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Paleoseismology of the Johnson Valley, Kickapoo, and Homestead

Valley Faults: Clustering of Earthquakes in the Eastern California

Shear Zone

by T. K. Rockwell, S. Lindvall, M. Herzberg, D. Murbach,
T. Dawson, and G. Berger

Abstract Paleoseismic data from 11 trenches at seven sites excavated across the
southern Johnson Valley, Kickapoo, and Homestead Valley faults that ruptured in
the 1992 Landers earthquake, as well as the northern Johnson Valley fault which did
not fail in 1992, indicate that the return period for large surface rupturing events in
this part of the eastern California shear zone is in the range of 5–15 ka. The inferred
slip rates, based on their respective recurrence intervals, are in the range of 0.2–0.6
mm/yr for each of the faults studied.

A previous large earthquake ruptured the southern Johnson Valley and Kickapoo
faults about 5 ka B.P. The northern Johnson Valley fault also failed at about this
time at 5.8 ka B.P. and may have been part of the same rupture. In contrast, the
penultimate large earthquake that we identify on the Homestead Valley fault occurred
about 15 ka B.P., much earlier than other faults involved in the 1992 rupture. From
these observations, combined with paleoseismic work by others after the 1992 earth-
quake, it appears that previous events along the southern Johnson Valley and Kick-
apoo faults were different than those of 1992 and may have involved other fault
segments. It has been over 5 ka since the most recent rupture on the northern Johnson
Valley fault. Therefore, it is surprising that it did not fail in the 1992 rupture.

From our observations, dextral shear appears to be distributed across the entire
eastern California shear zone, with individual faults taking only a small proportion
of the overall slip. Release of this regional strain appears to occur in temporal clusters
of large (?) earthquakes, with the 1992 event apparently the most recent of a sequence
of late Holocene (0–1 ka) earthquakes that have ruptured the nine faults we have
trenched in the southwestern Mojave desert. Previous clusters of earthquake activity
occurred in the early (8–9 ka) and middle (5–6 ka) Holocene, and possibly the latest
Pleistocene (�15 ka).

Introduction

The amount and extent of rupture associated with the
1992 Mw 7.3 Landers earthquake was a surprise because it
involved multiple, previously mapped and unmapped faults
(Sieh et al., 1993) (Fig. 1). It was the largest earthquake to
strike southern California in 40 years and was an order of
magnitude larger than any previous historical earthquake in
the eastern California shear zone (ECSZ). The largest pre-
vious historical event was the 1947 ML 6.2 Manix earth-
quake (Buwalda and Richter, 1948). The Landers rupture,
which propagated as two slip pulses (Kanamori et al., 1992),
nucleated near the southern end of a previously unmapped
fault, just north of the city of Yucca Valley. Slip proceeded
northward along what is now mapped as the southern portion

of the Johnson Valley fault and onto the Kickapoo fault
(Sieh et al., 1993; in which the Kickapoo fault is named the
Landers fault). Some slip also propagated northward along
the Johnson Valley fault, north of its juncture with the Kick-
apoo fault, but surface slip died out at a minor releasing step
about 6 km north of this juncture. The second subevent pro-
duced a larger amount of slip and propagated the rupture
along the entire mapped length of the Homestead Valley
fault, the northern half of the Emerson fault, and the southern
third of the Camp Rock fault (Fig. 1). The total rupture
length was about 80 km, with maximum dextral displace-
ments of approximately 6 m recorded along the Emerson
fault (Sieh et al., 1993).
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Figure 1. Faults of the eastern California shear zone in the Mojave desert of south-
ern California (from Jennings, 1975). The 1992 Landers earthquake rupture is indicated
in thick, grayed line. Trench sites are shown as black dots; we include the sites from
Hecker et al. (1993) and Rubin and Sieh (1997) for reference.

Geodetic studies have determined that 6–8 mm/yr of
dextral shear, about 15% of the Pacific–North American
plate motion, is accommodated by faults of the ECSZ
(Sauber et al., 1986). Dokka (1983) and Dokka and Travis
(1990a) have shown that individual faults have dextral dis-
placements ranging from 1.5 to 14.4 km, with total dextral
shear estimated at 65 km, all of which is inferred to have
accrued during the past 10.6 Ma. The Quaternary history of
these faults, however, had not been studied in detail. For the
most part, previous neotectonic studies were limited to Fault
Evaluation Reports (FERs) by the California Division of
Mines and Geology (Hart et al., 1988). The FERs identified
most active fault traces associated with the ECSZ, although
the 1992 rupture initiated on a strand that previously had not
been considered active.

Paleoseismic investigations began within a few weeks
of the earthquake (Lindvall and Rockwell, 1993, 1994;
Rockwell et al., 1993; Herzberg and Rockwell, 1993) to an-
swer the following questions: (1) Did the 1992 rupture prop-
agate northward onto the Kickapoo fault because the north-
ern Johnson Valley fault had recently failed? (2) Was there
evidence for the occurrence of similar earthquakes in the past
and could we have forecast the likelihood of these five faults
failing together in one large, complex event? (3) Do the
Kickapoo and southern Johnson Valley faults have a com-

mon history, supporting the suggestion (Sowers et al., 1994)
that they are essentially the same structure? (4) What are the
recurrence rates, and therefore the inferred slip rates, for
faults along the 1992 rupture? (5) Is there any evidence to
suggest that the late Quaternary behavior or rate of earth-
quake occurrence changed as a new system of faults devel-
oped, as suggested by Nur et al. (1993a, 1993b) and Du and
Aydin (1996)? To address these and related questions, we
excavated eleven trenches at seven sites along the 1992 rup-
ture and also the northern Johnson Valley fault which did
not rupture; five sites yielded useful information which we
present in this article (Fig. 1). Trenches at the other two sites
(Reche Road and Charles Road, which are not presented in
this article) either exposed only the 1992 rupture or did not
yield datable material and were not studied further.

The first question about rupture propagation focused on
the possibility that a recent earthquake occurred along the
northern part of the Johnson Valley fault and relieved suf-
ficient stress to favor rupture of the Kickapoo and Home-
stead Valley faults. This idea was attractive because the
northern half of the Johnson Valley fault is substantially bet-
ter expressed in pre-earthquake aerial photography, sug-
gesting a more recent surface rupture.

The second question addresses the feasibility of fore-
casting the size of future earthquakes based on study of a
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fault’s past behavior. The observation that the 1992 rupture
occurred as two subevents raises the question of whether
earlier ruptures occurred as separate earthquakes, or as a
single rupture sequence similar to that of 1992. We did not
expect to be able to determine with a high level of confidence
that two or more faults ruptured together in the past due to
the inherent uncertainties in dating past events. However, it
is possible to demonstrate that adjacent faults and fault seg-
ments have dissimilar rupture histories. Our findings, along
with those of others (Hecker et al., 1993; Rubin and Sieh,
1997) are useful in addressing this question.

The third question is whether the southern portion of
the Johnson Valley fault and the Kickapoo fault are essen-
tially the same structure. They have a common north–south
strike and deviate significantly from the strike of the north-
ern Johnson Valley fault as well as the Homestead Valley,
Emerson, Lenwood, and other nearby faults. Neither the
southern Johnson Valley nor the Kickapoo faults were
mapped prior to the 1992 earthquake, although both exhibit
some geomorphic expression in pre-earthquake photography
and satellite imagery (Crippen, 1988). A plausible conclu-
sion is that these two faults are a single structure, as sug-
gested by Sowers et al. (1994). If so, then they may have a
common rupture history.

The fourth issue is resolution of the recurrence rates for
the faults involved in the 1992 earthquake. We also infer
slip rates based on these recurrence rates, which have large
errors because they are based on only two or three earth-
quake cycles. Understanding how slip was distributed over
multiple earthquake cycles can provide valuable insights into
the relative importance of individual faults in the ECSZ.

Finally, Nur et al. (1993a, 1993b) suggest that the 1992
rupture follows a “new” fault zone that replaces and cross-
cuts numerous, “older” strike-slip faults of the central Mo-
jave region. They attribute this to the possibility that these
other northwest-striking faults, along with possibly the Big
Bend section of the San Andreas fault, are no longer favor-
ably oriented to accommodate slip. Du and Aydin (1996)
suggest that the development of this zone is a consequence
of the development of the “Big Bend” of the San Andreas
fault and has evolved relatively recently, during the past sev-
eral hundred thousand years or less. If this is the case, then
the faults involved in the 1992 earthquake should now ac-
commodate much or most of the observed Mojave shear and
fail much more frequently than the northwest-striking faults
in the area. Although our trenching data do not extend back
several hundred thousand years, the recent behavior of these
faults can shed new information on their longer-term behav-
ior and the possible implications for their evolution.

In this article, we present the results of the trenching
site by site starting in the south. We then discuss the impli-
cations of our results relative to the issues raised here. We
also compare our results with paleoseismic data from the
Lenwood (Padgett and Rockwell, 1994), Old Woman
Springs (Houser, 1996; Houser and Rockwell, 1996), and
Helendale (Bryan and Rockwell, 1994) faults to the west, as

well as other paleoseismic investigations along the Landers
rupture (Cinti et al., 1993; Hecker et al., 1993; Rubin and
Sieh, 1997). An unexpected result of our studies is that large
earthquakes appear to temporally cluster in at least the south-
western portion of the ECSZ. Finally, a summary of the dat-
ing techniques and issues that relate to this study is presented
in the appendix.

Paleoseismic Investigations Along the 1992 Rupture

Paleoseismic data are presented from the five sites along
the 1992 earthquake rupture beginning with the southern
portion of the Johnson Valley fault and proceeding north-
ward along the Kickapoo and Homestead Valley faults. We
then discuss our results in relation to the findings of others
for the Homestead Valley fault (Hecker et al., 1993) and for
the Emerson fault (Rubin and Sieh, 1997).

At each site, the stratigraphic units are numbered from
youngest (smallest number) to oldest (largest number), but
the unit designations do not imply correlation from site to
site. Further, a secondary designation is placed on most units
based on the relationship to their pedogenic qualities, such
as 2Ab for a buried A horizon within unit 2. We further
subdivided the units with numeric subdesignations, as ap-
propriate (2Ab1, 2Ab2, etc.). Interpreted paleoearthquakes
are given alphanumeric designations. The letters correspond
to the site names (e.g., H, Hondo; MG, Melville Gap), and
the numbers reflect the events recognized at each site with
1 representing the most recent event, which in most cases is
1992.

The Southern Johnson Valley and Kickapoo Faults

Four trenches were excavated at three sites along the
southern Johnson Valley and Kickapoo faults (Fig. 1). The
southernmost site, Hondo, is located about 200-m south of
Hondo Road, which experienced about 2.9 m of offset con-
centrated in a relatively narrow zone of shearing in 1992
(Fig. 2). The central site, Batdorf, is located at the Batdorf
residence very near the juncture of the Johnson Valley and
Kickapoo faults along a strand that feeds slip to the Kicka-
poo fault. The northernmost of these three sites, Bodick, is
located across the Kickapoo fault near Bodick Road where
two trenches were excavated. Each trench exposed sedi-
ments that had been previously faulted, as discussed in this
section.

