCERF3 and NSHMP efforts (Field et al., 2013; Parsons et al., 2013; Petersen et al., 
2013; Thatcher et al., 2011). 

Block models to date have generally been steady-state, based on deformation data and 
tectonic processes that do not change with time. However, crustal deformation in California is 
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clearly not steady-state. The work done here is to continue to develop methods and time-
dependent block-models for California. The steady block and transient motions are constrained 
by inversions that utilize GPS time series. The goal of this work is to explore the impacts that 
earthquakes, post-seismic deformation and other tectonic and non-tectonic sources have on the 
estimates of fault parameters, in particular slip rates, through their modification of the observed 
deformation rate field. The work supports the SCEC community effort to develop a Community 
Geodetic Model. 

The disagreements between fault slip rates estimated by geologic methods and those 
based on geodesy are important to understand better if we are to fully utilize GPS in the hazard 
estimates (e.g., Chuang and Johnson, 2011). At this time, because of this disagreement, the GPS-
derived slip rates are given little weight relative to the geologic rates in models like UCERF3 and 
NSHMP. Hearn et al. (2013) have estimated that mantle relaxation from past earthquakes (so-
called ‘ghost transients’) can have a significant influence on some fault slip rates estimated with 
geodetic data. Chuang and Johnson (2011) and Johnson (2013) proposed that discrepancies 
between geologic and geodetic fault slip rate estimates can be reduced by consideration of 
mantle and lower crustal relaxation effects. However, their fit to the GPS data is poor – in fact it 
is poorer than one would accept in a ‘successful’ block model (McCaffrey 2005). (Hearn et al. do 
not give any goodness of fit numbers and Johnson inflated the GPS uncertainties by a factor of 
2.9, giving only the appearance of a good fit, but their reduced chi-square error relative to the 
velocity uncertainties is ~9.) Johnson (2013) indicates that the elastic model with deforming 
blocks fits the GPS best of the models he tested. Likely Johnson’s increased misfit with the 
visco-elastic model is due to the spreading the deformation out more than is indicated by the 
GPS velocity field. Though these are useful studies, they do not fully resolve the geology-
geodetic discrepancy – they simply fit the geologic data better at the expense of the fit to the 
GPS vectors. This can also be done with elastic half-space models by giving very high weights to 
the geologic slip rates (e.g., Zeng and Shen, 2013).  That the GPS and geologic rates cannot be 
fit with a single model indicates that we have not yet explained the geology-geodesy slip rate 
discrepancy.  

 
Description of the method 
 

The approach follows the description in McCaffrey (2009). The GPS timeseries X(t) for a 
given site and component (corrected for instrument offsets) is considered to be a superposition of 
a linear velocity V (constant slope), seasonal oscillations S(t), offsets due to earthquakes Q, time-
varying motions due to earthquake afterslip A and noise E.  
 
X(t) = Xo + V(t –to) + S(t) + Qi (Mk) H(t-ti) + Qj (Mk) Aj (t, tj, τj) + E(t) 
 
where Xo is the estimated position at time t = to and H is the Heaviside function. The index i is 
for the earthquakes and j for after-slip events. S(t) comprises 12-month and optional 6-month 
seasonal terms assumed to have constant amplitude and phase for the entire time series. Q is the 
total offset for a given earthquake or after-slip and depends on the k source parameters Mk. Here 
I use a planar source of uniform slip parameterized by longitude, latitude, strike, dip, rake, slip 
amount, depth, along strike fault length and down-dip fault length. The slip amount at each site is 
calculated using Okada (1992) and some of the parameters are fixed while others are estimated. 
For after-slip the uniform slip plane is also used but can differ from the associated earthquake 
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mechanism. For time dependence of the after-slip I am using the expression of Shen et al. 
(2011): 
 
Aj (t) = log10 ( 1 + (t-tj) / τj ) 
 
where τj is a decay constant. The decay constant is assumed to be the same at all sites for a single 
after-slip event but can be (and is) different for different events. The estimated velocities V will 
be spatially dependent due to the use of physical mechanisms to describe the offsets due to 
earthquakes and afterslip.  

Data that I used are the timeseries from CMM4 that spans from 1991 through 2004 (Shen 
et al., 2011), from the PNW field than spans 1992-2014 (McCaffrey et al., 2013) and PBO from 
1996 through 2014. The CMM4 and PNW timeseries both largely comprise survey-mode sites 
but contain some continuous sites. The CMM4 timeseries is in the process of being updated (Z-K 
Shen, pers. comm, 2015). For the survey-mode timeseries every day was used while the cGPS 
timeseries were decimated to 15 day samples. Uncertainties in the velocities were a sum of the 
formal variance of the slope of the weighted linear regression plus a random walk term assuming 
1 mm/sqrt(yr).  

