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The Salton Trough has filled repeatedly with freshwater Lake Cahuilla from avulsions of the Colorado
River. The relationship between lake fillings and large earthquakes is a topic of debate. From a new
study on the Imperial fault applying cone penetrometer soundings, we show that the long hiatus in lake
fillings between about ca 100 BCE and 950 CE resulted in accelerated slip in the few hundred years
after re-inundation, an observation that is also seen on the San Andreas and southern San Jacinto faults.

A regional, basin-wide signal of transient accelerated slip is interpreted to be the result of the effects
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of increased pore pressure on fault strength resulting from the 100 m of water load during full lake
inundations. These results demonstrate the effects of dramatically increasing pore pressure, termed the
reservoir induced seismicity effect, on fault activity and explain the current “earthquake drought” on the
southernmost section of the San Andreas fault.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC

license (http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

Understanding the timing of earthquakes along fault systems
remains a major endeavor in Earth sciences. Long time series of
earthquakes built on paleoseismological data show that the time
distribution of earthquakes along a fault system can vary through
time with periods of intense seismic activity separated by periods
of long seismic quiescence (Stein et al., 1997; Scharer and Streig,
2019; Lefevre et al., 2018). Earthquake-triggering mechanisms have
been proposed (King et al., 1994; Freed et al., 2007) to explain
such variability, which to date are not reaching any consensus. A
direct consequence of such short-term changes in seismicity rate
is that the local slip-rate also has to vary, although it averages
out over longer time periods (Wechsler et al., 2018). Unexpect-
edly, induced seismicity related to human activity sheds new light
on such processes by allowing unambiguous correlation between
changes in fluid pore pressure in the ground and seismicity (Healy
et al., 1968; Raleigh et al., 1976; Ellsworth, 2013; Keranen et al.,
2014; Keranen and Weingarten, 2018), and although more tenu-
ous, seasonality of seismicity (Bettinelli et al., 2008) in monsoon
prone areas is pointing toward the existence of a similar process
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for natural microseismicity. Along the southernmost San Andreas
fault, it has been argued that changes in the level of Lake Cahuilla,
a remnant of which is the Salton Sea, might have changed the rate
of seismicity for large earthquakes (Luttrell et al., 2007; Brothers
et al,, 2011; Philibosian et al., 2011). However, the lack of an accu-
rate lake-level chronology together with an overview of earthquake
activity in the Salton Trough impeded further progress.

The Salton Trough is host to the North America-Pacific plate
boundary distributed principally among three major fault zones:
the San Andreas, San Jacinto and Elsinore faults. Much of the slip
from these faults becomes concentrated southward along the Im-
perial fault, which transfers slip across the international border to
the Cerro Prieto fault, the northernmost transform fault extending
out of the Gulf of California (Fig. 1). The earthquake records of vir-
tually all fault strands of this plate boundary have been studied
to some degree over the past 40 yrs. However, only a few stud-
ies in the Salton Trough (Gurrola and Rockwell, 1996; Rockwell et
al., 2000a, 2011; Philibosian et al., 2011; Castillo et al., 2021) have
developed earthquake records that extend back ~1200 yrs, either
because sedimentation was very high, resulting in very deep ex-
posures, or because the sediment record was incomplete. Prior to
about 900 CE, lake chronology indicates an extended dry period
in the Salton Basin (Gurrola and Rockwell, 1996; Rockwell et al.,
2000a, 2022a) with the previous lakes dating to about 0-600 BCE
(Lake G of Rockwell et al., 2022a) and older.
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Fig. 1. Map of the southern Salton Trough region showing the extent of prehistoric Lake Cahuilla, the present-day Salton Sea, major faults, selected prior study sites along
the Imperial fault, and this study area. Orange hexagons are larger towns. The 1979 rupture is indicated in blue along the northern third of the fault, whereas the 1940

earthquake ruptured end-to-end.

The timing of the late Holocene high-stands of Lake Cahuilla is
well-dated and shows that there were six complete fillings of the
basin between about 900 and ca 1730 CE (Rockwell et al., 2022a).
The lake inundated sections of several major faults, including the
San Andreas, San Jacinto, Imperial, and Cerro Prieto faults (Fig. 1).
The lake inundations not only provide excellent stratigraphy at the
many paleoseismic sites around the basin, but also allow for a
coeval stratigraphic framework from which to correlate the paleo-
events documented at the various sites. However, because of the
depositional hiatus prior to about 900 CE, a longer view of the
possible relationship between lake inundations and earthquakes
has remained elusive as there were no paleoseismic results that
extended into the dry period to assess the rate of earthquake pro-
duction.

To recover a long paleoseismic records along the southern San
Andreas Fault system in the Salton Trough is difficult. The high
sedimentation rate results in young stratigraphic sections that are
too thick to be trenched by conventional methods. Here, we apply
Cone Penetrometer Testing (CPT) technology (Grant et al., 1997) to
the International Border paleoseismic site (Jerrett, 2015; Wessel,
2015) along the Imperial fault, which is part of the main south-
ern San Andreas fault system (Fig. 1). This site is located well into
the inundation area of Lake Cahuilla, which has filled six times in
the past 1100 yrs, and several more times earlier in the Holocene
(Rockwell et al., 2022a). The chosen site corresponds to a small
extensional basin which subsided during the large 1940 M~7 Im-
perial Valley earthquake; the basin had no geomorphic expression
prior to the earthquake (see Fig. S1 in the supplementary mate-
rial) (Rockwell and Klinger, 2013). CPT is an ideal tool for subsur-
face studies because clayey lake deposits are easily distinguished
from silty sand deltaic sediments. Unlike typical paleoseismological
trenches, CPT allows for stratigraphic exploration for several tens of
meters downward. Long records are important to test earthquake
recurrence models. In the case of the southernmost San Andreas
fault system, in fact it allows exploring the effects of lake loading

on the occurrence and frequency of large earthquakes, and in par-
ticular, why the current open interval on the San Andreas fault is
twice as long as the average earthquake recurrence interval (Phili-
bosian et al., 2011).

