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Three-Dimensional Excavation and Recent Rupture History along

the Cholame Segment of the San Andreas Fault

by Jeri J. Young, J Ramón Arrowsmith, Laura Colini, Lisa B. Grant, and Brian Gootee

Abstract A paleoseismic study conducted along the Cholame segment of the San
Andreas fault provides evidence for three earthquakes and the amount of lateral offset
for the most recent event (1857 Fort Tejon earthquake). Excavations at the Las
Yeguas (LY4) site include five fault-perpendicular, two parallel, and several hand-
dug trenches. Abruptly truncated sand and silt layers that are not correlative across
the fault zone constrain the timing of the penultimate event (L2) between cal. A.D.
1030–1300 and 1390–1460. Vertical offset, shearing, and fracturing of silty sand and
gravel units that overlie L2 and historical artifacts that bracket the timing of the MRE
(L1) provide evidence that the most recent ground-rupturing event, L1, occurred
between cal. A.D. 1390–1460 and �1865. L1 is likely the 1857 Fort Tejon earth-
quake. Tectonic silt-filled fractures that dissect historic gray-tan silt and sand suggest
a ground shaking or a triggered slip event (L0), which occurred after L1. Three-
dimensional excavation of an alluvial fan edge (unit 4) indicates that 3.0 � 0.70 m
of near-fault brittle slip occurred during the 1857 earthquake at this site.

Introduction

Figure 1. (A) Shaded relief map showing major faults in
red and the location of the Las Yeguas study site. Important
locations and the Parkfield and Cholame segments of the
San Andreas fault (SAF) are indicated. Note that the Carrizo
segment of the SAF is southeast of the Cholame segment.
(B) Portion of the strip map along the central Cholame seg-
ment by Stone (1999). The map shows the location of the
LY4 site and Figure 2 in the context of the fault traces,
tectonic landforms, landslides, the basic geologic units, and
the prior mapping of the area by Vedder and Wallace (1970).
The LY4 site is situated on the central of three young alluvial
fans (shown as Y on the map). Successively older fan and
basin units are mapped as M1 and M2. The trench site is
located in the southeast corner of Township 28, South Range
18, East Section 22.

The Cholame segment of the San Andreas fault (SAF)
lies between the partially creeping Parkfield (Bakun and
Lindh, 1985) and locked Carrizo segments (Sieh, 1978)
(Figs. 1, 2). The fortuitous location of this segment between
the Parkfield and Carrizo segments allows it to record the
interaction between these two segments with contrasting
rupture behavior. Despite its potentially important role in
elucidating the interface between these two diverse segments
(Sieh and Jahns, 1984; WGCEP, 1988, 1995; Harris and Ar-
chuleta, 1988; Arrowsmith et al., 1997), the earthquake his-
tory of the Cholame has been poorly studied (with the no-
table exception of Stone et al., [2002]). In particular, event
chronologies in this area are limited and vary between ob-
servers (Sieh, 1978; Lienkaemper and Sturm, 1989; Lien-
kaemper, 2001). Those studies that constrain the timing of
ground rupture in the area are ambiguous and suggest the
possibility of independent rupture of the Cholame and Park-
field segments after the last large earthquake that ruptured
the Carrizo segment in 1857 (Stone et al., 2002). Because
the SAF in this area is thought to slip at a constant rate over
several earthquake cycles, difference inferences of the fault
slip in the area during the last earthquake lead to large
discrepancies in the hazard the segment currently poses.
Clearly, both paleoseismic excavation data that record the
timing of events and offset data constraining their magnitude
are necessary to formulate a meaningful seismic hazard eval-
uation of this seismically important section of the SAF.

To better constrain the earthquake history along this
section of the SAF, we conducted a paleoseismic investiga-
tion along the central part of the Cholame segment near Las
Yeguas Canyon (LY4 site). The site was chosen during the
1999 Stone et al. (2002) investigation because of its acces-
sibility and apparently favorable depositional environment
to record ground rupture. Seven major trenches and five ra-
diocarbon ages provide evidence for and timing constraints
of two ground-rupturing and one fracturing event. To con-
strain the offset magnitude at the site during the 1857 Fort
Tejon event, we exhumed a displaced channel margin. Our
data demonstrate that there has been no ground rupture in
this area after 1857.
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Figure 2. Aerial photograph of the LY4 earthquake geology site (courtesy of the
Fairchild Aerial Photography Collection at Whittier College, Flight C-1260, taken in
December, 1930) showing the locations of the active and recently inactive fault traces,
major landforms, and the geologic units. The southwest fault trace has not been recently
active as indicated by degraded fault scarps and undeformed inferred Holocene deposits
(e.g., west-northwest of the trench site). Modified from Stone (1999).

In this article, we describe our geomorphologic and pa-
leoseismic investigations at LY4. Significant stratigraphic
units and their relation to earthquakes are described and used
to interpret the timing of earthquakes at the site. In addition,
three-dimensional excavations that constrain displacement
along the fault during 1857 are described, and the signifi-
cance of the measurements is evaluated. We discuss these
new offset and timing constraints in the context of previous
work and current hazard assessments. Finally, we examine
the bearing of our data on the only other paleoseismic ex-
cavation study in the area (Stone et al., 2002), specifically
regarding their evidence for a post-1857 event.

