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I. Project Overview 

A. Abstract 
In the box below, describe the project objectives, methodology, and results obtained and their signifi-
cance. If this work is a continuation of a multi-year SCEC-funded project, please include major research 
findings for all previous years in the abstract. (Maximum 250 words.) 
 
A fundamental problem in earthquake physics is how stress is transferred from plate motion to faults. 
Kinematic models assume that long-term fault slip rates will sum to the plate velocity; however, in a 
number of locations in southern California slip rates determined from modeling geodetic data in this 
manner differ significantly from geologic estimates. In this study we use mechanical models to investi-
gate how releasing steps may affect estimates of fault slip over geologic time scales. A suite of 2D mod-
els of idealized fault systems reveals how fault length, friction and step geometry affect kinematic effi-
ciency of the system and the distribution of slip rate along the faults. We find that although systems with 
longer fault segments are more efficient, accommodating ~56-86% of plate displacement, point sampling 
of these systems during geologic studies is actually less likely to yield representative slip rate estimates. 
A 3D model of the San Jacinto fault illustrates how fault system geometry may impact slip rate estimates 
along a real fault system. Modeled slip rates are faster in the middle of fault segments and slower within 
releasing steps, consistent with published geologic estimates.	The mean slip rate along the modeled 
fault trace, however, is significantly slower than the simple average of the geological rates. Our results 
suggest that the location of geologic slip rate studies may govern their suitability for hazard estimates 
and that models can be used to put point measurements of slip into the context of slip distribution 
throughout a fault system. 
 

B. SCEC Annual Science Highlights 
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments, 
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the 
sections in which you would like your project results to appear. Choose up to 3 working groups from be-
low and re-order them according to your preference ranking. 
 

1. Stress and Deformation Through Time (SDOT) 
2. Earthquake Geology 
3. Tectonic Geodesy 

C. Exemplary Figure 
Select one figure from your project report that best exemplifies the significance of the results. The figure 
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting 
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and 
figure credits. 
 
Figure 3. Results from 3D mechanical model of the San Jacinto Fault and vicinity. A. Surface traces of 
faults from 3D model. Portions of faults with representative slip rates (mean +/- 1 mm/yr) highlighted in 
red. B. Slip distribution along the San Jacinto Valley, Anza and Coyote Creek segments. Shaded region 
corresponds to uncertainties in tectonic loading and white line shows average slip distribution.  Red line 
and pink band illustrate mean slip rate with uncertainty bounds (+/- 1 mm/yr.) for entire fault. Bars show 
geologic estimates of slip rates from 1) Prentice et al (1986), 2) Rockwell et al (2008), 3) Sharp (1981), 
4) Janecke et al. (2010), 5) Blisniuk et al (2010) and 6) Blisniuk et al (2013). C. Probability density distri-
bution of slip from model. Red and green bars are mean and median values. Slip is normalized to maxi-
mum slip. 
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D. SCEC Science Priorities 
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See 
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c 
 
4b, 1a, 4a 

 

E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  
 
This project contributes toward a better understanding of how stress is transferred from plate motion to 
crustal faults where it is released during fault slip (priority for SCEC 4). Specifically, the project explores 
how along strike variation in fault complexity may lead to spatially variable slip rate (SCEC Science Pri-
ority 4b) with implications for our ability to extract representative slip rates from geologic and geodetic 
observations (SCEC Science Priority 1a). Although several previous studies have proposed methods for 
better estimating uncertainty of geologic slip rates, little attention has been given to characterizing how 
representative geologic slip rates may be. 
 
Specific contributions include: 1) a 2D parametric modeling study of releasing steps that highlights which 
fault geometries are most, and least, likely to yield representative slip rate estimates from geologic and 
geodetic studies based on measures of their slip rate distribution and kinematic efficiency. 2) A 3D mod-
eling study of the San Jacinto fault and vicinity that illustrates how segmentation along this fault system 
may lead to spatially variable slip rates that are locally consistent with geological estimates (SCEC Sci-
ence Priority 4a). Our results suggest that the location of geologic slip rate studies may govern their 
suitability for hazard estimates and that models can be used to put point measurements of slip into the 
context of slip distribution throughout a fault system. 
 