The ratio of subsidence and lateral displacement at this sag
is discretely known for the 1940 M7 Imperial Valley earthquake
(Rockwell and Klinger, 2013; Jerrett, 2015; Wessel, 2015) as the
topographic surface slope is very low (less than a meter per kilo-
meter). Hence, apparent vertical offset must be due to vertical mo-
tion rather than lateral offset of dipping strata. If the ratio remains
reasonably similar from earthquake to earthquake, we can also use
the discrete subsidence per event information to infer variations in
slip rate for the past 2 ka. There are many examples of repeating
vertical displacements of similar magnitude or development of ac-
commodation space at releasing steps activated during large earth-
quakes (Klinger et al., 2003; Rockwell et al., 2009, 2015). Hecker et
al. (2013) compiled paleoseismic displacement data from 171 sites
in 20 countries that show that slip per event at a point has a co-
efficient of variation (CoV) of 0.5, arguing for similar displacement
from event to event which supports the characteristic slip model.
For the Imperial fault, the fault ruptured end to end in the M7
1940 earthquake, but experienced smaller displacement along the
northern third of the fault, which re-ruptured in the M6.6 1979
earthquake. This led Sieh (1996) to infer a slip patch model in
which sections of faults express similar displacement from event
to event. Based on these observations, we infer that for similar
end-to-end ruptures along the Imperial fault that produce large
displacement at our study site, the lateral and vertical displace-
ments likely have been relatively similar. Assuming no significant
change in fault geometry from event to event, this implies that
large displacements as in 1940 should produce similar amounts of
subsidence from event to event such that we can infer short term
variations in slip rate from variations in subsidence rate. Moreover,
identification of discrete subsidence events is a direct proxy for the
occurrence of large earthquakes.
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Fig. 2. Detailed map of the locations of the two trenches, CPT transect, and core locations between Gunterman Rd and the Alamo River along the south side of Toland Drain,
located 0.8 km south of Highway 98. A subsurface pipe drains the southern field into Toland Drain, which required that the trenches be excavated in two sections. This also
precluded pushing CPTs close to the subsurface pipe, resulting in the wide spacing between CPTs 11 and 13. Fault mapping is transferred from the detailed map of the 1940
rupture in Rockwell and Klinger (2013). Trench observations are detailed in Jerrett (2015) and Wessel (2015).

The study site is co-located with previous paleoseismic trenches
that were excavated across a 20 m-wide releasing step (Fig. 2), pro-
ducing a sag depression in the 1940 earthquake (Wessel, 2015; Jer-
rett, 2015; Rockwell and Klinger, 2013). In that preliminary work,
the penultimate event occurred in Lake A and produced a similar
amount of subsidence (~1 m) as in 1940. Another two events, in-
terpreted as smaller northern Imperial fault events because they
are recognized in the lake strata in similar stratigraphic positions
at the Dogwood site (Rockwell et al., 2011) produced a cumula-
tive subsidence of about 6 cm. Notably, there was no evidence for
these smaller events only 2 km to the southeast near the border
(Thomas and Rockwell, 1996). Thus, the two small events are inter-
preted to represent 1979-type ruptures that involved displacement
of the northern Imperial fault but produced little to no substantial
slip at the border, whereas the 1940 and penultimate earthquake
at ca 1730 (Rockwell et al., 2018, 2022a) each produced about 1 m
of subsidence (Wessel, 2015; Jerrett, 2015). However, the 4-m-deep
trench exposed sediments from only the three most recent lake in-
undations, and the sediments from the third lake (Lake C of Rock-
well et al., 2018 and 2022a) were exposed only outside the sag
as they had been dropped to below the base of the trench within
the sag. Consequently, the trenching recorded only a 300-500 yr
record of paleo-earthquakes, similar to that of Thomas and Rock-
well (1996).

2. Methods

To lengthen the record, we emplaced CPT soundings at 1-4 m
intervals across the entire width of the sag, extending to several
meters beyond the margins of the depression to also capture the
far-field deformation (Fig. 2). The CPTs were emplaced in three
campaigns, with the first to explore the subsurface stratigraphy
and the second and third to fill in details that were not captured in
the first round. The CPT alignment was placed alongside and about
2 m to the north of the northern edge of the two trenches studied
by Jerrett (2015) and Wessel (2015) (Fig. 2). We also drilled two
continuous cores to directly observe the sediments, and to recover
samples for radiocarbon dating.

The CPT cone records the resistance of being inserted into the
ground (tip resistance) as well as the resistance to sliding through
the sediment (sleeve friction) (Grant et al., 1997). The probe is

mounted on a 25-ton truck that allows for deep penetration;
the probe is inserted vertically into the ground and continuously
records both tip resistance and sleeve friction as a function of
depth. Hence, CPT soundings are ideal for identifying correlative
strata in well-bedded stratigraphic sections. Fig. 3 shows the in-
terpreted correlation of lacustrine (clayey silt and clay) and deltaic
(silty sand and fine sand) sediments across the sag. The locations
of the trenches are indicated in Figs. 2 and 3, as are the two
cores with one core within and one outside the sag. In Fig. 3, the
tip resistance and sleeve friction are plotted back-to-back and are
extracted directly from the reporting sheets (PDFs) in Adobe Illus-
trator; the primary CPT reporting sheets from Middle Earth Geo
Testing, Inc. are included in the supplementary material.

