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[1] Changes in the level of ancient Lake Cahuilla over the last 1500 years in the Salton
Trough alter the state of stress by bending the lithosphere in response to the applied lake
load and by varying the pore pressure magnitude within the crust. The recurrence
interval of the lake is similar to the recurrence interval of rupture on the southern San
Andreas and San Jacinto faults, both of which are partially covered by the lake at its
highstand. Furthermore, four of the last five ruptures on the southern San Andreas fault
have occurred near a time of substantial lake level change. We investigate the effect of
Coulomb stress perturbations on local faults due to changing level of Lake Cahuilla to
determine a possible role for the lake in affecting the timing of fault rupture.
Coulomb stress is calculated with a three-dimensional model of an elastic plate overlying a
viscoelastic half-space. Plate thickness and half-space relaxation time are adjusted to
match observed vertical deformation since the last lake highstand. The lake cycle
causes positive and negative Coulomb stress perturbations of 0.2–0.6 MPa on the
southern San Andreas within the lake and 0.1–0.2 MPa on the southern San Andreas
outside the lake. These Coulomb stress perturbations are comparable to stress magnitudes
known to have triggered events at other faults along the North America-Pacific plate
boundary.
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1. Introduction

[2] The San Andreas fault system forms part of the
boundary between the North American and Pacific plates,
accommodating a total of about 40 mm/yr of right lateral
slip [e.g., Fay and Humphreys, 2005]. The southern portion
of the San Andreas fault system lies in the Salton Trough, a
broad region of Southern California that includes the
southern San Andreas fault (SAF), the southern San Jacinto
fault (SJF), the Imperial fault (IF), and the Salton Sea. The
Salton Trough is also a transitional tectonic regime between
opening motion along a constructive plate margin in the
Gulf of California and transform motion along the SAF
system. This complex tectonic setting has the potential to
produce large earthquakes, but the last 300 years have seen
no major ruptures on the SAF and SJF and only one major
earthquake on the IF [Fialko, 2006; Fumal et al., 2002;
Gurrola and Rockwell, 1996; Shifflett et al., 2002; Thomas
and Rockwell, 1996].

[3] The exact timing of a rupture on a fault is complicated
and difficult to predict. However, the general readiness of a
fault to fail can be characterized by the state of stress on that
fault and changes to that stress, expressed through the
Coulomb failure criteria [e.g., King et al., 1994]. Non-
tectonic perturbations to the state of stress on a fault may
also alter the Coulomb stress and thus the timing of the next
event. In Japan, the changing vertical load of seasonally
snow-covered mountains produces seasonal subsidence and
seismicity [Heki, 2001; Heki, 2003]. On a much longer
timescale, flexure of the lithosphere beneath the Fennoscan-
dian ice sheet in the North Sea has been proposed as a
mechanism to modulate stresses, affecting faulting style and
seismicity [Grollimund and Zoback, 2000]. Another non-
tectonic source of stress perturbation, acting over interme-
diate timescales, is the vertical load caused by the filling and
emptying of surface lakes.
[4] In this study we wish to investigate the feasibility of

stress perturbations at the Salton Trough in response to
ancient Lake Cahuilla influencing the timing of rupture on
nearby faults. Numerous studies have used vertical surface
deformation in response to lake loads to constrain subsur-
face rheology [e.g., Bills et al., 2007, 1994; Kaufmann and
Amelung, 2000], but few have examined their effect on
faulting. Other studies have shown that induced seismicity
may occur in response to reservoir level changes, either by
direct response of elastic stress following loading or by
delayed increase of pore pressure and decrease of effective
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normal stress [e.g., Simpson et al., 1988]. Hetzel and
Hampel [2005] and Hampel and Hetzel [2006] examined
lithospheric rebound in response to unloading in the Great
Basin by the regression of Lake Bonneville and considered
two mechanisms that affect the earthquake cycle. The direct
removal of mass decreases vertical stress causing a decrease
in slip rate on the normal Wasatch fault. Lithospheric
rebound following the removal of mass alters horizontal
stress promoting a faster slip rate. They found the combi-
nation of these mechanisms explains a Late Pleistocene
increase in slip rate on the Wasatch and adjacent normal
faults. Both the temporal and spatial scales of lake change
we consider in this study are between those of reservoirs
and Lake Bonneville. As such, we consider both the effects
of three-dimensional (3-D) lithosphere deformation and of
changes in pore pressure, but we consider only lithospheric
rebound to be time-dependent.

