
Nature  |  Vol 618  |  22 June 2023  |  761

Article

Major southern San Andreas earthquakes 
modulated by lake-filling events

Ryley G. Hill1,2 ✉, Matthew Weingarten1, Thomas K. Rockwell1 & Yuri Fialko2

Hydrologic loads can stimulate seismicity in the Earth’s crust1. However, evidence for 
the triggering of large earthquakes remains elusive. The southern San Andreas Fault 
(SSAF) in Southern California lies next to the Salton Sea2, a remnant of ancient Lake 
Cahuilla that periodically filled and desiccated over the past millennium3–5. Here we 
use new geologic and palaeoseismic data to demonstrate that the past six major 
earthquakes on the SSAF probably occurred during highstands of Lake Cahuilla5,6.  
To investigate possible causal relationships, we computed time-dependent Coulomb 
stress changes7,8 due to variations in the lake level. Using a fully coupled model of a 
poroelastic crust9–11 overlying a viscoelastic mantle12,13, we find that hydrologic loads 
increased Coulomb stress on the SSAF by several hundred kilopascals and fault- 
stressing rates by more than a factor of 2, which is probably sufficient for earthquake 
triggering7,8. The destabilizing effects of lake inundation are enhanced by a nonvertical 
fault dip14–17, the presence of a fault damage zone18,19 and lateral pore-pressure 
diffusion20,21. Our model may be applicable to other regions in which hydrologic 
loading, either natural8,22 or anthropogenic1,23, was associated with substantial 
seismicity.

The SSAF is the only historically quiescent seismogenic section of the 
San Andreas Fault system (Fig. 1) and is believed to pose the largest 
seismic hazard in California14,24,25. The last major earthquake on the 
SSAF occurred around 1726 (ref. 26). The modern open interval of 
about 300 years is well in excess of the average recurrence interval of 
180 ± 40 years over the past millennium4,5,26. Previous studies suggested 
that at least some large events on the SSAF may have occurred during 
highstands of ancient Lake Cahuilla3,27,28. Lake Cahuilla was a prehis-
toric lake that formed from periodic meandering of the Colorado River 
north into the Salton Trough and had an estimated maximum volume 
of 236 km3 (ref. 5). Filling and draining of the lake subjected the SSAF 
system to surface loads corresponding to a roughly 100-m-deep body 
of water3,27,28. Previous studies suggested that loading owing to ancient 
Lake Cahuilla inhibited failure on most of the SSAF, except maybe for 
a small portion within the lake boundary29, or that triggering of large 
events on the SSAF was mediated by slip on nearby extensional stepover 
faults30. Here we combine new palaeoseismic and geologic data with 
state-of-the-art numerical modelling to investigate the relationship 
between lake loading and major earthquakes on the SSAF over the past 
approximately 1,100 years.

Palaeoseismic evidence is critically important in determining both 
the timing of large earthquakes and lake history. Previous work at the 
Coachella palaeoseismic site, just below the ancient Lake Cahuilla 
shoreline (Fig. 1), suggested five probable and two possible earthquakes 
over the past millennium4. Recently, Rockwell et al.6 reinterpreted the 
stratigraphy at the Coachella site, building on the results developed for 
the past two full lake inundations, which consider both the historical 
record and drowned stump ages5. Three different lake-level models, 

varied by different sampling assumptions, were constrained by more 
than 122 radiocarbon dates across several palaeoseismic sites in the 
ancient Lake Cahuilla inundation zone. The resulting nearly 2,000-year 
history of ancient Lake Cahuilla is based on an extensive compilation 
and review of radiocarbon samples throughout the lake basin and on the 
unique character of some stratigraphic unit interpretations. Distinct 
organic layers, measuring 1–2 cm in thickness and originally described 
as ‘soils’, were reinterpreted to be the result of lake inundations. These 
organic-rich layers record where organic materials floated to near  
the shoreline and were incorporated into a lake sequence during rising 
lake waters. Supporting this interpretation is the fact that organic soils 
are not present in the hyper-arid environment of the Lake Cahuilla basin 
and that such organic layers have been identified only at or below the 
shoreline of Lake Cahuilla6,27,31. Similar observations have also been 
made along the Laguna Salada Fault further to the south32.

