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will be a substantial delay in the impact of lower
crustal production rates on decreased lowtemperature fluid fluxes, because the age spectrum
of the ridge flanks changes only slowly. Presently,
only ~55% of the ocean floor is less than 65
million years old and contributes to ridge flank
hydrothermal circulation, compared with ~85%
in the Late Cretaceous (32). Decreasing fluidrock exchange on the ridge flanks throughout the
Tertiary, superimposed on decreases in global
mid-ocean ridge axial hydrothermal activity since
the Cretaceous, could therefore explain the
observed increase in seawater Mg/Ca and Sr/Ca
ratios since the Oligocene.
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Climate-Modulated Channel Incision
and Rupture History of the San Andreas
Fault in the Carrizo Plain
Lisa Grant Ludwig,1* Sinan O. Akçiz,1 Gabriela R. Noriega,1 Olaf Zielke,2 J Ramón Arrowsmith2
The spatial and temporal distribution of fault slip is a critical parameter in earthquake source models.
Previous geomorphic and geologic studies of channel offset along the Carrizo section of the south
central San Andreas Fault assumed that channels form more frequently than earthquakes occur and
suggested that repeated large-slip earthquakes similar to the 1857 Fort Tejon earthquake illustrate
typical fault behavior. We found that offset channels in the Carrizo Plain incised less frequently than
they were offset by earthquakes. Channels have been offset by successive earthquakes with variable slip
since ~1400. This nonuniform slip history reveals a more complex rupture history than previously
assumed for the structurally simplest section of the San Andreas Fault.
nowledge of the age and associated
slip distribution for surface-rupturing
earthquakes is essential for understanding fault rupture and the recurrence of large,
potentially destructive earthquakes (1). Paleoseismological data about previous large earth-
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quakes are needed to characterize rupture patterns
and assess the associated seismic hazard (2).
Dates of past earthquakes are obtained from
excavations across active faults, where the disruption of the ground surface at the time of the
event is encased in datable sediments. Channels
offset along faults are used as markers to determine displacements in successive earthquakes
and to infer earthquake recurrence on the basis
of two assumptions: (i) Strain release rate along
that section of the fault is constant during the
period of interest, and (ii) the channels form more
frequently than they are offset by earthquakes.
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The south central San Andreas Fault (SAF)
last ruptured in the great 1857 earthquake (all
dates are calendar years C.E.) and displaced
channels that crossed the fault (3, 4). In the
Carrizo Plain, measurements of slip rate over
different time intervals agree with geodetically
measured loading rates of ~35 mm/year (2, 3, 5).
Several studies have analyzed offset channels to
infer slip distribution from the great 1857
earthquake and prior ruptures (3, 4, 6–8) in the
semi-arid Carrizo Plain. Near Wallace Creek
(Fig. 1), channels offset by approximately 33 m,
21.8 m, and 9.5 m (3, 4) were interpreted to be
caused by three successive earthquakes with
surface slip of 11.2 m, 12.3 m, and 9.5 m,
respectively (3). However, determining the incision age of offset ephemeral stream channels is
difficult if only the channel fill sediments are
dated, because transported organic material may
have inherited age (7, 9–12).
We sought to determine the age, and consequently the slip history, of channels that are offset
by commonly measured offset values of ~8 to 10
m and ~16 m in the Carrizo Plain and along the
1857 rupture of the southern SAF (4, 7, 8). To test
the hypothesis that incision occurred more
frequently than offset, we used traditional stratigraphic analysis, with high-resolution radiocarbon
dating and new records of extreme climate events
(9, 13, 14), to determine the relative sequence of
earthquake rupture and channel incision. We
focused on a section of the SAF between Wallace
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Creek and the Bidart Fan (BF) paleoseismic site
(Figs. 1 and 2) in the northern Carrizo Plain
(7, 10–12), where excavations provide unique
exposures of faulted sediment adjacent to offset
channels (11, 15).
In the BF, drainage from the Temblor Range
deposits alluvial sediments and forms channels
nearly perpendicular to the SAF (Fig. 1). Drainage areas of these channels vary over several
orders of magnitude along strike of the fault.
BF shows evidence of recent deposition and
incision of two offset channels (Fig. 1). Depo-
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sition of sediment on the BF surface and erosion
of channels into it was driven by varying climatic
conditions over the past 700 years (9). Many
non-offset channels that now cross the SAF in
the Carrizo Plain might have incised during the
unusually wet decades from 1861 to 1891, possibly during 1861–1862, when floodwaters cut
arroyos in southern California (16). Stratigraphic
correlation and radiocarbon dating of sediments
across the fan show that alluvium deposition was
strongly controlled by incision of deep channels
into the BF (17). The location of the depositional
lobe has shifted through time (11), and those
sections of the fan with deep channels experienced limited sedimentation. These incision
events caused depositional hiatuses on the fan
