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Abstract 
We use new geologic and paleoseismic data to demonstrate that the past 6 major earthquakes on 
the Southern San Andreas Fault (SSAF) correlate with high-stands of the ancient Lake Cahuilla, a 
∼236 km! body of water adjacent to the SSAF. In order to investigate possible causal relationships, 
we computed time-dependent Coulomb stress changes due to variations in the lake level over the 
last ∼1100 years. Simulations were performed using a fully coupled 3-D finite element model 
incorporating a poroelastic crust overlying a viscoelastic mantle. We find that the Coulomb stress 
perturbations on the SSAF are positive (i.e., promoting failure) throughout the lake loading history. 
For a plausible range of lake ages and material properties of the Earth’s crust, the estimated stress 
perturbations are of the order of 0.5 MPa, likely sufficient for triggering. Stress perturbations are 
dominated by pore pressure changes, but are enhanced by the poroelastic “memory" effect whereby 
increases in pore pressure due to previous lake high stands do not completely vanish by diffusion 
and constructively interfere with the undrained response in subsequent high stands. Our preferred 
model suggests that the lake loading complemented the interseismic stress accumulation on 
average by as much as 16-44%. The destabilizing effects of lake inundation are enhanced by a non-
vertical fault dip, presence of a fault damage zone, and lateral pore pressure diffusion. Our model 
may be applicable to other regions where hydrologic loading, either natural or anthropogenic, was 
associated with significant seismicity. 
 
SCEC Science Priorities 
 
3f. Study the mechanical and chemical effects of fluid flows, both natural and anthropogenic, on 
faulting and earthquake occurrence, and how they vary throughout the earthquake cycle. 
 
5c. Assess the limitations of long-term earthquake rupture forecasts by combining patterns of 
earthquake occurrence and strain accumulation with neotectonic and paleoseismic observations of 
the last millennium. 
 
2c Constrain the properties of rock damage in fault-zones and in the subsurface, as well as the 
factors, such as initial properties, loading conditions and pore fluid pressure, that are likely to 
influence it. 
 
 
 
 
 
 
 
 



Intellectual Merit 
 
Our work is directly applicable to SCEC research priorities 3f, 5c, and 2c. We study the mechanical 
effects of fluid flows on earthquake occurrence throughout the earthquake cycle and combine 
patterns of stress accumulation with paleoseismic observations from the last millennium. The 
significance of our findings is enhanced by both the public and academic interest in the Southern 
San Andreas Fault. The SSAF continues to captivate readers from both communities because it 
poses the largest seismic hazard in California with the potential to produce M7+ earthquakes. In 
addition to its hazard potential, the SSAF’s abnormal quiescence is a long-pondered question: why 
hasn’t the SSAF produced a major earthquake event in the past 300 years when its average 
recurrence interval is documented to be ~180 years? Our results indicate that the SSAF event 
history is modulated by the presence of ancient Lake Cahuilla – the fault is promoted towards failure 
during lake highstands and stabilized during low lake levels. Without the presence of lake loading in 
the past 300 years, we discuss the implication that a decreased water level could have stabilized the 
SSAF in the modern era and delayed a major earthquake on the fault. Our work is of broad societal 
relevance, especially to the ~23 million Southern California residents, as well as relevant to other 
regions where active seismogenic faults are subject to hydrologic loading from natural or 
anthropogenic sources. 
 
Broader Impacts 
 
This work was multi-disciplinary in nature: the combination of data on the SSAF from paleoseismic, 
geodetic, geologic and hydrogeologic sources was necessary for it’s success. The collaboration of 
researchers from all of these sub-disciplines within the SCEC community showed how the value of 
the communities’ cross-disciplinary nature. In addition, this award primarily supported the work of 
Ph.D. student Ryley Hill at SDSU. Results are to be presented at the upcoming AGU Fall Meeting, 
SCEC annual meeting and as part of lectures to the Joint Geophysics Program as well as the SDSU 
Computational Sciences Program. 
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Introduction 