On the basis of these insights into the palaeolake chronology, we 
infer that six of the past seven SSAF earthquake horizons lie within 
lacustrine sediments. This is critical, as new palaeoseismic data that 
refine the history of lake ages6 also place tighter constraints on the 
timing of past earthquakes. We converted the 14C radiocarbon ages 
of organic material to calendar years CE using the OxCal algorithm 
v.4.4 and the history of atmospheric 14C concentrations33,34. The OxCal 
algorithm produces probability density functions (PDFs) of each date 
by convolving uncertainties in the radiocarbon measurements. An 
ordered sequence based on the stratigraphic layering provides further 
constraints to the radiocarbon age PDFs. The statistically consistent 
earthquake PDFs are calculated on the basis of the interpretation of 
their timings in conjunction with the full sequence. The details of our 
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interpretation of the palaeoseismic record and OxCal model are pro-
vided in the Supplementary Information. Our interpretations of where 
earthquake horizons lie in the stratigraphy are mostly unchanged from 
those of Philibosian et al.4. The main differences in earthquake ages 
are a result of reclassifying which sediments are lacustrine, as well as 
assuming that most charcoal and all organic layers are from material 
that grew within the lake perimeter, and therefore have ages corre-
sponding to the preceding dry periods between lakes6. Figure 2 shows 
the calculated PDFs for major seismic events that occurred on the SSAF 
over the past approximately 1,100 years (see Extended Data Table 1 for 
earthquake dates). Also shown in Fig. 2 is the preferred history model of 
Lake Cahuilla6 that includes the following six highstands: 1731–1733 CE 
(lake A), 1618–1636 CE (lake B), 1486–1503 CE (lake C), 1192–1241 CE 
(lake D), 1007–1070 CE (lake E) and 930–966 CE (lake F). Highstands 
are preceded by a 13-year-long inundation period and followed by a 
50-year-long dessication period, consistent with previous lake mod-
els5. The same radiocarbon dates are used to inform the timing of the 
earthquake and lake ages, but the lake timings are further constrained 
by climate data6. Although previous studies were inconclusive about 
temporal correlation of the earthquakes and lake episodes over the 
past millennium4, the new earthquake history strongly suggests that 
all lake-filling events were accompanied by large earthquakes (Fig. 2).

Such a correlation between the earthquake and lake timings is prob-
ably not coincidental. A Monte Carlo statistical test of the lake and 
earthquake timings confirms a nonrandom relationship with >97% 

confidence (Extended Data Fig. 1). Also, hydrologic loads are known to 
stimulate seismicity1,23,35–37. Possible mechanisms include increases in 
pore pressure, flexural stresses and poroelastic effects29,30. Seismicity 
may be triggered shortly after reservoir impoundment by the poroelas-
tic load of the lake at the Earth’s surface, as well as on longer timescales 
by the time-dependent diffusion of pore pressure to greater depths1,35,38. 
Increases in pore-fluid pressure, in general, bring faults closer to failure 
and may potentially advance the timing of large events1,39,40. Another 
factor relevant to triggering of seismicity is the presence of fluid path-
ways resulting from rock damage. Faults are commonly associated with 
damage zones18,19, resulting in enhanced permeability that decays with 
distance away from the fault core41–45. Fault damage zones can therefore 
substantially facilitate fluid transport to seismogenic depths20,21. There 
is evidence for an extensive SSAF damage zone from field observations 
at surface exposures, borehole data and Earth tidal analyses46,47. Models 
of lake loading therefore need to account for the fully coupled poroe-
lastic response and the heterogeneous hydromechanical properties 
of the fault zone and ambient crust.

To quantify the effects of lake loading, we built a fully coupled, 
3D finite-element model of the Salton Trough that accounts for 
time-varying surface loads, a realistic fault geometry, crustal poroe-
lasticity and viscoelastic relaxation in the ductile substrate (see  
Methods and Extended Data Fig. 2). We performed numerical simu-
lations in which we varied material properties of the host rocks and 
damage zone to constrain a plausible range of pore pressure and stress 
evolution owing to ancient Lake Cahuilla (Extended Data Fig. 3 and 
Supplementary Figs. 1–4). The temporal evolution of the lake load, 
which is ascribed as both pore pressure and vertical stress boundary 
conditions at the Earth’s surface, is constrained by the latest geologic 
data6 (Fig. 2). Unless otherwise noted, the models presented below 
assume the lake depth of 97 m, consistent with previous studies29, 
but we also considered a spatially variable surface load controlled by 
bathymetry. Each lake episode consists of a unique filling, highstand, 
desiccation and consolidation history. We resolve the coupled defor-
mation transient from the refined approximately 1,100-year lake his-
tory with about 200 adaptive time steps across our numerical-model 
domain. The increase in pore pressure within the basement is highly 
dependent on the assumed parameters of the fault zone, in particular 
the damage-zone permeability (Extended Data Table 2). For a given 
loading history, higher values of permeability give rise to greater pore 
pressures at depth (Extended Data Fig. 3). Furthermore, similar to the 
analytic solution (see Methods and Extended Data Fig. 4), we observe 
the ‘memory’ effect of pore pressure at depth, whereby subsequent 
lakes can contribute to higher pore pressure owing to the diffusive time 
lag of a previous lake superimposing on the next (Fig. 3).

The evolution of faults towards (or away from) failure is commonly 
described in terms of the Coulomb failure stress (ΔCFS)7,8,35 (also see 
Methods). The calculated values of ΔCFS resolved on a potential  
failure plane (Supplementary Figs. 3 and 6) exhibit a strong sensitivity 
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to the fault geometry and, in particular, the fault dip angle. We assume 
an average strike of 313° based on the fault trace48 (Fig. 1) and a 
fault dip of 60° NE, which is constrained by geodetic and seismic  
data14–16,49. ΔCFS values are inversely proportional to the fault dip angle: 
a steeper fault experiences a smaller change in the Coulomb stress 
and a more shallowly dipping fault experiences a larger change in the 
Coulomb stress (Supplementary Fig. 1). Another factor affecting ΔCFS 
is a time-dependent flexure owing to the varying surface load and the 
associated viscoelastic relaxation in the underlying ductile substrate. 
For a range of possible substrate viscosities suggested by previous 
work29, the effects of viscoelastic relaxation on ΔCFS are relatively 
minor (Supplementary Fig. 2). Our simulations indicate that varia-
tions in the pore pressure are the dominant contributor to the total 
ΔCFS (Supplementary Figs. 3 and 4). Models that used a simplified 
representation of only the elastic crust suggested higher values of ΔP 
but lower values of the effective ΔCFS (Supplementary Figs. 3 and 4).