For this study I looked at the region from 30N to 42N and 234E to 248E. The earthquakes 
included were 1992 Joshua Tree, 1992 Landers, 1992 Big Bear, 1994 Northridge, 1999 Hector 
Mine, 2003 San Simeon, 2004 Parkfield, 1995, 2005, 2010 and 2014 near Cape Mendocino, 
2010 El Mayor – Cucapah, and 2014 Napa. Afterslip was included for Landers, Northridge, 
Hector Mine, San Simeon, Parkfield, El Mayor – Cucapah, Napa and two Mendocino events. 
Each was represented by a planar slip event and the parameters were adjusted by least-squares to 
fit the timeseries.  

Using the steady velocities estimated by modeling the timeseries a block model was 
constrained to estimate block rotations, strain rates in selected blocks and locking on selected 
faults (Fig. 1). The block model was essentially the one used in the UCERF3 and NSHMP efforts 
(Field et al., 2013; Parsons et al., 2013; Petersen et al., 2013). The focus of the model here was 
on California but extended to the north to Southern Oregon and to the east to the central Basin 
and Range. The southern quarter of the Cascadia subduction zone was included, as it impacts 
northern California deformation. 
 
Results 
 

The block model was first run using 860 velocities from the original CMM4 solution 
(Shen et al. 2011) while constraining the slip rates at 13 points on faults in the model (CMM4 
contains velocities from both GPS and EDM measurements). The 13 slip rates were those used 
by Chuang and Johnson (2011) (Table 1 and Fig. 2) to compare to the derived geodetic rates. 
The slip rate constraints are imposed by using strong penalties that guarantee the resulting slip 
rates always fall within the specified range. This exercise helps identify which parts of the 
geodetic velocity field are at odds with the geologic rates.  

The residuals for runs C_E1 (geologic and geodetic rates forced to match within 1 
mm/yr) and C_E5 (geologic and geodetic rates forced to match within 5 mm/yr) are shown in 
Fig. 3. By increasing the limits from 1 mm/yr to 5 mm/yr the geodetic data fit is improved by 10 
to 20% indicating the inconsistency between geodetic and geologic data. The main areas of 
discrepancy (systematic residuals) are around the Mojave where the geologic slip rate on the San 
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Andreas is considerably faster than that consistent with the geodetic data. The model C_E5 
compensates for this misfit by adding left-lateral shear within the Mojave (Moja) block to 
improve the fit to the geodetic velocities. This makes little geologic sense and is one of the 
pitfalls of models where the geologic rates are forced and geodetic misfit is absorbed by off-fault 
strain rates, such as is done by Zhang and Shen (2013). 

The models based on inversions of 1540 new GPS vectors estimated from the CMM4, 
PBO and PNW timeseries are shown in Fig. 4 (this does not include EDM for CMM4). The 
models use constraints that range 1 (E1), 2 (E2) and 5 (E5) mm/yr from the geologic rates, as 
before. The resulting model residuals show similar problems in the Mojave area but also show 
larger misfit in the Eastern California Shear Zone north of the Garlock fault. This latter misfit 
(compared to the CMM4-only case) is likely due to the presence of more observations north of 
37N which may illustrate a model issue rather than data (i.e., the block boundaries may need 
adjusting). A large drop in the chi-squared misfit occurs when the geologic limits are increased 
from 1 mm/yr to 2 mm/yr (a lesser drop follows the limit increase to 5 mm/yr). Except for the 
San Andreas – Mojave (SAF-Mo) segment and the Eastern California Shear Zone (ECSZ) the 
geodetic and geologic rates agree at the 5 mm/yr level (Table 1 – in the table the rates with a 
floating point number fell within the allowed range; those with an integer fell at one of the 
bounds). 

Comparing fits to the original CMM4 velocities, the new velocities show a 10% decrease 
in the Nrms misfit for models with identical constraints (i.e., comparing C_E1 to E1 and C_E5 to 
E5). However, this improvement could arise from factors other than the new velocities being 
more consistent with the geologic slip rates, such as how the velocities are weighted (their 
uncertainties) and the exclusion of the EDM data from the new CMM4 velocities. I am expecting 
that using the PBO (with a longer time span) and CMM4 time series jointly will provide better 
estimates of the post-seismic signals that were truncated in the original CMM4 data (through 
2004). This idea can be tested when the new California campaign time series are available in the 
near future. 