The locations of the radiocarbon samples are shown in Fig. 3,
and the dates are presented in Table 1. Shell-bearing layers were
extracted from the core in the Quaternary Laboratory at SDSU and
rinsed in de-ionized water to separate shells, ostracods and char-
coal from the sediment. These three components were separated
under a microscope to concentrate each type of datable mate-
rial. The two samples of charcoal were single detrital chunks, and
each was dated separately. The ostracods are tiny and samples that
contained at least several dozen shells were combined as a sin-
gle sample and dated. Similarly, the shells were of the gastropod
species Tryonia protea, which average a few mg each in mass. We
selected 5 lustrous shells from each sample to combine for a sin-
gle date. Samples were taken to the CAMS facility at UC Irvine
and processed for AMS '4C dating. The charcoal was treated with
acid-base-acid (1N HCI and 1N NaOH at 75 degree C) prior to com-
bustion. Shell and ostracod samples were leached 50% with dilute
HCI prior to hydrolysis with 85% phosphoric acid. The 4C dates
were converted to calendar years in OxCal v. 4.4 (Bronk-Ramsey,
2021) using the marine 13 curve (Reimer et al., 2020) with a delta
R correction of 0+20 for Lake Cahuilla (Rockwell et al., 2022b).

Using the regional lake-stratigraphic sequence, which is in-
formed by nearly 300 radiocarbon dates on lake and inter-lake
periods from several paleoseismic sites and a study of drowned
stumps within the Lake Cahuilla basin (Gurrola and Rockwell,
1996; Philibosian et al., 2011; Rockwell et al., 2011, 2018), com-
plemented by additional dating from our cores, we correlate the
succession of clayey strata recognized by CPT and core to the well-
dated lake sequence (Rockwell et al., 2018, 2022a). Specifically, we
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Fig. 3. CPT soundings and interpretation of correlative strata across the sag depression that was reactivated in the 1940 Imperial Valley earthquake. Note the distinctive CPT
signature for unit 800, correlated to Lake G of Rockwell et al. (2022a). Also note the outlines of trenches excavated at the site in which the upper stratigraphy and faulting
was exposed (Jerrett, 2015; Wessel, 2015). Notably, some lacustrine clay layers appear thinner in the cores than interpreted from the CPT data, possible due to the siltier
sediment liquefying during the core recovery process. The locations of continuous cores are shown, along with the locations of '#C samples recovered from the cores; the
dark blue boxes along the cores are where lacustrine clay was noted in the core. The horizontal and vertical scales are equal. The CPT units are shown in Fig. 4 and the
supplementary material but cannot be displayed here due to the scale. The tip resistance is the right side of each CPT, whereas the sleeve friction is mirrored (flipped over)
on the left of each CPT (see explanation in Fig. 4). The interpreted earthquake horizons (EQ) are based on abrupt increases in subsidence, with some supported by the
apparent terminations of some fault strands and are shown as colored contacts. Note that some event horizons are only shown in the sag because the section is compressed
on the west and including thickened contacts obscures the CPT signature. The small events from the trench study are not included. C ages for dates that exhibit little to
no age inheritance are shown near their sample location; all '#C locations are indicated by yellow hexagons.

tied unit 800 to Lake G of Rockwell et al. (2022a) based on radio-
carbon dating and on the thick non-lacustrine section of unit 750
which is consistent with a long period of no lakes (but occasional
delta flooding events). Unit 850, which represents deltaic sedimen-
tation prior to the clay deposition of unit 800 and is interpreted to
represent the filling phase of lake G, yielded a radiocarbon date
that matches the age of Lake G. Underlying strata interpreted from
two older lakes are consistent with this interpretation. The late
Holocene lake sequence was then correlated based on the presence
of lacustrine versus delta deposits, and from direct correlation in
the previous trench investigations.

3. Results

The lacustrine (clayey) strata produced a signature with very
low tip resistance whereas the silty sand strata exhibited higher
tip resistance. Sleeve friction was variable but slightly higher in
the deltaic sediments. The interpretation of delta vs lacustrine was
confirmed using the continuous cores, as well as the previous ex-
posures in the trenches (Jerrett, 2015; Wessel, 2015). However, we
experienced some issues with the cores during extraction as the
silty sand deltaic sediments tended to liquefy for some of the core
recovery, which apparently thinned some of the clayey silt layers
associated with the lake clays. Hence, the clearly-lacustrine clay
layers in the core tended to be thinner than inferred from the CPT
data, which are not disrupted by the coring process.

The units follow the numbering scheme initiated in the trenches
(Jerrett, 2015; Wessel, 2015), with artificial fill near the surface as

unit 10 with unit numbers increasing downward. Unit 200 cor-
responds to Lake A (ca 1731-1733 CE), unit 300 corresponds to
Lake B (ca 1618-1636 CE), and unit 400 corresponds to Lake D
(ca 1486-1503) (Rockwell et al., 2022a). The numbering scheme
from the trenches used numbers in the hundreds to correspond
to interpreted lakes and numbers between successive hundreds to
correspond to deltaic sediments, and we extend that scheme here.
Notably, much of the deltaic sequence likely represents the inun-
dation or filling phase of the lake deposits that immediately overlie
it, although it is possible that some deltaic sedimentation simply
occurred during minor flooding events. Unit 800 is interpreted to
correspond to Lake G of Rockwell et al. (2022a) based on radiocar-
bon dating.

The CPT signatures for each sounding are distinctive and along
with the continuous cores, allow for correlation of stratigraphic
units across the sag depression (Fig. 3). As CPT spacing ranged
from 1 to 4 m (most are spaced at 1 m), the normal ambigui-
ties of applying CPT data for subsurface evaluation were almost
non-existent as the CPT signature for individual stratums as well
as packages of strata were largely unique. However, the main faults
on the western side of the graben express much of the vertical dis-
placement and pose some issues with correlation of units across or
within this fault zone. Our primary focus is on the strata from Lake
G and above, so we compared the CPT signature of the upper part
of the section across the fault to confirm the correlations of strata
(Fig. 4). The sedimentation rate on the east side of the fault was
slightly higher after deposition of Lake G strata, possibly due to a
small east-side-down component of displacement (although juxta-
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Radiocarbon dates on shell (sh), ostracods (ostr), and detrital charcoal (ch) from the eastern and western cores shown in Fig. 3. The
high-lighted dates are the only ones that follow stratigraphic ordering and were used to constrain the lake ages and correlate Lake
G to the regional lake model of Rockwell et al. (2022a). The other dates exhibit significant age inheritance from reworking of older
shells and ostracods, with the charcoal dates being the worst (presumably because of the abundant old wood in the Colorado Plateau
region). Sample W8 is not highlighted because it is older than dates from the paleoseismic trenches from the same unit (Jerrett, 2015;

Wessel, 2015) and exhibits some age inheritance.