Hondo Site. The Hondo trench was excavated across a
discrete scarp that contained most of the 2.9 m of lateral slip
and up to 40 cm of east-side-up vertical slip (Figs. 2 and 3).
Additional lateral slip and up to 20 cm of east-side-down
dip-slip occurred on minor strands 10–100 m west of our
trench, resulting in the formation of a graben. We investi-
gated only the eastern margin of this graben, which exhibited
most of the 1992 strike slip.

The stratigraphy exposed in this trench has three pri-
mary components. West of the fault, latest Pleistocene and
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Figure 2. Map of the 1992 rupture in the
vicinity of the Hondo trench site. Note that our
trench did not encompass the entire fault zone,
although it did cross the primary trace that sus-
tained most of the strike slip. The area imme-
diately west of our trench is a graben that pre-
sumably fills with sediment between faulting
events, as shown in the Hondo trench log in
Figure 3.

Holocene colluvial and distal alluvial fan deposits (units 1–
4) overlie a sequence of Pleistocene colluvial soils devel-
oped adjacent to the fault (unit 5). The oldest deposits en-
countered are Pleistocene fluvial deposits (unit 6) located on
the east side of the fault and at the base of the trench west
of the fault (Fig. 3).

The thick section of flat-lying, stratified fluvial sedi-
ments of unit 6 east of the fault is capped by a moderately
strong soil developed in the upper part of the section. The
soil has an argillic horizon (Bt) with common, reddened,
moderately thick clay films and an overall color of 7.5YR
(Table 1). This soil has been grouped with other similar-
appearing soils by Herzberg (1996) and mapped as a Q6-age
deposit. Of note is the virtual lack of secondary CaCO3 in
this profile, which is normally associated with arid soils.
Other than very minor carbonate locally superposed on the
argillic horizon, there is no calcic horizon present. We pre-
sume that any Pleistocene carbonate was driven completely
from the upper 2.5 m of the soil profile and that the minor
carbonate superposed on the argillic horizon is of Holocene
age. The lack of significant CaCO3 in this profile is in
marked contrast to the calcic horizons of profiles described
farther northeast along the Homestead Valley, Emerson, and
Camp Rock faults.

East of the fault, a stone line is present above unit 6Bt,
at the base of unit 6A (the modern A horizon) (Fig. 3). The
fluvial deposits exposed beneath the stone line are stone-free
in the upper 1.5–2 m. This fact, along with the observation
that the portion of the trench east of the fault is part of a
degrading scarp (sediments dip gently east away from the
fault, whereas the ground surface slopes west toward the
fault), suggests that the stones were eroded from a gravelly
unit that was higher in the section than is now preserved or
exposed in our trench. This inference is important, as dis-
cussed later when presenting evidence of earthquake events,
because clasts are now being shed off of the scarp and across
the fault into the distal alluvial fan sediments west of the
fault that are devoid of clasts.

A thermoluminescence (TL) sample collected from a
silty horizon stratified within the lower part of unit 6C east

of the fault (Fig. 3) yielded an age of 48.4 � 6.6 ka, con-
firming Herzberg’s (1996) inferred Pleistocene age of the
soil. We use this age for both the fluvial sediments exposed
in the Hondo trench, and as a control sample for the age of
the Q6 deposits of Herzberg (1996).

West of the fault, units 1–4 comprise a sequence of
largely gravel-free silty sand deposits, interpreted as collu-
vial and distal alluvial fan deposits derived largely from the
west. These weakly stratified sediments have ponded against
the east-side-up fault scarp. The only evidence of stratifi-
cation is the presence of two buried soils in the upper 2.5 m
of these deposits. Underlying these ponded deposits, unit 5
consists of two westerly dipping deposits, each with its own
argillic horizon (5Btb1 and 5Btb2). One of these deposits is
wedge-shaped and is interpreted as a fault-derived colluvial
wedge (unit 5Btb2). In turn, unit 5 overlies a buried argillic
horizon developed in the flat-lying alluvium of unit 6 (6Btb3)
(Figure 3).

The buried soil of unit 4 is characterized by a dispersed,
or laminar B horizon with discrete accumulations of pedo-
genic clay in subhorizontal bands (Fig. 3). These lamellae,
each up to 1 cm thick and containing abundant translocated
clay, are separated by clay-free zones of silty sand. Dis-
persed B horizons are fairly common in sandy, moderately-
to well-sorted alluvial deposits (Dijkerman et al., 1967; Tor-
rent et al., 1980), although they have not been previously
described in this area. The presence of a deeply dispersed B
horizon, along with the complete lack of calcium carbonate,
suggests a Pleistocene age for this soil and its associated
deposits. A weakly expressed contact at about a meter depth,
indicated as a dashed line defining a 15-cm-thick gradational
boundary on Figure 3(b) is interpreted as the top of the bur-
ied soil of unit 4. Above this, two soil profiles are present;
a buried A horizon associated with unit 3 (3Ab1 on Fig. 3(b))
and the surface soil with an A horizon (unit 1A) and weak
cambic (Bw) horizon (unit 2Bw).

Samples were collected for TL and photon-induced-lu-
minescence (PSL or optical) dating from units 1, 2, and near
the base and top of unit 4. The basal unit 4 alluvium yielded
a weighted mean luminescence age of 25 � 1.2 ka (Table
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Figure 3. (a) Sketch log of the southern wall of the Hondo trench, with (b) a detail
of the fault zone of the southern wall. The vertical scale in this and subsequent figures
is the same as the horizontal scale.
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Table 2
Luminescence Ages

Sample*
Depth
(cm) Feature

Dose rate
(Gy/ka)

DE†
(Gy)

TL Age‡
(ka)

PSL Age
(ka)

Corrected Age§
(ka)

Hondo Site
HND92-29 15 wash sediments 6.51 � 0.27 38.8 � 5.7 5.96 � 0.95 5.46 � 0.95
HND92-29(Fs) 6.6 � 0.2 28 � 2b 4.3 � 0.3

Weighted mean calibrated (HND92-29(Fs) and HND92-29) � 4.4 � 0.3
HND92-41 25 wash sediments 6.71 � 0.25 37.8 � 2.1 5.63 � 0.40 5.13 � 0.40
HND92-39 45 wash sediments 7.09 � 0.16 33.9 � 1.7 4.78 � 0.28 4.28 � 0.28
HND92-18(Fs) 170 wash sediments 6.0 � 0.2 100 � 4b 16.7 � 0.9
HND92-4 270 wash sediments 6.31 � 0.26 176 � 20 27.9 � 3.5 27.4 � 3.5
HND92-4(Fs) 6.2 � 0.2 152 � 6b 24.6 � 1.3

Weighted mean calibrated (HND92-4 and HND92-4(Fs)) � 25.0 � 1.2
HND92-31 240 alluvium 5.83 � 0.27 285 � 36 48.9 � 6.6 48.4 � 6.6

Bodick Road Site
BOD93-13 45 colluvium 7.73 � 0.18 42.9 � 2.5 5.55 � 0.38 5.15 � 0.38
BOD93-8 95 colluvium 7.81 � 0.21 46.8 � 2.0 5.99 � 0.33 5.49 � 0.33
BOD93-5 180 colluvium 6.86 � 0.14 60.6 � 2.5 8.83 � 0.45 8.33 � 0.45

Melville Gap Site
MEL93-5 90 eolian sand 5.14 � 0.12 31.2 � 1.3 6.07 � 0.35 5.57 � 0.35
MEL93-5(Fs) 4.8 � 0.2 29.0 � 0.5b 6.1 � 0.3

Weighted mean calibrated (MEL93-5(Fs) and MEL93-5) � 5.83 � 0.23
MEL93-9 135 eolian sand 4.91 � 0.13 39.3 � 1.7 8.00 � 0.45 7.50 � 0.45
MEL93-1 195 eolian sand 4.83 � 0.12 56.7 � 2.6 11.71 � 0.65 11.21 � 0.65

Batdorf Site
BATD94-10 170 alluvium 6.48 � 0.15 83.0 � 5.5 12.80 � 0.90 12.30 � 0.90
BATD94-3 210 buried A horizon 8.66 � 0.31 93.9 � 8.5 10.8 � 1.1 10.3 � 1.1
BATD94-1 220 buried A horizon 6.73 � 0.17 190 � 14 28.2 � 2.2 27.7 � 2.2
BATD94-8 285 buried colluvial wedge 7.41 � 0.25 161 � 15 21.7 � 2.1 21.2 � 2.1
BATD94-12 340 buried A horizon 7.41 � 0.25 141 � 11 19.0 � 1.6 18.5 � 1.6

Homestead Valley Thrust Site
HOM92-6 60 colluvial wedge 4.96 � 0.14 76.9 � 5.2 15.5 � 1.1 15.0 � 1.1

*“Fs” indicates that sand-sized (100–200 lm diameter) K-feldspar grains were used for PSL dating. For TL dating, silt-sized (4–11 lm diameter)
polymineral siliclastic grains were used. Uncertainties are �1r.

†For PSL dating, the equivalent doses were determined using 1.4 eV (880 nm, IR) excitation and measurement of the 3.1 eV (400 nm, violet) emission.
‡Ages were calculated by dividing the equivalent dose (DE) by the dose rate.
§Corrected TL age is the TL age � 500 yrs.

2). The sample from unit 4Ab2 yielded a PSL age of 16.7
� 0.9 ka, in stratigraphic agreement with the underlying
dates. These dates indicate that the deposits into which the
dispersed B horizon (unit 4Bt) is developed are about 25 ka
in age and burial occurred after about 16.7 ka.

Three samples from units 1 and 2 yielded corrected ages
ranging between 4 and 5.5 ka (Table 2), and indicate burial
of unit 3 at that time. In that the upper two buried soils are
very similar in appearance, we infer that they represent simi-
lar periods of surface exposure, or about 5 ka. Thus, the
estimated age for unit 3Ab is in the range of 8–12 ka, con-
sistent with the underlying optical age of about 16.7 ka. Col-
lectively, the dates indicate that units 1–4 were deposited
over a 20-ka interval against a rising scarp, possibly in re-
sponse to discrete faulting events, as discussed later.

As shown on Figure 3(b), we have included both the
argillic horizon (unit 6Bt) east of the fault and the deepest
argillic horizon (unit 6Btb) west of the fault as part of unit
6, and thus have assumed that they are correlative. The cor-

relation of these two units across the fault, which is based
on their degree of soil development and the relatively hori-
zontal nature of their uppermost contacts, provides a reason-
able datum for reconstruction of slip across the main fault
zone. The only possible units west of the fault that could
correlate to unit 6Bt near the present ground surface are units
5Btb1, 5Btb2, or 6Btb. All three units are primarily argillic
horizon material, but units 5Btb1 and 5Btb2 more likely rep-
resent local scarp-derived deposits than the underlying unit
6Btb, which is flat-lying. Unit 6Btb more likely represents
a more laterally extensive soil deposit that developed on the
surface of the Pleistocene alluvial fan originating from the
mountains to the west.