surface near the northwest and southeast channels (Fig. 1). Alluvial sediments that were deposited before incision of the adjacent (>2 m)
deep channels were exposed in trenches 2, 3,
and 4 (Fig. 1) and radiocarbon-dated to constrain
the approximate dates of incision. Near the
northwest channel, layers exposed in trenches
3 and 4 that are ~10 cm, ~50 cm, and ~ 60 cm
below the surface were dated approximately 1340
to 1400 (15, 17), indicating that most deposition ceased around 1400 or later. Likewise, near
the southeast channel, radiocarbon dates of detrital samples from the channel fill and alluvial
deposits 20 to 30 cm below the fan surface indicate that incision occurred approximately 1616
to 1771 (17).
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Fig. 1. (A) The San Andreas fault (SAF; white) and
Quaternary faults (black) in southwestern California (SB, Santa Barbara; Oxn, the coastal region
near Oxnard; SBB, the offshore Santa Barbara
Basin). TR, Temblor Range; SAF region shown in
(B) is indicated. (B) Hillshade map generated from
LIDAR-based digital elevation map, showing the
geomorphic expression of strike-slip faulting in the
Carrizo Plain in the study area from Wallace Creek
(WC) and Phelan Fan (PF) to Bidart Fan (BF). (C) A
portion of the Bidart Fan zoomed in on the hillshade plot (grid size 0.5 m) showing southwestflowing alluvial drainage system bisected by the
northwest-trending SAF (between black triangles),
which offsets two incised channels (NW and SE).
Samples for radiocarbon dating were collected
from three trenches (T2, T3, and T4) and the
southeast channel (T18) for determining age of
channel incision and surface abandonment (17).
Scale bar, 200 m.
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Fig. 2. Summary of cumulative slip, incision
model, and slip per earthquake at BF. Five earthquakes and two incision events occurred since
~1400. Slip per earthquake is shown as shaded
vertical bar, with maximum slip in open bars. The
northwest channel is offset 15.9 m by five earthquakes (Table 1). The 1857 earthquake A generated
5.8 to 6.0 m of slip at BF. Total slip of the 1857 and
penultimate earthquake B, 10.2 m, is constrained
by offset of the southeast channel, incised around
1605 T 5 (black dashed line). Three prior earthquakes (boxes labeled 3, 4, and 5) collectively offset
the northwest channel as much as 5.6 m. Slip was at
least 50 cm each (shaded bars).
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Paleoclimate data provide an environmental
context for interpreting alluvial deposits and
identifying fluvial events that could have caused
channel incision. High-resolution paleoclimate
proxy data (9, 13, 14, 18) between 1300 and
1857 show that two prehistoric extreme flooding
events eroded sediment from the coastal region
near the Carrizo Plain and deposited sediment
in anoxic basins offshore (13, 14). Cores from
the offshore Santa Barbara Basin (SBB, Fig. 1)
contain two unusually thick layers of terrigenous
sediment deposited by floods from the Coast
Ranges during the years 1605 T 5 and 1418 T 10.
The extreme floods in ~1605 and ~1418 have
been linked to extreme ENSO (El Niño–Southern
Oscillation) events and global reorganizations
of atmospheric circulation that left recognizable
evidence from California to South America (14).
In coastal central California, ENSO events are
associated with unusually high precipitation and
streamflow within ~100 km of the coast (18),
which includes the Carrizo Plain. Extreme floods
in the Santa Clara and Ventura watersheds
(draining to the SBB) most likely also occurred
in the Carrizo and could have left recognizable
sedimentary or geomorphic evidence. Radiocarbon ages of near-surface sediments at BF are
consistent with incision of the northwest channel
in the ~1418 extreme coastal flooding event, and
with incision of the southeast BF channel in the
~1605 extreme flooding event or shortly thereafter (17).
These incision ages are also consistent with the
offset and apparent ages of the BF channels.
Assuming a constant slip rate (2, 3, 5, 19), the
southeast BF channel should have accumulated
8.8 m of slip between 1605 and 1857. Likewise,
the northwest BF channel should have accumulated 15.4 m of slip between 1418 and 1857.
Recent LIDAR (light detection and ranging)–based
measurements show that the northwest channel
is offset by ~15.9 m and the southeast channel
is offset by ~10.2 m (8). Ground-based measurements of the southeast channel offset are 7 to 10 m
(17). Excavations of buried offset channels near
Wallace Creek yielded similar offset measurements
for two channels—7.8 to 8.0 m and 15.1 to 15.8 m
(12)—which suggests that they could have incised
during these regional flooding events.
If the southeast BF channel incised around
1605, it must have been displaced by at least two
earthquakes (15) instead of a single event, as
initially assumed (4, 10, 11). LIDAR analysis
results suggest that average slip during the 1857
earthquake in the Carrizo Plain was 5.3 T 1.4 m
(8), although it may have been as high as 6.9 m at
the nearby Phelan Fan site (10). To account for
possible slip variability, we interpolate BF slip
as the average of the two nearest offset channels, which measured 6 T 1 m (~750 m northwest
of BF) and 5.8 T 0.5 m (8) (2 km southeast of
BF). Subtracting this amount, 5.9 T 0.6 m, from
the total offset of the southeast channel (10.2 T
1.2 m), we obtain 4.3 T 1.3 m of slip at BF from
the penultimate earthquake. Similarly, correlating
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Table 1. Bidart Fan earthquake sequence, channel incision, and offset events.
Earthquake date*