 
Intellectual merit and broader impacts: The work contributes to the seismic hazard assessment 
for California by improving fault slip rate estimates from geodetic data to be used in future 
hazard models. Development of time-dependent inversions will help uncover the long-term 
motions currently masked by transient signals. The work supports the goals of the SCEC 
Community Geodetic Model (an outgrowth of the Community Stress Model). The software 
TDEFNODE was improved by this work and is made available freely to researchers upon 
request. The PI also assists many researchers in its use. The PI attended the CGM workshop in 
Sept. 2014.  
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Table 1. Comparison of recovered slip rates for constrained block models. 
Fault	  	   Geologic	   C_E1	   C_E5	   E1	   E2	   E5	  

	  DVF	   5	   4	   4.3	   4.5	   3	   5.0	   	  
ECSZ	   8	   7	   11.7	   9	   10	   13	   	  
EF	   5	   5.9	   5.1	   5.5	   4.8	   4.8	   	  

GF_C	   7	   6	   5.5	   6	   5	   5.0	   	  
GF_E	   3	   2.3	   0	   2	   2.3	   0	   	  
GF_W	   8	   7	   3.8	   7	   6	   3.1	   	  
SAF-‐Ca	   34	   33	   30.1	   33	   31	   30.1	   	  
SAF-‐Co	   16	   17	   19.5	   17	   18.6	   18.3	   	  
SAF-‐Mo	   30	   29	   25	   29	   27	   25	   	  
SAF-‐SB	   10	   9	   6.8	   9	   8.3	   7.8	   	  
SCIF	   1	   2	   2.4	   2	   2	   2.2	   	  
SJF	   12	   13	   13.7	   13	   14	   14.1	   	  
SNF	   1	   2	   2.7	   2	   3	   4.3	   	  

Chi**2	   	   5.51	   4.28	   5.49	   4.54	   4.36	   	  
CMM4	  Nrms	   	   2.19	   1.93	   2.00	   1.80	   1.76	   	  

 
Rates in mm/yr for the various models where slip rate is constrained to be within 
a specified range of the geologic rate. E1 – within 1 mm/yr, E2 within 2 mm/yr 
and E5 within 5 mm/yr. Models starting with C use CMM4 data only. Where 
calculated slip rate is an integer, it was limited by one of the constraints. Chi**2 
is the chi-squared misfit for the model and Nrms is the normalized rms for the 
CMM4 part of the data. DVF—Death Valley fault; ECSZ—eastern California 
shear zone; EF—Elsinore fault; GF—Garlock fault (W, C and E are western, 
central and eastern segments); SAF—San Andreas fault (Ca—Carrizo segment; 
Mo—Mojave segment; SB—San Bernardino segment; Co—Coachella segment); 
SCIF—Santa Cruz Island fault; SJF—San Jacinto fault; SNF—Sierra Nevada 
fault. 
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Figure 1. Block model used to estimate slip rates on faults, derived from UCERF3 and NSHMP block models. Blue 
dots are locations of GPS velocities. Block boundaries with barbs have locking estimated. Four-letter codes are the 
block names. 
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Figure 2. Map of fault slip rates used to test block models (see Table 1). Figure is from Chuang and Johnson (2011). 
BPF—Big Pine fault; DVF—Death Valley fault; ECSZ—eastern California shear zone; EF—Elsinore fault; GF—
Garlock fault; HF—Hosgri fault; IF—Imperial fault; NIF— Newport-Inglewood fault; PF—Palos Verdes fault; 
PVF—Panamint Valley fault; SAF—San Andreas fault; Creep—creeping segment; Ca—Carrizo segment; Mo—
Mojave segment; SB—San Bernardino segment; Co—Coachella segment; SCIF—Santa Cruz Island fault; 
SCSCRF—Santa Cruz–Santa Catalina Ridge fault; SGF—San Gabriel fault; SJF—San Jacinto fault; SNF—Sierra 
Nevada fault. 
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Figure 3. Residual velocities for CMM4 velocity field (Shen et al., 2011) with 70% confidence ellipses. Green 
arrows show uniform strain rates estimated for selected blocks. Blue dots show where slip rates constraints are 
imposed. Map at left shows result when geologic rates are constrained to within 1 mm/yr (model C_E1) and at right 
they are constrained within 5 mm/yr (model C_E5). 
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Figure 4. Residual velocities for combined CMM4 (Shen et al., 2011), PBO and PNW (McCaffrey et al., 2013) 
velocity fields with 70% confidence ellipses. Velocities were re-estimated from timeseries while correcting for 
transients (earthquakes and afterslip). Green arrows show uniform strain rates estimated for selected blocks. Blue 
dots show where slip rates constraints are imposed. Map at upper left shows result when geologic rates are 
constrained to within 1 mm/yr (model E1), upper right at 2 mm/yr (model E2) and at bottom they are constrained to 
within 5 mm/yr (model E5).  