Structural Characteristics and Interpretation of Faulting
Events. The main fault is expressed as a zone of fractures
that coalesce toward the base of the trench. Most of the 2.9
m of 1992 lateral surface slip occurred within a 1.5-m-wide
zone with normal separation, indicated as the primary 1992
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rupture trace on Figure 3. This group of fractures coalesces
into a 1-cm-wide, steeply west-dipping fault at the base of
the trench, which juxtaposes unit 6 alluvium on the east with
down-faulted colluvial and alluvial fan material on the west.
A second group of faults, about 2-m west of the primary
1992 rupture trace, appear to have accommodated a signifi-
cant portion of the long-term displacement. This inference
is based on the observation of relatively thick (up to 30 cm),
highly sheared gouge zones, some of which are overlain by
unfaulted soil units (Fig. 3). This second, western zone dips
east, toward the 1992 slip surface, and exhibits reverse sep-
aration, which is the opposite sense of vertical separation as
the 1992 trace. It appears to have had only minor movement
during the past several events, including 1992, but obviously
is a major player in the late Pleistocene history of this fault
zone. The change in dip direction, with older and younger
strands expressing reverse and normal separation, respec-
tively, may indicate a local change in fault geometry, a minor
change in kinematics, the direction of rupture propagation
through the site, or only minor differences in the way the
fault ruptured through different alluvial materials as the
Pleistocene scarp was buried.

There is clear stratigraphic and structural evidence for
multiple slip events exposed in this trench. Past ruptures are
best displayed after the 1992 vertical separation is removed
(Fig. 4(a)). In this and subsequent reconstructions, it is as-
sumed that scarp height, as determined by topographic pro-
filing and from trench logging, represents vertical slip. This
assumption is valid if there are no significant rills or channels
that have been backfilled and if the units we logged are rela-
tively horizontal for some distance along the fault. Because
the surface topography at our trench site is virtually hori-
zontal west of the fault scarp and there is no indication of
incision into the scarp for at least 10–15 m to the south, we
believe this is a valid assumption. However, we cannot pre-
clude that some of the vertical separation observed for the
older units in the trench is due to buried topographic effects.

With the reconstruction shown in Figure 4(a) we re-
moved the vertical slip in 1992 by realigning the surface
topography, which required about 35 cm of restoration. After
reconstruction, a buried scarp is evident in the same position
as the 1992 rupture trace, which we interpret to have been
produced by the penultimate event, H2 (with 1992 being
event H1). The top of buried soil 3Ab retains its relatively
horizontal nature to the fault, where it is juxtaposed against
unit 6Bt. Because a buried A horizon could not form in this
configuration, we infer that the penultimate event dropped
unit 3Ab down to the west, similar to what occurred in 1992.
After faulting, unit 3Ab was buried by colluvium shed from
the scarp, as indicated by the wedge-shaped deposit contain-
ing abundant stones located directly west of the fault. The
source of the stones is clearly the modern A horizon of unit
6 east of the fault, which exhibits a weakly formed stone
line (Fig. 3(b)). This gravelly colluvium grades into the silty
sand of unit 2 to the west, which we interpret as distal fan
deposits derived from the west. There was no clear contact

between the matrix of the colluvial wedge and the distal fan
deposits, probably in part due to localized bioturbation, al-
though the presence of the stone cluster partially delineates
the contact. There apparently was sufficient time between
the penultimate event and 1992 to degrade the scarp to a
very subtle break in slope. Other than the broad topographic
scarp degraded in unit 6 east of the fault, there was no other
geomorphic indication of the presence of the southern John-
son Valley fault in this area.

TL and PSL ages of colluvial wedge material taken from
between the clasts in the stone cluster and from the distal
alluvial fan material several meters west of the fault are all
mid-Holocene, indicating deposition of the colluvial wedge
and alluvium at that time. When the corrected ages are used,
the age of the stone cluster is 4.3 � 0.3 to 5.1 � 0.4 ka or
about 4.7 � 0.7 ka. The age of the overlying colluvial sed-
iments is 4.3 � 0.4 ka (Table 2), which is in stratigraphic
agreement. For the penultimate event at the Hondo site, we
assume the age of the colluvial wedge approximates the time
of the earthquake, which therefore occurred at about 4.7 �
0.7 ka B.P.

We used the same reconstruction procedure as before
and realigned the unit 6 soil east of the fault with the top of
unit 3Ab west of the fault (Fig. 4(b)), again assuming that
these units are essentially horizontal and parallel to the fault.
This again shows units 3 and 4 ponded against the scarp
indicating prior activity. Also of note is the cluster of smaller
clasts in the fault zone that are at about the same stratigraphic
level as the top of unit 4Ab, which represents the second
buried soil. We interpret this cluster of stones along with the
burial of units 3Ab and 4 to represent the prepenultimate
event, H3. The reconstruction required an additional 0.5 m
of vertical slip (0.85 m total), similar to that of the 1992
earthquake.

The timing of event H3 is poorly constrained. As a
rough constraint, we use the degree of soil development to
estimate the ages of the deposits. As discussed in the section
on stratigraphy, we estimate the age of unit 3Ab at 8–12 ka,
based on the similarity of that soil to the surface deposit and
soil. If this comparison is valid, then event H3 occurred
about 8–12 ka B.P.

Finally, we reconstructed the top of unit 6Btb west of
the fault to align with the top of unit 6Bt east of the fault,
which required about 1.9 m of vertical restoration (Fig. 4(c)).
This is about five times the average vertical separation of
the 1992 and penultimate events. The configuration of the
scarp shown in Figure 4(c) is assumed to approximate the
ground surface prior to deposition of unit 4, the base of
which is dated to about 25 ka B.P. Considering that each of
the earlier reconstructions suggest a similar amount of ver-
tical slip in prior events when compared to the 1992 slip, we
interpret this reconstruction as representing the amount of
vertical slip in five events over about the past 25 ka. This
interpretation assumes a relatively planar paleotopography
for 15–20 m laterally along the fault (which is plausible
based on the present ground surface), and a repetition of a
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Figure 4. Reconstructions of stratigraphy
to their prefaulting configuration. (a) The 1992
vertical separation. (b) The separation from the
penultimate event. (c) The late Pleistocene ar-
gillic horizon. Note that after restoration of
the argillic horizon, a late Pleistocene scarp
emerges, against which the basal Q4 deposits
accumulated during the period between 25 and
17 ka.

similar amount of vertical separation in each event. If these
assumptions are true, this yields a longer-term average re-
currence interval of about 5 ka. This longer-term interval is
similar to the length of time between 1992 and the penulti-
mate event, H2, at about 4.7 ka.

The Batdorf Site. We trenched along the southernmost
portion of the Kickapoo fault just north of its juncture with
the Johnson Valley fault (Fig. 1) in the yard of the Batdorf
family. The Batdorf trench was sited in an area of complex
ground rupture at the juncture of the Johnson Valley and
Kickapoo Faults (Fig. 5) where only a fraction of the total
1992 slip was expressed. The site was initially excavated to
evaluate the effect of rupture on the Batdorf residence as

part of an investigation on how structures behave during
direct fault rupture (Murbach et al., 1999). Nevertheless, the
stratigraphy was useful for paleoseismology, so we collected
TL samples from critical stratigraphic units to constrain the
timing of past events.

The sediments exposed in the trench (Fig. 6) are inter-
preted as debris flow and fluvial deposits derived from the
San Bernardino Mountains to the west. The trench stratig-
raphy is described in terms of soil units, because we pri-
marily used soil stratigraphy and the identification of buried
soils to delineate the primary strata. Three primary strati-
graphic units were identified, with buried soils separating
each major unit. The uppermost part of the section, desig-
nated as units 1A, 1C1, 1C2, and 1C3 on Figure 6, is a
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Figure 5. Map of 1992 surface rupture in the vi-
cinity of the Batdorf residence. Note that the rupture
is spread over a broad area, with right-lateral slip in
cms. Also note that this trench site is interpreted to
be on the Kickapoo fault, although it is virtually at
the junction between the Kickapoo and Johnson Val-
ley faults. (a) from Sowers et al., 1994, (b) from La-
zarte et al., 1994)

slightly gravelly sand with localized gravel concentrations
that exhibits channeling indicative of its fluvial origin. Other
than the contact between units 1A and 1C1, which are pe-
dogenic, all other contacts within unit C are depositional or
erosional. Although the channeling has locally removed
some of the underlying strata, the relatively intact character

of buried soil unit 2Ab, which is about 0.5 m thick along
much of the trench, indicates the absence of deep scour.

We collected one TL sample from unit 1C2 (BAT94-
10) that yielded a corrected age of 12.3 � 0.9 ka. A TL date
on the underlying buried A horizon of unit 2Ab (BAT94-3)
yielded a perhaps younger corrected age of 10.3 � 1.1 ka.
We infer that the older, but stratigraphically higher, date
(12.3 ka) from unit 1C represents only partial bleaching of
the TL signature at the time of deposition. This is expected
for coarser-grained fluvial sediments, and thus 12.3 ka is a
maximum age for that unit. Sample BAT94-3 was collected
from a buried A horizon similar to the surface A horizon at
the Hondo site from which the TL control (zeroing) samples
were collected. Thus, these sediments should have been
much better zeroed, or bleached, at their time of burial. Con-
sequently, we interpret the date from unit 2Ab as the max-
imum age of overlying unit 1C and close to the burial age
of unit 2Ab, with an age range of 9.2–11.4 ka.

Unit 2, which contains subunits 2Ab and 2C toward the
west end of the trench, is a massive fine- to medium-grained
silty sand that we interpret as either fluvial or debris flow in
origin. There is no apparent stratification, channeling, or
gravels that support the fluvial interpretation; however, we
consider that option with the possibility that this is an indi-
vidual overbank depositional unit. Alternatively, and prob-
ably more likely, this unit may be a deposit associated with
an individual debris flow. In either case, unit 2 maintains a
relatively constant thickness along the length of the trench
except where it is channeled into by overlying unit 1C. A
soil is developed in this unit, expressed as an A horizon over
a C horizon; hence the unit designations of 2Ab and 2C.

Unit 3, with subhorizons 3Ab, 3Bt, 3BC/Bw, and 3Bk
represent a relatively strong soil developed in a poorly strat-
ified silty sand deposit. Unit 3BC is stratigraphically con-
tiguous with unit 3Bk, although substantial amounts of sec-
ondary calcium carbonate overprint the deposit east of the
fault in unit 3Bk.

The soil developed in unit 3 (Table 1) exhibits a mod-
erately developed argillic (Bt) horizon with many thin to
moderately thick reddened clay films, strong angular blocky
to prismatic structure, and an overall dry color of 5YR 4/4.
Unit 3Bk is interpreted as the associated calcic horizon for
this soil profile with stage II� development and localized
K fabric along bedding surfaces and faults. This soil is simi-
lar in development to the Q6 soils mapped by Herzberg
(1996) and at least as well-developed as the Q6 soil exposed
in the Hondo trench, so we infer a similar, but probably
slightly older, late Pleistocene age for this deposit of 50–
100 ka.

