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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.) 
 
Two crustal deformation models examine the short term stressing of the crust between earthquakes and 
the longer-term off-fault residual stresses over multiple earthquake cycles. In regions of fault complexity, 
such as the San Gorgonio Pass Special Fault Study Area, not all stresses are relieved by slip along 
faults. These residual off-fault stresses can produce permanent deformation including microseismicity. 
The spatial correlation of patterns of stresses from focal mechanism inversions with off-fault stresses 
over multiple earthquake cycles suggests that the microseismicity of the San Gorgonio Pass region may 
be recording permanent off-fault deformation that is distinctly different from the long-term strike-slip load-
ing of the San Andreas fault. This suggests that our current seismic catalog under-samples strike-slip 
events along the San Andreas Fault. Consequently, the stress inversions from the catalog provide inac-
curate information about the loading of the major faults and instead reveal permanent distributed off-fault 
deformation. 
 
The mean normal compressive stress from the multi-cycle model shows high spatial correlation (location 
and depth) with regions of anomalously high stress drop from the focal mechanism inversions in the San 
Gorgonio Pass region. This spatial correlation suggests that small slip surfaces off of the major faults are 
strengthened due to localized clamping. In addition to local variations in explicit fault strength, heteroge-
neous stress fields can also produce spatial variations in stress drop.  The anomalously high stress drop 
within the San Gorgonio Pass may reflect localized compression rather than high static fault strength. 

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. 

 
Stress and Deformation Through Time (SDOT) 
Southern San Andreas Fault Evaluation (SoSAFE) 
ault and Rupture Mechanics (FARM) 

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: Mean normal stressing rate from (A) interseismic and (B) off-fault models compared to (C) the 
focal mechanism inversions of Yang et al., [2012].  The green lines outline areas of greater relative ten-
sion (warmer colors) in the focal mechanism inversion.  Within the San Gorgonio Pass region, the stress 
pattern from the focal mechanism inversions has better match to the off-fault stressing rate (correlation 
coefficient, r = 0.41) than to the interseismic stressing rate (r = 0.007).  This correlation suggests that the 
seismic catalog in the SGP region under-samples strike-slip events that would reveal interseismic load-
ing of the San Andreas fault and instead these earthquakes record permanent deformation off of the 
major faults. The stress inversions from focal mechanisms may not accurately inform the stress patterns 
that drive seismic hazards in southern California. 
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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 
 

4d, 4a, 4b 

 

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?  
 
The project provides a new approach for analyzing microseismicity that could greatly impact how we 
interpret stresses from focal mechanism inversions. Within the San Gorgonio Pass, the pattern of 
stresses from the focal mechanism inversion better match models of residual off-fault deformation than 
models of intersiesmic loading of the San Andreas fault system. This suggests that the past few decades 
of microseismicity of the San Gorgonio Pass region may primarily record permanent off-fault deformation 
that is distinctly different from the long term loading of the San Andreas fault.  Because our current 
seismic catalog under-samples strike-slip events along the San Andreas, the catalog may not represent 
the loading on all parts of the San Andreas fault system.  The complex fault geometry in the San Gorgo-
nio Pass special fault study area may promote local off-fault deformation so that stress inversions are 
less reliable here than other regions of southern California. The results of this study can guide efforts of 
the Community Stress Model to characterize the crustal stresses within southern California. 
 
The project also demonstrates that apparent spatial variations in stress drop within the San Gorgonio 
Pass region can arise from heterogeneous stresses due to complex fault geometry rather than explicit 
fault strength variations. This result highlights the need for investigation of fault geometry within focused 
studies such as the Special Fault Study Areas of SCEC4. 

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? 
 
By integrating results of crustal deformation models and the stress inversions from focal mechanisms, 
this project crosses disciplines within SCEC. This project supported a female graduate student at UMass 
and a female PI with a hearing impairment. 

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 Pubi-
cations 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. Introduction 
Permanent off-fault deformation that accumulates between earthquake events can accommodate a signif-
icant portion of the deformation budget across irregular fault networks.  While slip rates along planar 
faults may match the overall plate velocity, non-planar fault systems accrue off-fault deformation near 
fault irregularities with corresponding reduction in slip rate along the faults [e.g. Cooke et al., 2013]. An 
example of this reduction in slip rate within southern California is the decrease of strike-slip rates along 
the San Bernardino strand of the San Andreas with proximity to the fault’s bend at the San Gorgonio Pass 
[e.g. McGill et al., 2013].   
 