UCIAMS  Sample name Depth  Unit  fraction =+ D'4C + 4Cage 4+  Calibrated age
# (m) Modern (%0) (BP) range

210454 W8 -Sh 3.7 450 0.8125 0.0016 -187.5 1.6 1670 20 650-811 CE
210440 W1 - Ostr 4.6 450 0.8325 0.0016 -167.5 1.6 1475 20 818-1027 CE
210453 W1 - Sh 4.6 450 0.7586 0.0014 -2414 14 2220 15 35-242 CE
210433 E1- Ostr. 7.5 450 0.8064 0.0014 -193.6 14 1730 15 586-721 CE
214821 E1 sh @ 8m redo 7.5 450 0.8061 0.0015 -193.9 15 1730 15 614-750 CE
210446 E1 - Sh 7.5 450 0.7843 0.0014 -215.7 14 1950 15 352-561 CE
210451 E5 - Sh 12 650 0.6616 0.0012 -338.4 12 3320 15 1351-1089 BCE
210462 E5- Char 12 650 0.2290 0.0007 -771.0 0.7 11840 30 11799-11620 BCE
214823 E5-Sh 12 650 0.6134 0.0011 -386.6 11 3925 15 2069-1855 BCE
210439 W9 - Sh 7.0 750 0.6882 0.0012 -311.8 1.2 3000 15 912-766 BCE
210452 E6 - Sh 13.7 750 0.6072 0.0011 -392.8 11 4010 15 2193-1956 BCE
210436 E6 - Ost 13.7 750 0.6159 0.0055 -384.1 5.5 3890 80 1929-1680 BCE
210448 E3 - Sh 154 750 0.6191 0.0011 -380.9 11 3850 15 1965-1746 BCE
210449 E3 -Sh 154 750 0.6160 0.0010 -384.0 1.0 3890 15 2016-1801 BCE
210434 E3 - Ostr 154 750 0.6266 0.0012 -373.4 12 3755 15 1846-1616 BCE
214822 E3 Shell 154 750 0.6100 0.0014 -390.0 14 3970 20 2128-1902 BCE
214825 E8 @ 58 17.7 750 0.7025 0.0013 -297.5 13 2835 15 772-512 BCE
210438 W6 - Sh 9.0 850 0.5889 0.0011 -411.1 11 4255 20 2539-2286 BCE
210437 W5 - Sh 9.8 850 0.5430 0.0012 -457.0 12 4905 20 3376-3101 BCE
210463 W5 -Char 9.8 850 0.3898 0.0010 -610.2 1.0 7565 25 6461-6401 BCE
214824 E7 Sh @ 209 850 0.7384 0.0016 -261.6 1.6 2435 20 255 BCE -12 CE
210447 E2 - Sh 22 900 0.6887 0.0012 -3113 1.2 2995 15 881-754 BCE
210435 E4 - Ostr 24 1000 0.6892 0.0014 -310.8 14 2990 20 855-732 BCE
210450 E4 - Sh 24 1000 0.7197 0.0012 -280.3 1.2 2640 15 481-250 BCE
210455 W10 - Sh 16.4 1300 0.5277 0.0011 -472.3 11 5135 20 3644-3405 BCE
214874 W7 Roots 11.6 0.9743 0.0016 -25.7 1.6 210 15 1651-1950 CE

position of slightly different thicknesses of units could also explain
this as the fault has moved upwards of 60 m laterally since de-
position of this unit). Fig. 4 shows the correlation of strata across
the fault with the upper part of the section (Lake G and younger
strata) slightly compressed on the northeast side; Lake G is the
first lacustrine section encountered below deltaic sediments asso-
ciated with the approximately 1 ka dry period between lakes G
and F (Rockwell et al., 2022a). We are confident in correlation of
strata above unit 900 in Fig. 3, and less certain for the older lakes.

The radiocarbon dating demonstrates a profound amount of
reworking of gastropod and ostracod shells based on the large
number of dates that violate stratigraphic ordering. As each shell
date represents a sample composed of 5 individual Tryonia protea
shells, the resulting age is the average age of the individual shells.
Similarly, the ostracod shell samples were composed of dozens of
individual shells. Although we tried to pick out only pristine and
lustrous gastropods for dating, the only other plausible explanation
other than profound reworking is that the some of the shells and
ostracods were derived from far up the Colorado River where there
may have been abundant dead carbon in the water that skewed
the ages to the old side. This is not the likely explanation at Fer-
rum, where Rockwell et al. (2022b) show that about 90% of Tryonia
protea shells are reworked, with ages ranging from about 550 yrs
to over 7000 yrs. The youngest shell dates at Ferrum calibrate to
Lake A at ca 1730 applying a delta R correction of zero (which we
used in our analysis). Reworking appears to be a significant issue
with shells in the Lake Cahuilla basin, which is not surprising con-
sidering that there are numerous lacustrine gastropods scattered
across the desert floor below the shoreline; these will undoubtedly
be remobilized should the basin ever be allowed to fill again. Based
on the above, we use the youngest dates from any given strati-
graphic unit as maximum ages for that stratum, and we assume
that all dates that are older from overlying units exhibit some de-
gree of either reworking or dead carbon age inheritance. Applying
this logic, sample E7 from unit 850 either is older than or dates the

filling of Lake G (unit 800) at 255 BCE to 12 CE, consistent with the
age of Lake G at 612 to 5 BCE (Rockwell et al., 2022a). Similarly,
sample E4 (sh) from unit 1000 yielded a slightly older age of 481
to 250 BCE, stratigraphically consistent with sample E7, and sam-
ple W10 from unit 1300 yielded an age of about 5.5 ka (Table 1).
In contrast, all samples from units 650 to 850 yielded ages that
ranged between about 500 and 6400 BCE (2.5-8.4 ka) older than
the ages from units 850 and 1000. Consequently, we infer that 80-
90% of the dates have some degree of age inheritance, similar to
what was determined at Ferrum (Rockwell et al., 2022b). From the
limited number of valid radiocarbon dates along with the sequence
of stratigraphy, units 500, 600, and 700 in Fig. 3 are interpreted to
correlate to Lakes D, E, and F in Rockwell et al. (2022a).