We find that the magnitude of shear stress (Δτs), effective normal 
stress ( σ∆ n), pore pressure (ΔP) and ΔCFS increase throughout the 
sequence of flooding cycles (Fig. 4a). Most notably, ΔCFS remains pre-
dominantly positive across the fault surface during each cycle (Fig. 4a 
and Supplementary Videos 1–3). Positive ΔCFS outside the lake 

boundary, albeit smaller in magnitude, is a consequence of lateral 
pore-pressure diffusion (Fig. 3 and Supplementary Videos 1–3). When 
the lake is at highstand, shear stress is positive (that is, encouraging 
failure) in parts of the fault closest to the lake centre and slightly neg-
ative (that is, inhibiting failure) outside the lake. By contrast, the normal 
stress is negative (that is, inhibiting failure) directly below the lake 
owing to the increased vertical compression during lake impoundment. 
However, the effective normal stress stays positive on much of the fault 
because of increases in pore pressure. The modelled compression 
directly below the lake simply moderates the magnitude of the  
Coulomb stress in that region. Models with lower permeability show 
a similar evolution, although the spatial extent of pore-pressure diffu-
sion is smaller.

Figure 4 depicts the evolution of ΔCFS for a single point on the fault 
plane near the centre of the lake at the representative seismogenic 
depth of 7 km (point 21 in Supplementary Fig. 5) for a range of models 
(models 1–5; see Extended Data Table 2) with different permeabili-
ties of the fault damage zone15,30. In each model, as the lake fills, the 
ΔCFS increases rapidly owing to the initial lake impoundment (that is,  
undrained response). During the desiccation phase of the lakes, the 
overall ΔCFS decreases but remains mostly positive except for the 
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current dry period from about 1733 to the present and the dry period 
between lakes C and D. The models at the high end of the assumed 
damage stay positive in most parts of the fault-zone permeability, 
showing a relatively rapid diffusion of pore pressure from the sur-
face to seismogenic depths. The increased rate of ΔCFS during the  
lake highstands is indicative of the higher permeability. Furthermore, 
the results depict how the short time interval between highstands in 
the first two or three lakes contributes to an overall cumulative increase 
in the Coulomb stress for the second (lake E) and sometimes the third 
(lake D) lakes, depending on the modelled fault permeability and depth. 
The remnant diffusion of pore pressure because of the first lake (lake F) 
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. We acknowledge that shorter lake 
highstands would reduce the additive effect on ΔCFS discussed in this 
paper, as we use the maximum durations for the lake highstands6. We 
also performed simulations in which the surface load is controlled 
by a local bathymetry. The results are similar to the reference model 
assuming a constant depth of 97 m, except that the calculated stress 
changes and stressing rates are reduced by around 40%. This is because 
the average lake depth is less than the maximum depth of 97 m. Pre-
dictions of the reference model therefore should be considered an 
upper bound. Depending on the rate of diffusion, depth of interest 

and time interval between lakes, the effect of previous lakes may per-
sist during subsequent impoundments. This memory effect is more 
pronounced for models 3 and 4 owing to lower permeability at depth 
(Extended Data Fig. 5). All models, including model 5, which does not 
include a fault damage zone, produce positive ΔCFS values greater 
than about 0.1 MPa, which is probably large enough for earthquake  
triggering7,50,51.

As well as the magnitude of stress changes, earthquake triggering 
may be affected by variations in the stressing rate52,53. We evaluate the 
ratio of the calculated stressing rate from the lake load to the average 
tectonic loading rate over time (Fig. 4b). The latter is calculated using 
a geodetically constrained dislocation model assuming a secular slip 
rate of 18 mm year−1 (ref. 54), which is in agreement with the most recent 
constraints on the long-term geologic slip rate55 (and references 
therein). The estimated tectonic stressing rate at seismogenic depth 
is ̇σ = 16 kPa year13

−1 (see Methods). We find that the largest perturba-
tions in stressing rates occur, as expected, during the early flooding 
stages of each of the past six lakes (Fig. 4b). For six of the past seven 
earthquake events on the SSAF (±2σ uncertainties; Extended Data 
Table 1), the resolved stressing rate from lake loading was greater than 
the tectonic loading rate. The respective perturbations remain positive 
through the lake highstands until dessication begins, during which the 
stressing rates drop below the average interseismic stressing rate. Over 
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the past approximately 1,100 years, the fault-stressing rate during lake 
loading increased by more than a factor of 2 (Fig. 4b). These high stress-
ing rates from lake loading persisted for several decades during each 
lake cycle. The relationship between lake cycles and earthquakes is 
potentially known at higher precision exclusively from the stratigraphy. 
There is evidence to suggest that events Coa-5 and Coa-8+ may have 
occurred during lake-filling phases, whereas Coa-1, Coa-2, Coa-3 and 
Coa-4, and Coa-6 occurred during highstands (see Methods).