We collected one sample for TL analysis from unit 3Ab
(BAT94-12), from west of a buried fault scarp (Fig. 6), that
yielded a corrected age of 18.5 � 1.6 ka (Table 2). A wedge-
shaped deposit, indicated as unit 2col on the trench log (Fig.
6) buries a paleofault scarp and is interpreted as a fault-
generated colluvial wedge. The wedge material directly bur-
ies 3Bt soil material exposed in the scarp face and is com-
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Figure 6. Log of the north wall of the Batdorf trench. Light shading indicates the
presence of a buried A horizon. Medium and dark shading are deposits interpreted to
be a colluvial wedge derived from erosion of a fault scarp and fissure fills, respectively.

posed of material eroded from both the 3Ab and 3Bt units.
We attempted to directly date this wedge with TL (samples
BAT94-1 and BAT94-8; Table 2), although with limited
success. The resulting ages of 27.2 � 2.2 ka and 21.2 �
2.1 ka are older than the date from the underlying unit 3Ab,
although BAT94-8 is only slightly older. Although we at-
tempted to locate the sample in an area with no chunks of
eroded 3Bt material, we interpret the 27 ka result to mean
that some eroded argillic material, with an apparently sig-
nificant inherited age, was present within the sample matrix,
thereby producing the obviously too-old age. Thus, the only
direct age constraints on the colluvial wedge are bound by
the dates on units 2Ab (10.3 ka) and 3Ab (18.5 ka), although
the actual age is probably close to that of 3Ab, a buried A
horizon.

Paleoearthquake Events. We recognize evidence for three
surface ruptures in the Batdorf trench: one in 1992 and two
previous events. The effects of the 1992 rupture are ubiq-
uitous, with shattering of the strata in an upward flowering
zone of fractures (Fig. 6). Notably, no scarp was produced
at the surface, and the slip was distributed across the entire
zone of fractures, although some cracks exhibited signifi-
cantly greater displacements at the surface than others did.

The two paleoevents were recognized from both struc-
tural and stratigraphic observations. The penultimate event,
BA2, is interpreted from a number of fissure fills and minor
scarps that are present in unit 2Ab but are truncated by the
overlying channels and strata of unit 1C. Some of the fissure
fills, located near the center of the trench (Fig. 6), are as
wide as 10–15 cm where they are truncated by unit C allu-
vium. We also observed that many of the fractures, some of
which rebroke in 1992, are lined with CaCO3 up to the top
of the 2Ab surface, which we interpret to be the result of
prior fracturing up to that paleosurface. From these obser-
vations, we infer that a surface rupture producing fractures

similar to that of 1992 occurred when unit 2Ab was at the
surface. Using the TL dates on that unit as discussed earlier,
that faulting event (BA2) is poorly dated and occurred after
9–11.6 ka but before unit C was deposited. In that 2Ab is
an A horizon, the burial age, and therefore the age of the
earthquake, is probably close to 9 ka.

The third event we recognize apparently produced a
scarp in the unit 3 deposits just west of the middle of the
trench, which was subsequently buried by the wedge of ma-
terial we interpret as an event-generated colluvial wedge.
Here, the 3Ab horizon is dropped down to the west against
the 3Bt horizon. The 3Bt is rounded and degraded at the
fault, and overlain by the colluvial wedge, all indicating deg-
radation of a surface scarp. Thus we infer the event occurred
while 3Ab was at the surface, prior to deposition of unit 2.
The age of unit 3Ab, based on the TL date discussed earlier,
is about 18.5 � 1.6 ka, which we infer as the maximum age
of the third event, BA3. In that unit 3Ab is a buried A ho-
rizon, and based on the observations that A horizons tend to
be fairly well-zeroed with respect to residual TL signatures,
we infer BA3 to have occurred at about 18 ka.

From the observations and dates of soil units in the Bat-
dorf trench, we conclude that there have been only three
surface ruptures in the period between about 18.5 � 1.6 ka
and 1992. The penultimate event occurred after the period
of 9–11.6 ka. From these data, the return time for large earth-
quakes that rupture the Kickapoo fault appears to be on the
order of about 8–10 ka, longer than that inferred for either
the southern or northern portions of the Johnson Valley fault.

The Bodick Trench Sites. The first trench we excavated
along the Kickapoo fault was located a few meters south of
Bodick Road where 2.5 m of lateral slip was observed in
1992. The trench exposed a well-developed soil with a red-
dened argillic horizon that correlated to Herzberg’s (1996)
Q6 group of deposits. However, very loose, friable, coarse
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sand was present below the argillic horizon that collapsed
when the trench was opened. Further, the presence of an old
soil at the surface immediately indicated that no deposition
had occurred in that area for a long time, perhaps many tens
of thousands of years. Consequently, we did not consider
this a useful trench for paleoseismic study, especially in light
of its hazardous condition, and did not log it in detail. Nev-
ertheless, we did describe the soil (Table 1) and made a few
observations about the trench that indicate repeated failure
during or after soil development.

We observed the presence of a calcic horizon at depth
below the argillic horizon, indicating insufficient moisture
during the late Pleistocene in this area to completely flush
the carbonate from the profile. We also observed minor
CaCO3 superposed on the argillic horizon that we interpret
to be Holocene in age. In the fault zone, fractures were ob-
served to be heavily lined with calcium carbonate up into
and near the top of the Bt horizon. Considering the clear
bimodal distribution of carbonate, which we interpret to rep-
resent the differences between Pleistocene and Holocene cli-
mate as inferred elsewhere in the Mojave region (Machette,
1985; McFadden, 1988), we interpret all of the carbonate in
the argillic horizon, including that in the fractures, as Ho-
locene in age. Because carbonate linings of fractures require
the preexistence of the fractures, we infer that the Kickapoo
fault at this site has experienced prior Holocene rupture to
account for the production of fractures that were subse-
quently filled by the Holocene carbonate. If the event oc-
curred in the late Pleistocene when rainfall was higher, there
would likely have been sufficient time to heal the fractures
in the expansive clay medium of the argillic horizon. The
fact that the fractures appeared to be open and simply lined
with carbonate implies that the fractures themselves are Ho-
locene.

We then searched for a more favorable site for a second
trench along the Kickapoo fault, where late Pleistocene and
Holocene sedimentation has occurred, and chose a site about
0.2 km south of Bodick Road in an area of rilling and active
alluviation. As before, the subsurface materials were found
to be very sandy and would not sustain a deep trench face.
Consequently, we benched the trench at an overall 1:1 slope
(benches the same width as the bench faces) for stability.
Even then, it was difficult to avoid collapsing individual
benched faces, so we used plywood on the benches to dis-
tribute our weight.

We excavated three benches for a total trench depth of
about 3 m. A reddened Q6 soil, interpreted to be late Pleis-
tocene in age, was exposed along the entire length of the
trench, which provided a correlative unit across the fault
zone. The trench exposed the northern margin of an old
swale in the uppermost northern bench face (Fig. 7). There-
fore, the paleoground surface represented by the reddened
soil was not flat at this site and our dip-slip reconstructions
of that datum will be flawed.

We exposed three principal alluvial units in this trench.
The oldest is a stratified, locally gravelly sand capped by a

strongly developed Q6 Pleistocene soil, designated as unit 3
on Figure 7. As before, subunit designations follow their
respective pedogenic horizons (i.e., A, Bt, K, and C). This
Pleistocene unit is in turn incised by a channel that is back-
filled with gravelly sand of unit 2 on the western (hanging
wall) side of the fault. Units 2 and 3 are both overlain by a
massive silty sand (unit 1) that we interpret as fluvial de-
posits, which thickens across the fault to the east.

Understanding the location of the soil horizons and de-
posits logged on Figure 7 requires the recognition that the
soil is partially developed down into the aforementioned
channel. West of the fault, the argillic horizon (unit 3Bt) of
the Pleistocene soil is exposed in the uppermost face (face
1; Fig. 7), and immediately overlies a stage III calcic horizon
(unit 3K) of which only the top 10–15 cm is exposed. Unit
3 is not exposed in face 2 of the trench because it has been
locally channeled and backfilled with the younger, massive
gravelly sand of unit 2. In the 2-dimensional log (Fig. 7),
unit 2 appears to be below unit 3, although this is simply
because unit 2 on face 2 is in front of unit 3 on face 1 from
the perspective of the middle of the trench.

The expression of the argillic and calcic horizons de-
veloped in unit 3 (Table 1) clearly indicate the strength of
the soil profile, which when compared to the Hondo site and
other Mojave soils, required 50–100 ka of time to develop.
In contrast, unit 2 has virtually no secondary carbonate, sug-
gesting a significantly younger age than unit 3.

In the third and lowermost trench face, a cobble-rich
gravel unit defines the base of the channel deposits of unit
2 and is observed incising and cutting out the lower part of
the calcic horizon, which here expresses stage II develop-
ment. This calcic horizon is essentially the lower part of the
same profile exposed in the top bench (Fig. 7). Thus, the
paleochannel incised to about 2.5 m below the level of the
modern surface, and was backfilled with gravelly sand, at
least on the hanging-wall side of the fault. We did not en-
counter this unit on the east side of the fault, almost certainly
due to its strike-slip displacement out of the area of our
trench.

Overlying units 2 and 3 soil is the massive silty sand
deposit of unit 1 that thickens to the east across the fault.
Very weak stratification is present within the upper half me-
ter east of the fault. Unit 1C1a is thickest at the fault and
generally thins to the east, away from the fault. This unit is
interpreted as either a colluvial deposit shed from the scarp
after the penultimate event or alluvium buttressed against
the scarp. Several strands of the fault break to the base of
unit 1C1a but do not offset it; none of these faults were re-
activated in 1992 (Fig. 7(b)). This unit is capped by a thin
A horizon but expresses no other pedogenic development,
implying a Holocene age.

Three TL samples were collected from the silty sand of
unit 1: two from below the colluvial wedge (unit 1C2) and
one from within it (unit 1C1a) (Fig. 7; Table 2). All three TL
dates yielded consistent results in expected stratigraphic or-
der. The base of the silty sand yielded a corrected date of
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Figure 7. Log and reconstructions of the north face of the Bodick trench. (a) the
initial trench log; (b) the ground surface prior to the 1992 earthquake; (c) the inferred
ground surface prior to the penultimate event.
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8.3 � 0.45 ka, indicating that unit 1 is Holocene in age,
consistent with the absence of much pedogenic develop-
ment. The top of unit 1C2 yielded a corrected age of 5.5 �
0.3 ka, and unit 1C1 gave an age of 5.2 � 0.4 ka. These TL
ages indicate deposition of unit 1 during early to middle
Holocene time.