The Southern San Andreas Fault (SSAF) is the only historically quiescent segment of the San 
Andreas Fault system (Fig. 1), believed to pose the largest seismic hazard in California [Weldon et 
al. 2005; Fialko, 2006; Field et al. 2014] . The last major earthquake on the SSAF occurred around 
1726 [Fumal, 2002]. The modern open interval of ∼300 years is well in excess of the average 
recurrence interval of 180±40 years over the last millennium [Philibosian et al. 2011; Rockwell et al. 
2018]. Previous studies suggested that at least some large events on the SSAF may have occurred 
during high-stands of ancient Lake Cahuilla [Gurrola and Rockwell, 1996; Waters, 1983]. Lake 
Cahuilla was a prehistoric lake that formed from periodic meandering of the Colorado River north 
into the Salton Trough, and had an estimated maximum volume of 236 km!. Filling and draining of 
the lake subjected the SSAF system to surface loads corresponding to ∼100 meter-deep body of 
water . We use new paleoseismic and geologic data, as well as numerical models, to investigate the 
relationship between lake loading and major earthquakes that occurred on the SSAF over the last 
∼1100 years [Rockwell et al. 2022]. 

Methods 
To quantify the effects of lake loading, we built a fully-coupled, three-dimensional finite element 
model of the Salton Trough that accounts for time-varying surface loads, a realistic fault geometry, 
crustal poroelasticity, and viscoelastic relaxation in the ductile substrate (Fig. 1). The governing 
equations for a fully coupled linear poroelastic three-dimensional medium are defined as [Biot,1941]: 
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Where 𝐺 is the shear modulus, 𝑢 the displacement, 𝑣 the Poisson’s ratio, 𝛼 the Biot-Willis coefficient, 
𝐹 the body force, 𝑘 the permeability, 𝜇 the fluid viscosity, 𝑆% the constrained specific storage, 𝜖$$ the 
dilatancy (trace of the strain tensor), 𝑝 the pore pressure, and 𝑄 the fluid source. Equations (4)-(5) 
are nearly identical to the classic equations for linear elasticity and diffusion of pore pressure, except 
for the coupling of pore pressure in the conservation of momentum equation (4) and the fluid flow 
coupled to strain by the requirement of fluid continuity (5). Analytic solutions to the system (4)-(5) are 
restricted to a few highly idealized cases. We solve the respective equations numerically using the 
three-dimensional finite element software Abaqus-Simulia [Dassault Systems, 2020]. 

To account for spatial heterogeneity and anisotropy of the hydraulic properties of the lake sediments, 
upper crust and the fault zone, we construct a three-dimensional hydro-mechanical model based on 
parameters constrained by previous studies. Tompson et al. [2008] developed and arranged the 
hydrostratigraphy of the Salton Trough sediments into three broad classes in order of increasing 
depth: Brawley, Palm Springs and Imperial Formations. The composition of these formations vary 
from sandstones to shales, shaley sandstones, conglomeratic and arkosic sandstones. The Salton 
Trough sediments directly overlie a basement formation and upper mantle layer. The elastic 
parameters of the basement formation are based on inference from seismic wave velocities, and 
hydrological parameters are based on crustal depth dependencies which produce material 
properties close to those of Westerly granite. A crustal thickness of 18 km is assumed based on 
seismic observations of the region. We modeled the upper mantle both as an elastic and a 
viscoelastic layer. The viscoelastic mantle is modeled similarly to previous studies as a simple linear 
Maxwell material. We use a non-linear geometry option in Abaqus (NLGEOM) based on the results 
of Hampel et al. [2019], who recommended it for models involving isostatic effects. 