Inferred incision date

Channel

Total offset (m)

(A) 1857
(B) 1631–1823

Number of offsets

5.9
1605 T 5

SE

10.2†

2§

1418 T 10

NW

15.9†

5

(C) 1547–1617§
(D) ~1450–1547‡
(E) ~1450–1547‡
(F) 1360–1425#
(G) 1280–1340
*Dates from (15) except as noted. Earthquake F is rupture event BDT4-d at trench T4. Earthquake G is rupture BDT4-e at T4. Earthquakes
BDT3-f and BDT3-g at T3 (15) are older than earthquakes F and G in this table. †Measurements from (8). ‡Approximate age (21).
§Inferred incision age of southeast channel overlaps with dates of second and third earthquakes reported by Akçiz et al. (15). They
presented evidence that event BDT2-b is the third oldest earthquake, event C, and predates incision. New radiocarbon dates of BDT2-b
(17) eliminate age overlap of earthquakes B and C. #The sixth earthquake, F, caused surface rupture between deposition of two nearsurface sedimentary units (17) and therefore is inferred to predate incision of the adjacent northwest channel.

same-age sediments in trenches ~ 200 m away
suggests that the northwest channel has been
displaced by five surface ruptures (Table 1). Ages
of sediments and their stratigraphic position in
trench 4 support an interpretation of incision
between the fifth and sixth earthquakes, during a
time interval that includes the ~1418 extreme
flood (17) (Table 1). Thus, the northwest channel
has been offset in three additional earthquakes by
as much as 5.6 m more than the offset of the
southeast channel (Fig. 2). Slip in individual
earthquakes at the BF is not directly measurable,
but we can assume at least 50 cm of slip on the
basis of expression in trench exposures (15).
With minimum slip of 1 m in two earthquakes,
maximum slip would be 4.6 m in the other
earthquake.
Comparison of channel incision dates with the
rate of occurrence of surface ruptures suggests that
channel incision events are less frequent than
earthquakes in the Carrizo Plain, which implies

that some channels have been offset by more
earthquakes than previously thought (9). Our
observations do not support previous interpretations of ~9 m of slip in the 1857 earthquake
(3, 4) or any of the earthquakes that ruptured
since 1400. However, slip in the 1857 earthquake
was apparently greater than in any of the four
prior ruptures. This variable slip history is not
consistent with repeated characteristic slip (20)
at BF in the Carrizo, one of two areas where
characteristic slip was defined (6). Since the 1857
earthquake, >5 m of strain has accumulated in the
Carrizo, an amount greater than or similar to slip
released in the last five ruptures.
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manifestations of large-earthquake phenomena,
exemplifying the destructive potential of tectonically active faults. A primary step toward assessing the time and magnitude of future large
earthquakes is the identification of earthquake
recurrence intervals and along-fault slip-release
patterns.
Previous work along the San Andreas Fault
(SAF) (5, 6) reported that the largest slip associated with the surface rupture of the Mw 7.9
Fort Tejon earthquake of 1857—the most recent
earthquake along the south-central SAF—occurred
with ~9 m along the Carrizo segment (Fig. 1).
Further investigation along the 1857 rupture trace
(7) suggested that individual fault segments
experienced essentially the same amount of slip
in preceding earthquakes as they did in 1857
(e.g., the largest slip associated with preceding
earthquakes occurred with ~9 m along the
Carrizo segment). These and similar observations
for the Wasatch fault in Utah led to the formulation of the uniform-slip and the characteristic
earthquake model (7, 8), which dominate current
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