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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.) 
 
This project refined 3D fault geometries in the Imperial Valley, California using multicyle and 
interseismic mechanical models. Three structural interpretations of the Imperial Valley fault 
system are complete, representing increasing structural complexity. Mapped splay faults on 
the northern and southern ends of the Imperial Valley Fault improve fit to observed slip rates, 
though the multicycle model rates remain low, possibly due to incorrect strike of the Cerro Prie-
to Fault in the CFM, which should transfer greater slip to the Imperial Fault. A short version of 
the Laguna Salada Fault from CFM5 performs better than both a longer structure that extends 
through recent seismicity and an alternative geometry that matches the complex surface fault-
ing mapped following the El Mayor-Cucapah earthquake. The interseismic model has slip rates 
determined from the multicycle model along the refined model geometries. PI Madden men-
tored Research Assistant Laura Fattaruso to complete these models, together with PI Cooke. 
The final model-ready mesh of the preferred fault structures will be contributed to the CFM and 
estimates of the tectonic stressing rate field will be contributed to the CSM.  

 

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 Fault and Rupture Mechanics (FARM) 
2 Unified Structural Representation (USR) 
3 Stress and Deformation Through Time (SDOT) 
4 Tectonic Geodesy 
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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. 
 

 

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 
 
This research supports the Southern California Earthquake Center’s (SCEC) priorities 4a, 4b 
and 4c, which call for investigations of fault complexities, constraints on along-strike variations of 
3D fault structures, and improvements to the SCEC Community Fault Model (CFM), a compila-
tion of 3D fault structures in California. This work also aligns with interdisciplinary focus area A: 
Unified Structural Representation, which aims to improve the CFM by refining the geometry of 
and potential links between faults.  

 

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 southern San Andreas Fault has a 59 % chance of hosting a M 6.7 or larger earthquake 
over the next 30 years [WGCEP, 2008]. The San Jacinto and Imperial faults have the next 
highest seismic hazard in California, with respective probabilities of 31 % and 27 % [WGCEP, 
2008]. The proximity of these faults to one another within the Imperial Valley introduces the 
possibility that they could rupture together in a single, large earthquake, threatening the safety 
of those living in Los Angeles, Imperial, Riverside and San Bernardino counties. However, the 
3D active fault structures in the Imperial Valley are not known well enough to evaluate the po-
tential for such a multifault event. This work provides critical information required for determin-
ing and mitigating seismic hazard in the region. 

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? 
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Postdoctoral Researcher Betsy Madden mentored Research Assistant Laura Fattaruso on the 
modeling aspects of this project, which was a valuable experience for both. This allowed Mad-
den to gain advising experience critical to advancing her geoscience career. The project also 
happens to be the result of collaboration between 4 women, who are traditionally underrepre-
sented at the PI level in the geosciences. It is also a collaboration between academic research 
at the University of Massachusetts and research by the private company ImageAir, Inc. 

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 
The technical report should describe the project objectives, methodology, and results obtained and their 
significance. If this work is a continuation of a multi-year SCEC-funded project, please include major re-
search findings for all previous years in the report. (Maximum 5 pages, 1-3 figures with captions, refer-
ences and publications do not count against limit.) 

A. Introduction 
Active tectonics in the Imperial Valley include both horizontal motion and subsidence, due to both the 
transform plate boundary to the north and rifting in the Gulf of California to the south. This deformation is 
driven by plate motions and strongly linked to the 3D, kilometer-scale structure of regional faults. Here, 
we examine how the 3D active fault geometry can be better represented to match observed neotectonic 
deformation. We use a 2-step model that simulates deformation at both interseismic and multiple earth-
quake cycle time scales. The results of the multicycle models are compared to observed surface slip rate 
data for individual faults. The results of the interseismic models are compared with high-quality InSAR 
data. 
 
We find that including the Imperial Fault splays to the north and south increases the dextral slip rate along 
this fault. This slip rate falls short of geodetic estimates, but may be more representative. Extending the 
Laguna Salada Fault through the region of El Mayor Cucapah earthquake seismicity to its south increas-
es the slip rate on that fault above observations. This suggests that the fault through this region remains 
highly segmented. Finally, we find that matching the 3D subsurface geometry to mapped rupture traces 
associated with the El Mayor earthquake mainshock leads to poor, or at best uncertain, performance, 
suggesting that the surface rupture trace may be more complex than the fault geometry at depth here.  