Faulting Events. At least three faulting events are recog-
nized from the Bodick trench based on both structural and
stratigraphic observations. Event BO1 broke to the surface
in 1992, displaced the A soil horizon of unit 1, and produced
about a half meter-high rounded scarp (Fig. 7(a)). The
rounding of the scarp is due to the rollover of the fault in
the upper half meter rather than diffusion off the scarp face.
We reconstructed the 1992 vertical slip by unslipping the
faults to realign the base of unit 1C1a, which required about
65 cm of dip restoration (Fig. 7(b)). This nearly removed
the surface scarp; we interpret the slight remaining surface
inflection as the degraded scarp from the penultimate event.

The penultimate event (BO2) is easily recognized in
Figure 7(b) by the many fault strands that break unit 1C2 but
do not penetrate up into unit 1C1. Unit 1C1 abruptly begins
at the fault and buries the previous scarp. We interpret the
event horizon as the lower contact of unit 1C1a. The two
upper TL ages bracket the age of event BO2 to be between
about 5.5 � 0.3 ka and 5.2 � 0.4 ka, or about 5.3 � 0.5
ka B.P.

Further reconstruction to remove the vertical separation
from the penultimate event was attempted by restoring both
the top and base of unit 1C2 and the buried argillic horizon
(Fig. 7(c)), which required about 1.8 m of dip restoration.
We did not include unit 1C1 in Figure 7(c) because it post-
dates the penultimate event. The amount of restored vertical
separation is about 2.75 times the 1992 vertical separation.
This may indicate that the penultimate event was about 75%
larger, at least in terms of vertical separation. This is con-
sistent with our observations at the Hondo site that the pen-
ultimate event, also dated to about the same time (4.7 ka),
was about 45% larger than that which occurred in 1992. We
discount the possibility that two events produced the buried
scarp because there is neither any structural nor stratigraphic
evidence to support such an event. Nondeposition between
earthquakes is always a possibility but the nearly identical
ages of the sediments of unit 1C2 and the overlying unit 1C1

seem to preclude this option.
There is a minor fault strand with opposite vergence east

of the main fault zone that did not rupture in 1992. This fault
breaks the top of the buried argillic horizon into unit 1C2

but could not be followed upward due to the massive nature
of unit 1. We interpret this strand to also be due to movement
during the penultimate event, although we cannot preclude
that this represents an earlier surface rupture at or slightly
younger than about 8 ka, the age of the lower portion of unit
1C2 which is faulted by this strand.

Another possible explanation of why the penultimate
event appears larger is that lateral slip (about 2.5 m on this

strand in 1992) may have amplified the apparent separation
by juxtaposing topographically higher and lower portions of
the buried argillic horizon. However, the trench was exca-
vated in the axis of the channel on the west side of the fault,
so lateral slip should have decreased the amount of vertical
separation with right-lateral slip, not amplified it. Neverthe-
less, because there may be other buried depressions, and we
do not know the subsurface extent of these units, lateral jux-
taposition remains a possibility to explain the greater appar-
ent vertical separation.

At least one earlier event is suggested by two lines of
evidence. First, the reconstruction shown in Figure 7(c) still
leaves a buried paleoscarp present at its time of burial at
about 8 ka. Second, at least one fault strand was observed
on the footwall of the 1992 rupture that breaks unit 3 ma-
terial but does not penetrate the buried argillic horizon nor
displace units 1 or 2. This event is interpreted to be late
Pleistocene in age to allow for reformation of the argillic
soil over the fault strand, although there are no direct age
constraints.

In summary, the Kickapoo fault has clearly ruptured
twice in the Holocene with the pre-1992 event having oc-
curred at about 5.3 ka. The penultimate event may have been
larger, at least in terms of its vertical component of slip.
There is permissive evidence that an earlier Holocene event
occurred, although we think this is less likely. After recon-
struction of the Holocene displacement, it is clear that a scarp
was present in the Pleistocene alluvial deposits, indicating
recurrent faulting back into at least late Pleistocene time.

Northern Johnson Valley Fault

We explored two possible trench sites along the north-
ern portion of the Johnson Valley fault, which did not rup-
ture in 1992, during the months after the 1992 earthquake.
One site, herein named the Means Lake site, is located about
4 km northwest of the northern termination of 1992 slip,
where a small arroyo draining to Means Lake has incised
the desert floor (Fig. 8). We cleared the arroyo wall and
located the fault, but determined that the stratigraphy is
poorly layered and datable material was scarce (Bornyasz,
1993). Consequently, the Means Lake site was not pursued.

The second site, herein named the Melville Gap site, is
located north of a major system of pressure ridges comprised
of uplifted bedrock, along a drainage that feeds into Melville
Lake (presently a playa) (Fig. 8). A shallow arroyo has in-
cised about a meter into eolian sand and well-bedded fluvial
and lacustrine (?) deposits, and abundant detrital charcoal is
preserved in the strata. Hence, this site looked considerably
more promising than the Means Lake site, and we chose to
concentrate our efforts here.

The Melville Gap Site. We excavated a several-hundred-
meter-long trench across the two vegetation lineaments that
are observable in the 1954 aerial photography (Fig. 8). The
trench exposed well-bedded stratigraphy to a depth of nearly
3 m (locally), and a well-expressed fault zone spanning the
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Figure 8. Map of the northern Johnson Valley
fault (from Bornyasz, 1993; Herzberg, 1996) showing
the Means Lake and Melville Gap sites. Faults are
dashed where approximately located, dotted where
concealed.

eastern lineament (Fig. 9). The western lineament is proba-
bly the result of a ground-water barrier produced by a buried
fault, although the fault does not rupture or deform the upper
several meters of stratigraphy and was not studied further.

The main fault zone, as shown on Figure 9, is nearly 15
m in width with a primary strand on the west bounding a
graben that drops the stratified sediments by about a half
meter. The stratigraphy is warped back up to the east such
that the overall sense of vertical separation across the entire
15-m-wide zone is up on the east (Fig. 9). The eastern side
of the graben contains many small fractures and faults but
most of the deformation appears to be accommodated by
folding. Some of the fractures terminate at different levels,
which may indicate recurrent faulting, as discussed in this
section.

The section of detailed stratigraphy was differentiated
into six primary mapping units and further divided into 31
distinct strata. Only the six primary units are labeled on the
trench logs in Figure 9. Unit 1 is a massive sand interpreted
to be of eolian origin because dune forms are present at the
ground surface. This dune sand overlies unit 2, a section of
interbedded clay, silt, and sand that is restricted to the vicin-
ity of the fault zone. Unit 3 is a sequence of finely bedded
fluvial strata to the west that grade eastward into massive
sand of presumed eolian origin. This unit is also restricted

in its distribution by the eastern margin of the fault zone,
indicating tectonic control of sedimentation.

Unit 4 is also a finely bedded section composed of flu-
vial overbank silt and sand that extends across the entire
length of the trench (Fig. 9). It is differentiated from unit 3
by an angular unconformity in the eastern half of the fault
zone. Unit 5, which underlies unit 4 across the entire length
of the trench, is a massively bedded gravelly sand of pre-
sumed fluvial origin. The lowermost unit (unit 6) exposed
in the Melville Gap trench is a massive, highly calcareous
silty sand deposit of possible playa origin.

Charcoal was distributed throughout unit 1 and the
thinly bedded section of units 3 and 4. Six samples were
submitted for 14C dating analysis from units 3 and 4, and
one sample was also submitted from the eolian deposits of
unit 1 (Table 3). All of the samples from the bedded section
of units 3 and 4 yielded ages that are within a few hundred
years of each other, between 9 and 9.5 ka in calendar years.
One could deduce from this that the entire section of units
3 and 4 was deposited in a few hundred years or less, which
is possible. An alternative hypothesis is that the charcoal was
reworked from a common source of a very limited age range.
In order to provide additional age control for this section,
we collected and analyzed three samples for TL dating from
units 3, 4, and 6, one of which was also used for PSL dating
(Fig. 9; Table 2). The TL and PSL ages for the samples from
units 3 and 4 are significantly younger than those of the
detrital charcoal samples, being 5.8 � 0.2 ka for the upper
part of unit 3 and 7.5 � 0.5 ka for the lower part of unit 4.
An age of 11.2 � 0.7 ka was obtained for the upper part of
unit 6.

Disregarding any effects from uncorrected unstable lu-
minescence (discussed later), our multialiquot TL and PSL
dating procedures provide maximum ages for the materials
tested because there is always the possibility of insufficient
light exposure before burial. Because the sunlight exposure
requirements are very different for the two techniques (Ait-
ken, 1998), the agreement between the two ages for the unit
3 sample (MEL93-5; Table 2) indicates that the daylight
exposure was adequate for this sample. Radiocarbon dating
also provides maximum ages because charcoal dates repre-
sent the time of wood growth, which is always older than
the time of deposition. However, charcoal may be resident
in a system for an extended period of time, especially in arid
regions. Rubin et al. (1998) documented variation by up to
15 ka of 14C charcoal ages within the same horizons of col-
luvium from the Los Angeles area, and attributed this vari-
ation to incorporation of older charcoal into younger depos-
its by downslope reworking. Similarly, in an area southeast
of Los Angeles, Vaughan et al. (1999) documented charcoal
14C ages that were 5–8 ka older than grass-blade 14C ages
from the same peat horizons, indicating substantial residency
of detrital charcoal within the drainage system. The results
from the grass blades provided the most accurate ages for
the peat beds.

For our Melville Gap site, we conclude then that the
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Table 3
Radiocarbon Dates for the Melville Gap Site

Stratigraphic
Unit

Sample
Number Laboratory Number

14C Age (13C corrected)
B.P.

Calibrated Age
B.P. (2r)

1 C-12 Beta-62443/CAMS-6888 1680 � 70 1553�148/�169

3 C-9 Beta-62444/CAMS-6759 8240 � 70 9258�212/�229

3 C-10 Beta-62447/CAMS-6891 8170 � 110 9117�355/�401

3 C-3 Beta-62445/CAMS-6889 8420 � 70 9444�97/�154

3 C-7 Beta-62446/CAMS-6890 8710 � 70 9821�116/�287

4 C-6 Beta-62448/CAMS-6892 8520 � 100 9528�321/�216

4 C-5 Beta-62449/CAMS-6893 8550 � 90 9535�329/�112

All samples are single pieces of detrital charcoal, and all samples experienced standard acid and base wash pretreatment. Calib 3.1 used for calibration.

upper part of the bedded section can be no older than 5.8 �
0.2 ka on the basis of the TL and PSL ages. Similarly, unit
4 can be no older than about 7.5 � 0.5 ka. Because all of
the detrital charcoal dates from this part of the section
yielded older ages, and because of evidence cited already
(Rubin et al., 1998; Vaughan et al., 1999), we infer that this
charcoal must all be reworked or have significant inherited
age. We therefore use the TL and PSL ages as most repre-
sentative of the actual ages of the exposed stratigraphy. We
are aware of the possibility that our luminescence ages could
be minimum estimates because of uncorrected anomalous
fading of the luminescence from the feldspars (Aitken, 1998;
Lamothe and Auclair, 1999), but we think that our preheat-
ing protocols (e.g., Berger, 1995; Ollerhead et al., 1994) will
have minimized any such effect, especially with the multi-
aliquot methods we used. It is highly unlikely that for
Holocene-age samples outside of an active volcanic region,
age underestimation by 30%–50% (difference between char-
coal and luminescence ages) would be observed. Rather, it
is likely that anomalous fading unremovable by preheating
(of multialiquot samples) is a regional problem (e.g., La-
mothe and Auclair, 1999) and not universal. Certainly feld-
spars from some regional deposits (sediments from northern
California, Washington State, and British Columbia; loess
from Alaska; sand dunes from eastern Mojave; reviewed by
Berger, 1995) provide accurate luminescence ages using
multialiquot methods. Nevertheless, we recognize that future
luminescence dating in this study region could employ more
refined methods to test for and to identify any putative age-
underestimation effects from uncorrected anomalous fading.
We think that the simplest interpretation here is that the char-
coal 14C dates do not represent the time of last burial of the
charcoal.