Loading from ancient Lake Cahuilla induced stress changes capa-
ble of triggering events on the SSAF, increased ΔCFS across most of 
the fault and, on average, increased peak stressing rates during lake 
flooding well above the tectonic stressing rate (Fig. 4b and Supplemen-
tary Videos 1–3). Larger fault locking depths17 and smaller earthquake 
nucleation depths56 and elastic moduli of the host rocks57 would result 
in a lower tectonic stressing rate and a correspondingly higher contri-
bution of the lake loading. Our model does not account for possible 
memory effects from earthquakes that occurred more than about 
1,000 years ago, as such effects are probably negligible if the inter-
seismic interval exceeds several hundred years (see Fig. 4a; also see 
ref. 58). We also do not account for stress transfer resulting from slip on 
subsidiary faults that could potentially amount to ΔCFS on the order of  
1 MPa (ref. 30). Our models thus provide a conservative estimate for 
the modulation of stress on the SSAF by the filling and desiccation of 
ancient Lake Cahuilla.

Our results bear on the current 300-year-long quiescent period on 
the SSAF. Variations in stress and stressing rate on the SSAF owing to 
the lake load suggest that a gradual decline in water level since ancient 
Lake Cahuilla’s last highstand may affect the timing of the SSAF’s next 
event. Indeed, our model predicts predominantly negative ΔCFS for 
sufficiently long dry periods. The negative ΔCFS during dry periods 
is primarily because of the flexure of the upper crust caused by a 
decreased lake level and, to a lesser degree, viscoelastic relaxation 
below the brittle–ductile transition. A gradual decrease in the ΔCFS 
since the last highstand was briefly reversed in 1905–1907 because 
of an overflow of the Colorado River into Salton Basin, which led to 
formation of the present-day Salton Sea30. Our model predicts a sharp 
increase in ΔCFS, on the order of 0.1 MPa, for most of the fault during 
the filling phase of the Salton Sea from 1905 to 1907 (Supplementary 
Figs. 5–11). This increase in ΔCFS was accompanied by the 18 April 1906 
MI 6.1 (MMI 8) event in the Salton Trough near Brawley, CA. This event 
was previously argued to be triggered by the great 1906 California 
earthquake near San Francisco that occurred 11 h before and 700 km 
away from the MI 6.1 event59. It is possible that such distant triggering 
was facilitated by the lake load. After 1907, the model predicts a sub-
sequent decrease in ΔCFS as the Salton Sea started to decline below 
the 0.1 MPa triggering threshold (Supplementary Figs. 5–11 and Sup-
plementary Videos 1–3). Further desiccation of the Salton Sea in the 
future will continue to have a stabilizing effect on the SSAF, but poten-
tially increase the stress to be released in a future event (or a sequence  
of events).

Our results demonstrate how improved palaeoseismic and palaeo-
lake records, together with advanced models of hydrologic loading 
of a heterogeneous poroelastic crust, provide new insights into the 
relationship between water-level variations of ancient Lake Cahuilla  
and the past seven major earthquakes on the SSAF. We find that 
increases in lake level result in positive Coulomb stress changes on 
most of the SSAF, with stressing rates as high as two to three times the 
tectonic loading rate. Positive ΔCFS values are also seen on sections 
of the SSAF that are outside the lake owing 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 
(see Supplementary Figs. 5–11 and Supplementary Videos 1–3). The 
pore-pressure ‘memory effect’ amplifies the contribution of successive 
lakes provided that intervals between inundations do not substantially 

exceed the characteristic diffusion time within the seismogenic layer. 
Our model may also be applicable to other areas in which seismogenic 
faults are subject to hydrologic loads from natural or anthropogenic  
sources1,22,37.
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Methods

Calculation of the Coulomb stress changes
The change in ΔCFS is defined as7,8,35:

τ µ σ P∆CFS = ∆ + (∆ + ∆ ) (1)s n

in which Δτs is the change in shear stress, μ is the coefficient of friction, 
Δσn is the change in normal stress (increases in compression are deemed 
negative) and ΔP is the change in pore-fluid pressure (increases in fluid 
pressure are deemed positive). The sign convention indicates that a 
positive change in the effective stress σ σ P= +n n , as well as a positive 
change in shear stress Δτs, promote failure. In this paper, we assume a 
typical value for static friction of μ = 0.6 (refs. 60–63), although it may 
vary considerably depending on the rock type and ambient condi-
tions64–66. The Coulomb stress changes ΔCFS are computed by resolv-
ing the normal and absolute shear-stress components using a full stress 
tensor, the prescribed fault geometry and sense of slip. Calculations 
were performed using the MATLAB toolbox Abaqus2Matlab67.