The fault damage zone is modeled in accordance with field hydrogeologic estimates of SAF 
permeability. Xue et al. [2016] estimated a relatively high permeability (10&'( m") using earth tidal 
analysis compared with inferred permeability in the region and laboratory values. We use this 
estimate of permeability as a high-end value and explore a range of fault damage zone 
permeabilities between the high-end value and permeability of the ambient crust (i.e., no contrast in 
permeability between the fault zone material and the host rocks). Observations also show that the 
effective shear modulus of rocks within a fault zone may be lower than that of the host rock by as 
much as a factor of 2. In our model the shear modulus of rocks in the fault zone is taken to be a 
factor of 2 smaller than the shear modulus of the host rocks. 
The numerical domain was developed and discretized in Abaqus/CAE. The numerical domain has 
horizontal dimensions of 600 km x 600 km and a depth of 50 km, with the y-axis corresponding to 
North for the Universal Transverse Mercator (UTM) 11 North zone (Fig 1). The finite element mesh 
consists of nearly 2 million first-order linear tetrahedral elements. Characteristic element sizes vary 
from 30,000 m in the far-field to less than 100 m on the fault and lake edges. The SSAF fault trace is 
based on the USGS Quaternary fault database We model a 60∘ northeast dip for the SSAF, which is 
consistent with geodetic slip models and tomographic observations. We consider a damage zone 
extent of 100 m on both sides of the SSAF fault core, for the total width of 200 m. The lake shoreline 
is based on coordinates used by Luttrell et al. (2007) to maintain consistency in model comparisons. 
The three-dimensional body of the lake is simplified to resemble its average water head. Therefore, 
the lake shoreline is embedded into the model consistent to its relative elevation change (~97.2 m) . 

We assume initial conditions are at equilibrium stress and pore pressure prior to the initial lake 
inundation. These conditions imply that the model only considers the effect of the lake and does not 
include any loading from tectonic stress. It should be noted that gravity is included in the viscoelastic 
mantle models with stress and pore pressure calculated as relative change from geostatic 
equilibrium. This is an important consideration as neglecting gravity in the viscoelastic model may 
overestimate surface displacements on time scales that exceed the characteristic relaxation time. 
The bottom and sides of the model are fixed in the surface normal direction, and free of shear stress 
(a “roller” condition). The bottom of the poroelastic domain is considered to be insulated (zero flux 
boundary condition), while the sides and top of the model, are considered to be permeable, and 
subject to vanishing pore pressure (𝑝 = 0). The top surface of the model is stress-free outside of the 
lake area. The lake extent is the only boundary condition that varies through time.  
Modulation of stress during earthquake cycle. We approximate the secular tectonic loading using a 
model of a screw dislocation in an elastic half-space [Segall, 2010]. The respective interseismic 
shear strain rate is given by: 
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where �̇� is the fault slip rate (taken to be 18 mm/yr,), 𝑥' is the horizontal coordinate with respect to 
the center of the fault damage zone, 𝑥" is the assumed depth of nucleation of large events, and 
d=10 km is the locking depth of the SSAF. 

For typical values of the shear modulus G=28-32 GPa, the stressing rate predicted by equation (6) at 
the bottom of the seismogenic zone (𝑥"=6-8 km) is �̇�'! = 2𝐺(𝜖'̇!) = 25 − 51 kPa/yr. However, we 
note that the distribution of stressing rates throughout the seismogenic layer depends on the details 
of a transition between the locked and creeping parts of the fault (e.g.,), as well as the degree of 
strain localization below the brittle-ductile transition (e.g.,). A dislocation model likely over-predicts 
the stressing rate, especially at the bottom of the seismogenic zone due to a strong stress 
singularity. Also, the depth distribution of earthquakes in California shows that most earthquakes 
nucleate at depth of 3-4 km. Therefore, we use the stressing rate at the free surface (𝑥" = 0), �̇�'! ∼ 
16 kPa/yr as a conservative lower bound, and twice this rate, 32 kPa/yr, as an upper bound for the 
entire seismogenic layer.  



 
 