Forward mechanical models of deformation that permit both fault slip and accumulation of strain between 
faults reveal that 28-33% of the total velocity across southern California may be accommodated off of ma-
jor faults [Bird, 2009; Johnson, 2013].  The local degree of off-fault deformation depends on fault geome-
try. Within the highly disconnected fault network of the Eastern California Shear Zone, 40% of the defor-
mation across the zone may be accumulated off of faults [Herbert et al., 2014a].  These findings chal-
lenge our assumption that the sum of slip rates along major faults should equal the velocity across the 
plate. Consequently, our efforts to evaluate seismic hazards in southern California may incur uncertain-
ties that arise from insufficient characterization of fault complexity and associated off-fault deformation. 
 
Direct measurements of off-fault deformation are hard to come by. Within the geologic record, defor-
mation adjacent to faults records that 10-20% of the strain of fault slip can be accommodated within a few 
kilometers of the fault trace [Shelef & Oskin, 2010; Titus et al., 2011]. Microseismicity also provides a rec-
ord of off-fault deformation [e.g. Goebel et al., 2014].  Small earthquakes often do not occur along major 
faults but within the crust between these faults. The double-couple recorded for these events show that 
these are slip events but the slip may be occurring within folds adjacent to faults, along small faults, along 
distributed planes of weakness (e.g. foliation) etc. We can conceptualize these small slip events as rec-
ords of permanent deformation within the rock surrounding major faults. Unlike elastic strain stored in the 
host rock, the strain accommodated by on-going off-fault microseismicity will not likely be released in the 
next large earthquake as this would require that all the accumulated microseismicity since the last large 
earthquake slips in the exact reverse manner as the original double-couples. The unlikeliness of such 
loading requires that off-fault microseismicity contribute to permanent deformation during the interseismic 
period. Thus, the seismic catalog provides a multidecadal record of off-fault deformation in regions that 
can be compared to forward model predictions of off-fault 
deformation. 
 
I use well-validated 3D Boundary Element Method (BEM) 
models that are adept at simulating deformation associ-
ated with irregular fault geometry.  For this study, I com-
pare the off-fault stressing rates within BEM models of 
the San Gorgonio Pass to stress patterns interpreted 
from the seismic catalog in this region [Yang et al. 2012; 
Goebel et al., 2015]. The San Gorgonio Pass has served 
as a successful Special Fault Study area in SCEC 4 and 
this study has benefited from the multi-disciplinary nature 
of the co-laboratory. Through this comparison, the pro-
posed study will characterize the influence of fault config-
uration on the permanent off-fault deformation as well as 
interseismic stressing rates.  If we know how much of the 
interseismic stressing rate is portioned into permanent 
deformation, such as recorded by microseismicity, then 
we can estimate how much interseismic deformation is 
stored elastically to be released in the next earthquake as 
fault slip. 

 
Figure	
  1:	
  A&C)	
  Interseismic	
  models	
  are	
  loaded	
  with	
  
slip	
   rates	
   below	
   the	
   locking	
   depth.	
   B)	
   For	
   straight	
  
faults,	
   the	
   multi-­‐	
   earthquake	
   cycle	
   model	
   doesn’t	
  
produce	
   off-­‐fault	
   deformation.	
   	
   D)	
   With	
   irregular	
  
fault	
   geometry	
   local	
   off-­‐fault	
   stresses	
   are	
   not	
   re-­‐
lieved	
   in	
   slip	
   events	
   and	
   could	
   be	
   recorded	
   in	
  mi-­‐
croseismicity.	
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B. Methods 
Faults surfaces based on the SCEC Community Fault Model v. 4 are discretized into triangles and loaded 
by tectonic velocities at the edges of the model. Faults of the CFM are extended to 35 km depth where 
they merge with a horizontal crack. This crack provides distributed deformation below the seismogenic 
crust. Uncertainty of the tectonic loading of 5 mm/yr and 5˚ orientation are incorporated in the models by 
assessing several different models with applied right lateral shear orientated at 320˚ and 325˚ and with 
velocities of 50 and 55 mm/yr [e.g. Herbert and Cooke, 2012].  These velocities are applied to the outer 
edges of the deep horizontal crack. The shear traction-free faults in the model and the center of the deep 
horizontal crack slip in response to this loading and interaction with each other [e.g. Fattaruso et al., 
2015]. 
 