Methods

Our paleoseismic study consisted of geomorphic char-
acterization of the site, topographic surveys of relevant land-
forms, paleoseismic excavations, and radiocarbon age anal-
ysis. First, the fault-trace geometry and geomorphic units
were mapped on �1:6000 aerial photographs. Next, the site
was surveyed with a Leica Total Station to characterize the
topographic expression of the SAF (Fig. 3). Thirteen total
paleoseismic excavations were performed at the site. In each
of the trenches, the walls were shoveled, scraped, and
brushed clean, and stratigraphic units were identified and
marked with colored flagging. Physical descriptions of the
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Figure 3. (A) Topographic map of the LY4 site. Note the position of the trenches
on the distal portions of the alluvial fans emanating from the Temblor Range to the
northeast. Trench outlines and the SAF are in black. Not all small HDTs are shown.
Dots are surveyed points; triangles and circled location are local benchmarks. Contour
interval is 0.5 m. The outline of B is shown by the box. (B) Rectified kite mosaic of
the LY4 site showing the outline of the major trenches. The locations of the HDTs and
ET3 are indicated, even though the photographs were taken before they were dug. These
100 m above the ground and warped to produce this mosaic using the surveyed data
shown in A.

sediments were defined based on color, bedding thickness,
texture, grain size, sorting, and other features such as degree
of bioturbation. These units were then mapped using level
lines as references at a scale of 1:10 for the fault-perpendic-
ular trenches (FLT, ET1, ET2, ET3), 1:20 for the hand-dug
trenches (HDT) and the reexcavated LY4-99 trench (Stone et
al., 2002), and 1:50 for the fault-parallel trenches (NPT and
SPT). During and after mapping the trench walls, crosscut-
ting relationships between strata, stratal mismatches, sedi-
ment thickness changes, shearing and tilting of strata, and
fractures were used to deduce the relative sequence of
ground-rupturing events. Letter names were assigned to each
interpreted event (abbreviated L# for Las Yeguas events).
One charcoal sample and one organic-rich sediment sample
were collected and radiocarbon dated using accelerator mass
spectrometry (AMS) 14C dating methods (Beta Analytic) to
provide age estimates for deposits and interpreted event
horizons.

We reexcavated the fault-perpendicular trench from the
previous study (Stone et al., 2002) (trench LY4-99), added a
fault perpendicular trench (FLT) 40 m to the northwest, and
subsequently excavated three additional fault-perpendicular
trenches (ETI–ET3) (Fig. 3). FLT was excavated to provide
a more accurate location of the fault where geomorphic ex-
pression is poor (Fig. 2). ET1 and ET2 were excavated to

further constrain the timing of events at the site. To constrain
lateral offset of subsurface deposits, fault-parallel trenches
(NPT and SPT) were excavated �7 m on either side of the
SAF (Figs. 2, 3). Two fault-perpendicular trenches were ex-
cavated for event timing (ET1 and ET2). Several hand-dug
trenches were excavated (labeled as HDT1-7) to expose the
edge of a buried alluvial fan offset by the fault during the
last ground-rupturing event. Finally, a 5 m � 1.5 m surface
excavation was performed to expose tectonic fractures ini-
tially identified in ET1. A shallow HDT (ET3) was excavated
to expose the upper 1.5 m of sediment to determine any post-
1857 offset (Stone et al., 2002).

Results

Site Description

LY4 is located on an alluvial fan whose distal edge
crosses the SAF (Figs. 2, 3). The provenance for the Holo-
cene fan sediments at the site includes the nonmarine Pleis-
tocene Paso Robles Formation, the marine Miocene Mon-
terey Formation, and the marine Oligocene–Miocene
Temblor Formation exposed in the surrounding hills (Dib-
blee, 1973). The Paso Robles Formation is composed mainly
of sand, silt, and clays that were derived from the older Mon-
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terey and Temblor Formations. The Monterey Formation is
characterized by interbedded marine sediments, such as si-
liceous siltstones, shales, porcelainites, and sandstones.
Nonmarine sandstones, shales, and conglomerates make up
the Temblor Formation.

Recent fan deposition obscures the surface expression
of the SAF in the immediate area of the trenches. However,
the surface trace of the SAF is defined by linear fault scarps
and less prominent geomorphic lineaments to the southeast
and northwest of the site, respectively. Approximately 200 m
southeast of our excavations, the fault cuts the edge of a
northwest–southeast trending hill, continues northwest along
the base of the hill, and is finally obscured by recent depo-
sition �50 m southeast of the excavations. The fault trun-
cates several alluvial fans approximately 175 m northwest
of our trenches; however, the geomorphic expression of the
fault is less pronounced here than southwest of the site (Fig.
2). Further northwest, relatively steep scarps delineate the
recently active trace of the fault. Another fault trace exists
west our excavation site (Fig. 2); however, both Stone et al.
(2002) and our study interpret this trace to be inactive be-
cause it has a degraded surficial expression and does not
offset inferred Holocene landforms.

Fault Zone Stratigraphy

Stratigraphic units were identified and described in each
trench for intertrench and intratrench correlation. Sediments
are derived from clays and fine-grained marine and non-
marine rocks of the Monterey and Temblor Formations, re-
spectively. Because primary clay content of the sediments
at the LY4 site is difficult to differentiate from secondary
pedogenic clay content, soil classification is limited. The
color of the sediment is generally tan-tan-gray with no ap-
parent rubification. Lithologic contrasts are well preserved
across the fault in ET1, ET2, ET3, and fault-perpendicular
hand-dug trenches (HDTs). ET1 is characterized by bedded
sand and silt surrounded above and below by bioturbated,
clayey, sandy silt on both sides of the fault (Figs. 4, 5). In
contrast, the strata exposed on the southwestern side of the
fault in trench ET2 generally lacks bedding, are densely bio-
turbated and moderately to heavily fractured, and are com-
posed of clayey, sandy silt (Fig. 6). On the northeast side of
the fault, the strata in ET2 exposed contrasting layers of
coarse clastic deposits and clayey, sandy silt. Like ET1,
trenches ET3 and HDT expose bedded sand and silt sur-
rounded by bioturbated silt (Figs. 7–9). Below, we describe
important stratigraphic units and interpret the depositional
history of each unit. Generally, units are numbered in as-
cending order from the relatively youngest to oldest units;
where units were subdivided, letters were assigned in as-
cending order according to age.