Evidence for Surface Ruptures. Three lines of evidence
are used to assess the occurrence of past surface ruptures:
upward abrupt truncation of fault splays, folding and warp-
ing of layers with coincident erosion across the fold, and the
formation of colluvial wedges at the main fault scarp. During
the past 11 ka, we see evidence for two and possibly three
surface-rupturing earthquakes at the Melville Gap site,

which did not experience rupture during the 1992 Landers
earthquake.

The youngest event (M1) breaks the entire section up
through unit 3 at the main fault on the western side of the
graben, where the section is vertically separated by about
0.5 m. A small colluvial wedge was generated off the scarp,
as shown in Figure 9. On the eastern side of the graben,
which is primarily expressed as a fold, all strata up through
the top of unit 3 are folded, and many fractures and faults
with small amounts of vertical separation displace the finely
laminated strata of units 4 up through 3. We attribute most
of this deformation to a large surface rupture that occurred
after deposition of unit 3. We reconstructed the vertical sep-
aration across the main, western fault (Fig. 10(a)), assuming
that the separation represents vertical slip here, and we are
able to rematch virtually every stratigraphic unit to the base
of the trench. There are slight mismatches, most notably on
the lowest units which may record an additional event, but
the match is sufficiently good to preclude a similar scarp-
forming event on the western side of the graben for the entire
period recorded by the exposed section.

A finely laminated section of clay interbedded with sand
(unit 2) overlies unit 3 and the colluvial wedge associated
with the most recent event. The clay, which represents very
low-energy depositional conditions, occurs only in the area
of the graben and pinches out both to the east and west (Fig.
9). We interpret deposition of this section in a trough within
the fault zone as a direct result of the faulting event (M1).
The low-energy environment was afforded by the trough,
which was probably a linear closed depression along the
rupture.

Assuming that the luminescence date of 5.8 ka for unit
3 closely matches the event horizon, an age of about 5.8 �
0.3 ka is assigned to event M1. However, because the sample
from which this age was obtained was recovered from an
eolian sand slightly below the top of unit 3, thus postdating
event M1, it is therefore probable that the actual age of M1
is slightly younger. Nevertheless, on the basis of the rela-
tively low sedimentation rate determined from the TL and
PSL ages of units 3 and 4, and recognizing that eolian de-
posits may accumulate very rapidly, the top of unit 3 is prob-
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ably no more than a few hundred years younger than where
we collected the sample. In the unlikely event that the TL
and PSL dates are in error and the charcoal dates are valid,
then this event actually occurred at about 9 ka.

An earlier event is indicated by folding and minor fault-
ing on the eastern side of the graben that involves strata up
through unit 4. Several faults with minor displacements
break up through unit 4 and do not crack the overlying stra-
tigraphy. Even though the vertical separations are generally
less than a centimeter, the finely bedded strata allow for
recognition of this event horizon based on upward termi-
nation of these minor faults. More compelling evidence for
this penultimate event (M2) is found in the pattern of sedi-
mentation before and after deposition of unit 4, which re-
flects folding of unit 4. Units 4 and 5 are of uniform thick-
ness across the fold on the eastern side of the graben,
indicating an equal amount of deformation. However, all
overlying fine-grained units thin and pinch out across this
fold, suggesting that a fold event occurred after deposition
of unit 4. Based on this observation, taken with the minor
faults that break unit 4 and not the overlying section, we
infer that a displacement event occurred between deposition
of units 4 and 3. There is no evidence that this event acti-
vated the western side of the graben, as the reconstruction
in Figure 10(a) shows. Thus, this was either a smaller event
or it concentrated slip on the eastern side of the graben.
Because M2 produced greater overall east-side-up separa-
tion than did the most recent event (M1), it is likely that they
were both relatively large events.

Finally, a third event is suggested by the presence of
abundant fractures and minor faults that displace unit 6 but
do not appear to penetrate into the base of unit 5 (Figs. 9
and 10). Unit 6 is also the only stratum that could not be
realigned in the reconstructions of Figure 10, although that
could also be due to lateral slip. Unit 5 maintains a fairly
constant thickness across the fold, suggesting little or no
folding deformation with this event. In that this is the coars-
est unit in the section and obviously scoured locally into unit
6, it is possible that any fold that was present was simply
scoured flat. Formation of a scarp along the western side of
the graben could also have been scoured flat.

Alternatively, it is also possible that the fractures post-
date deposition of unit 5 and their minor displacements were
simply absorbed by the coarse, gravelly alluvium of this unit.
Some fractures do break unit 5 and have fissures filled with
unit 5 material (gravelly) penetrating downward into unit 6.
Even some of these could not be shown to break the top of
unit 5. Thus, although we maintain that an event is possible
at this stratigraphic horizon, the overall evidence for this
event is weak. If real, event M3 was probably smaller than
either of the later two events based on the lack of folding
and scarp formation.

The timing of events M2 and M3 are less well con-
strained than event M1. Event M2 occurred after deposition
of unit 4. We TL-dated the base of unit 4 at 7.5 � 0.5 ka
and unit 3 at 5.8 � 0.3 ka, bracketing the event horizon of

event M2. In that the event horizon is only about 10 cm
above the position of the TL sample that was collected near
the base of unit 4, we infer that this event occurred soon
after 7.5 ka. However, absolute constraints for this event are
bound by the two aforementioned dates.

The event horizon for event M3 is at the top of unit 6,
which is dated at 11.2 � 0.7 ka. In that unit 6 may have
been present for some time prior to the inferred event, this
fracturing event may have occurred anytime between 11.2
� 0.7 ka and 7.5 � 0.5 ka, the age of overlying unit 4. If
the charcoal dates are correct, which we consider less likely,
then all three of these events occurred in a very short period
of time about 9 ka ago.

In summary, we present evidence for two and possibly
three surface ruptures along the northern segment of the
Johnson Valley fault (that did not rupture in 1992) during
the past 12 ka or so. Only the most recent rupture produced
pervasive deformation throughout the width of the fault zone
graben. Event M2 produced cracking and major folding and
was almost certainly a significant earthquake. The interpre-
tation of the occurrence of event M3 is arguable. If it did
occur, then it was apparently a minor event or possibly trig-
gered slip. Thus, there appear to have been two major and
possibly one minor surface ruptures at the Melville Gap site
in the past 12 ka or so.

We suggest that the earliest of the events (M3) at Mel-
ville Gap may have been a triggered slip event resulting from
rupture on a nearby fault. Minor triggered slip occurred
along portions of the northern Johnson Valley fault during
the 1992 earthquake (Hart et al., 1993). Specifically, a few
mm of slip was observed at Bessemer Mine Road, a few km
north of our trench site. Up to 5 cm of triggered slip was
also recorded at Soggy Lake Playa on the Lenwood fault,
and some of the observed minor slip along faults north of
the main rupture may have been triggered slip and not pri-
mary rupture. Thus, it appears that at least in 1992, the main
rupture was accompanied by triggered slip on nearby faults.

Alternatively, event M3 may represent a smaller earth-
quake, similar to the 1975 Galway Lake event or the 1979
Homestead Valley earthquake. Both of these earthquakes
were only in the M 5.5 range and both produced minor sur-
face rupture. If either of these interpretations are correct,
then only two large surface ruptures have occurred along the
northern Johnson Valley fault during the past 12 ka.

Homestead Valley Fault

Seven trenches were excavated at two sites along the
Homestead Valley fault after the 1992 rupture, herein named
the Thrust site and the Playa site (Fig. 1). The Thrust-site
trench data and interpretations are presented as part of this
article, being a principal component of our work after the
earthquake. The Playa site was investigated by Hecker et al.
(1993) and Cinti et al. (1993), and paleoseismic data and
interpretations for the five trenches in their study are sum-
marized for discussion purposes.

The Thrust-site trenches were the first two trenches ex-
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cavated along the rupture after the earthquake. Figure 11(a)
shows the complexity of the rupture through the area of
study. Here, the fault makes a left jog, producing uplift and
thrusting along with the strike-slip deformation. To the north
and south of the Thrust site, cumulative strike slip from 1992
was measured at 3–4 m across a fairly narrow rupture zone
(Sieh et al., 1993). In the area of our trenches, only 1.2 m
of strike slip occurred along the principal strand of the fault,
with the balance of strain accommodated by distributed de-
formation and a thrust fault along the northern margin of the
uplift. The thrust fault exhibited about 30–50 cm of vertical
separation and essentially no horizontal slip; we measured
0 � 5 cm of lateral slip on offset tire tracks at this site.
Thus, we chose the Thrust site because there was clear evi-
dence of only thrust displacement, which should be obvious
in two-dimensional trenches across the fault. Furthermore,
there are no assumptions about vertical-to-horizontal slip ra-
tios and whether they have remained constant over multiple
earthquake cycles.

The downside to the Thrust site is that the thrust fault,
although a principal strand of the 1992 rupture in this area,
is secondary to the main strike-slip fault. We must assume
that all major ruptures have caused displacement on this fault
and that the record for large surface ruptures is complete. As
discussed later, this may not be the case. Nevertheless, we
argue that large, 3–4 m slip events on the Homestead Valley
fault should produce slip on the thrust, and there is clear
evidence of repeated, similar-sized displacements in our
trench. Smaller displacements on the Homestead Valley
fault, however, may not produce rupture of the secondary
structures, such as this thrust fault.

We excavated the two trenches along the thrust rupture
about 20 m apart (Figs. 11(a) and 11(b)) because the ex-
pression of the surface rupture varied markedly from a 2-m-
wide zone of shattering at trench site T-1 to an abrupt, simple
scarp at trench site T-2. As discussed later, this resulted from
a local change in subsurface stratigraphy that was not dis-
cernable from the surface geomorphology.

Trench T-1 exposed stratified, gravelly alluvial fan de-
posits (units 4 through 8 on (Figure 12(a)) capped by a dis-
crete, 8-cm-thick buried A horizon (unit 3) that is interpreted
to be principally of eolian derivation. These strata are over-
lain by about 0.5 m of slightly gravelly, medium-grained
sand (unit 2) largely derived from an eroding dune complex
upslope from the trenches. A 2-cm-thick eolian-derived ve-
sicular A horizon (unit 1) caps the exposed section.