One important aspect to note is that most sedimentation oc-
curs when the Colorado River avulses north from its normal flow
to the Gulf of California (Sea of Cortez) and flows down the Alamo
and New Rivers to fill, partially or completely, the Lake Cahuilla
basin. Complete filling of the basin requires only 12-20 yrs, de-
pending on the flow rate of the Colorado River (Rockwell et al.,
2018). Between such flows, there is probably little to no deposi-
tion on this area of the Colorado delta, implying that much of the
section studied here resulted from fairly short periods of deltaic
flooding of the basin (silty sand deposits) followed by deeper wa-
ter lacustrine deposition of the clayey strata if the flow resulted in
a full lake. Once the river avulses back to its channel towards the
Gulf, deposition in the basin effectively stops, resulting in a pe-
riod of non-deposition. As there have been several historical flows
into the basin that did not result in full lakes, including from 1905
to 1907 which resulted in the formation of the Salton Sea (Cory,
1915), it is probable that some sedimentation may have occurred
in the vicinity of the CPT line between lakes, especially consider-
ing its proximity to the Alamo River, but we do not see evidence
of coarser fluvial channel alluvium above about 17 m depth: CPT1,
which is closest to the Alamo River, exhibits a distinct coarsening
at this depth which could be evidence that the channel was closer
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Fig. 4. Comparison of CPTs 2 and 3 southwest of the fault with CPTs 16 and 17 northeast of the pull-apart basin. Note that the depositional environments of these CPTs
were not only separated by nearly 30 m but also by however much displacement has occurred on the fault since deposition of individual strata, as much as 60 m. The
sedimentation rate was apparently a somewhat higher northeast of the fault since the time of Lake G so the section is slightly thicker relative to the southwest side.
Nevertheless, the only reasonable correlation is to match the first long lacustrine episode after the long delta phase, as shown. Older lakes below Lake G (unit 800) also
match reasonably well, at least in the upper part of the section. The scale on the right shows the amount of compression of the section needed for the best match. The scale

is in feet, as that is how the data were collected by the CPT rig.

to the fault during deposition of strata older than unit 1300. For
these flows, it seems reasonable that a sag depression would fill
quickly if accommodation space was available.

Based on the interpreted correlations of strata in Fig. 3, we
measured the amount of subsidence for each lake stratum (Table 2)
(Measurements are presented in Figs. S29 to S34 in the supple-
mental material). The thick clayey section associated with Unit 800
is well-correlated through the entire CPT line and provides a basis
for interpreting the lacustrine deposits associated with units 500,
600 and 700 (interpreted to correlate to lakes F, E, and D). Sedi-
ments from lakes C, B, and A were exposed in the trenches in the
upper 3.5 m of the profile and correlate well to units 400, 300 and
200, respectively.

To quantify subsidence, we compared the elevations of the tops
and bottoms of the interpreted lake strata within the sag and at
their highest points at the far ends of the CPT lines, CPT1 and
CPT20 (presented as Figs. S29 through S34 in the supplementary
material). The rational for this is that there is clear warping and
minor faulting affecting the stratigraphy adjacent to the bounding
faults which accommodate some of the vertical signal. In contrast,
the surface geomorphology demonstrates that the natural slope is
on the order of a meter per kilometer. Consequently, we infer that
the apparent vertical warping is tectonic and should be included
in the analysis of vertical displacement. Notably, the vertical dis-
placements measured in the trenches (Jerrett, 2015; Wessel, 2015)
likely underestimate the actual full vertical displacement because
they only account for slip on the bounding faults in the trench

exposures and not the far-field warping or slip from minor fault
strands.

Large earthquakes are interpreted where there is an abrupt
increase in vertical separation across the bounding fault strands
(Table 2). We also identified structural evidence for discrete rup-
tures where lower strata are displaced by faults and then possibly
capped by unbroken strata within the step-over, although these
are not the basis of the interpretations in Table 2. Notably, many
of these secondary faults predate the stratigraphy exposed in the
trenches where no evidence of faulting was observed above the
locations of the buried faults.

Based on measurements as described above and presented in
Table 2, the sag has experienced ~18.5 m of subsidence in the past
~2.1 ka relative to the SW side of the fault, and 15.5 m relative to
the NE side of the fault since deposition of the top of unit 800,
indicating a long-term NE-side down sense of separation (Fig. 3).
The top (T) and bottom (B) estimates of subsidence relative to the
eastern and western sides of the fault are presented in Table 2 for
each interpreted lake unit. The amount of subsidence within or be-
tween lake units is estimated when there is an abrupt increase in
subsidence between successive contacts (VD column in Table 2).
For instance, the base of unit 500 has subsided about 6.05 m rela-
tive to the western block and about 5.35 m relative to the eastern
block, whereas the top of unit 600 has subsided about 9.2 m and
8.4 m relative to the western and eastern blocks, respectively. This
indicates that an additional 3 to 3.2 m of subsidence occurred be-
tween deposition of units 500 and 600. This subsidence could have
occurred any time between these lacustrine deposits during a delta
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Table 2

Measurements of vertical separation (VD) on lake strata for the eastern and western sides of
the sag depression based on the trench observations (near-field measurements in parenthe-
ses for units 50, 200 and 300: Jerrett, 2015; Wessel, 2015) and correlation and interpretation
of CPT soundings (far-field measurements). Each lake deposit was measured at the top and
bottom (T | B) of the interpreted stratum, as presented in the supplemental material. Mea-
surement uncertainty for the far-field separation is about 10-20 cm. Note that the near-field
trench measurements are minimums. Also note that the base of unit 800 (Lake G) was not
penetrated by the CPT so the vertical estimate is a minimum value. The small events are
those described in Jerrett (2015) and Wessel (2015) and exhibit a total of 6 cm of vertical
separation and subsidence in the sag.

