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II. TECHNICAL REPORT 
1.   SUMMARY OF MAJOR FINDINGS 

The goal of this research has been to develop a forward model of stress state in the 
Cajon Pass region based on existing models of individual geodynamic processes, and to 
investigate the length scales over which driving stress in the region is heterogeneous.  
Four primary findings have resulted from SCEC Award #18150, and form the basis of 
several avenues of future research: 
 

• We model the in situ stress field in Cajon Pass as the superposition of stress 
from three tectonic processes: the accumulation of stress on locked faults over 
variable loading times [Smith-Konter and Sandwell, 2009; Tong et al., 2013; 
Burkhard et al., 2018], the load of topography [Luttrell and Smith-Konter, 
2017], and the far field geodynamic driving stress.  We allow the magnitude 
and orientation of geodynamic driving stress to be free parameters, as well as 
the effective loading times of locked fault segments, and compare the 
orientations of the resulting 3-D stress field with available observations of 
stress state in the Cajon Pass region [Yang and Hauksson, 2013; Zoback and 
Healey, 1992]. 

 
• We find that along each individual fault segment, the best fitting models 

exhibit a tradeoff between fault segment loading time and geodynamic driving 
stress orientation, with more clockwise driving stress orientations requiring 
longer loading times to match observations.  When we compare the optimal 
model parameters from each segment, we find that a single geodynamic 
driving stress with compression oriented at 16ºEofN does the best job 
reproducing the observed orientations, but only for very long loading times, in 
some cases an order of magnitude more than paleoseismic estimates of last 
rupture. 

 
• We also find that the ability of the best-fitting synthesis models to reproduce 

observed stress orientations varies considerably along fault segments. While 
some segments are well fit by the best-fitting forward model (e.g., the Clark 
and Mojave segments), others have high misfits (e.g., the San Bernardino and 
Claremont segments).  This persistent spatial heterogeneity even in the best-
fitting model, along with the unphysically high best-fitting estimates of loading 
time, indicate the deficiency of the simple model presented here.  It is more 
likely, instead, that driving stresses vary in orientation or magnitude across the 
region, or that a distinct source of stress not considered is contributing to the 
observed orientations.   

 
• Our results indicate that major features of the in situ stress field orientation 

indicated by earthquake focal mechanism can only be reproduced with a 
heterogeneous plate driving stress: variations from topography and fault 
loading are insufficient to account for the observed stress rotations.   
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These findings directly support the objectives of the Community Models (CXM) and 
Stress and Deformation over Time (SDOT) interdisciplinary working groups to answer 
the basic earthquake science question of “How are faults loaded across temporal and 
spatial scales?” by constraining how absolute stress and stressing rate vary laterally and 
with depth on faults (SCEC Research Priority 1c), as well as quantifying stress 
heterogeneity of faults at different spatial scales (SCEC Research Priority 1d) and 
evaluating the time dependence of stress transfer on faults (SCEC Research Priority 1e). 
This project has also provided training and experience for a Graduate Student Research 
Assistant, LSU MS student Elliott Helgans, who worked to develop the models and 
synthesize the observations under the direct supervision of Luttrell. 
 
 
2.   DEVELOPMENT AND ANALYSIS OF SYNTHESIS MODELS OF STRESS STATE 

The Cajon Pass region lies within a restraining bend of the San Andreas fault at its 
junction with the San Jacinto fault [e.g., Saucier et al., 1992].  Long-term paleoseismic 
records and numerical models of dynamic rupture and faulting scenarios have led to 
suggestions that Cajon Pass operates as an “earthquake gate”, exerting control over the 
propagation or arrest of large ruptures [e.g., Lozos et al., 2015; Onderdonk et al., 2015; 
Onderdonk et al., 2013; Scharer et al., 2010; Lozos, 2016].  However, these model 
predictions are particularly sensitive to the representation of the initial conditions of the 
background stress field, influencing stress drop, final rupture length, and strength of 
ground motions [e.g., Lozos et al., 2015; Lozos, 2016].  It is thus of primary importance 
to quantitatively characterize the stress field in the Cajon Pass region, including its 
orientation, magnitude, and dominant spatial scales of heterogeneity. 