Both the magnitude and the sign of the estimated ΔCFS is sensitive to 
several parameters in the context of poroelastic deformation, includ-
ing: (1) the fault-zone permeability, width and connectivity to regions 
in which large seismic events nucleate. Higher permeability values 
allow for pore pressure to diffuse faster, increasing pore pressure and 
ΔCFS at depth68,69. A larger fault zone width and pore connectivity may 
also increase pore pressure and ΔCFS on the fault at greater depths70. 
(2) The fault dip angle14,16, the varying geometry of the lake and the 
concomitant surface load29. The lake load produces regions of relative 
compression and extension within the seismogenic crust (Extended 
Data Fig. 6). Regardless of the fault attitude and sense of slip, increases 
in the fault-normal compressive stress are expected to inhibit failure 
and decreases in compressive stress are expected to promote failure. 
(3) The undrained pore-pressure effect, without which the total pore 
pressure will be underestimated40,71 (Extended Data Fig. 6).

Fully coupled 3D finite-element models
The governing equations for a fully coupled linear poroelastic 3D 
medium are defined as9,10,72:
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in which 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, Sϵ the constrained specific storage, ϵii the dilatancy 
(trace of the strain tensor), P the pore pressure and Q the fluid source10. 
Equations (2) and (3) 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 (2) and 
the fluid flow coupled to strain by the requirement of fluid continuity 
equation (3). Analytic solutions to the system in equations (2) and (3) 
are restricted to a few highly idealized cases. We solve the respective 
equations numerically using the 3D finite-element software Abaqus 
SIMULIA11,73.

As a preliminary cross-check, we considered a 1D analytic solution for  
a periodic fluctuation of a surface load in a poroelastic half-space35  
(see Methods). For a reasonable choice of model parameters, the analytic 
solution shows a cumulative increase in pore pressure at depth through 
several inundation events. This ‘memory effect’ is because of the fact 
that the maximum pore-pressure increase at depth is delayed owing 
to diffusion and does not completely vanish before the next flooding 

event. The timing of the superposition depends on the depth, perme-
ability and wavelength of the lake load. One important caveat is that  
the memory effect only emerges when one considers several lake cycles.

To account for spatial heterogeneity and anisotropy of the hydraulic 
properties of the lake sediments, upper crust and the fault zone, we 
construct a 3D hydromechanical model based on parameters con-
strained by previous studies. Tompson et al.74 developed and arranged 
the hydrostratigraphy of the Salton Trough sediments into three broad 
classes in order of increasing depth: Brawley, Palm Spring and Imperial 
formations. The composition of these formations vary from sandstones 
to shales, shaley sandstones, conglomeratic and arkosic sandstones 
(see Extended Data Table 2). 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 granite10,75,76 (Extended Data Table 2). A crustal 
thickness of 18 km is assumed on the basis of seismic observations of 
the region77. We modelled the upper mantle both as an elastic (Supple-
mentary Figs. 6 and 7) and a viscoelastic layer. The viscoelastic mantle 
is modelled similarly to previous studies as a simple linear Maxwell  
material29,78–80. We use a nonlinear geometry option in Abaqus (NLGEOM)  
based on the results of Hampel et al.81, who recommended it for models 
involving isostatic effects81.

The fault damage zone is modelled in accordance with field hydro-
geologic estimates of San Andreas Fault permeability47. Xue et al.47 
estimated a relatively high permeability (10−14 m2) constrained by 
borehole tidal responses using Earth tidal analysis compared with 
inferred permeability in the region and laboratory values46,82,83. 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 (that is, no contrast in perme-
ability between the fault-zone material and the host rocks; Extended 
Data Table 2). Therefore, we test the sensitivity of our model results 
to a range of fault permeabilities from k = 10−14 m2 (model 1) to values 
consistent with the intact crystalline basement k = 10−18 m2 (model 5)76. 
The fault permeability in model 1 is considered high when compared 
with other fault zones worldwide or laboratory measurements. Thus, 
our preferred model (model 2) uses k = 10−15 m2, which is more consist-
ent with regional measurements and laboratory data46,82,83. Observa-
tions 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  
(refs. 17–19,84). 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 (Extended Data Table 2).

The numerical domain was developed and discretized in Abaqus  
CAE73. The numerical domain has horizontal dimensions 600 km ×  
600 km and a depth of 50 km, with the y axis corresponding to north 
for the Universal Transverse Mercator 11N zone (Extended Data Fig. 2). 
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 database48. 
We model a 60° northeast dip for the SSAF, which is consistent with 
geodetic slip models, seismicity and seismic tomography data49,54.  
We consider a 200-m-wide damage zone centred on the SSAF slip inter-
face19,46,84. The lake shoreline is based on coordinates used by Luttrell 
et al.29 and a similar assumption in lake depth (97.2 m) across the entire 
lake footprint to maintain consistency in model comparisons5,29. Models 
that considered spatially variable lake depth used the SRTM digital 
elevation model85 and bathymetry of the Salton Sea to assign the ver-
tical stress and pressure boundary conditions at the nodes within the 
lake boundaries.