Important Units on the Northeastern Side of the Fault. The
oldest significant stratigraphic units on the northeastern side
of the SAF are laminated silt, sand, and gravel of units 13,
12, and 11, respectively, found in ET2 (Fig. 6). Unit 13 is a

medium-tan, very fine sandy, clayey silt with laminated or-
ganic silts near the top of the unit. Units 12 and 11 are in-
terpreted as fluvial deposits of laminated silts and sands (unit
12) overlain by debris flow deposits of coarse angular sand
and gravel (unit 11) (Fig. 6). Unit 9 is composed of light
beige to tan, very fine sandy, clayey silt. ET1, ET2, ET3, and
HDT expose units 4 and 5; the latter stratum is a distinct
marker bed throughout much of the site. It is composed of
tan-beige laminated silt and fine sand and interbedded clayey
silt and fine pebble stringers. In ET1, ET3, and parts of HTD,
unit 4 is comprised of a tan, crudely imbricated angular,
medium- to coarse-grained sand. It also contains very fine
pebble-size clasts that are crudely oriented parallel to bed-
ding. It fines upward but coarsens laterally to the northeast
toward ET2. In this trench, unit 4 is characterized by angular
gravel with lenses of coarse sand near the base and top (unit
2c) of the unit (Fig. 6). The contact between unit 5 and unit
4 appears to be gradational. Fine pebble stringers and coarse
sand of unit 5 pinch into the overlying coarse sand of unit
4 in ET1 and gravel of unit 4 in ET2 and the northern parallel
trench. Unit 2c is composed of light tan-beige, angular to
subrounded, fine silt to fine- and medium-grained sand with
crude layering at its base. It is moderately bioturbated, thins
laterally, and is only present on the northeast side of the SAF
zone; however, overlying unit 2b1 is identifiable on both
sides of the fault zone. This unit is composed of orange-
brown silty sand to sandy silt and is disseminated in places
(Figs. 4–9). A 0.5- to 2.5-cm-thick organic-rich silt (unit 2a)
is observed in all trench exposures and has developed on top
of the last well-developed soil, unit 2b. Unit 2a is a dark
gray, carbonaceous, fine sandy, clayey silt. It is exposed on
both sides of the fault throughout the entire trench site and
contains historic anthropogenic debris such as squared-
tipped nails, white porcelain, lumber, rusted tin, and blue-
washed glass. Some of these historic artifacts also are pres-
ent within unit 2b. Beige, well-bedded, very fine to very
coarse sand, and silt comprise the upper 30 to 35 cm of
overlying sediments throughout the site (units 1a, b, c,
and d).

The fine laminations within unit 12 and unit 5 silts and
sands indicate suspensate settling from a single hydrody-
namic depositional event. Ponding or low energy associated
with lag waters from a meandering fluvial environment are
compatible with the fine laminae and fine grain sizes of units
12 and 5. Ponding may have occurred against or slightly
over a preexisting fault scarp because unit 5 thins rapidly
across the fault zone. Alternatively, the thinning may be a
result of both depositional thinning and the juxtaposition of
a thinner and thicker portion of the unit due to lateral offset.
Unit 4 has undergone a facies change from medium to coarse
sand to fine cobble gravel in the 7 m separating ET1 from
ET2 (Fig. 3). The angularity, submaturity, and poorly sorted
texture of the coarse sand facies of unit 4 are suggestive of
low to moderate depositional energy such as that of a distal
alluvial or debris fan deposit. Crude imbrication of gravels
from units 4 and 11 indicate a northeast to easterly source
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that is consistent with modern alluvial fan development
(Figs. 2, 3). The angularity, poorly sorted nature, and sub-
mature texture of this deposit suggests low transport energy
typical of debris flow deposits. Rapid thinning of unit 4 may
be explained by deposition across the fault over a preexisting
scarp. The facts that unit 4 is gradational between gravel and
coarse sand, consistently overlies marker unit 5, and is in-
terpreted to be an alluvial fan deposit imply that the gravel
in ET2 and the sand from ET1 were coevally deposited. The
organic-rich silt, unit 2a, resulted from continual surface ex-
posure and accumulation of organic debris on top of tan-gray
silt unit 2b. Nonlayered sediments, such as unit 2b, can gen-
erally be classified as B (pedogenic) horizons, and unit 2a
can be described as a modern A horizon. Fine-grained lay-
ered silts such as units 5 and 13 are likely preserved because
they are overlain by gravel and coarse sand, which may have
protected them from bioturbation. Although some of the sed-
imentary horizons have been bioturbated, correlative units
remain identifiable from trench to trench (Fig. 10).

Important units found only on the southwestern side of
the fault zone include units 18 and 17 in ET2 and units 8b
and 7b in ET1. Unit 18 is the oldest layered unit at the site
and is composed of beige, fine sandy silt and sand interbeds.
This unit is cut by a 2.5-cm thick, 2-m-long, vertical silt-
filled tectonic fracture in both walls of ET2. Unit 17 is a
mediums to coarse-grained sand that is disseminated in
places due to bioturbation (Fig. 6). Unit 7b is a very fine
sandy silt that has been moderately bioturbated (Fig. 4) and
extensively fractured (Fig. 4). Unit 8b is slightly coarser than
7b but has many of the same features of 7b (Figs. 4, 6).