F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some 
possible benefits of the activity to society? 
 
This project has fostered collaborations between researchers at Wesleyan University, the University of 
Massachusetts, and Appalachian State University. The project introduced PI Resor to the SCEC com-
munity. The project provided training for PI Madden, a postdoctoral researcher at the University of Mas-
sachusetts (now at Munich). The results of this project will benefit society by helping geoscientists to 
better characterize slip rates and seismic hazard of active strike slip faults. 

G. Project Publications 
All publications and presentations of the work funded must be entered in the SCEC Publications data-
base. Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC Pub-
lications System. Please either (a) update a publication record you previously submitted or (b) add new 
publication record(s) as needed. If you have any problems, please email web@scec.org for assistance. 
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II. Technical Report 

A. Objectives 
One of the fundamental problems in earthquake physics (and a priority for SCEC4) is how stress is trans-
ferred from plate motion to crustal faults where it is released during fault slip. Kinematic models assume 
that the long-term fault slip rates will sum to the plate velocity; however, in a number of locations in 
southern California the slip rates determined from modeling geodetic data in this manner differ significant-
ly from geologic estimates of slip rate (e.g. Meade and Hager, 2005; Oskin et al., 2007). This discrepancy 
may reflect temporal variations in slip rate, such that geodetic rates measured over decades are truly dif-
ferent from geologic rates measured over thousands to millions of years (Dolan et al., 2007). Alternative-
ly, the discrepancies may reflect inconsistencies in the way that we interpret or model the data to deter-
mine slip rates. Several authors have explored how the assumptions of geodetic models may lead to un-
realistic slip rate estimates. In particular, it has been noted that the kinematic assumption outlined above 
only holds true for parallel planar faults with no permanent deformation of the intervening crustal blocks 
(Herbert et al., 2013). Models that allow permanent off-fault strain may thus be able to fit both geodetic 
and geologic observations (Johnson, 2013). In this study, we investigate how geometric complexity of 
fault systems and off-fault strains may similarly affect estimates of fault slip over geologic time scales. 
Although several previous studies have proposed methods for estimating uncertainty of geologic slip 
rates (e.g. Bird, 2007; Zechar and Frankel, 2009), little attention has been given to characterizing how 
representative geologic slip rates collected at one site may be for the fault segment (see Dolan and 
Haravitch (2014) for a recent notable exception). 
 
Recent geologic investigations along the San Andreas and San Jacinto faults reveal the variability of slip 
rate along these structures. Blisniuk et al. (2010) show a trade off in slip rates between two fault seg-
ments of the San Jacinto fault within their stepover region. McGill et al. (2013) show a reduction of strike-
slip rate associated with the restraining bend of the San Andreas through the San Gorgonio Pass.  We 
expect other faults in southern California have similar spatial variability of slip rate but most other faults 
have fewer than two site investigations. For structures with a few slip rate investigations, we don’t know if 
the average of these values accurately represents the slip accommodated over the entire structure and 
thus the seismic potential of the fault (e.g. Marshall et al., 2008). 
 