The evolution of the poroelastic effects requires a careful considera-
tion of the model boundary and initial conditions. We assume initial 
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conditions of equilibrium stress and pore pressure (chapter 9 in ref. 12). 
These conditions imply that the model only considers the effect of 
the lake and does not include any loading from tectonic stress. Grav-
ity is included, with stress and pore pressure calculated as relative 
change from geostatic equilibrium. This is an important considera-
tion, as neglecting gravity in the viscoelastic model may overestimate 
surface displacements on timescales that exceed the characteristic 
relaxation time13,86. 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), whereas the sides and top of the model 
are considered to be permeable and subject to vanishing pore pres-
sure (P = 0). The top surface of the model is stress-free outside the 
lake area. The lake extent is the only boundary condition that varies  
over time.

Tectonic loading
We approximate the secular tectonic loading using a model of a screw 
dislocation in an elastic half-space87 (see equation (2.25) in ref. 12). The 
respective interseismic shear strain rate is given by:
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in which s  ̇is the fault slip rate (taken to be 18 mm year−1 (ref. 54)), x1 is 
the horizontal coordinate with respect to the centre of the fault dam-
age zone, x2 is the assumed depth of nucleation of large events and 
d = 10 km is the estimated locking depth of the SSAF54,88.

For typical values of the shear modulus of the upper crust 
G = 28–32 GPa (ref. 54), the stressing rate predicted by equation (4) at 
the bottom of the seismogenic zone (x2 = 6–8 km) is σ G �˙ = 2 (˙ ) =13 13
25 − 51 kPa year−1. However, the distribution of stressing rates through-
out the seismogenic layer depends on details of a transition between 
the locked and creeping parts of the fault (for example, ref. 89), as well 
as the degree of strain localization below the brittle–ductile transition 
(for example, ref. 90). A dislocation model overpredicts the stressing 
rate, especially at the bottom of the seismogenic zone, owing to a  
strong stress singularity. Also, the depth distribution of earthquakes 
in California shows that most earthquakes nucleate at depths of 3–4 km 
(ref. 56). Therefore, we use the stressing rate at the free surface (x2 = 0), 
σ ≈ 16 kPa year13

−1̇ , as a conservative lower bound for the entire seis-
mogenic layer.

San Andreas Fault, Coachella site earthquake history
The Coachella palaeoseismic site (33.72722° N, 116.16976° W) trenches 
provide evidence of six or seven lake phases and five to seven earth-
quakes on the SSAF over the past millenium6. Four types of stratigraphy 
have been identified at the Coachella site: lake clay/silt, recessional 
sand, aeolian sand and fluvial alluvium. The distinction between aeolian 
sand and recessional sand may be difficult, as the aeolian sand can be 
derived entirely from the recessional and shoreline sand deposits. See 
Fig. 5 in Philibosian et al.4 for a generalized view of the stratigraphic 
section and brief descriptions of each unit.

An ‘organic-rich layer’ is described near the top of unit 1L, which 
is markedly similar to other organic mats from near-shoreline sites 
that are interpreted as the debris that accumulates near the shoreline 
from the inundation of the lake basin. Unit 1L is described as a mas-
sive silt layer of lacustrine origin. An alternative interpretation is that 
unit 1L represents deltaic sedimentation during flooding of the site. 
In either case, 1L and 1S collectively represent regional lake A at the 
Coachella site6 (see their supplementary materials). The most recent 
event occurred during the highstand of Lake Cahuilla in 1726 ± 7 CE 
(refs. 5,31).

The penultimate lake earthquake, Coa-2, clearly occurs during 
deposition of unit 2L, which represents the lacustrine phase of lake B, 

based on extensive liquefaction (only possible with water present) and 
upward fault terminations4,6. That places Coa-2 to have occurred during  
lake B.

Coa-3 was interpreted to have occurred during lake C based on 
weak evidence of sediment (unit 3L) filling a structural trough. Coa-4  
was interpreted as occurring before lake C but between two organic 
layers in unit 4S. However, the reinterpretation is that these organic 
layers were deposited during the rising stages of lake C along with fine 
sand deposits (probably of deltaic origin), implying that Coa-4 occurred 
during the early phase of lake C and that the structural trough formed by 
Coa-4 was filled by the same lake phase, lake C (ref. 6). Belle Philibosian 
agrees with this reinterpretation (Rockwell, personal communication, 
2022). This means that the evidence for Coa-3 and Coa-4 are the same 
and that there was only one rupture, which occurred during the filling 
phase of lake C, but when the water had essentially reached the high-
stand shoreline (as the Coachella site lies at 9 m, only 4 m below the  
highstand).

Coa-5 was interpreted by Philibosian et al. as having occurred 
between the deposition of units 5S and 4L, with the units 5S and 5L 
folded and capped by undeformed unit 4L (ref. 4). Rockwell et al. inter-
pret the organic unit at the top of unit 5S to represent the inundation 
and accumulation of organics associated with the drowning phase of 
lake D (ref. 6). Coa-5 deforms the organic layer along with the underlying 
lake deposits, implying that the earthquake occurred after its deposi-
tion during the rising stages of lake D. Supporting this interpretation, 
the strata of units 5L and 5S are plastically deformed, which—in this arid 
environment—almost certainly required the presence of water, which 
will only be present during a lake stand. Hence, Coa-5 is interpreted to 
have occurred during lake D and probably during the late filling stage, 
as the event is capped by fine-grained deposition associated with the 
highstand of lake D.