Estimating Ages of Stratigraphic Units. The limited car-
bon production and preservation at the LY4 site has resulted
in few samples suitable for dating; thus we were able to date
only two during this study (Table 1). Both were collected
from northeast of the fault in ET2, from the southeast and
northwest walls. Sample number LY4-00-1 was collected
from carbon-rich silt at the top of unit 13 and processed as
a bulk sediment sample to yield a 2r calibrated age of cal.
80 B.C. to cal. A.D. 80. We acknowledge that age estimates
associated with dating bulk organic matter from soil have
much larger uncertainties than reported analytical uncer-
tainty for the resulting 14C age because organic matter in
cumulic soils may have a mixture of materials of different
ages, ranging from modern to several thousands of years old
(Trumbore, 2000).

Sample number LY4-00-3, from laminated silt unit 5,
was processed as charred wood and yielded a 2r calibrated
age of cal A.D. 1390–1460 (Table 1). This calibrated age
seems reasonable for unit 5 because the sample dated was
not a bulk sample and is younger than the ages obtained for
underlying unit 13 (see below) and because the rate of de-
position for sediments above the sample location is consis-
tent with that made from the historic sediments. Because this
is the only date obtained from unit 5, it must be considered
a maximum age for this deposit. More dates would be nec-

essary to determine if this sample was detrital in origin and
significantly older than the deposit.

Stone et al. (2002) obtained two dates on detrital char-
coal from unit 13 (their unit 40). Both samples yield an age
of 1030–1300 A.D. Their age estimate is more reasonable
than our age estimate of this unit for three reasons: (1) Stone
et al. (2002) samples were detrital charcoal rather than bulk
sediment; (2) depositional rates that can be estimated from
the thickness of the historic sediments and their age (about
0.20–0.30 cm/yr) are not consistent with the thickness of
sediments overlying unit 13, assuming an old age for the
unit, and (3) the 2000-year-old estimate from this study is
excessively old compared to the preservation of young sed-
imentologic features, such as the nonbioturbated bedding
plane preservation of unit 13 and lack of extensive soil de-
velopment (Fig. 6).

The historic anthropogenic debris collected from and
directly below unit 2a indicates a post-1865 date for this unit
and overlying sediments (units 1a–d). According to ranching
families who have lived in the area for over 125 years, home-
steaders did not occupy the Las Yeguas canyon area until
the late 1860s (J. Cooper, 2001, personal comm.; D. Twis-
selman, 2000, personal comm.). The first group of home-
steaders settled in the northern Carrizo Plain from 1865 to
1885 (Eichel, 1971), and the introduction of historical arti-
facts occurred sometime after 1865. The age of unit 2a may
be older than the 1860 estimate because the anthropogenic
debris may have been impregnated into an already exposed
surface and is not in situ. Trampling and burrowing on or
near an exposed substrate may vertically move debris into
the soil column (Wood and Johnson, 1978). The overlying
sediments (units 1a–d), however, are clearly less than 140
years old.

Description and Timing of Events

Event L2

Tectonic features of L2 truncate fine- and coarse-grained
deposits in the lower halves ET1 and ET2. In ET1, units 7
and 8 southwest of the fault are truncated and fractured. Both
units are rotated into the fault zone and do not cross the fault
(Fig. 4). In ET1, fragmented lenses of sand (unit 6b) on the
northeast side of the fault were not observed on the south-
west side of the fault zone. In ET2, units 17 and 18 on the
west side of the fault zone are truncated and fractured. The
faulting of these three units is interpreted as the as one single
event (L2) event because it occurred before the deposition
of overlying units 4 and 5, but it may be the result of more
than one earthquake. For example, a set of �2.5-cm-wide,
silt-filled fractures cut units 17 and 18 and terminate within
the densely bioturbated clayey sandy siit below unit 5. Units
10–16 and 20 on the east side of the fault are not correlative
with any units across the fault in ET2. In both walls, a 20-
to 30-cm-wide wedge of gravel from unit 11 is vertically
displaced and separated from the main body of the deposit
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6a

6b

6c

7a

7b

8a

8b

9

10

11

12

13

14

15

16

17

18

16a

19

Beige to tan-gray sandy silt

Beige to tan-gray fine-grained silty sand

Beige, medium-grained sand

A-horizon; dark gray to tan gray
organic-rich silt

Tan gray, burrowed silt; sub-unit 2b1 

composed of subangular orange-brown silty
clayey sand

Tan, fine-grained silty sand to sandy silt

Tan gray burrowed silt

Very fine to fine pebble gravel; 
interbedded with unit 4

Beige, fine, medium, to coarse-grained 
sand in ET-1 and medium sand to medium
pebbles, very fine angular cobble gravel
with occasional medium subrounded 
boulder clasts

Light beige laminated to crossed bedded,
fine silty sand to silt with occasional thin
very fine pebble stringers

Tan gray, densely burrowed silt

Disseminated tan gray sandy silt blocks

Disseminated medium-grained sand

Tan gray densely burrowed silt

Very fine sandy silt, moderately burrowed

Tan gray densely burrowed silt

Light tan moderately burrowed very
fine silty sand

Light beige tan very fine sandy silt

Medium to coarse-grained 
coarse sand with occasional angular clasts

Beige medium to large pebble angular gravel 
with occasional boulder clasts

Light beige laminated sandy silt to silt

Medium tan, very fine sandy silt with
laminated organic silts near top

Tan-gray, densely burrowed silt with 
medium sand at base

Tan-gray, densely burrowed silt with
minor, medium sand at base

Tan-gray, densely burrowed medium-grained
sandy silt layer at base

Disseminated beige, medium to coarse-grained 
sand

Graded beige, medium to fine-grained sand
with interbedded fine silt layers and at base

Very fine to fine sandy silt overlain by sandy
silt with fine pebble with random fine pebble clasts

20 Brown, clayey gravel rich sand; near water table, 
always wet

Sheared zone

Burrow

Rotated clast

Fracture

Laminae

Hard-rock clast

survey points

carbon sample
location

sand

gravel

1

B

Non-coloured areas indicate undifferentiated 
bioturbated clayey, sandy silt

EXPLANATION

Figure 5. Explanation to accompany trench logs. Unit numbers were assigned from
youngest to oldest in individual trenches, but unit numbers do not necessarily indicate
unit ages from trench to trench. For example, unit 9 in ET2 may or may not be older
than unit 7 from ET1, although numbers assigned to a unit in one trench is repeated in
the second trench if the units are correlative.
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location of the stratigraphic column shown in Figure
10. See text for discussion.