Results 
We find that the magnitude of shear stress (𝛥𝜏*), effective normal stress (𝛥𝜎‾+), pore pressure (𝛥𝑃), 
and 𝛥𝐶𝐹𝑆 increase throughout the sequence of flooding cycles. Most importantly, 𝛥𝐶𝐹𝑆 remains 
positive on the fault surface during each cycle (Fig. 2; Fig. 3a). When the lake is at high-stand, shear 
stress is positive (i.e., encouraging failure) in parts of the fault closest to the lake center, and slightly 
negative outside of the lake. In contrast, the normal stress is negative directly below the lake due to 
the increased vertical compression during lake impoundment. However, the effective normal stress 
stays positive in most parts of the fault due to increases in pore pressure. The modeled compression 
directly below the lake simply moderates the magnitude of the Coulomb stress in that region. Models 
with lower permeability display a similar evolution, although the spatial extent of pore pressure 
diffusion is smaller. 
Figure 3a depicts evolution of the maximum 𝛥𝐶𝐹𝑆 for a point on the fault plane at the representative 
seismogenic depth (7 km) for a range of models (M1-M5) with different permeabilities of the fault 
damage zone. In each model, as the lake fills, the 𝛥𝐶𝐹𝑆 increases rapidly due to the initial lake 
impoundment (i.e., undrained response). During the desiccation phase of the lakes, the overall 𝛥𝐶𝐹𝑆 
decreases, but remains positive. The models at the high end of the assumed damage zone 
permeability reveal a relatively rapid diffusion of pore pressure from the surface to seismogenic 
depths. The increased rate of 𝛥𝐶𝐹𝑆 during the lake high-stands is indicative of the higher 
permeability. Additionally, the results depict how the short time interval between high-stands in the 
first 3 lakes contributes to an overall cumulative increase in the Coulomb stress for the second (E) 
and third (D) lakes. The remnant diffusion of pore pressure due to the first (F) lake coincides with the 
impoundment of the subsequent lake, producing a larger overall 𝛥𝐶𝐹𝑆. This additive effect is even 
more pronounced for lower fault zone permeabilities. Depending on the rate of diffusion, depth of 
interest, and time interval between lakes, the effect of previous lakes remains during subsequent 
impoundments. This memory effect is more pronounced for Model 3 and Model 4 due to lower 
permeability at depth. All models, including Model 5, which does not include a fault damage zone, 
produce positive 𝛥𝐶𝐹𝑆 values greater than ∼0.1 MPa, large enough for earthquake triggering . 
One important comparison is the relative contribution of stress from tectonic loading to that of lake 
loading. We estimate the rate of tectonic loading using a geodetically constrained dislocation model 
assuming a secular slip rate of 18 mm/yr, which is in agreement with the most recent constraints on 
the long-term geologic slip rate [Lindsey & Fialko, 2013]. The estimated tectonic stressing rate at 
seismogenic depth is �̇�'! = 16 kPa/yr (see Methods). For simplicity, we assume that all of the 
interseismically accumulated stress is released during large seismic events, and superimpose the 
Coulomb stress change 𝛥𝐶𝐹𝑆 calculated using our model for the impoundments due to ancient Lake 
Cahuilla, and the tectonic loading. From the offset between the stress loading rate and the 𝛥𝐶𝐹𝑆 
modulation we performed a grid search across all possible ±1𝜎 earthquake timings to arrive at the 
largest and smallest mean contributions of the lake load to the total stress (Fig. 3b). 

Our high-end fault permeability model (Model 1) assumes a fault permeability of k = 10&'( m", 
estimated from the water level tidal response in boreholes. The fault permeability in M1 is high 
compared to that of other fault zones and on the high end of laboratory values. Thus, our preferred 
model (M2) uses k = 10&', m" which is more consistent with regional measurements and laboratory 
data. According to the latter model, loading from ancient Lake Cahuilla complemented the 
interseismic stress accumulation by as much as 16-44% (Fig. 3b). Larger fault locking depths, 
smaller earthquake nucleation depths, and elastic moduli of the host rocks would result in a lower 
tectonic stressing rate, and a correspondingly higher contribution of the lake loading. The latter 
would also be amplified by higher values of the coefficient of friction, and non-negligible memory 
effects (see Fig. 3a) from earthquakes that occurred more than ∼1000 years ago. Additionally, the 
relative contribution of hydrologic stress perturbations could be greater if one relaxes the simplifying 