Coa-6 is interpreted to have occurred during deposition of unit 5L 
(lake E) based on apparent upward terminations and a possible colluvial 
wedge of material derived from unit 5L. This evidence was considered 
weak, but the presented images look convincing, so we confirm the 
occurrence of a rupture during the highstand of lake E.

Event Coa-7 is interpreted to have occurred between units 6S and 5L 
based on upward terminations and displaced strata capped by unde-
formed strata. This would potentially place this earthquake to between 
lakes E and F, as there is no evidence of the presence of water at that 
time (no documented liquefaction).

A seventh event, Coa8+, is interpreted to have occurred in unit 7S, 
which Philibosian et al. describe as “coarse sand, gravel, and rounded 
cobbles form cross-cutting channel deposits”, which are obviously 
fluvial in origin4. Unit 7L is bedded fine sand and is only exposed at 
the very base of the section. It is interpreted by Philibosian et al. as 
‘likely lacustrine’ but a lake affiliation is not clearly demonstrated. 
An alternative interpretation is that unit 7L is a deltaic section that 
was buried by a large fluvial flood event (not a lake-filling flood 
event) during rising lake level. The rationale for this is that unit 
7S is several metres thick and dating a charcoal sample from unit 
7S returned an age of 1185 ± 30 RCYBP (radiocarbon years before 
present; sample Sb4m14A-c), which is consistent with lake F or the 
dry period immediately preceding lake F and not the much older  
lake G.

Furthermore, the unit does not show the oxidation that is charac-
teristic for sediments of unit G, which were exposed at the surface 
for nearly a thousand years. Hence, we interpret the charcoal date as 
indicating that 7L may actually be the lower part of lake F (deltaic ris-
ing lake phase). If correct, an earthquake occurred during the early 
depositional phase of lake F, followed by a large depositional event 
and then more lacustrine sediments. The well-sorted sand of the base 
of unit 7S seems to extend down through unit 7L and may represent 
a feeder pipe, with the lowest part of unit 7S possibly a liquefaction  
deposit.



Periodic loading of a poroelastic half-space
As a preliminary, we consider an analytical solution for a periodic fluc-
tuation of water level over a poroelastic half-space35. For a half-space 
extending in the positive direction of the z (vertical) axis from z = 0 
to z = ∞ with a periodic water load of amplitude ps at the surface 
given as both vertical stress and pore-pressure boundary conditions  
σzz(z = 0, t) = −p(z = 0, t) = psexp(iwt) leads to the following solution10:

p γp γ p z w c z w c= + (1 − ) exp(− ( /2 ) )exp(−i ( /2 ) ) (5)z s s

in which γ =
B v

v
(1 + )

3(1 − )
u

u
 is the loading efficiency and c is the diffusivity. If 

we assume incompressible grains and fluid (γ = 1), then the response 
is entirely the vertical stress associated with water load and constant 
at all depths (undrained response) (Extended Data Fig. 6). The other 
endmember (γ = 0) assumes that the pore pressure is uncoupled from 
the applied stress and is given by the pore-pressure-diffusion solution 
(drained response)10,91 (equation (5)) (Extended Data Fig. 6). Moreover, 
equation (5) is linear with respect to ps. If p(0, t) is known, the solution 
for p(z, t) may be parameterized in the frequency domain with the 
Green’s function that carries a pressure disturbance for frequency w 
at z = 0 to z > 0:

∫p z t G z w H w w( , ) = ( , ) ( )e d (6)wt−i

in which

G z w γ γ z w c z w c( , ) = + (1 − )exp(− /2 )exp(−i /2 )

and H(w) is the Fourier transform of the surface (z = 0) history of the 
pressure:

∫p t H w w(0, ) = ( )e dwt−i

Therefore, if we know the lake-loading history at the surface, p(0, t), 
we can simply take its Fourier transform, multiply this pore-pressure 
distribution with the Green’s function (equation (6)) in the frequency 
domain and take the inverse Fourier transform of the product to arrive 
at the solution to the pore-pressure distribution for all depths and 
times (Extended Data Fig. 4).

Given a quasi-periodic lake-loading history6, the distribution of 
pore pressure shows an interesting effect. Although the shape of 
the pore-pressure distribution beyond the Earth’s surface is entirely 
dependent on the poroelastic constants in equation (5), for reasonable 
values of poroelastic constants of rocks comprising the upper crust 
(Extended Data Table 2), the high frequency of the surface lake levels 
show a gradual increase of pore-pressure magnitude. This effect would 
not be present in a ‘single-lake’ simulation, as the amplitude of the maxi-
mum P would just decay exponentially. Instead, with several lakes, the 
‘memory’ pore-pressure effect is the result of a superposition of each 
independent Fourier component of p(0, t). For example, the diffusive 
(drained) component of the poroelastic response of lake F (Supplemen-
tary Fig. 5) lags its surface response at depth. This is readily observed 
at greater depth (9 km), at which essentially only the instantaneous 
(undrained) response to the surface load is felt through the entire load 
of a single lake cycle. Consequently, the lag of the maximum (drained) 
response of pore pressure can coincide with the maximum (undrained) 
response of pore pressure for subsequent lakes, thus leading to larger 
pore pressures compared with a single-lake response. Therefore, with 
several lakes, there is an inherent temporal dependence of the maxi-
mum pore pressure. A point in our finite-element model (model 2) 
below the lake at a depth of 7.2 km that lies within our fault is more 
coincident to the 1D model at shallower 1 km depth (Extended Data 
Fig. 5). This 1D solution serves to conceptualize the important delayed 
memory effects of variable pore pressure. Although the analytical 1D 