(Fig. 6A). The L2 event occurred sometime after the depo-
sition of unit 11, before the deposition of unit 9 in ET2 (Fig.
6), after the deposition of unit 7, and before the deposition
of unit 5 in ET1 (Fig. 4). Only units 5 and younger are cor-
relative among the fault-perpendicular trenches.

The age of L2 is constrained by the three acceptable
radiocarbon dates obtained from the trenches. It occurred
after deposition of unit 13 and prior to the deposition of unit
5. The lower- and upper-bounding age constraints are from
unit 13 and unit 5, bracketing the event between A.D. 1050
and 1460 (Table 1).

Event L1

L1 vertically displaced, separated, and sheared units 4
and 5, and most likely units 2b, 2b1, and 2c (Table 2). Units
4 and 5 have a maximum vertical displacement of 30–35 cm
in both walls of ET1 and ET2. It is nuclear whether a small
component of oblique slip along the SAF or the offset of an
older bedform is responsible for the apparent offset. The
sand and gravel clasts of unit 4 are rotated and heavily frac-
tured in the fault zone. Laminated silt unit 5 is also heavily

fractured and sheared. Minor amounts of gravel and sand
from overlying unit 4 in-fill fractures within unit 5 (Fig. 4C).
Both units cross the fault zone, although the abrupt gravel
edge of unit 4 is only approximately 1 m away from the
main fault zone (Fig. 6). Units 2b, 2b1, and unit 2c in ET1,
ET2, and ET3 are fractured and vertically offset. The amount
of vertical displacement of these units is less than that of
units 4 and 5. This could result from sediment filling in a
preexisting depression adjacent to a fault scarp on the south-
west side of the fault zone. The units toward the top of this
topographic low would have less relief or a shallower dip
from the bottom of the individual layers to the top (Fig. 10).
Surface rupturing event L1 occurred sometime after the de-
position of unit 5, therefore sometime after A.D. 1390 but
before the historic settlement years of the 1860s. Event L1
is likely the 1857 Fort Tejon Earthquake because offset and
fractures from this event are proximal to the historic sedi-
ments.

Ground-Fracturing Event L0

Tectonic fractures designated L0 cut historic unit 2a and
overlying historic sediments in ET1 and ET3 (Figs. 4A–D,
7, 11). Silt-filled sets of fractures are 2 cm and 1.5 cm wide
at the bottom of ET3 and ET1, respectively, and thin to 0.5
cm at their termination in historic sediments toward the top
of the exposed surfaces. In both trenches, elongate coarse
sand particles are rotated with their long axes parallel to the
fractures. Historic fractures in ET3 have a 322� strike. The
orientation of the plane connecting the same fractures in ET1
is 354� at the bottom of the trench and 322� near the top of
the trench. A morphologically similar set of silt-filled frac-
tures in adjacent trench ET2 has the same orientations with
respect to depth, although these fractures do not dissect his-
toric sediments.

The termination of the most prominent silt-filled frac-
tures of the southeast wall of ET1 and both wall of ET3 were
excavated on a horizontal surface about 12 cm below the
ground surface for 5 m by 2.5 m (Fig. 11). In map view, the
fracture trace retained its silt-filled morphology, made sev-
eral steps, and continued for the extent of the excavation.
Three microtrenches were dug perpendicular to the fractures
to verify their through-going nature. The repeating orienta-
tions of fractures in three different trenches and along the
ground surface indicates that they were generated by a tec-
tonic mechanism and probably are not the product of des-
iccation. One other explanation may be that a tectonic frac-
ture associated with event L1 or L2 provided a plane of
weakness for soil contraction, therefore propagating the frac-
ture through modern sediments. Soil cracking is not found
outside of the main fault zone and so it is not common at
the site.

The source of these fractures could be from triggered
slip associated with stress transfer from a Parkfield or other
nearby earthquake or aseismic creep that occurred prior to
modern creep measurements. Slip associated with the 1966
Parkfield earthquake extended at least 6 km south of High-
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Figure 8. HDT logs mapped at 1:20 scale. Three initial trenches were modified by
continually shaving the trench walls. See Figure 12 for locations of these logs. They
sequentially depict the gravel edge and show how it varies from interfingering (cut 2)
to gradational (cut 6) to abrupt (cut 4). The triangle marks the gravel edge that was
surveyed and is shown in Figure 12.
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FLT Interior - SE view

2a 2b2b
2a

2a

23

2b

24
25 25

23

10 200 metersFractures

Figure 9. Trench log for the fault location trench southeast wall (FLT) see Figure
3 for location. The fault zone is indicated in heavier lines. Most of the lower portions
of the stratigraphy are heavily bioturbated and generally correlated with older units
across the site. The distinctive unit 2a was first observed in this trench, and historic
artifacts were prominent within it on the southwestern portion of this wall.