assumption that stresses accumulated during the interseismic periods equal coseismic stress drops 
(Fig. 3b). Therefore, our models likely provide a conservative estimate for the modulation of stress 
on the SSAF by the filling and desiccation of ancient Lake Cahuilla. 
Our results demonstrate how improved paleoseismic and paleolake records, together with advanced 
models of hydrologic loading of a heterogeneous poroelastic crust, provide new insights into 
relationships between water level variations of ancient Lake Cahuilla and the past 6 major 
earthquakes on the SSAF. We find that increases in lake level result in positive Coulomb stress 
changes on most of the SSAF, bringing it closer to failure. Positive 𝛥𝐶𝐹𝑆 values are also seen on 
sections of the SSAF that are outside of the lake due to lateral diffusion of pore pressure along a 
permeable fault zone. This indicates that our model predictions are not strongly sensitive to 
uncertainties in the location of nucleation sites of past (as well as future) large events on the SSAF. 
The pore pressure "memory" effect amplifies the contribution of successive lakes provided that 
intervals between inundations do not significantly exceed the characteristic diffusion time within the 
seismogenic layer. Our results also suggest an intriguing possibility: that the current 300 yr-long 
quiescent period on the SSAF is modulated by a gradual decrease in water level since the last high 
stand of ancient Lake Cahuilla, and its current remnant, the Salton Sea. While the maximum 𝛥𝐶𝐹𝑆 
resolved on the fault remains positive through time, at certain fault locations our model predicts 
negative 𝛥𝐶𝐹𝑆 for sufficiently long dry periods, including the present 300 yr-long open interval. The 
negative 𝛥𝐶𝐹𝑆 is primarily due to the flexure of the upper crust caused by a decreased lake level, 
and, to a smaller degree, viscoelastic relaxation below the brittle-ductile transition. Further 
desiccation of the Salton Sea in the future will continue to have a stabilizing effect on the SSAF, but 
increase the stress to be released in a future event (or a sequence of events). Our model may be 
also applicable to other areas where active seismogenic faults are subject to hydrologic loads from 
natural or anthropogenic sources. 
 
References 
 
Biot, M. A. General theory of three-dimensional consolidation. J. Appl. Phys. 12, 155–164 (1941). 
 
Dassault Systems. ABAQUS (version 2019) (Dassault Systems, 2019, 2020). 
 
Fialko, Y. Interseismic strain accumulation and the earthquake potential on the southern San 

Andreas fault system. Nature 441, 968–971 (2006). 
  
Field, E. H. et al. Uniform California earthquake rupture forecast, version 3 (ucerf3) the time-

independent model. Bull. Seism. Soc. Am. 104, 1122–1180 (2014). 
  
Fumal, T. E. Timing of large earthquakes since A.D. 800 on the mission creek strand of the San 

Andreas fault zone at thousand palms oasis, near palm springs, California. Bull. Seism. Soc. 
Am. 92, 2841–2860 (2002). 

 
Gurrola, L. D. & Rockwell, T. K. Timing and slip for prehistoric earthquakes on the superstition 

mountain fault, imperial valley, southern California. J. Geophys. Res. 101, 5977–5985 (1996). 
 
Hampel, A., Luanke, J., Krause, T. & Hetzel, R. Finite-element modelling of glacial isostatic 

adjustment (GIA): Use of elastic foundations at material boundaries versus the geometrically 
non-linear formulation. Comput. Geosci. 122, 1–14 (2019).  

 
Jeppson, T. N., Bradbury, K. K. & Evans, J. P. Geophysical properties within the San Andreas fault 

zone at the San Andreas fault observatory at depth and their relationships to rock properties 
and fault zone structure. J. Geophys. Res. 115, B12423 (2010). 

 



Lindsey, E. & Fialko, Y. Geodetic slip rates in the Southern San Andreas Fault System: Effects of 
elastic heterogeneity and fault geometry. J. Geophys. Res. 118, 689–697 (2013). 

 
Luttrell, K., Sandwell, D., Smith-Konter, B., Bills, B. & Bock, Y. Modulation of the earthquake cycle at 

the southern San Andreas fault by lake loading. J. Geophys. Res. 112,  B08411 (2007). 
  
Mueller, K. Neotectonics, alluvial history and soil chronology of the southwestern margin of the 

Sierra de Los Cucapas. Baja California Norte [Master’s thesis]: San Diego,  California, San 
Diego State University (1984). 