B. Objectives 
The general workflow of this project was outlined as follows: (1) simulate deformation and compare re-
sults for different structural representations of faults in the Imperial Valley using a geologic model with 
fault slip driven by plate motions (Figure 1a); (2) further evaluate alternative fault geometries using an 
interseismic model by comparison with surface deformation captured by new, high-quality geodetic data 
[Eneva et al., 2013]; (3) contribute the refined fault geometries and estimates of the tectonic stressing rate 
field to SCEC’s CFM and Community Stress Model (CSM). We focus on the 3D structures of the Imperial 
Fault and the Laguna Salada Fault, for which there is much new information due to the mapped surface 
rupture and seismicity following the El Mayor Cucapah earthquake (Figure 1b).  

C. Multicycle Models 

1. Methodology 
Fault configuration and connectivity impact fault slip rates [e.g. Griffith and Cooke, 2004; Marshall et al, 
2008; Madden and Pollard, 2012; Herbert and Cooke, 2012], regional uplift patterns [Meigs et al, 2008; 
Cooke and Dair, 2011], and off-fault deformation [Herbert et al, 2014]. Thus, in order to simulate local tec-
tonics, fault geometry must be well constrained. We evaluate alternative geometries in a 2-step model 
after Marshall et al [2009], first comparing multicycle model results with observed slip rates, then compar-
ing interseismic model results with observed surface deformation captured by InSAR.  
 
We use Poly3D, a quasistatic, mechanical modeling tool that follows the Boundary Element Method 
(BEM). This takes advantage of Poly3D’s ability to simulate fault interactions as surfaces slip in response 
to applied plate motions. Because BEM models accommodate deformation along 3D networks of non-
planar faults [Crouch and Starfield, 1990], Poly3D has been used successfully to investigate complex 
faulting in southern California [e.g. Cooke and Marshall, 2006; Marshall et al., 2008; Meigs et al., 2008; 
Dair and Cooke, 2009; Marshall et al., 2009; Cooke and Dair, 2011; Madden and Pollard, 2012; Herbert 
and Cooke, 2012]. Faults are from CFM5 [Plesch et al., 2007] unless otherwise noted. 
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In the multicycle model, all faults merge into a horizontal surface at 35 km depth that is bounded by hori-
zontal patches, on which relative Pacific and North America plate motions are applied. In response, faults 
slip freely and mechanically interact with one another. Velocities of 45 mm/yr at 320° [e.g. DeMets et al., 
2010; Herbert and Cooke, 2012] have been applied. Known slip rates are prescribed on faults extending 
beyond the model area so that slip does not go abruptly to zero at the lateral edges of the model.  
 
Using this approach, we compare three structural models of increasing fault complexity (Figure 2a-c, Ta-
ble 1). We refer to these as the Simple Model, Complex Model, and El Mayor Model. The Simple Model 
includes all major faults in the region, but without the splays along the Imperial Fault and no southern ex-
tension of the Laguna Salada Fault. The Complex Model includes these additional geometric features. 
The El Mayor Model is the same as the complex model, but includes the El Mayor, Indiviso and Sierra 
Cucapah faults in place of the Laguna Salada Fault. These are based on Fletcher et al. [2014] mapping, 
shown in Figure 1b. 

2. Results 
Table 2 shows average slip rates for key faults in the three multicycle models. The dextral rate along the 
Imperial Fault increases from the Simple Model to the Complex Model, suggesting that the splays to the 
north and south persist in at depth and are critical to capturing deformation here. However, the slip rate of 
the Imperial Fault in the Complex Model and the El Mayor Model is still an order of magnitude lower than 
the geodetic rates of Bennett et al. [1996] and Meade and Hagar [2005]. However, these high rates may 
reflect the simpler, highly connected nature of fault systems in the block models by Bennett et al. [1996] 
and Meade and Hagar [2005]. The more complex representation of the faults in the models presented 
here in general reduce slip rates and produce greater off-fault deformation, as shown by Herbert et al 
[2014]. That the geodetic rates are too high is further suggested by rates reported in the Quaternary Fault 
and Fold Database of 15-20 mm/yr over the past 300-550 yr [Thomas and Rockwell, 1996, #6506].  
 
The low slip rate along the El Mayor Fault suggests that this fault does not take slip up from the Laguna 
Salada/Sierra Cucapah and may not contribute significantly to long term seismic hazard, but because this 
is where the El Mayor Cucapah earthquake nucleated, the fault’s relevance to recent hazard cannot be 
denied. There is no observed slip rate for comparison with the model results. This is also true for the Indi-
viso Fault, though the model rate is much too high for the region. The dextral slip rate along the Sierra 
Cucapah Fault, which replaces the Laguna Salada in this model, is similar to the rates for the Laguna 
Salada Fault in the Simple and Complex models, but slightly higher than the rate for the shorter geometry 
included in the Simple Model.  
 