Figure 10. Stratigraphic columns used for unit correlation for fault perpendicular
trenches ET1, ET2, and ET3. Location of each column is identified on the clipped
topographic insert. Important unit correlations include unit 2c, 2b1, and 2a.

way 46 (Lienkaemper and Prescott, 1989), and it is reason-
able that triggered slip from an older Parkfield earthquake
such as the 1877 (T. Toppozada, personal comm., 2001) or
the 1881 earthquakes may have occurred along the adjacent
Cholame segment. Because of the unevenness of unit 2a, the
amount of offset along the fractures is difficult to discern.
Field measurements preclude a possible 0.5-cm estimate of
vertical slip along the fractures, but horizontal displacement
could not be estimated.

Three-Dimensional Paleoseismic Analysis

The oblique contact between the distal edge of an al-
luvial fan deposit (unit 4) and the SAF provide piercing

points for determining the amount of lateral displacement
after its deposition (Fig. 12). The upper surface and southern
edge of unit 4 was excavated across the SAF between ET1
and ET2 to measure the amount of lateral offset of this unit.

Description of Fault Zone and Stratigraphy
in the Hand-Dug Trenches

Several small trenches were excavated by hand to ex-
pose the edge and top surface of the gravel facies of unit 4
and the San Andreas fault between trenches ET1 and ET2.
There are three main HDTs that we extended in a series of
cuts approximately 10, 25, or 50 cm in between the fault-
perpendicular trenches. Two of the HTDs were together to
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Table 1
Radiocarbon Ages from the Las Yeguas Site: Years 1999 and 2000

Sample* Unit§ Description 13C/12C Conventional Age| 2r (95.4%) Calibrated Age Range#

LY4-00-1† 13 Bulk sediment from paleosol �24.3 2000 � 40 B.P. 110 B.C.–A.D. 90 (93.8%)
A.D. 100–120 (1.6%)

LY4-00-3† 5 Charred wood �25.1 480 � 40 B.P. A.D. 1330–1350 (2%)
A.D. 1390–1490 (93.4%)

LY4-99-2‡ 13 (35) Charcoal fragment �25.0 810 � 50 B.P. A.D. 1040–1090 (4.2%)
A.D. 1120–1140 (2.7%)
A.D. 1150–1300 (88.5%)

LY4-99-5‡ 13 (35) Charcoal fragment �25.0 840 � 60 B.P. A.D. 1030–1290
LY4-99-31a† 5 (75) Composite charcoal from paleosol �25.0 2680 � 60 B.P. 1000–760 B.C.

*See trench logs for sample locations.
†AMS date from Beta Analytic.
‡AMS date from Lawrence Livermore National Laboratories.
§Numbers in parentheses refer to numbering scheme of Stone et al. (2002).
|B.P. is years before A.D. 1950.
#Calibrations were performed using OxCal Program v3.5 (Ramsey, 1995). Calibrated age ranges are illustrated in Figure 15.

ET-HD

ET-HD

E
T-

1

MT-1

MT-2

MT-3

5.0 meters

0 1 2 3 4 5

Figure 11. Silt-filled fracture of ET1-SE surface excavation; note burrow outlines
in gray and microtrenches (MTs) in which the fractures were evident. The silt-filled
fractures were discontinuous but localized in the center of this cleared zone immediately
above the major fault zone exposed in the adjacent trenches (ET1,—see Fig. 4; ET3,—
see Fig. 7). Opening of the fractures varies from a few mm to 1 cm. No clear evidence
of offset—only opening—was preserved along them.

fully expose the edge and surface of the alluvial deposit
(Fig. 8).

Units exposed in the HDTs include: 5, 4, 2b, 2b1, 2c,
2a, and 1a–c (Fig. 8A–G). Laminated silts of unit 5 provide
a stratigraphic marker for determining the depth and extent
of the alluvial fan unit 4. Unit 5 was consistently located at
about 1.3- to 1.5-m depth and was highly sheared and broken
in the fault zone. The characteristic bedding and fine-grain
size of unit 5 made faulting of this unit more pronounced
than in overlying coarse sediments, thus making this unit
important in locating the main fault zone and a subsidiary

fracture during the three-dimensional excavation. Unit 4 is
composed of fine pebble to boulder size gravel and medium
to coarse angular silty sand. The coarse angular pebble
gravel of unit 4 in ET2 is not present in ET1, and there is
coarse angular silty sand at the same stratigraphic horizon
in ET1. The contact between an angular coarse pebble to fine
cobble gravel and fine tan silt represents the outer edge of
the alluvial fan. A previously existing fault scarp may have
provided a topographic high that absorbed depositional en-
ergy associated with debris flow unit 4. The sudden drop in
energy could have resulted in a spillover effect and conse-
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Figure 12. Plan view map of gravel edge (unit 4 shown in light gray) and fault
exposed in HDTs. Black x, places where gravel edge and fault coincides; medium gray
x, fault zone; black dots and heavy dashed, gravel edge; solid line, SAF. The northeastern
fracture zone does not offset unit 2b-1, 2c, 4, and 5 but does separate unit 5 in cut 7.
The offset is indicated by the faulted gravel edge and the abrupt change in orientation
of the contact edge as defined in the successive trenches shown in Figure 8.

quently provided a somewhat sharpened edge at the toe of
the flow. An alternative explanation could be that the alluvial
fan did not gradationally thin toward the toe but still pro-
vided a sharpened edge with adjacent and overlying sedi-
ments. In the main fault zone trace, unit 4 exhibits rotated
and heavily fractured clasts and is discontinuous across the
fault. Units 2b1 and 2c are identifiable in the hand-excavated
trenches and are also discontinuous across the fault. The
marker unit 2a is distinctive in all of the hand-dug trenches.
Like the adjacent fault perpendicular trenches (ET1 and ET2),
the upper 40 cm contain historic, light beige, fine sand and
silt (units 1a–c).