To investigate stressing off of faults, I have developed two stressing rate models that simulate different 
time periods (Fig. 1).  Within the multi-cycle model, all portions of the fault surfaces slip in order to simu-
late the impact of multiple earthquake cycles. For planar faults, no stresses accumulate within the host 
rock (Fig. 1B) but the model produces high stresses around geometric irregularities along the fault (Fig. 
1D). These residual stresses in the surrounding host rock reveal the stresses not released by fault slip 
that are responsible for permanent off-fault deformation. The second model (Fig. 1A and C) simulates the 
interseismic stressing rates between earthquakes using a back slip approach with slipping faults below 
the locking depth [e.g. Marshall et al., 2009].  The deep fault slip rates for the interseismic model are de-
termined from the multi-cycle model.  If our catalog of microseismicity within the San Gorgonio Pass 
spanning the past few decades represents the interseismic stressing due to deep slip on the San Andreas 
fault, then the stresses from the microseismicity focal mechanisms should resemble the stressing rate 
pattern from the interseismic model.  If instead, the microseismicity reflects permanent off-fault defor-
mation, then the stresses from the focal mechanisms will resemble the residual stresses within the multi-
cycle model. 
 

C. Results 

The results thus far of this on-going project 1) highlight regions of potential off-fault deformation within the 
San Gorgonio Pass, 2) illuminate the differences between multi-cycle and interseismic stressing rates 3) 
demonstrate that multi-cycle off-fault stressing rates better match the stresses associated with micro-
seismicity and 4) show correlation of high compression with regions of high stress drop.  
 

1. Where is the off-fault deformation 
in the San Gorgonio Pass?  

Boundary Element Method models of 
multi-earthquake cycle deformation 
demonstrate the partitioning of defor-
mation as along fault slip and off-fault 
strain. The resulting velocity along the 
Earth’s surface projected into the 145˚ 
(fault parallel) orientation reveals that 
while most of the deformation within the 
San Gorgonio Pass is taken up as strike-
slip along faults (vertical risers on Fig. 1), 
some fault parallel strain is accommodat-
ed within the San Bernardino Mountains 
as distributed off-fault deformation 
(warped surface on Fig. 2 under the text 
of San Bernardino Mountains).  A variety 
of deformation mechanisms may accom-
modate fault-parallel shear within the San 
Bernardino Mountains including slip on 

 
Figure	
  2:	
  Fault	
  parallel	
  (145˚)	
  velocities.	
  Vertical	
  risers	
  indicate	
  fault	
  paral-­‐
lel	
  velocities	
   taken	
  up	
  as	
  slip	
  rates	
  along	
  faults	
  and	
  warped	
  surfaces	
   indi-­‐
cate	
  strain	
  within	
  the	
  host	
   rock.	
  Fault	
  slip	
  rates	
  decrease	
  within	
  the	
  SGP.	
  
Because	
  off-­‐fault	
  deformation	
  within	
  the	
  San	
  Bernardino	
  Mts.	
  accounts	
  for	
  
a	
  portion	
  of	
  the	
  strain,	
  the	
  fault	
  slip	
  rates	
  do	
  not	
  sum	
  to	
  the	
  plate	
  rate.	
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surfaces that yields microseismicity.  

2. How are the multi-cycle stressing rates different from the interseismic stressing rates?  
The interseismic and off-fault crustal deformation models show distinct stressing rate patterns.  The inter-
seismic model with deep slip along faults below the locking depth produces a predominantly strike-slip 
stress regime consistent with the deep slip along the San Andreas fault. In contrast, the multi-cycle model 
has a spatially heterogeneous stress regime with some areas favoring strike-slip faulting whereas other 
areas favor thrust and normal faulting.  Within the multi-cycle model, the predominant strike-slip stresses 
are relieved by fault slip, and the residual stresses that develop around fault irregularities do not neces-
sarily reflect the overall strike-slip stress regime of the transform plate margin.  The stress inversions from 
focal mechanisms of the San Gorgonio Pass region display a range of stress regimes [Yang et al., 2012; 
Goebel et al., 2015].  
 

3. Is the seismic catalog revealing interseismic stressing patterns or off-fault deformation in the 
SGP?   

Correlation of stressing rates from both the interseismic and multicycle models to stress inversions from 
southern California focal mechanisms by Yang et al. [2012] show that the residual off-fault stressing rate 
pattern of the multi-cycle model better matches the pattern from the stress inversions (Fig. 3). The focal 
mechanism inversions show relatively tensile mean normal stress between the San Jacinto and SAF and 
also within the eastern portion of the SGP (Fig. 3B). Between the San Jacinto and San Andreas faults, 
this dilation owes to right-lateral slip along the San Jacinto fault, which brings the region into relative ten-
sion.  The normal stress in eastern portion of the SGP may arise from the increased right lateral slip from 
the Banning strand to the Coachella segment of the SAF. These regions of relatively high mean normal 
stress are not evident in the interseismic stress rate pattern, which is dominated by strike-slip along the 
SAF (Fig. 3A). The correlation coefficient between the focal mechanism stress inversion and the inter-
seismic stressing pattern is low (r = 0.007).  The residual off-fault stressing rates of the multi-cycle model 
produce relatively high mean normal stress in the same locations as the focal mechanism inversions (out-
lined in grant on Figure 3C). The correlation coefficient between the focal mechanism stress inversions 
and the off-fault stressing rate pattern is much higher than between the stress inversions and the inter-
seismic stressing rates (r = 0.041 >> 0.007). 
 