The preferred multicycle model currently includes most faults in the Complex Model, which best captures 
deformation along the Imperial and Laguna Salada faults. However, the preferred model excludes the 
southern extension of the Laguna Salada Fault, the inclusion of which overestimates the slip rate here. 
We expect the Imperial Fault slip rate to increase and approach the slip rate in the Quaternary Fault and 
Fold Database with inclusion of the Brawley Seismic Zone, to its north (see Section E).  

D. Interseismic Models 

1. Methodology 
The slip rates from the preferred multi-cycle model are applied below the locking depth of the interseismic 
models following the back slip approach for simulating interseismic deformation [e.g. Marshall et al., 
2009]. This is mathematically identical to the back-slip process of Savage [1983]. Comparing the resulting 
surface deformation rates with geodetic data allows for further evaluation of the fault geometries  
 
New high-resolution InSAR observations of the Imperial and Superstition Hills faults (Figure 3) provide 
ideal constraints on interseismic deformation. The specific technique used is SqueeSAR [Ferretti et al., 
2011], which is based on obtaining deformation time series at the locations of numerous permanent scat-
terers (PS), like in PSInSAR [Ferretti et al., 2007]. In addition, SqueeSAR makes use of distributed scat-
terers (DS), which significantly enhance the information extracted from the satellite radar data, compared 
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with PSInSAR. PS are points associated with buildings, boulders, lampposts, roads, canals, etc. DS are 
areas, from which the signal-to-noise ratio is lower than that of the PS, but is still above the background - 
pastures, rangelands, bare land, and other attributes of rural areas. SqueeSARTM [Ferretti et al., 2011] 
uses both PS and distributed scatterers (DS), homogeneous areas such as pastures and rangelands with 
signal-to-noise ratios above the background. SqueeSAR was applied successfully for the first time in the 
Imperial Valley using data from the European Envisat satellite from 2003-2010 [Eneva et al., 2012; 2013]. 
Envisat collected SAR scenes suitable for interferometry between January 2003 and October 2010. Im-
ageair Inc. ordered archived ascending (track 306) and descending (track 356) Envisat SAR scenes from 
the European Space Agency (ESA).  
 
SqueeSAR surface deformation rates show clear differential displacement across the Superstition Hills 
Fault (Figure 3a). Though the distribution of PS and DS points is not as dense along the Imperial Fault, a 
similar delineation is obvious (Figure 3b). These data are unique, as conventional DInSAR does not work 
in this region.  
 
The interseismic models are ready to be re-run with the currently preferred model slip distribution, follow-
ing a recent improvement to the boundary conditions of the multicycle models and subsequent re-running 
and evaluation. The modeling results will be compared with surface deformation observations detected by 
InSAR applied to Envisat satellite data [Eneva et al., 2013]. Decomposed LOS data into vertical and east-
horizontal components within 200-m pixels will be compared with model results. Though PS/DS are not 
the same for these geometries, we will determine decompositions at 200 m pixels where both PS and DS 
exist. Decomposed values in 50-m pixels along the Superstition Hills Fault may be possible because of 
the much higher density of PS and DS points. In addition, mean deformation time series and annual rates 
within small areas of interest along both sides of the faults will be provided, and annual rates along pro-
files of interest (e.g., crossing the faults at various points).  

2. Results 
The interseismic models are not yet complete due to a recent improvement to the boundary conditions of 
the multicycle models. Subsequent re-running and evaluation of those models requires that the interseis-
mic models also be re-run. The scripts to compare the interseismic model results and geodetic LOS are 
complete. The interseismic models will provide better insight into how well the preferred structural model 
matches interseismic patterns captured by geodetic data long the Imperial and Cerro Prieto Faults, 
though we do not expect the model rates to reach the geodetic rates, due to the high level of complexity 
in these models relative to the block models [e.g. Meade and Hagar, 2005]. Additional InSAR data will be 
available for comparison with these results later this fall.  

