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Steady and time-dependent block models for California 
Robert McCaffrey 

Summary 

The purpose of the project was to contribute to UCERF3 by utilizing GPS data from 
California to constrain fault slip rates and off-fault strain rates. The PI joined a working 
group1 of geologists and geophysicists to this end. He specifically used a block model 
derived by the group and processed it through his software (tDEFNODE). Each of the 
modelers in the group produced a similar set of fault slip rates utilizing his/her own 
software and subject to a series of conditions and data types (with and without geologic 
slip rates and internal block strain rates). The goal was to provide a range of geodetic 
fault slip rates allowed by the data for input into a UCERF3 logic tree.  

From the model results of the five techniques, the PI ran a ‘grand inversion’, that is, 
inverting the predicted slip rates of the methods for a single set of slip rates and internal 
strain rates. The inversion was done within a block model framework in order to provide 
a weighted average of the results but subject to kinematic consistency of the deformation. 
The results of this inversion were presented to the group, corrections were made, and 
another inversion run. 

The results provided estimates of long-term slip rates on over 1000 fault segments in 
California. These were provided to the organizers to be carried on to the next stage of 
UCERF3 and inclusion in the logic tree. 

Throughout the discussions, the role of transient deformation in impacting the GPS 
velocities was frequently mentioned. To address this, the PI has started time-dependent 
block modeling of GPS time series in California. The transient motions embedded in the 
models to date include post-seismic fault slip, post-seismic mantle relaxation and 
volcanic sources.  The aim is to provide a better assessment of fault slip rates by taking 
into account the sources of non-linearity in the GPS time series. 

 

1. Working group participants: Wayne Thatcher, Kaj Johnson, William Hammond, Jayne 
Bormann, Peter Bird, Yehua Zeng, Tim Dawson, Ray Weldon, Elizabeth Hearn, Ned 
Field, David Sandwell, Rob McCaffrey 
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Technical report  

The use of so-called ‘block models’ to represent the kinematics of crustal deformation 
has picked up in utility in recent years because block models, unlike continuum models 
for example, can make predictions about discrete fault slip rates. 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. This is a well-defined 
goal of UCERF3, that is, to utilize GPS observations in the hazard estimates. 

The work performed had two parts.  First, I participated in a series of coordinated 
block-model inversions in collaboration with UCERF3/GPS Working Group. These tests 
explored the range of fault parameters (slip rates, off-fault strain rates, locking depths) 
that result from the various methodologies available. Second, I started time-dependent 
block-model inversions utilizing continuous GPS time series. The goal of this work is to 
start to explore the impacts that earthquakes and post-seismic deformation have on the 
estimates of the fault parameters through their modification of the GPS velocity field. 
 
The specific SCEC goals that were addressed with this work are: 
 
Develop kinematic and mechanical models of inter-seismic deformation or the earthquake cycle to estimate 
slip rates on primary southern CA faults, fault geometries at depth, and spatial distribution slip or 
moment deficits on faults 
 
Address the following problems of interest to WGCEP in development of UCERF3: 1. Quantify the 
amount of on-fault and off-fault deformation, 2. Constrain slip rates on faults lacking geologic slip rate 
data, 3. Provide estimates of slip rates on closely spaced faults, 4. Constrain slip rate variations along 
strike, 5. Constrain distribution of aseismic and seismic slip on faults, and 6. Estimate long-term after-
effects of large Earthquakes. 
 
Estimate impact of post-seismic deformation from recent large earthquakes on the southern California 
GPS velocity field and strain rates. 
 
UCERF3 
 
In this work, I collaborated with the UCERF3/GPS Working Group (Hearn et al., 2010a, 
2010b). We held four separate meetings (two at the USGS offices in Golden, one in 
Pomona and one at the 2011 SCEC annual meeting). 

We performed a series of inversions using the block model (Fig. 1) along with the 
GPS velocity field supplied by Tom Herring and geologic fault slip rate data provided by 
the geologists (Dawson and Weldon). The block model was developed in coordination 
with Dawson and Weldon with the aim of obtaining slip rate estimates for target faults in 
UCERF3. The fault models included dip directions and angles that were incorporated in 
different ways by the modelers. The model comprised just over 1000 fault segments. 
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Figure 1.  Block geometry used in the UCERF3 GPS modeling. Black dots are locations of GPS 
observations and green dots are locations of fault slip rate data. 

The inversions formed a matrix with various uses of the geologic constraints, locking 
depths, and internal strain rates. The types of models run were with fixed and free locking 
depths, using and not using geologic slip rates, and with and without internal block strain 
rates. The runs were initially designed to examine the agreement, or lack of, between the 
geologic and geodetic estimates of the fault slip rate, the ability of geodetic data to 
resolve fault slip rates, the dependence of locking depth estimates on slip rates, and the 
impact of off-fault strain rates on slip rates and locking depths. In addition, we tried to 
generate the models and constraints in such a manner that we could directly compare the 
results of the five different approaches. 

At this stage I ran the block inversions with my software tDEFNODE (McCaffrey 
2002; 2009). The program uses GPS velocities, geologic fault slip rates, earthquake slip 
vectors and other kinematic information to constrain the angular velocities and internal 
strain rates (in other words, the horizontal velocity gradient tensor) of the blocks plus 
interseismic locking (locking depths) on the block-bounding faults that leads to 
recoverable, elastic strain rates in the blocks. The application of this approach to 
California and SW United States is described in McCaffrey (2005).  
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Fig. 2. Estimates of strike-slip (Vss) and fault-normal (Vnorm) components of faulting on block-
bounding faults. Positive values are right-lateral for strike-slip and extension for fault-normal. 