1.1. Ancient Lake Cahuilla

[5] Ancient Lake Cahuilla is a freshwater lake (180 km �
50 km) that has periodically formed when the Colorado
River drained north into the Salton Trough region of
southern California instead of along its current course south
through northern Mexico into the Sea of Cortez. At times of

its highstands at 13 m above sea level [Waters, 1983], Lake
Cahuilla extended from present-day Indio, California in the
north to Cerro Prieto, Baja California Norte, Mexico in the
south (Figure 1) covering parts of the southern SAF, SJF,
and IF to a maximum depth of 90 m.
[6] The direction of flow of the Colorado River is

controlled by the deposition of sediment at the river delta,
which over time builds to form a natural dam. When enough
sediment is deposited that the river is blocked from its
southern course to the sea, flow turns northward into the
Salton Trough and Lake Cahuilla forms quickly, filling in
just 20 years to its maximum height of 13 m, controlled by
the height of the sill at the southernmost edge [e.g., Gurrola
and Rockwell, 1996; Thomas and Rockwell, 1996; Waters,
1983]. When in time the northern course becomes blocked
by sediment, the Colorado resumes southern flow and the
lake evaporates and becomes fully dry in approximately
60 years. The timing and duration of the last four lake
highstands over the last 1300 years was studied by dating
organic material from outcrop lake sediments and constrain-
ing these estimates to match the historical record (Figure 2)
[Gurrola and Rockwell, 1996; Sieh and Williams, 1990;
Waters, 1983]. Waters [1983] presents evidence for at least
three clear highstands between the years AD 700 and 1500;
furthermore Gurrola and Rockwell [1996] find three partial
or total lakefall events between AD 1500 and 1700, repre-
sented in Figure 2 as a single falling event at the time the
most recent lake began falling, between AD 1675 and 1687.
While geologists do not yet agree on the timing and
duration of even the most recent highstand, the changes in
the volume of the lake are well constrained by the topog-
raphy of the basin and the height of the sill. The most
recent, though minor, change in lake level is the historically
documented formation of the man-made Salton Sea in 1906,
at a present-day elevation of 71 m below sea level [see
Oglesby, 2005, and references therein].

1.2. Salton Trough Earthquakes

[7] The recurrence interval of the filling and draining of
Lake Cahuilla is similar to the recurrence interval of major
ruptures on the Southern SAF of 260 ± 100 years [Shifflett
et al., 2002] and documented activity on the SJF [Gurrola
and Rockwell, 1996] (Figure 2). The occurrence of five
ruptures on the southern SAF have been estimated between
AD 1641–1711, 1450–1555, 1170–1290, 840–1150, and
770–890 with best averaged estimates of 1676, 1502, 1231,
982, and 825, respectively [Fumal et al., 2002; Sieh and
Williams, 1990]. The identification of these events at multi-
ple sites along the SAF suggests that each of these was a
major event rupturing at least the southernmost 200 km of
the SAF. The last three ruptures on the southern SJF
occurred between 1440 and 1637, 1280 and 1440–1640,
and 820 and 1280 [Gurrola and Rockwell, 1996]. The most
recent event is known to have occurred just before the
�1480–1660 inundation of Lake Cahuilla (T. Rockwell,
personal communication, 2006) (see Figure 2). None of
these events were historically recorded; all have been
inferred from paleoseismology. The most recent major event
on the IF was the historically recorded 1940 Imperial Valley
earthquake (Mw = 7.0). Prior to that, an event has been
identified late within the last highstand of Lake Cahuilla. No
other major slip events are observed in the available