E. Continuing & future work 
The elastic code, Poly3D, does not capture inelastic deformation, which may occur in regions such as the 
Brawley Seismic Zone to the north of the Imperial Valley Fault. High regional seismicity rates following the 
2010 El Mayor-Cucapah earthquake and recent activity in the Brawley Seismic Zone (BSZ) provide new 
insights into subsurface fault structure. For example, the 2012 earthquake swarm in the BSZ suggests the 
presence of many disconnected slip surfaces [Hauksson et al., 2013]. This is the most complexly faulted 
region in the study area. We are implementing a variety of northeast-southwest trending surfaces to find 
structures that fit with the observed seismicity patterns, though this effort proves to be a large undertaking 
on its own. However, this work will provide better constraint on the subsurface geometry. This delay also 
reflects the late funding for this project (9-15-2014) and that one Madden began a new job during the re-
vised project schedule. We will share results at the 2016 SCEC meeting. 
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Figure 1a: Example model with plate motions driv-
ing fault slip. Poly3D allows faults to interact during 
slip. In actual models, the Cerro Prieto, Anza, and 
Coachella faults extend outside the model area and 
have constant slip rates prescribed on them so that 
there is no abrupt transition to zero slip. 

 
Figure 1b: Surface rupture map from 
Fletcher et al. [2014] Fig.3, on which the 
El Mayor Model is based. 

a)   b)   c)  
 
Figure 2: a) The Simple Model, without southern extension of the Laguna Salada Fault and Imperial 
Valley Fault splays. b) The Complex Model, with southern extension of the Laguna Salada Fault and 
Imperial Valley Fault splays. c) The El Mayor Model with alternative faults in Laguna Salada region 
that more closely match mapped surface rupture [Fletcher et al., 2014], see Figure 2. 

 
Figure 3: InSAR data a) Descending LOS rates near the Superstition Hills Fault [Eneva et al., 
2013, Fig. 7]; black polygons mark geothermal areas. b) Ascending LOS rates near the Imperial 
Fault. The highest rates are in the Heber and East Mesa geothermal fields. Light blue lines in c) 
and d) mark fault traces from the USGS database [Eneva et al., 2013, Fig. 9]. 
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Table	  2:	  Dextral	  Slip	  rates	  for	  key	  faults	  from	  each	  geologic	  model	  &	  observed	  

Faults	   simple	   complex	   el	  mayor	   observed	  
	  Anza_clark	   -‐10.5	   -‐11.3	   -‐10.7	   RL	  10	  +/-‐	  2	   Rockwell	  et	  al.	  [1990];	  Blisniuk	  et	  al.	  [2010]	  

Cerro_prieto	   -‐19.9	   -‐11.1	   -‐19.6	  
RL	  42	  +/-‐	  1	   Bennett	  et	  al.	  [1996]	  

Cerro_north_ext	  
	   	  El_mayor	   	   	   0.1	   	  

	  El_mayor_west	   	   	   	  
	  Extra_fault	   2.7	   2.8	   2.9	   	  
	  Imperial_fault	   -‐5.1	   -‐7.3	   -‐7.4	   RL	  35.	  RL	  36	  +/-‐	  0.7	   Bennett	  et	  al.	  [1996],	  Meade	  &	  Hagar	  [2005]	  

Imperial_curves	  (south)	   	   -‐5.9	   -‐6.0	   	  
	  Imperial_splay	  (north)	   	   -‐1.6	   1.6	   	  
	  Indiviso	   	   	   -‐7.6	   	  
	  Laguna_salada	   -‐3.0	  

-‐3.7	   	   RL	  2.5	   Mueller	  &	  Rockwell	  [1995]	  

Laguna_south	   	   	   	  
	  Sierra_cucapah	   	   	   -‐3.3	   	   Wei	  et	  al.	  [2011]	  

 

Table	  1:	  Faults	  included	  in	  each	  geologic	  model	  

Faults	   simple	   complex	   el	  mayor	  

Anza_clark	   x	   x	   x	  

Cerro_north_ext	   x	   x	   x	  

Cerro_prieto	   x	   x	   x	  

revised	  cerro	  
	   	   	  Cerro_splay	   x	   x	   x	  

Coachella	   x	   x	   x	  

Coyote_creek	   x	   x	   x	  

Coyote_mtn	   x	   x	   x	  

El_mayor	  
	   	  

x	  

El_mayor_west	  
	   	  

x	  

Elmore_ranch	   x	   x	   x	  

Elsinore	   x	   x	   x	  

Extra_fault	   x	   x	   x	  

Imperial_fault	   x	   x	   x	  

Imperial_curves	  
	  

x	   x	  

Imperial_splay	  
	  

x	   x	  

Indiviso	  
	   	  

x	  

Laguna_salada	   x	   x	  
	  Laguna_south	  

	  
x	  

	  Sierra_cucapah	  
	   	  

x	  

Superstition_hill_exten	   x	   x	   x	  

Superstition_hills	   x	   x	   x	  

Superstition_mtn	   x	   x	   x	  

Superstition_mtn_ext	  /	  Dixieland	   x	   x	   x	  

Westmoreland	   x	   x	   x	  
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