Observations of crustal stress in the Cajon Pass area are limited, with only a few direct 
observations from scientific boreholes [e.g., Zoback et al., 2010; Zoback and Healey, 
1992].  Stress orientation has been estimated by the inversion of a catalog of earthquake 
focal mechanisms (FMs) [Yang et al., 2012; Yang and Hauksson, 2013], and indicates 
strong heterogeneity, with rotations of 30º – 60º between the Mojave, San Bernardino, 
and Claremont fault segments and variations in faulting regime from normal to strike-slip 
to thrust.  The source of this heterogeneity is unclear, but could be related to patterns of 
stress accumulation on locked faults, or to spatial variations in the load of topography, or 
potentially to other factors such as heterogeneity in the geodynamic plate driving stress 
within the region.  Identifying the nature and underlying causes of the observed stress 
rotations is an important step toward understanding which processes have governed stress 
state in the Cajon Pass during past ruptures, and which can be expected to be of primary 
importance during future ruptures. 

We model the in situ stress field in Cajon Pass as the superposition of stress from three 
tectonic processes (Figure 1): the accumulation of stress on locked faults over variable 
loading times [Smith-Konter and Sandwell, 2009; Tong et al., 2013; Burkhard et al., 
2018], the load of topography [Luttrell and Smith-Konter, 2017], and the far field 
geodynamic driving stress.  We allow the magnitude and orientation of geodynamic 
driving stress (ΔσG and θG) to be free parameters, as well as the effective loading times 
(tload) of locked fault segments (which ideally should approximate the time since last 
rupture if previous earthquakes achieved complete stress release).  We calculate the stress 
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field as a forward model, exploring parameter space with ~10,000 model runs.  We 
compare the orientation of each resulting cumulative stress field with that indicated by 
earthquake focal mechanisms (σtotal) [Yang and Hauksson, 2013], and the loading times 
on each segment with paleoseismic estimates of last rupture [e.g., McGill et al., 2002; 
Onderdonk et al., 2013; Onderdonk et al., 2015; Scharer et al., 2010].  
 

 
Figure 1: Components of stress considered in this study: a) schematic of stress 
components in the Cajon Pass region.  (b) magnitude of stress from topography [Luttrell 
and Smith-Konter, 2017].  (c) stress accumulation rate due to loading of locked fault 
segments [Tong et al., 2013; Smith-Konter and Sandwell, 2009]. d) Aphi orientation of the 
stress field observed from earthquake focal mechanisms [Yang and Hauksson, 2013].  

 
 
3. SYNTHESIS MODEL RESULTS: STRESS HETEROGENEITY GOES BEYOND FAULTS 

We find that along each individual fault segment, the best fitting models exhibit a 
tradeoff between fault segment loading time and geodynamic driving stress orientation 
(Figure 2a).  We then compare the best fitting model parameters for each segment to 
determine if any single homogeneous driving stress applied across the Cajon Pass region 
is capable of producing optimal fit at all segments simultaneously, given the 
corresponding best-fitting loading times (Figure 2b – 2h).  While overall misfits to FM 
orientation improve with increased magnitude of geodynamic driving stress up to ~30 
MPa, a lower differential stress of ~10 MPa results in the most reasonable fault loading 
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time estimates.  When we compare the optimal model parameters from each segment, we 
find that a single geodynamic driving stress with compression oriented at 16ºEofN does 
the best job reproducing the observed orientations, but only for very long loading times, 
in some cases an order of magnitude more than paleoseismic estimates of last rupture. 