Unit Lake T/B West Side East Side VD Event
(m) (m) (m)

50 — T — (0.93) (0.93) EQ1 (1940)
200 A T - (1.8) (0.87) EQ2 (~1730)
200 B (1.0) (1.86)
300 B T 1.45 (0.95) 2.15 (1.86) (<0.1) small events
300 B 2.4 2.4 (1.8) 0.35-0.95 EQ3 (~1628)
400 C T 2.5 23
400 B 2.4 2.6

245-275 EQ4, EQ5 (?)
500 D T 52 49
500 B 6.05 5.35 0.45-0.85 EQ6

3-32 EQ7, EQS8 (?)
600 E T 9.2 8.4
600 B 9.3 8.3

~0.5 EQ9
700 F T 9.8 8.9
700 B 111 10.2 13 EQ10

5.3-74 EQ11, EQ12

EQ13, EQ14
(EQ15?)

800 G T 185 15.5
800 B 194 15.9 0.4-0.9 Q15? or EQ16

Approx. ages of units: Unit 200 (Lake A) - 1731-1733 CE, Unit 300 (Lake B) - 1618-1636 CE,
Unit 400 (Lake C) - 1486-1503 CE, Unit 500 (Lake D) - 1192-1241 CE, Unit 600 (Lake E) -
1007-1070 CE, Unit 700 (Lake F) - 930-966 CE, and Unit 800 (Lake G) - 612-5 BCE (Rockwell

et al.,, 2022a).

depositional phase or at the end of deposition of lacustrine unit
600 or the beginning of lacustrine unit 500. In contrast, the base
of unit 700 is offset more than the top, which suggests the oc-
currence of a subsidence event during deposition of the lacustrine
section itself.

Analysis of the amount of subsidence for each stratigraphic unit
indicates the occurrence of six 0.5-1.3 m subsidence events and
a couple of 2.5-3 m subsidence events in the past 1100 yrs. We
interpret each of these larger subsidence events to represent two
earthquakes with 1.25-1.5 m subsidence per earthquake. It is possi-
ble that the large subsidence events result from single earthquakes,
but that would require 2 to 3 times the amount of subsidence
than that which occurred in conjunction with 6 m of lateral slip in
1940, which we consider unlikely as that implies either very large
lateral slips or that the amount of subsidence is coincidentally a
factor of two larger than the average smaller subsidence events.
Determination of the exact amount of subsidence for each singular
earthquake, however, is hindered by our limited resolution in the
spacing of the tops and bottoms of lacustrine contacts. If multiple
earthquakes occurred during the period of lake infill dominated by
deltaic sedimentation, rather than during a full-lake period under-
going clayey deposition, it is not possible to resolve the discrete
subsidence associated with each of them. Another issue is that if
an event occurred during the filling phase during deltaic sedimen-
tation, it will appear to be associated with a dry period. In this
model, some of the subsidence associated with a “double” event
may have actually occurred as the lake was nearly full, in which
case that event would have actually been associate with a lake
highstand. Accordingly, we interpret that there have been as many
as 15-16 earthquakes in the past 2.3£0.3 ka, including the four or

five events that we interpret to be associated with the 5.3-7.4 m
of vertical offset that accrued between lakes G and F and an event
in Lake G itself.

The rate of subsidence was relatively slow at about 5.5-7.1
mm/yr between about ~2.3 and 1.1 ka ago, as estimated from the
slope of the lines in Fig. 5 for subsidence relative to the western
and eastern sides of the fault, respectively. This is a period during
which no lakes are known to have filled the basin (Rockwell et al.,
2011, 2022a). Subsidence accelerated to about 17 mm/yr after in-
undation by Lake F (unit 700) at about 950 CE, and this higher rate
persisted for about 300-400 yrs during the period of lakes F, E, and
D (units 700, 600, and 500) before slowing down to about 5.1-5.4
mmy/yr, a rate similar to that which preceded Lake F (Fig. 5).

4. Discussion

The CPT observations document 15.5-18.5 m of subsidence (top
unit 800) that occurred as discrete events in the past ~2.1 Kka,
of which 10 large events occurred in the past 1.1 ka and prob-
ably several more between 1.1 and 2.1 ka. The observation that
~1 m of subsidence in 1940 was produced when 6 m of lateral
slip passed through the sag suggests that previous ~1 m subsi-
dence events, such as in ca 1730, may have resulted from earth-
quakes similar to 1940, in which the entire Imperial fault ruptured
end-to-end. Altogether, six subsidence events since ca 950 CE, in-
cluding the 1940 earthquake, produced larger or smaller amounts
of subsidence, and the average vertical displacement for these six
events is a little over 0.8 m, which is close to that observed for
1940 and 1730 (although the 1940 and 1730 events probably have
low estimates as they were only measured in the near-field). We
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Fig. 6. Probability distributions generated by OxCal based on placing the event horizons into the regional model for Lake Cahuilla (Rockwell et al., 2022a). The lightly-shaded
boxes are distributions trimmed by the historical record and a climate model. The brackets below the PDFs represent the 95% confidence intervals.

interpret all of these to be large earthquakes that produced sig-
nificant lateral slip across the international border, although the
~half-meter subsidence events may represent somewhat smaller
slips.