HDT-1 (Fig. 8A) was excavated perpendicular to the
fault zone, on the north side of the HDT excavation area (Fig.
12). In HDT-1, the fault zone is recognized by the shearing
of unit 5, rotation of clasts from unit 4, and vertical displace-
ment of both units (Fig. 8A). The second HDT was excavated
parallel to the fault and connected to ET1 (Fig. 12). The edge
the alluvial fan was recognized by the contact between an-
gular coarse pebble gravel and coarse sand (Fig. 8B). The
third series of cuts (HDT-3) were made from the south side
of the hand-dug trench area and perpendicular to the fault

zone (Fig. 12). The alluvial fan edge was gradational in cuts
5 and 6 of Fig. 8f, g and sharper in cuts 2 and 3 (Fig. 8C,
D). The fault zone was intercepted in cut 7 (Fig. 8E) and is
recognized by shearing, fracturing, and displacement of
units 2b1, 2c, 4, and 5. A secondary fracture was intercepted
in cut 7 but not cut 6 of HDT-3 (Fig. 12). The secondary
fracture was initially identified in ET2 but did not extend to
ET1 (Figs. 4, 6). In the HDTs, the secondary fracture does
not appear to cut units 2b1, 2c, 4, and 5, but does separate
unit 5 in cut 7 (Fig. 8E).

The contact between the fault zone and the alluvial fan
edge is characterized by severely fractured and rotated clasts,
shearing of fine-grained sediments, and the displacement,
separation, and fracturing of units 4 and 5. The contact is
also identified by the absence of gravel on the west side of
the fault zone. The fault zone and the gravel edge coincide
for �3.0 m, indicating �3 m of displacement (Fig. 12).
Points marking the fracture locations, gravel edge, and
faulted gravel edge were surveyed with the total station in
the site coordinate system and are plotted in Figure 12. Tak-
ing into account these uncertainties, we assigned an error of
�0.70 cm. The gravel edge and fault zone contact near the
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Figure 13. Inferred slip deficit and geomorphic land sur-
vey offset observations along the SAF in the area of the Cho-
lame segment (modified from Arrowsmith et al., 1997). The
dashed line shows the inferred historic slip deficit assuming
that all slip was released in the 1857 earthquake and that the
deficit accumulates at the long-term slip rate of 35 mm/yr.
The slip deficit in the north is diminished because of post-
1857 fault creep and Parkfield earthquakes. Geomorphic ob-
servations of offset landforms (with attribution below and
inferred to be related to the last earthquake by the various
observers) are indicated with error bars. The largest displace-
ment measurement from Grant and Donnellan (1994) was
measured over a 1-mile-wide aperture and may represent
fault slip and distributed deformation. Note also that Run-
nerstrom et al. (2002) suggested that deeper slip along the
SAF about 7 km northwest of the LY site may have been up
to 17.5 m. The star indicates the offset determined in this
study. 46 and 58 show the locations where the SAF crosses
State Highways 46 and 58 and effectively bound the Cho-
lame segment. Wallace Creek (WC), Phelan Creeks (PC),
Phelan Fan (PF), Bidart Fan (BF), and Las Yeguas (LY) are
the major earthquake geology study sites in the region. Dis-
tance is measured southeast along the SAF from Claassen at
the northwest end of the Parkfield segment.

southern portion of the fan deposit surface was not distinctly
defined for approximately 20–25 cm, and the lateral varia-
tion in defining the alluvial fan edge ranged from a couple
of centimeters to approximately 45 cm wide.

Discussion

Our data provide additional constraints on earthquake
rupture scenarios for central California and increase our un-
derstanding of the interaction among the Cholame, Parkfield,
and Carrizo segments. For the Cholame segment, the Work-
ing Group on California Earthquake Probabilities (WGCEP)
(1988) estimated that the recurrence interval along the Cho-
lame is �140 years. This estimate is based only on slip dur-
ing the last event (1857) and an assumed average slip rate
of 34 � 5 mm/yr. Very little or no slip has occurred along
the Cholame segment since the 1857 earthquake (Lienkaem-
per and Prescott, 1989), and the amount of coseismic slip
that occurred is poorly constrained (e.g., Arrowsmith et al.,
1997; and Runnerstrom et al., 2002). This study provides
well-needed recurrence and offset data for this poorly char-
acterized segment (Figs. 13, 14).

Recurrence Interval

There have only been two ground-rupturing events re-
corded since the deposition of unit 13, which has a 2r cal-
ibrated age range of A.D. 1030–1300. Therefore, the maxi-
mum time between earthquakes is �410 years, and the
minimum recurrence time is 290 years, based on the inter-
pretation of two ground-rupturing events, the time of the last
one (1857), and the age of unit 13. Although the time be-
tween earthquakes is poorly constrained, it suggests that the
Cholame segment does not rupture more frequently than the
Carrizo segment, contrary to hypotheses by Arrowsmith et
al. (1997), Sieh and Jahns (1984), and Harris and Archuleta
(1988). However, low sedimentation rates and bioturbation
may limit preservation of evidence for additional earth-
quakes, leading to a discrepancy in the number of earth-
quakes interpreted from the trenches and those that actually
occurred at the site.

Displacement Data

Sieh (1978) estimated approximately 3.5 m of displace-
ment during the 1857 earthquake based on an offset channel
located 4 km northwest of our site. Alternatively, Lienkaem-
per and Sturm (1984) and Lienkaemper (2001) estimated
approximately 5–6 m offset of this channel from the 1857
earthquake. The 3.0 � 0.70 m of displacement measured
during this study that likely records 1857 offset is consistent
with the displacement estimated by Sieh (1978) (Fig. 13).
However, the difference in the amount of slip recorded at
our site and inferred by Lienkaemper and Sturm (1984) and
Lienkaemper (2001) may be explained by either spatial slip
variation along the fault or distributed slip along an adjacent
strand (Fig. 2). The latter is unlikely based on geologic and
geomorphic data that indicate that the fault strand adjacent

to our site is not active (Stone, 1999; Stone et al., 2002).
However, we cannot disqualify the possibility of relatively
small amounts of offset along this older strand.