solution is a useful first-order approximation, especially for locations 
directly below the lake, it fails to account for other potentially impor-
tant factors affecting stress on the fault, such as crustal heterogeneities, 
viscoelastic relaxation and lateral pore-fluid diffusion.

Data availability
The Abaqus data files, Lake Cahuilla and Salton Sea data files and pro-
cessed model results are available on Zenodo (http://doi.org/10.5281/
zenodo.7714217). Source data are provided with this paper.

Code availability
All relevant MATLAB post-processing codes and sample-plotting codes 
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Extended Data Fig. 1 | Monte Carlo statistical test of the lake and earthquake 
timings. Results of Monte Carlo statistical testing (10,000 samples) based on 
sampling earthquake PDF distributions and lake timings. After sampling the 
earthquake PDFs, we determine how many fall inside the lake timings when the 

lake was greater than 70% full. We compare these timings to a uniform random 
distribution of seven times across the same lake-loading-time range. We find 
that the mean timings that occur within lakes is >97% of the earthquake timings 
of a uniform random distribution that occur within lakes.
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Extended Data Fig. 2 | Numerical domain. 3D finite-element method model 
domain. The model mesh contains about 2 million tetrahedron elements. 
The light blue colour represents the extent of ancient Lake Cahuilla. The 
prescribed vertical load is hydrostatic, to the lake maximum water head 

(97.2 m). The solid red line is the SSAF fault trace. The fault zone is modelled 
as a slab dipping to the northeast at 60° (ref. 54), with the assumed thickness 
of 200 m (refs. 19,46,84).



Extended Data Fig. 3 | Pore-pressure effects of lake loading. Pore pressure 
(MPa) on the SSAF as a function of time (year CE) at 7 km depth for location 21,  
a point on the fault near the centre of the lake (see Supplementary Fig. 5). Each 

model is based on the variable fault permeability, with model 1 as the most 
permeable and model 5 as the no damage zone (Extended Data Table 2).
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Extended Data Fig. 4 | Analytic solution for periodic loading of a poroelastic 
half-space. 1D analytical model of pore pressure for a variety of different 
depths (blue) with surface lake-level pore pressure (black). The smaller surface 
profile from 1905 to the present is the Salton Sea2. Finite-element method 
model 2 at 7.2 km depth (green line) shows the effect of 3D diffusion with a 

high-permeability fault damage zone embedded in a lower-permeability host 
rock. The finite-element method model at 7.2 km resembles pore pressure in 
the 1D analytical case at 1 km, demonstrating how a fault damage zone can 
transmit pore pressure to depth effectively. γ = 0.1685; kfault = 1e−15 (m2); 
khost/1Dmodel = 1e−18 (m2).



Extended Data Fig. 5 | Stress effects of lake loading. Similar to Fig. 4a but for a point farther away from the lake centre (point 24 in Supplementary Fig. 5).
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Extended Data Fig. 6 | Conceptual model of the undrained and drained 
effects from a lake load. The instantaneous and transient effects of the 
undrained and drained effects. At t = 0, the undrained effect is felt almost 
instantaneously throughout the poroelastic medium beneath the lake. As time 
progresses, this effect attempts to equilibrate at depth. At t = 0, the drained 

effect is not felt except for the surface poroelastic medium and the bottom of 
the lake. As time progresses, this effect increases pore pressure as diffusion 
drives fluid from the surface down. Furthermore, as the lake load is applied, 
areas of compression form immediately beneath the lake, whereas areas of 
extension are formed near the edges.



Extended Data Table 1 | Earthquake dates

Best estimates (to the nearest decade) and 95% confidence ranges of earthquake dates from the OxCal model.
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Extended Data Table 2 | Material properties

*The mantle is modelled as a simple linear viscoelastic material with 3 × 1019 Pa s viscosity29. Bulk modulus of permeating fluid (water) is assumed to equal 2.2 × 109 Pa. Several simulations were 
performed to evaluate the model sensitivity to the assumed parameters. Models 1–4 considered the effect of fault-zone permeability for the assumed permeability values 10−14, 10−15, 10−16 and 
10−17 m2, respectively. Model 5 corresponds to a case of no damage zone (permeability and Young’s modulus are the same as those of the host rock). Model 2a uses the same material properties 
as model 2 but assumes a spatially variable surface load controlled by a local bathymetry.

Material properties
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