Each participant produced a model result that were then compared visually and 
graphically. We met to assess the variability in the resulting slip rates, identifying some 
issues with the model. To come up with an ‘average’ solution, however, we ran a so-
called ‘Grand Inversion’. The purpose was to average the solutions but do so within a 
consistent kinematic framework, i.e., to assure that the fault slip rates added to the correct 
value if added along any path across the model. For example, adding fault rates along any 
path going from the North American plate to the Pacific plate should result in Pacific – 
North America motion.  

The Grand Inversion was done with tDEFNODE by inverting simultaneously all 
of the fault slip rates from the 5 individual model results. The final model included 
internal block strain rates and slip on the faults. Because the input data, fault slip rates, do 
not contain information about locking we did not in the end estimate locking on all the 
segments. These results have been provided to UCERF3 organizers (Thatcher et al., 
2011). Other types of deformation models were provided that may go into the logic tree 
but this is the one I was directly involved in.  
 
Time dependent inversions 
 
This grant also funded the preliminary development of a time-dependent block model 
inversion for California (Fig 3). In this case the block model is combined with recent 
earthquakes and their afterslip to model the time series produced by PBO and SOPAC for 
continuous GPS sites. 
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Fig. 3. (A) Locking depths along the San Andreas and San Jacinto faults from inversion of CMM4 
velocity field (1990-2004). View is from the SW - red indicates locked zone and blue is free-slipping.  
Colored band extends from the surface to 16 km depth. Blue dots are locations of GPS sites used. (B) 
Locking depths estimated from inversion of PBO time series (2004-2010). (C) Site velocities derived 
from inversion of PBO time series (blue vectors) compared to CMM4 (red). (D) Sample PBO time 
series from site LAND near Parkfield. Dots with error bars are daily positions (decimated) and the 
black dots are the model predictions. The model includes block rotations, interseismic fault locking, 
uniform strain rates in two blocks, co-seismic and post-seismic slip of the San Simeon and Parkfield 
earthquakes, and seasonal signals. Time series are detrended relative to their expected velocity in 
North America frame. Numbers beside the component name give the velocity in mm/yr.  

GPS velocities published in fields such as CMM4 (i.e., Version 4 of the SCEC 
Crustal Motion Map; Shen et al., 2011) have been corrected for natural tectonic transients 
(like earthquakes, afterslip, etc.) as well as for un-natural or non-tectonic disturbances 
like equipment changes and unexplained jumps. The corrections to the time series 
required to produce a single velocity (slope) can be fraught with difficulties and some 
times the data are discarded. We take a different approach, which is to model the time 
series directly using a block model as described above to fit the linear motions and a 
series of transients to explain the non-linear motions (McCaffrey 2009).  This method 
utilizes time-dependent geodetic data and solves for time-dependent deformation sources 
in addition to the steady motions described above. It is capable of jointly inverting 
multiple InSAR interferograms and campaign and continuous GPS time series to estimate 
simultaneously the linear (steady) motions and the short-term transient motions due to 
magmatic or tectonic activity. For sufficiently sampled time series, annual and semi-
annual seasonal signals are also estimated during inversion.  
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The transient tectonic sources can comprise earthquakes, after-slip, post-seismic 
relaxation and volcanic sources. The co-seismic slip (and post-seismic slip on a fault) can 
be represented either by a planar shear source or by distributed slip on a fault surface. 
Volcanic sources can be represented either by a Mogi point source (spherical expansion or 
contraction) or by a planar, opening crack. Mantle relaxation following earthquakes can be 
included using Green’s functions generated with VISCO-1D (Pollitz, 1992). Fig. 3 shows 
preliminary results of modeling the PBO GPS time series with a California block model 
and the two earthquakes (San Simeon and Parkfield; both with afterslip). Interseismic 
locking, co-seismic slip and post-seismic slip on the faults are all estimated by solving for 
their distributions on nodes making up the fault surfaces. The time-dependence of the 
afterslip uses a set of overlapping triangular elements as described by McCaffrey (2009; 
Fig 1b of that paper). Fig. 3 compares locking estimates along the San Andreas and San 
Jacinto faults for two time periods; 1990-2004 using the CMM4 velocity field (Fig. 3A) 
and post-2004 using PBO time series (Fig. 3B). (The 1990-2004 model does not include 
transients since the CMM4 velocities are already corrected for them; see Shen et al., 
2011) The two locking models are comparable except in the section of the Imperial fault 
where the CMM4 solution predicts more locking than PBO. Three components of the 
time series for the PBO site LAND (Fig. 3D) near Parkfield are shown with the model 
predictions (including the seasonal signal). The co-seismic slip is matched well and the 
misfit is largely in the initial part of the post-seismic slip. The long-term velocities 
(slopes) of the components are those predicted by the block model whose parameters are 
adjusted simultaneously with the earthquake parameters to fit the time series in a North 
America frame. Afterslip of the late 2003 San Simeon earthquake produces the curvature 
in the time series prior to the Parkfield quake. As of early 2010 this site had not resumed 
its steady motion. 

Intellectual merit and broader impacts: The work contributed to the seismic hazard 
assessment for California by supplying fault slip rate estimates to be used in UCERF3 
logic tree. The comparison of the modeling techniques helped us understand the 
variability of the results arising from different physical assumptions. Development of 
time-dependent inversions will help uncover the long-term motions currently masked by 
transient signals. The software tDEFNODE was improved by this work and continues to 
be made available freely to researchers. The group meetings included young, starting 
researchers who contributed to and benefited from the discussions. 
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