We have taken a two-pronged approach to addressing this problem. First, we use two-dimensional (2D) 
parametric models to explore the effects of stepovers on the probability that a geologic point measure-
ment of slip rate will be representative of the average fault slip and thus the fault’s role in relieving crustal 
stress and accommodating far-field plate velocities. These results may be used to identify published esti-
mates of geologic slip rate that may be unrepresentative as well as to design strategies for future geologic 
sampling to minimize the impact of fault geometry. Second, we use three-dimensional (3D) mechanical 
models of southern California, focusing on the well-studied releasing stepovers along the San Jacinto 
fault to investigate the impact of specific fault geometries on existing estimates of fault slip rate. The re-
sults of the parametric models can be directly applied to the releasing stepovers of this fault, which have 
abundant geologic slip rate data (Blisniuk et al., 2013; Blisniuk et al., 2010; Janecke et al., 2011; Prentice 
et al., 1986; Rockwell, 2008; Sharp, 1981) and slip rates inferred from GPS studies of the region (e.g. 
Becker et al., 2005; Loveless and Meade, 2011; Lundgren et al., 2009; McCaffrey, 2005). The compari-
son of these rates will provide a test for the potential reconciliation of geologic and geodetic estimates of 
slip rate (averages of ~10 and 16 mm/yr respectively) with consideration of the complete slip distribution 
along the fault.   

B. Methodology 
Both our 2D and 3D models use Boundary Element Methods (BEM) to simulate faulting and fault-related 
deformation. In the BEM, faults are represented as linear (2D) or triangular (3D) elements that are inter-
connected to simulate curvilinear or curviplanar fault geometries, respectively. The BEM provides an effi-
cient tool to model the effects of fault geometry on stress and deformation as only the fault surface, itself, 
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is discretized.  Furthermore, the 3D formulation with triangular elements is adept at approximating the 
complex fault networks of southern CA because the branching and curving fault surfaces with incomplete 
intersections such as within the Community Fault Model (Plesch et al., 2007) can be simulated without 
compromising the accuracy of the modeled fault geometry. 
 
To simulate 3D deformation in southern California, we apply plate boundary velocities along the far edges 
of the base of the model while leaving the center of the base freely-slipping so that faults interact without 
prescribed rates of slip.  The low friction of the faults simulates dynamic conditions during rupture when 
most fault slip occurs. The quasi-static model simulates deformation in the crust over several earthquake 
cycles.  The good match between the slip rates from the frictionless fault models and geologic slip rates 
(Cooke and Dair, 2011; Cooke and Marshall, 2006; Herbert and Cooke, 2012; Herbert et al., 2014; 
Marshall et al., 2008) supports the analysis of Bird (2009) that many of the faults in southern California 
may slip with low dynamic frictional strength. 
 
Our parametric exploration of fault geometry uses the 2D BEM code, Fric2D, which incorporates fault 
strength properties, including cohesion and sliding friction (Cooke and Pollard, 1997; Savage and Cooke, 
2010).  The 2D nature of the code permits rapid exploration of a range of fault system geometries and 
calculation of full deformation and stress fields. The extended frictional functionality facilitates investiga-
tions that the 3D code does not include. 

C. Results 
Releasing (extensional) stepovers are a common target of geologic investigations into strike-slip fault his-
tory due to their tendency to accumulate sediments, including organic-rich strata that can be dated using 
C-14 methods. In our project we targeted fault systems with releasing steps to explore their efficiency at 
accommodating far-field loading as well as the probability that a geologic sampling site along the fault will 
reveal a representative rate. 
 

 
Figure 1. 2D models of idealized releasing stepovers. From top to bottom figure shows i. model geometry, 
ii. resulting slip distribution, and iii probability density of slip magnitude for two models (A and B) whose 
parameters are outlined above. Red and green bars are mean and median values. Red regions have slip 
values within interval of mean +/- 1 mm/yr. Slip is normalized to the far field displacement. 
 