 
Philibosian, B., Fumal, T. & Weldon, R. San Andreas fault earthquake chronology and lake Cahuilla 

history at Coachella, California. Bull. Seism. Soc. Am. 101, 13–38 (2011). 
 
Rockwell, T. K., Meltzner, A. J. & Haaker, E. C. Dates of the two most recent surface ruptures on the 

southernmost San Andreas fault recalculated by precise dating of lake Cahuilla 
 
Rockwell, T. K., Meltzner, A. J., Haaker, E. C. & Madugo, D. The late Holocene history of lake 

Cahuilla: Two thousand years of repeated fillings within the Salton trough, imperial valley, 
California. Quaternary Science Reviews 282, 107456 (2022). 

 
Segall, P. Earthquake and Volcano Deformation (Princeton University Press, 2010). 
 
Tompson, A. et al. Groundwater Availability Within the Salton Sea Basin Final Report.  LLNL-TR-

400426, 932394 (LLNL, 2008). 
 
Waters, M. R. Late Holocene lacustrine chronology and archaeology of ancient lake Cahuilla, 

California. Quat. Res. 19, 373–387 (1983). 
 
Weldon, R. J., Fumal, T. E., Biasi, G. P. & Scharer, K. M. Geophysics - Past and future earthquakes 

on the San Andreas fault. Science 308, 966–967 (2005). 
 
Xue, L., Brodsky, E. E., Erskine, J., Fulton, P.M. & Carter, R. A permeability and compliance contrast 

measured hydrogeologically on the San Andreas fault: hydrogeologic architecture of the fault 
zone. Geochemistry, Geophys., Geosystems 17, 858–871 (2016). 

 
 
 



 
 

Figure 1 | 3D Finite Element Model Domain. The model mesh contains ~2 million tetrahedron 
elements. The light blue color represents the extent of Ancient Lake Cahuilla. The prescribed vertical 
load is hydrostatic at the lake-average water head at high-stand (~97.2 m). The solid red line is the 
SSAF fault trace. The fault zone is modeled as a slab dipping to the north-east at 60 degrees 
[Lindsey & Fialko, 2013] with an assumed thickness of 200 km [Jeppsen et al. 2010]. 
 
 



 
 
 
Figure 2 | Finite Element Model Results. Left: Spatiotemporal evolution of pore pressure for a 
single lake cycle of ancient Lake Cahuilla. The cross-section cuts through the northwestern end of 
the lake and through the embedded dipping fault. A) Pore pressure immediately increases as the 
lake begins to inundate. B) At the time of lake high-stand the pore pressure has diffused down much 
of the higher permeable fault but is more slowly varying elsewhere due to the low permeability 
basement. C) As the lake desiccates higher pore pressures remain in and around the fault. D) 
Subsequent lakes further increase the previously elevated pore pressure at basement depth. Right: 
The Coulomb stress change (𝛥𝐶𝐹𝑆), pore pressure (𝑃), effective stress (𝜎‾+), and absolute shear 
stress (𝜏*) perturbations on the SSAF fault plane for a single time frame in the lake cycle. The 
magenta line represents the outline of ancient Lake Cahuilla at the surface. 

 
 



 
 
Figure 3 | Stress Effects of Lake Loading on Earthquake Cycle. A) Maximum 𝛥𝐶𝐹𝑆 (mPa) on the 
SSAF as a function of time C.E. (years) for 7 km depth. Color lines correspond to models assuming 
different permeability of the fault zone, from highest (Model 1) to lowest (Model 5, no permeability 
contrast with the host rocks). B) Variations suggested by our preferred model (model 2), assuming 
an average tectonic stressing rate of 16 kPa/yr (dashed line; also see Methods). Dark and light blue 
solid lines denote the maximum and minimum stress perturbations, respectively, based on a grid 
search across all possible earthquake timings (±1𝜎). Circles represent the minimum and maximum 
modulation in the grid search results for a range of 𝜎. Stress perturbations are with respect to the 
(unknown) background stress at the beginning of simulation. The averaged stress load contribution 
plotted here is 32.33% for the lowest mean total and 43.70% for the largest mean total.  

 