We described the soils in this trench to aid in the deter-
mination of deposit ages. The upper 0.5 m of alluvium has
no B horizon but exhibits a stage I calcic horizon with thin,
secondary CaCO3 coatings on the undersides of the clasts.
The minor accumulation of carbonate and the lack of a cam-
bic B horizon is typical of late Holocene soils in the western
Mojave region (Machette, 1985; Reheis et al., 1989, Herz-
berg, 1996), so we infer a late Holocene age for this deposit.

The buried soil of units 3 through 5 exhibits a weak,
�10-cm-thick cambic B horizon with a slight increase in

fines and very few secondary clay stains on grains (Table
1). A stage I calcic horizon is also present as coatings on
clast undersides. Although slightly better developed than the
overlying surface profile, comparison of this soil to dated
soils in the Mojave region also indicate a Holocene age for
these deposits, with a best estimate of 3–7 ka of surface
exposure time (Reheis et al., 1989) (Tables 1 and 4). Col-
lectively, these observations and interpretations suggest that
the entire section exposed in trench T-1 is Holocene in age
and probably does not exceed 7–8 ka. None of the exposed
strata appeared promising for TL dating, the sediments
yielded no datable carbon, and we have no other data to
constrain the age of the exposed deposits.

Faulting in trench T-1 occurred on a single, very narrow
shear (�1 cm thick) that dips 28� to the southwest toward
the main strike-slip fault (Fig. 12(a)). As the fault approaches
the surface, it gradually rolls to a 22� dip at 50-cm depth,
where it abruptly flattens to a nearly horizontal attitude. This
gradual rolling over of the fault as it approaches the surface
resulted in minor extension in the hanging wall, expressed
as many cracks and fissures that extend to a depth of 50–70
cm. It appears, however, that all of the actual slip occurred
on the primary rupture surface.

Reconstruction of the scarp produced by the 1992 slip
realigns all of the stratigraphic units and their contacts (Fig.
12(b)) and demonstrates that about 85 cm of dip slip oc-
curred on the thrust at this location. The reconstruction also
shows that there is no evidence for a previous rupture of the
strata exposed in trench T-1. Using the soil ages estimated
earlier, there does not appear to be any other middle to late
Holocene ruptures along this thrust.

Trench T-2 exposed a very different sequence of strata,
with only the capping eolian A horizon in common with the
strata of trench T-1 (Fig. 13(a)). This was initially surprising
because there is very little surface geomorphology to suggest
such a difference in subsurface stratigraphy (Fig. 11(b)). The
strata of trench T-2 contain two buried soils, both of them
with substantially better development than either soil ex-
posed in trench T-1, indicating a much longer stratigraphic
record. The stage III calcic horizon of unit 8 in and of itself
indicates a minimum surface exposure time of many tens of
thousands of years, as discussed later. Apparently, trench T-
1 was excavated in a swale or buried channel that backfilled
during the Holocene. This buried channel apparently incised
strata of trench T-2, interpreted to be largely Pleistocene in
age based on the strength of their soil profiles and a single
TL date on unit 4 (�15 ka; Table 2).

The surface soil, developed through units 2 and 3, is
very similar to the soils exposed in trench T-1 (Table 1).
Although lacking a Bw horizon, there is a stage I calcic
horizon and consequent moderate development of soil struc-
ture. Due to the lack of a Bw horizon, and the shallow depth
at which the carbonate accumulated, we interpret these de-
posits to be late Holocene in age.

A buried soil is developed through units 4–7 on the
footwall of the fault. Unit 4 is a wedge-shaped pebbly sand
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deposit that thickens abruptly at the fault, and thins north-
ward to zero at the northeast end of the trench. This deposit
is interpreted as a colluvial wedge shed off of the fault. A
cambic Bk horizon is developed in the lower portion of unit
4 and extends downward into unit 5, a massive to slightly
stratified gravelly sand. This Bwk horizon, which is 35-cm
thick, has common clay stains and a few clay films, mod-
erately developed structure, and stage I� calcic develop-
ment. The color, carbonate, and clay drop off downward into
the C horizon with minimal secondary carbonate in units 6
and 7. Unit 8 on the footwall is capped by another buried
soil that expresses an argillic horizon and a superposed stage
II� calcic horizon (Table 1).

The calcium carbonate accumulation in both the Bwk
horizon of unit 5 and the Btk horizon of unit 8 are interpreted
to be, at least in part, the result of secondary overprinting
by their respective overlying deposits and soils. It is unlikely
that both carbonate and clay accumulated simultaneously in
unit 8. Rather, the carbonate of unit 8 is interpreted to be the
primary calcic horizon of the soil associated with units 4–7.
This is supported by the presence of carbonate pipes ex-
tending upward from the top of unit 8 into unit 7, indicating
that most or all of the carbonate came from flushing of the
overlying units. Similarly, we interpret part of the carbonate
accumulated in units 4 and 5 to be associated with the soil
development of units 2 and 3. If this interpretation is correct,
then the soil developed through units 4–7, in addition to the
35-cm-thick Bw horizon, has a stage II� calcic horizon as-
sociated with it.

This interpretation is preferred for several reasons. First,
Holocene cambic horizons described in the Mojave and Im-
perial Valleys of southern California rarely exceed about 10
cm in thickness, similar to all those described in this study.
B horizons with thicknesses of 30–50 cm are almost exclu-
sively associated with Pleistocene deposits which developed
during periods of higher precipitation. Their calcic horizons
are also correspondingly deeper. For some of the soils de-
scribed in this study, such as in the Hondo site trench, the
Pleistocene soil exhibits a moderately developed argillic ho-
rizon and no calcic horizon, indicating sufficient moisture
during the Pleistocene in that area to flush the profile. At the
Thrust site, the obvious accumulation of significant calcium
carbonate indicates that Homestead Valley was drier during
the late Pleistocene than farther west, near the San Bernar-
dino Mountains range front. Nevertheless, based on the
thickness of the Bwk horizon, the calcic carbonate should
accumulate at greater depth. We suggest that the presence
of the buried argillic horizon of unit 8, with much higher
moisture retention than the overlying deposits of units 5–7,
forced deposition of CaCO3 associated with the soil of units
4–7, hereafter referred to as buried soil 1.

Comparison of buried soil 1 with those in the western
Mojave Desert suggests a late Pleistocene age with 12–35
ka in surface exposure time. Similarly, the buried argillic
horizon of unit 8, although not completely exposed, must
represent a longer period of exposure. A similar-appearing

argillic horizon at the Hondo site trench (unit 6) is dated at
about 50 ka (Tables 1 and 2). We tentatively place a similar
surface exposure time for unit 8 in the footwall of Trench
T-2. Thus, the depositional age of unit 8 must be the cu-
mulative age of both buried soils, or about 60–100 ka.

The soils developed in the hanging wall deposits are
somewhat simpler to interpret. Units 2 and 3, which contain
the weakly expressed late Holocene soil, overlie an argillic
horizon (unit 8) and an associated K horizon with stage III
carbonate development (unit 9). Stage III calcic horizons in
the Mojave region are estimated to require at least 50–100
ka to develop (Machette, 1985; Reheis et al., 1989). Thus,
we place a tentative minimum age of 50–100 ka for the
hanging wall deposits in trench T-2.

The fault exposed in T-2 maintains a fairly constant dip
of about 15� probably due to the competence of the sedi-
ments. At the surface, the snout at the fault tip collapsed,
producing a pile of rubble (unit 1) along the rupture trace
(Fig. 13(a)). We reconstructed the 1992 slip by unslipping
along the fault, realigning units 2 and 3, and attempting to
remove the scarp (Fig. 13(b)). We were unable to completely
remove the scarp with our reconstructions and a slight bow
is still present. We interpret this to represent the presence of
a degraded scarp at this site prior to the 1992 rupture.

The 1992 slip determined from this trench (about 85
cm) is identical to that reconstructed in trench T-1. Because
both observations were the same, we use 85 cm as the min-
imum amount of slip accommodated by the thrust in this
area. An additional thrust fault trace, with a scarp height of
about 10 cm, is present south of our trenches and also ac-
commodated some 1992 slip. If the fault dips are similar,
then an additional 15–20 cm of thrust displacement also oc-
curred on the southern strand. Thus, cumulative thrust dis-
placement at our site was about 1 m in 1992, with most (85
cm) occurring on the northern trace.

Evidence for Prior Surface Ruptures in T-2. There is struc-
tural and stratigraphic evidence for multiple slip events ex-
posed in trench T-2. An older fault strand is present above
the 1992 rupture surface that breaks up to unit 4 but does
not displace its lower and upper contact (Fig. 13). The fault
appeared to crack unit 4, but there was no displacement, and
the cracking may be attributed to 1992 shaking. Unit 4 itself
is a very localized deposit that is thickest at the fault and
thins to zero at the northern end of the trench. Furthermore,
once the 1992 slip is removed (Fig. 13(b)), the Pleistocene
surface soils associated with the top of units 8 and 4 exhibit
a rounded scarp buried by unit 4. We interpret all of these
factors as evidence for a previous event that ruptured when
units 8 and 5 were at the surface. We also interpret unit 4 as
a colluvial wedge shed off of the scarp produced by this
penultimate event. The buried scarp and colluvial wedge
have been subsequently buried by the Holocene deposits of
units 2 and 3, which had removed most of the geomorphic
evidence prior to the 1992 event.

We collected a TL sample from the colluvial material
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Figure 11. (a) Map of the rupture in the vicinity of the Thrust site. Note that our
trenches are on secondary thrust faults and not the primary rupture. (b) Topographic
map of the thrust ruptures at the Thrust site. Contour interval is 15 cm.

of unit 4. The resulting corrected age of 15.0 � 1.1 ka (as-
suming a similar relict age as at the Hondo site) indicates
that the penultimate thrust displacement at this site occurred
at about 13–17 ka, during the late Pleistocene.

A late Pleistocene age for the penultimate event is con-
sistent with our soil age estimates (12–35 ka). Although the
Bw horizon developed in unit 5 extends up into unit 4, the
majority of secondary clay is in unit 5. This suggests that a
substantial portion of the soils development occurred prior
to deposition of unit 4, which was produced by the penul-
timate event. A late Pleistocene age for the event would be
consistent with this and allow for some continued soil de-
velopment in unit 4 after accumulation of that colluvium.

We also reconstructed the slip produced in the penulti-
mate event, to assess its amount of dip slip, by realigning
the tops of units 5 and 8, the two Pleistocene buried soils

(Fig. 13(c)). This required an additional 80 cm of backslip-
page, indicating that the penultimate earthquake produced a
nearly identical amount of slip as occurred in 1992 at this
site.

With the reconstruction of the past two events, it is clear
that unit 5 must have been present prior to the prepenultimate
event because unit 8 is thrust over unit 5. Using our 12–35
ka age estimate for the soil developed through unit 5, this
suggests that the two events prior to 1992 occurred during
the past 35 ka, or less.