 
 
  

 
Figure	
  3:	
  Mean	
  normal	
  stressing	
  rate	
  from	
  (A)	
  interseismic	
  and	
  (B)	
  off-­‐fault	
  models	
  compared	
  to	
  (C)	
  the	
  focal	
  mechanism	
  
inversions	
  of	
   Yang	
   et	
   al.,	
   [2012].	
   	
   The	
   green	
   lines	
  outline	
   areas	
   of	
   greater	
   relative	
   tension	
   (warmer	
   colors)	
   in	
   the	
   focal	
  
mechanism	
  inversion.	
  	
  Within	
  the	
  San	
  Gorgonio	
  Pass	
  region	
  the	
  stress	
  pattern	
  from	
  the	
  focal	
  mechanism	
  inversions	
  have	
  
better	
  match	
   to	
   the	
  off-­‐fault	
   stressing	
   rate	
   (correlation	
   coefficient,	
   r	
  =	
   0.41)	
   than	
   to	
   the	
   interseismic	
   stressing	
   rate	
   (r	
   =	
  
0.007).	
   	
   This	
   correlation	
  suggests	
   that	
   the	
  seismic	
   catalog	
   in	
   the	
   SGP	
   region	
  undersamples	
   strike-­‐slip	
  events	
   that	
  would	
  
reveal	
  interseismic	
  loading	
  of	
  the	
  San	
  Andreas	
  fault	
  and	
  instead	
  these	
  earthquakes	
  record	
  permanent	
  deformation	
  off	
  of	
  
the	
  major	
  faults.	
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4. Could off-fault deformation account 

for anomalously high stress drops in 
the SGP?  

The multi-earthquake cycle models with re-
sidual off-fault stressing show spatially varia-
ble mean normal stress that correlate with 
spatial variations in stress drop analyzed by 
Goebel et al. [2015] (Fig. 4). The SGP hosts 
a region of >18 MPa stress drop, larger than 
observed elsewhere in southern California 
[Goebel et al., 2015].  These anomalously  
high stress drops occur at 15-25 km depth 
within the foot wall of the San Gorgonio Pass 
thrust.  The location and depth of these high 
stress drops closely correlates to locations of 
negative first stress invariant, high mean 
compression (blue on Fig. 4), in the off-fault 
stressing rates. This suggests that localized 
compression around the restraining bend 
may account for the anomalously high stress 
drops. The small micro-faults off of the prima-
ry fault structures are clamped by this high 
compression so that they behave as stronger 
faults and produce larger stress drops. Local-
ly high stress drops could be attributed to 
local increases in fault static frictional 
strength [Goebel et al., 2015]. However, het-
erogeneous fault strength is not required if 
the normal compressive stress is high within the region of high stress drop.  
 
 
D. Conclusions 
The correlation of stress patterns from focal mechanism inversions with patterns of off-fault stressing rate 
over multiple earthquake cycles suggests that the microseismicity of the San Gorgonio Pass region may 
be recording permanent off-fault deformation that is distinctly different from the long term loading of the 
San Andreas fault. The stressing rate models within the SCEC Community Fault Model produce a strike-
slip stress regime within the San Gorgonio Pass [Hardebeck, 2014] in disagreement with focal mecha-
nism stress inversions. This suggests that our current seismic catalog under-samples large strike-slip 
events along the SAF. Instead, the stress inversions from the seismic catalog provide more information 
about permanent distributed off-fault deformation than loading of the faults. 
 
The spatial correlation of mean normal compressive stress with regions of high stress drop from the focal 
mechanism inversions suggests that small faults here effectively strengthened due to localized clamping. 
High fault strength is consistent with long recurrence times of ruptures though the San Gorgonio Pass 
[Yule et al., 2014].   The multi-cycle model assumes uniform fault strength so the variation in mean nor-
mal stress is entirely due to the influence of fault geometry.  This study suggests that spatial variation in 
stress drop does not require higher explicit fault strength but the heterogeneous stress state can alter ap-
parent fault strength. 
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