The 3.0 � 0.70 m of offset from the 1857 earthquake
measured during this study is 2–3 times less and nearly 3
times more than that measured in the adjacent Carrizo and
Parkfield segments to the south and north, respectively (Sieh,
1978; Sieh and Jahns, 1984; Grant and Sieh, 1993; Grant
and Donnellan, 1994). The large difference in slip between
the Carrizo and our site indicate that there may be some
fundamental difference in fault properties between the two
areas, which is not easily explained by lower prestressing
along the Cholame prior to the 1857 event (Hilley et al.,
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Figure 14. Event correlation diagram for the
northern Carrizo, Cholame, and Parkfield segments of
the SAF. This chart compares earthquake chronolo-
gies from Bidart Fan (Grant and Sieh, 1994), Phelan
Creeks (J. D. Sims, personal comm.), LY4-99 (Stone
et al., 2002), the historic Parkfield record (e.g.,
Bakun, and Lindh, 1985b), and this study. L2 could
be correlative to the penultimate Carrizo event (event
B) that likely occurred within the period A.D. 1405–
1510 (Grant and Sieh, 1994). If event L2 and L1 are
the same event, then they would represent the 1857
earthquake event horizon. If event L2 and L1 are not
the same event, then L1 is likely the 1857 event, L2
would be correlative to the penultimate Carrizo event
B and to either C or D Carrizo events (Grant and Sieh,
1994). Event L0, the ground-shaking event, could be
correlative to a post-1857 Parkfield event.

2001). Continued paleoseismic investigations that clarify
1857 and older offsets will help resolve these potential dif-
ferences.

Correlation of Events

We tentatively correlate the oldest event at our site to
one with a similar age further south in the Carrizo Plain (Fig.
14). The age of unit 13, A.D. 1030–1300 and the subsequent
soil development above that unit could indicate a time lapse
of about 150 to 300 years before event L2 occurred. The L2

event could be correlative with the penultimate Carrizo
(event B) that likely occurred after a date within the range
1405–1510 A.D. or the Carrizo event C (Grant and Sieh,
1994). Event L1 is correlative to the 1857 Fort Tejon earth-
quake. Event L0, the fracturing event, could be correlative
to a post-1857 Parkfield event, such as the 1877 or 1881
earthquakes (Toppozada, 2002). If regional seismicity was
enhanced following the earthquake of 1857 (Toppozada,
2000), then it is plausible that aseismic creep or triggered
slip from an older Parkfield event could have resulted in
fracturing at the LY4 site in the decades following 1857.
Although the events we infer from the LY4 site have poor
age constraints for event correlation, the results are incon-
sistent with the higher rupture frequency and lower magni-
tude hypotheses for Cholame earthquake recurrence of
WGCEP (1988), Arrowsmith et al. (1997), Harris and Ar-
chuleta (1988), and Sieh and Jahns (1984).

Comparison of Recent Results to Previous Work
at the LY4 Site

A prior paleoseismic study at the LY4 site (Stone et al.,
2002) identified two to four surface ruptures at the site since
A.D. 1058–1291 and provided evidence suggestive of post-
1857 displacement. The investigations made during our
study attempted to measure displacement across the fault,
corroborate evidence for a post-1857 ground-rupturing
event, and provide better age control and corroboration of
the ruptures interpreted by Stone et al. (2002). We did not
confirm a post-1857 ground-rupturing event but did identify
post-1857 tectonic fractures that cut historic sediments. The
origin of these structures is enigmatic but do not appear to
represent major coseismic surface rupture at LY4. Our event
L1 is correlative to an event (C2 or C1/C2) in the Stone et
al. (2002) study, both of which represent the 1857 earth-
quake. Differences in event timing results from different sed-
imentologic interpretations. The Stone et al. (2002) study
interprets unit 2b (unit 100) as a massive debris flow that
retained its original depositional texture. Historic exotic pol-
len grains were found in a sample taken from this unit by
Stone et al. (2002) resulting in a post-1873 age estimate for
the sediments. They cite fracturing and lateral thinning of
unit 2b (unit 100) as evidence for a post-1873 ground-
rupturing event. We interpret unit 2b as a densely biotur-
bated sandy silt that has been thoroughly mixed, thus com-
bining younger overlying sediments with those sampled for
pollen analysis. We suggest that the lateral thinning was the
result of the 1857 earthquake. Although the fractures ob-
served in the Stone et al. (2002) study do not cut historic
sediments, they could be from the 1857 event or the L0 event
in this study. C3 event of Stone et al. (2002) matches the
oldest event observed during this study, L2. They also inter-
preted two pre-1857 ground-rupturing events. However, we
only identified a single pre-1857 earthquake because of
stratigraphic limitations.
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Conclusions

Paleoseismic investigations at the LY4 site provide bet-
ter constraints on the number of earthquakes along the Cho-
lame segment of the SAF and the lateral displacement from
the 1857 earthquake. We identified two ground-rupturing
earthquakes, the oldest occurring after a date within the
range A.D. 1030–1300 and the youngest being the 1857 Fort
Tejon earthquake. This rate of occurrence of earthquakes is
lower than previously expected but is consistent with earlier
preliminary paleoseismic results (Stone et al., 2002). Three-
dimensional exposure of an alluvial fan revealed 3.0 � 0.7
m of on-fault surface offset from the 1857 event. Evidence
for post-1857 tectonic fracturing of historic sediments may
have resulted from creep, triggered slip, or ground shaking
from nearby moderate earthquakes.
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