Two other interpreted events produced ~2.5-3.2 m of subsi-
dence, which is a factor of two or more larger than the 1940-
type events. If there is any relationship between subsidence and
lateral slip, it is difficult to envision that the Imperial fault pro-
duced lateral displacements events that are twice as large as the
1940 earthquake, especially considering the relatively high heat
flow (Sibson, 1982) and relatively shallow seismic locking depth
(Smith-Konter et al., 2011). We consider it more likely that these
double-sized subsidence events represent two earthquakes so we
interpret them as such. Thus, we interpret that there were 10 large
subsidence events in the past 1100 yrs yielding an average subsi-
dence per event of 1 to 1.1 m relative to the eastern and western
sides of the fault, respectively.

Six or seven of these earthquakes occurred in the 300-400 yrs
after inundation by Lake F whereas only three or four occurred in
the following 600-700 yrs up to the present day. This represents
a substantially higher rate of subsidence, and hence, interpreted
earthquake occurrence, in the period after Lake F filled the basin,

and this was followed by a period of less subsidence and therefore
fewer interpreted earthquakes (Fig. 5).

The only other two paleoseismic records that extend back to
and include Lake F are the Coachella paleoseismic site on the
San Andreas fault (Philibosian et al., 2011) and the Carrizo Wash
site on the Superstition Mountain strand of the southern San Jac-
into fault (Rockwell et al., 2000a; Ragona et al., 2001; Ragona,
2003; Verdugo, 2005). The stratigraphic context of some sedimen-
tary units at the Coachella site was reinterpreted by Rockwell
et al. (2022a) because some lacustrine deposits had been mis-
classified as non-lacustrine. Specifically, the presence of organic
mats, which are only found around the basin below the shoreline
of ancient Lake Cahuilla, was reinterpreted to represent organic
accumulations from inundations by the lake rather than soils in
this hyper-arid environment. Consequently, the evidence for events
Coa3 (weak) and Coa4 (strong) was combined as they both are
now interpreted to have occurred during the inundation phase of
Lake C. Similarly, the “persistent” organic layer associated with unit
S5 at Coachella was reinterpreted by Rockwell et al. (2022a) to rep-
resent the inundation phase for Lake D. In addition, event Coa8
occurred in deposits that are reinterpreted to date to the time
of Lake F, so that event is included in this analysis. We recalcu-
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lated the earthquake ages at the Coachella site (Fig. 6) using the
new lake model of Rockwell et al. (2022a), including the reinter-
preted stratigraphy as presented in the electronic supplement to
Rockwell et al. (2022a), and using the stratigraphic position of the
earthquake event horizons, as presented in Philibosian et al. (2011)
(The Oxcal model for Coachella is presented in the Supplementary
Material). Six of the seven events are now interpreted to have oc-
curred during lake phases, and four of the seven events occurred
during the first 300-350 yrs after inundation by Lake F, with the
other three in the ensuing 750-800 yrs (Fig. 6).

Similarly, we recalculate the ages of the three large slip events
at the Carrizo Wash site on the southern San Jacinto fault, all
of which experienced about 2 m of lateral displacement (Ragona,
2003), using the lake model of Rockwell et al. (2022a) (The Ox-
cal model is presented in the Supplementary Material). For Carrizo
Wash, the stratigraphy is described in the electronic supplement to
Rockwell et al. (2022a), and the earthquake interpretations are un-
changed from Ragona (2003) and Verdugo (2005). Two events oc-
curred in the first 300-350 yrs after inundation of Lake F whereas
only one event has occurred in the past 750-800 yrs (Fig. 6).

The above observations demonstrate that the frequency of
earthquakes on the southernmost San Andreas, San Jacinto and
Imperial faults all shows a similar pattern with more earthquakes
during the few hundred yrs after inundation by Lake F, and fewer
earthquakes in the ensuing 750-800 yrs after lake D. Only the
longer record on the Imperial fault demonstrates that the more
frequent earthquake activity during lakes F through D follows a
period of fewer earthquakes during the long dry period between
lakes G and F. Nevertheless, the observed pattern argues for a
basin-wide signal that requires a system-level explanation.

Luttrell et al. (2007) interpreted the increase in weight due to
lake loading as the primary mechanism to decrease the strength of
the San Andreas fault, as the lake center is off to the west of the
fault. However, the Imperial fault lies within the basin and should
be unaffected by weight as both sides are equally loaded. Hence,
we interpret the above observations as primarily a signal of tran-
sient variations in pore pressure at seismogenic depth (Healy et al.,
1968; Raleigh et al., 1976; Ellsworth, 2013; Keranen et al., 2014;
Keranen and Weingarten, 2018). The dry period would result in a
decrease in pore pressure and an increase in fault strength, and a
consequent additional accumulation in elastic strain. New model-
ing by Hill et al. (2023) directly modeled the effect of pore pres-
sure variations and conclude that fluctuations in lake level likely
modulated earthquakes on the San Andreas fault.

We suggest that this effect was basin-wide. When the basin
was once again filled with water to 13 m elevation during Lake
F, resulting in ~100 m of water depth, an increase in pore pres-
sure, and a decrease in fault strength, these faults are interpreted
to have released the extra accumulated elastic strain by produc-
ing more frequent earthquakes. This would also result in increased
slip rates on these faults in the first few hundred years after in-
undation. This latter idea is explored further below, but our new
data on the Imperial fault supports this assertion if the amount of
lateral slip is in any way related to the amount of subsidence per
event in the sag pond that we explored.