Figure 1. Ancient Lake Cahuilla region showing approx-
imate location of the ancient shoreline (13 m above sea
level), San Andreas fault (SAF), San Jacinto fault (SJF), and
Imperial fault (IF). Other local faults not mentioned in the
text are shown as dotted lines for reference. Sites of
shoreline elevation surveys from this study are shown as red
squares. Sites from Larson [1990] are shown as blue circles.
Site numbers correspond to Table 1. Locations of SCIGN
continuous GPS stations within ancient Lake Cahuilla are
shown as yellow triangles (Table 2).
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sediment record (since AD 1450) [Thomas and Rockwell,
1996].
[8] The similar recurrence intervals between lake level

changes and major earthquakes could be mere coincidence.
However, it is possible that there is a physical connection
between the two phenomena. One possibility is that vertical
motions associated with the major ruptures cause changes in
the outflow direction of the Colorado River. In this case, the
ruptures trigger the lake level changes. A second, more
interesting possibility is that the change in stress due to the
vertical load of the lake volume triggers the major events. It
is the feasibility of this second possible connection that we
explore in this study. If this model is correct, it could greatly
impact our understanding of ruptures along the southern
SAF system. In addition, one could calculate whether
changing the configuration of the Salton Sea as proposed
by the Salton Sea Authority (http://www.saltonsea.ca.gov/)
would increase or decrease the probability of a major
rupture on the southern SAF, which is believed to be late
in the seismic cycle [Fialko, 2006].

2. Changes in Normal Stress Due to Lake
Level Changes

[9] Slip on the upper locked portion (2–12 km) of a
transform fault may be triggered by a reduction in fault
stability, commonly characterized by a change in Coulomb
stress [e.g., King and Cocco, 2001; King et al., 1994;
Reasenberg and Simpson, 1992],

sc ¼ ss � mf sn: ð1Þ

This includes both tectonic shear loading, in which deep slip
gives rise to shear stress accumulation ss, and fault strength,
equal to the coefficient of friction mf times the effective
normal stress on the fault plane sn. We propose that changes
in lake level modulate the earthquake cycle by changing the
effective normal stress on major fault planes at seismogenic
depth. We consider two types of perturbation to normal

stress: those induced solely from the weight of the surface
load, and those induced because the load is a fluid that
interacts with a porous crust.

2.1. Lithosphere Bending Model

[10] Immediately after Lake Cahuilla fills, the Earth will
respond to the weight of the surface load approximately as
an elastic half-space. The spatial variations in the vertical
load are defined by the lake depth, which is known from the
topography of the Salton Trough. Convolving this load with
the analytic flexure solution for the point response of an
elastic half-space [Love, 1929] provides the exact displace-
ment and stress. Larson [1990] calculated the displacement
and stress due to changes in the level of Lake Cahuilla on an
elastic half-space and found only small Coulomb stress
changes at seismogenic depth (�10 kPa). Since this is
15 times smaller than shear stress associated with induced
seismicity at other reservoirs, that study concluded that it is
unlikely that this stress could trigger seismic activity.
However, Larson [1990] also showed that the elastic half-
space model provided a poor fit to the lake rebound data
derived from present-day shoreline measurements. A thin
elastic plate flexure model with an elastic thickness of about
40 km could better explain the shoreline rebound data.
[11] Figure 3a is a diagram of the lithosphere response to

a vertical load considered in this study. A lake load having
width comparable to the flexural wavelength of the elastic
plate is applied. Initially, the Earth responds as an elastic
half-space, but when the duration of the load exceeds the
relaxation timescale of the asthenosphere, the plate bends.
Consider a fault running parallel to the shoreline as shown
in Figure 3a. At a seismogenic depth, for example 5 km, the
downward flexing of the plate landward of the shoreline
will cause extension (a decrease in normal stress), while the
upward flexing of the plate within the lake will cause
compression.
[12] We can calculate the magnitude of a Coulomb stress

perturbation from a change in water level load by convolv-
ing the response of a unit point load on a thick elastic plate
overlying a viscoelastic half-space with the true load distri-

Figure 2. Lake level history from Waters [1983] (solid line) and Gurrola and Rockwell [1996] (dashed
line), including the formation of the Salton Sea in 1906. The history used for models in this study is
shown with a thick grey line. The last five southern SAF ruptures [Fumal et al., 2002], last three southern
SJF ruptures [Gurrola and Rockwell, 1996], and last two IF ruptures [Thomas and Rockwell, 1996] are
also shown.
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