Within the 2D parametric models, we simulate fault slip accumulation over multiple earthquake cycles 
(Fig. 1). Models are loaded with far field fault parallel and normal displacements that simulate a uniform 
stress field (in the absence of faulting). We simulate both frictionless and frictional faults (mu=0.1, con-
sistent with estimates of coseismic values) to assess a range of plausible fault conditions. A suite of 2D 
models reveals how fault length, friction and step geometry (fault overlap and perpendicular separation) 
affect fault slip and off-fault strain over geologic time scales. We calculate each system’s kinematic effi-
ciency (mean slip:applied displacement Fig 2) and determine the probability that a site along the fault will 
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reveal a representative rate (i.e. mean ± 1 mm/yr). Faults with longer segments are most efficient, ac-
commodating ~56-86% of plate displacement. Systems with short segments, large overlap and large 
spacing are the least efficient, accommodating as little as 24% of the total plate displacement. We find 
that the probability of sampling a representative slip rate is greater along short faults, due to the low over-
all slip magnitudes relative to typical errors, and is inversely correlated with the kinematic efficiency of the 
system. For longer faults, the probability of sampling a representative rate is much lower and is most 
strongly controlled by the shape of the slip distribution rather than the overall efficiency. 
 

 
Figure 2. Color-shaded plot of A. kinematic efficiency and B. Probability that a site will yield a representa-
tive rate for the entire suite of models. Labels A and B are results for models shown in Fig. 1. 
 
 
Next, we use 3D models to explore the effect of stepovers along the San Jacinto fault (Fig 3). Geologic 
investigations along the San Jacinto fault have determined strike-slip rates ranging from 2 to 20 mm/yr. 
The average slip rate from all geologic studies of the San Jacinto fault is about 10 mm/yr. Variations in 
slip rate estimates, however, correlate with their location along the fault’s segmented geometry (Fig. 2b). 
Specifically, slip rates slow within stepovers between fault segments. It is thus unclear which measure-
ments are representative of the average slip rate for the fault system. To address this question we con-
structed a 3D BEM model of the San Jacinto and San Andreas faults in southern California that incorpo-
rates geometric aspects of the fault system down to ~4 km in scale. The near-surface strike-slip rates this 
model predicts provide a good fit to the spatial variation observed in the geologic measurements, includ-
ing lower rates within each of the stepovers (Fig. 3). The mean slip rate along the modeled fault trace is 
6.4 mm/yr, which is significantly slower than the simple average of the geological rates and the average 
of the geodetic estimates for slip rate. The probability density distribution of the modeled surface slip has 
two peaks, one associated with the Coyote Creek segment and one with the San Jacinto Valley-Anza 
segments. A randomly chosen site along the fault has a relatively high (~75%) probability of sampling a 
location where the slip rate is significantly higher or lower than the mean. Furthermore, slip rates may 
vary with depth along the fault (Marshall et al., 2008) so that rates measured at the Earth’s surface do not 
represent the average slip rate on the fault. Analysis of modeled slip rate along the entire structure of the 
San Jacinto fault, not just at shallow depths, gives a strike-slip rate of 7.5±3 mm/yr.  This value has 1.5 
mm/yr greater slip rate than the mean near the Earth’s surface and better represents the seismogenic 
potential for the fault. Interestingly, the model-predicted seimsogenically representative slip rate is ex-
pressed near the stepover that was investigated in detail by Blisniuk (2010).  This example demonstrates 
that the location of geologic slip rate studies may govern the suitability of their results for hazard esti-
mates and that model results can be used to put point measurements of slip into the context of slip distri-
bution throughout the fault system. 
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Figure 3. Results from 3D mechanical model of the San Jacinto Fault and vicinity. A. Surface traces of 
faults from 3D model. Portions of faults with representative slip rates (mean +/- 1 mm/yr) highlighted in 
red. B. Slip distribution along the San Jacinto Valley, Anza and Coyote Creek segments. Shaded region 
corresponds to uncertainties in tectonic loading and white line shows average slip distribution.  Red line 
and pink band illustrate mean slip rate with uncertainty bounds (+/- 1 mm/yr.) for entire fault. Bars show 
geologic estimates of slip rates from 1) Prentice et al (1986), 2) Rockwell et al (2008), 3) Sharp (1981), 4) 
Janecke et al. (2010), 5) Blisniuk et al (2010) and 6) Blisniuk et al (2013). C. Probability density distribu-
tion of slip from model. Red and green bars are mean and median values. Slip is normalized to maximum 
slip. 
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