We also find that the ability of the best-fitting synthesis models to reproduce observed 
stress orientations varies considerably along fault segments (Figure 3).  The numerically 
best fitting model (Figure 3a), with a homogenous driving stress with differential 
magnitude 30 MPa and SHmax orientation 16ºEofN, along with corresponding best-
predicted loading times (Figure 2h), is compared to the orientation indicated by 
earthquake focal mechanisms [Yang and Hauksson, 2013] (Figure 3b).  Misfit is 
quantified using a scalar metric calculated as one minus the normalized 3D tensor dot 
product between the two fields, such that 0 indicates perfect 3-D alignment and 1 
represents arbitrary misalignment.  While some segments are well fit by the “best-fitting 
forward model” (e.g., the Clark and Mojave segments), others have high misfits of ≥ 0.5 
(e.g., the San Bernardino and Claremont segments).  This persistent spatial heterogeneity 
even in the best-fitting model, along with the unphysically high best-fitting estimates of 
loading time, indicate the deficiency of the simple model presented here.  It is more 
likely, instead, that driving stresses vary in orientation or magnitude across the region, or 
that a distinct source of stress not considered is contributing to the observed orientations.   
 

 (a) (b) (c) (d) 

 
 (e) (f) (g) (h) 

 
 Gθ (ºE of N) Gθ (ºE of N) Gθ (ºE of N) Gθ (ºE of N) 
Figure 2: Best-fitting model parameters assuming a uniform geodynamic driving 
stress: (a) model misfit in parameter space for a single fault segment (San Bernardino).  
Minimum misfit (dashed white line) involves a tradeoff between driving stress orientation 
(Gθ) and locked fault loading time (tload). (b-h) lines of best fitting parameter space for each 
of 6 considered fault segment subregions.  Dashed line indicates the best-fitting driving 
stress orientation, i.e. the orientation across model space.  Yellow star in (h) indicates the 
parameters that are used to construct the best fitting model shown in Figure 3a. 
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4.   TOWARD QUANTIFYING SYNTHESIS MODEL UNCERTAINTY AND SENSITIVITY 
The results of these investigations, thus far, are intriguing and informative.  One might 

expect that the presence of high topography and major locked faults in the Cajon Pass 
region should dominate the pattern of observed stress, but the counter-observation that 
another source of variation is required raises interesting questions about the sensitivity of 
this fault system to spatio-temporal variations in plate-driving stresses.  However, before 
such implications can be fully explored, it is crucial to quantify the uniqueness of the 
model results.  In particular, it is important to describe: (1) the sensitivity of these stress 
estimates to various model parameters, (2) the degree to which the limited available 
observations of stress control best-fitting model solutions, and (3) the degree to which 
these model results are consistent with the predictions of other community models in the 
area.  The issues of model validation and uncertainty have been a key concern to the 
SCEC Community Models, especially for the Community Stress Model for which direct 
observations are so rare.  The next steps of this research will be to quantify the non-
uniqueness of the synthesis stress models in the Cajon Pass region, with the goal of 
improving the utility of this modeled stress contribution for the potential user community, 
including as a potential background stress state and initial conditions for future dynamic 
rupture simulations in the region.   
 

 
Figure 3: Comparison of best-fitting forward model using a uniform geodynamic 
driving stress with observed stress field orientation: (a) SHmax orientation of the best-
fitting forward model from this study using a uniform geodynamic driving stress with 
parameters indicated by yellow star in Figure 2.  (b) SHmax orientation of the stress field 
observed from earthquake focal mechanisms [Yang and Hauksson, 2013].  (c) map of scalar 
misfit between best-fitting forward model and observed stress orientations (0 indicates 
perfect 3-D alignment, 2 indicates perfect 3-D misalignment, and 1 indicates arbitrary 
misalignment). 
 
Funding from this award was used to support 1.4 semesters of work by LSU graduate 

student Elliott Helgans to develop and analyze models of in situ stress state in the Cajon 
Pass area.  This ongoing work was presented at the 2018 SCEC Annual Meeting 
[Helgans et al., 2018a], the 2018 Fall AGU meeting [Helgans et al., 2018b], in an invited 
seminar [Luttrell, 2018], and at the 2019 SCEC CSM Workshop [Luttrell, 2019], and 
continues to mature toward the publication of a peer-reviewed journal article. 
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