Once the system re-equilibrated to the new conditions, crustal
loading, which in the far-field would not be expected to change,
continued to load the fault and produce earthquakes at a rate that
is similar to the dry period before Lake F. This is indicated by the
subsidence rate at the Imperial sag which exhibits a rate for the
past 750-800 yrs that is very similar to the rate between Lakes G
and F between 2.1-2.4 ka and 1.1 ka. As all three studied faults
exhibited the same post Lake F behavior (Fig. 6), we infer that this
basin-wide effect may have affected all faults within the Salton
Trough.
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4.1. Slip rate considerations on the Imperial fault

The slip rate on the Imperial fault, the primary fault in the San
Andreas fault system crossing the US-Mexico border, is estimated
to range from 20 mm/yr to 36 mm/yr (Thomas and Rockwell,
1996; Bennett et al., 1996; Meade and Hager, 2005; Smith-Konter
et al,, 2011; Lindsey and Fialko, 2016). Part of this uncertainty re-
flects the time span and the methods used to resolve rate. Most
of these rates are based on geodetic models that assumed that the
Imperial fault was the only major strand crossing the international
border. The Thomas and Rockwell (1996) rate was based on a very
short geologic record of less than 500 yrs, and may therefore be
biased by too short of an observation period. Resolution of slip per
event for the past 2,000 yrs of earthquakes for a site on the Dead
Sea fault shows that the slip rate can vary over several earthquake
cycles and that at least 8-10 events are required to average out the
long-term slip rate (Wechsler et al., 2018). The southern San An-
dreas fault system may require an even longer time period to reach
a meaningful average slip-rate considering the issue of fluctuating
lake levels.

If our assumption that the amount of subsidence per event is
at least roughly correlated to lateral slip, then this suggests that
slip rate also accelerated after about 900 CE when Lake F filled
the basin after the extended dry spell. Using the 5.5 m of aver-
age slip that occurred in the border region in the 1940 earthquake
(Rockwell and Klinger, 2013), and assuming that each large sub-
sidence event results from similar lateral slip, at least on average,
the ten events that occurred since about 900 CE would have pro-
duced about 55 m of lateral displacement (although two of the
subsidence events were smaller at about 0.5 and 0.65 m, so this
may be a slight exaggeration), which is nearly equal to the plate
rate. Between about 900 and 1300 CE, we document the occur-
rence of five or six events, which would imply 27.5 to 33 m of
lateral slip in only ~400 yrs, resulting in a much higher rate of
~70 to 80 mm/yr, much higher than the plate rate. In contrast,
the past ~700 yrs have only experienced three or four such large
earthquakes, yielding a much lower rate of 23 to 32 mm/yr, which
is in the middle of current rate estimates.

Assessing the rate between 2.34+0.3 ka and 1.1 ka is more dif-
ficult using this method because we do not know the precise
number of large events. However, there was ~5-7 m of subsidence
within the pond, and using the average subsidence per event (1-
1.1 m) suggests the occurrence of five to seven earthquakes in this
time interval. That would equate to ~27.5 to 37.5 m of lateral slip
in ~ 1.2 ka, yielding a slip rate for this period of ~23 to 31 mm/yr,
which is similar to the current rate suggested by Lindsey and Fi-
alko (2016). Considering the entire 2.3+0.2 ka period, and applying
the 10 events since 1.1 ka and the additional 5 to 7 events between
2.340.2 and 1.1 ka, 13-15 such slip events would yield a slip rate
of 34 to 39 mmy/yr using the 5.5 m average slip per event, consis-
tent with the higher estimates of the current rate (Bennett et al.,
1996; Meade and Hager, 2005).

The overall observation is that the subsidence rate, and there-
fore the inferred slip rate, was lower when water was absent from
the basin and then accelerated greatly when the basin was once
again filled with water. This observation stands regardless of the
number of earthquakes interpreted or inferred between lakes G
and F. These data argue strongly that the presence or absence of
100 m of water in the Salton Trough affects the strength of the Im-
perial fault. The Imperial fault is loaded equally in terms of weight
so the likely major mechanism is the increase in pore pressure
which reduces the effective normal stress (Hill et al., 2023), al-
though the increase in water weight adjacent to the San Andreas
fault may also be a factor for that fault (Luttrell et al., 2007). Broth-
ers et al. (2011) also argue that lake loading triggers large southern
San Andreas fault earthquakes, and it has now been nearly 300 yrs
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since the last large surface rupture (Rockwell et al., 2018). How-
ever, they did not develop a specific chronology to see the effects
of lake loading on the frequency of earthquakes so our study is the
first to directly show the relationship between the rate of earth-
quake production and lake loading.

One consequence of the effects of pore pressure is that it has
now been 300 yrs since the last complete filling of Lake Cahuilla
and the fault may now be stronger as a result. This may explain
the apparent “earthquake drought” on the southern San Andreas
fault, as it has been 300 yrs since the last large earthquake. Al-
ternatively, the recurrence interval on all three faults presented in
this study had relatively short periods between large events for
the several hundred years after inundation by Lake F, whereas the
past 700 yrs or so have seen a longer recurrence interval by about
a factor of two. Taken in perspective, the apparently longer open
interval on the southern San Andreas fault may simply be more
representative of the recurrence interval during dryer times rather
than being “overdue” for an earthquake.

A last point, which is more speculative, is that the apparent
increase in seismicity along the Imperial fault coincides with a
period of more intense seismicity in southeastern California. The
past thousand years have seen a cluster of large earthquakes in
the Eastern California Shear Zone (Rockwell et al., 2000b), so there
is the possibility that the change of seismicity rate due to the tran-
sient effect of lake loading may have a medium distance effect on
the rate of earthquake production in nearby regions.

5. Conclusions

We show that the Imperial fault probably experienced a tran-
sient increase in slip rate that possibly exceeded the plate rate dur-
ing the burst of seismic activity that followed the long dry period
between Lakes G and F. We also have demonstrated that the south-
ern San Andreas and Superstition Mountain faults in the Salton
Trough experienced a higher rate of earthquake production in the
several hundred-year period after inundation of Lake Cahuilla fol-
lowing the long dry interval than in the past 700-800 yrs. We
attribute these variations in seismic activity to be related to vari-
ations in pore pressure that have directly affected the strength of
the faults within the basin. As the region has apparently transi-
tioned into another dry period for the past 300 yrs, the long open
interval on the southern San Andreas fault may simply reflect the
re-strengthening of the fault rather than the fault being “overdue”
for an earthquake. This may also support the idea that the 3-4 m
of slip along the southern San Andreas fault during the past few
earthquakes (Blanton et al., 2020) may be exceeded in the next
southern San Andreas rupture, with as much as 5-6 m of slip (Fi-
alko, 2006).
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