Finally, we also estimate that about 4.5 m is required to
reconstruct unit 8, which is estimated to be 50–100 ka in
age. This is roughly 5–6 times the amount of slip that oc-
curred in each of the past two events. If the 1992 slip is
representative of most displacements on this fault, then these
data suggest an average long-term recurrence interval of
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Figure 12. Log of trench Thrust T-1. (a) Log of T-1 after the 1992 earthquake; (b)
reconstruction of the ground surface to pre-1992 configuration. In that there was no
strike slip at this site, there are no concerns about slip versus separation. Note that the
reconstructed section is balanced and requires only the 1992 surface rupture.

about 8–20 ka (5–6 events divided into 50–100 ka). This is
consistent with the TL date on the colluvial wedge, placing
the penultimate event at about 15 ka.

Playa Site Summary

Five trenches were excavated by Hecker et al. (1993)
across the Homestead Valley fault at a playa, located about
3 km northwest from our Thrust site. Here, fluvial and distal
alluvial fan sediments have accumulated against a low scarp
along the primary strand of the Homestead Valley fault
(Cinti et al., 1993; Hecker et al., 1993) (Figs. 1 and 8). The
1992 slip in this area was about 3 m of dextral slip and 0.4
m of localized dip slip (Hecker et al., 1993; Sieh et al.,
1993). The vertical component of slip, along with the evi-
dence of prior vertical displacements, made this site attrac-
tive for paleoseismic study.

Hecker et al. (1993) document evidence for up to three
paleoseismic events, based on stratigraphic and structural
relations exposed in their trenches. Using both 14C dating on
detrital charcoal and TL dating on the finer-grained alluvial
elements, they date the penultimate surface rupture (P2) to

between 5.7 and 8.5 ka. They also date the prepenultimate
event (P3) as having occurred shortly before 12.5–14 ka. The
size of the penultimate event is inferred to be similar to that
of 1999, at least at this site, based on comparisons between
the amount of vertical separation in 1992 with that expressed
in this earlier event, about 35 cm.

There is not a good correlation of events between the
Thrust and Playa sites. In fact, at the Thrust site, we see no
evidence for their penultimate event (P2) between 5.7 and
8.5 ka, although their P3 event may correspond to our pen-
ultimate event (T2). There are three plausible explanations
for these observations. First, the Thrust site simply does not
record every large Homestead Valley earthquake. If this is
the case, then the Playa site record is more complete and
provides evidence for additional prehistorical events.

Another possibility is that the penultimate event at the
Thrust site is actually much younger than that inferred from
the TL and soils data. The TL date is a maximum age for the
colluvial wedge, and if the wedge material had as much as
9 ka of relict age, then this interpretation is plausible. The
problem is that we see no evidence from any of the TL results
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Figure 13. Log of trench Thrust T-2. (a) Log of T-1 after the 1992 earthquake. (b)
Reconstruction of the ground surface to pre-1992 configuration. In that there was no
strike slip at this site, there are no concerns about slip versus separation. (c) Recon-
struction of the penultimate event, which demonstrates that dip slip was similar to
1992, about 85 cm.
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from our Landers studies that would corroborate this mag-
nitude of an inherited age. Further, there is clear evidence
of translocated clay in the wedge that occurred after its dep-
osition, indicating a substantial period of surface exposure
prior to burial by the middle to late Holocene deposits. Al-
though the component of soil development in the colluvial
wedge (unit 4) is plausibly as young as middle Holocene in
age, we consider it unlikely.

The third possibility is that the penultimate paleoseismic
event at the Playa site was smaller than inferred from its
vertical separation and this event was not large enough to
activate the secondary thrust fault at our site. This, of course,
assumes that all large slip events (3–4 m) along the Home-
stead Valley fault will cause activation of the thrust fault at
the Thrust site and that smaller events will not. In this sce-
nario, the record at the Thrust site is also incomplete, but
largely due to the Thrust site’s inability to record smaller
events.

A variant of the third scenario is that rupture propaga-
tion direction plays a role in whether or not the thrusts are
activated. If the thrusts move only during northward prop-
agating ruptures, such as occurred in 1992, then the Thrust
site record may be incomplete and not record some events
that propagated from north to south. However, we see no
structural or kinematic reason why activation of the thrusts
would necessarily depend on rupture direction.

We favor the third scenario because the structural com-
plexity of the Homestead Valley fault in the vicinity of the
Thrust site does not allow for simple transfer of strain
through the restraining bend. We consider it unlikely that
other large, 3–4 m slip events would have maintained high
slip along the primary fault, but rather have caused distrib-
uted deformation similar to that in 1992, which involved the
thrust fault. This is supported by our observations of the
narrowness of the thrust fault at shallow depths that indicate
it has repeatedly broken during the late Quaternary in the
same place. This also indicates that the restraining bend is
not a new phenomenon along this portion of the fault zone.

Long-Term Temporal Pattern of Mojave Earthquakes

We compare our paleoseismic results from the southern
Johnson Valley, Kickapoo, and Homestead Valley faults
with those from other studies along the Homestead Valley
fault (Hecker et al., 1993; Cinti et al., 1993), Emerson fault
(Rubin and Sieh, 1997), and the Camp Rock fault (C. Rubin,
written communication), all of which ruptured in the 1992
Landers sequence. In this comparison, we also included our
paleoseismic data from the Northern Johnson Valley fault
(Herzberg and Rockwell, 1993; this article) and available
data from other faults in the ECSZ that were not involved in
the 1992 event. These data included trenching studies on the
Lenwood (Padgett and Rockwell, 1994), Old Woman
Springs (Houser and Rockwell, 1996), and Helendale (Bryan
and Rockwell, 1994) faults. A compilation of the timing of
moderate to large surface-rupturing events, with their asso-

ciated errors in age assessment, are presented in Figure 14
and Table 4.

In Figure 14, there appears to be clusters or groupings
of past earthquakes centered around 0–1 ka, 5–6 ka, and 9–
10 ka. Older groupings may also be present but data are too
sparse to delineate these. Between these apparent clusters,
large earthquake activity was apparently low for a period of
several thousand years, and in the period between about 1.5
to 4.5 ka, we see no evidence for large earthquakes on any
of the faults that we have thus far studied. In contrast, nearly
all of the faults in the southwestern part of the ECSZ have
ruptured during the past thousand years or so.

The groupings during the past ten thousand years are
fairly robust although errors for some of these paleoevents
are substantial. Furthermore, not all of the events are nec-
essarily of the same magnitude, and some of the sites listed
in Table 4 and shown on Figure 14 record the same event.
To assess the temporal patterns of moment release for the
faults that we have studied, we make an attempt at estimating
the amount of moment produced by each of the events that
we recognize in each of these trench studies. To calculate
moment, we assume rupture of the entire mapped fault
length and a seismogenic depth of 13.5 km, which is based
on the centroid depth determined for the Hector Mine earth-
quake (Scientists from the USGS, SCEC, and CDMG,
2000). Multi-segment or multi-fault ruptures are thus ac-
counted for because moment is summed on a fault by fault
basis. To estimate average slip, we used information derived
from either geomorphic studies of offset stream channels,
1992 slip measurements for faults involved in the Landers
earthquake, or estimates derived from Wells and Copper-
smith (1994) based on fault length.

For the Lenwood fault, there are direct data from de-
tailed study of the geomorphology that provide estimates of
the amount of slip per event (Padgett and Rockwell, 1994).
In their study, they determined that the past several earth-
quakes each produced about 3 m of slip near Soggy Lake
Playa, the site of the paleoseismic investigation, based on
many small ephemeral drainages that cross and are inter-
preted to be offset by the Lenwood fault. Thus, we use 3 m
as the average slip for large surface ruptures for that fault,
consistent with its approximately 75 km length. We also
assume that the Lenwood and Old Woman Springs faults are
essentially a single fault, as they are part of the same fault
zone separated by a restraining step-over and the timing of
the most recent event is indistinguishable for each fault,
within errors.

For faults that ruptured in the 1992 earthquake, we use
the 1992 slip as an estimate of the average slip for that fault,
at least for most events. The only exception is for the Home-
stead Valley event at about 7.1 � 1.4 ka that we infer to be
smaller based on its absence from our Thrust site trenches.
In this case, and for all other faults where we have no direct
information on slip per event, we take the mapped length of
the fault and calculate average slip based on the published
relationships of Wells and Coppersmith (1994) (Table 4).
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Figure 14. Diagram showing the timing of past earthquakes at all trench sites. Er-
rors are shown as bars. Note that some earthquakes depicted at different sites are
probably common events. Also note that data are lacking for older events (shaded areas)
for many sites.

Moment release can be evaluated in several ways, and
we have chosen a method that accounts for the inherent errors
in dating prehistoric earthquakes, especially in arid regions
where precise dates are rare. Figure 15 represents a series of
moment release curves for individual faults involved in this
analysis. The shape of each curve is a probability density
function where the error in event dating is accounted for by
the shape of the function, and the area under each curve scales
to the moment of that event. Thus, poorly dated paleoearth-
quakes have broad curves that effectively distribute the
released moment over a period of time whereas well-dated
events have high curves narrowly centered on the date of the
earthquake. Because the 1992 earthquake would be repre-
sented as a line of infinite height using this method, we ar-
bitrarily assigned a � 50 year error function for this known
event to allow it to scale with the prehistoric events. The
black curve represents the sum of all moment release from
earthquakes that we have identified in our trenches and from
the various other paleoseismic investigations.

Using this method, there is a distinct pattern of cluster-

ing that is fairly robust for at least the past three cycles.
These correspond very well with those inferred from the
more qualitative data of Figure 14, and argue for distinct
periods or bursts of seismic activity punctuated by periods
of relative quiescence. Individual faults, however, appear to
behave in a quasiperiodic fashion, with the clustering pro-
duced by the in-phase earthquake generation of the system
of faults.

It is not clear if this pattern is representative of the entire
ECSZ or just the southwestern portion of the Mojave desert.
It is possible that seismic activity migrates from one part of
the shear zone to another over time scales of thousands of
years and that there is a sampling bias in our data. It is also
possible that this pattern represents a fundamental process
in regional strain release, as noted by the “surprising large
long-term temporal and spatial variations” in seismic activity
in areas of long historical record (Allen, 1975). Further work
will hopefully resolve the past seismic activity of other faults
in the ECSZ and test whether clustering has affected the en-
tire Mojave region.
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Maximum EQ Moments

Figure 15. Moment release over time for western Mojave faults. Moment scales to
the area under the curve, which are probability density functions that represent the error
in age assessment of each event. The uppermost black curve (Sum) is the sum of
moments for all events. L&OWSF, Lenwood and Old Woman Springs fault; HF, Helen-
dale fault; nJVF, northern Johnson Valley fault; sJVF & KF, southern Johnson Valley
and Kickapoo faults; HVF, Homestead Valley fault; nEmerson F and sEmerson F, the
northern and southern Emerson faults, respectively; and CRF, Camp Rock Fault.

Discussion and Conclusions

We excavated 11 trenches at 7 sites along faults that
ruptured in the 1992 Landers earthquake to establish the late
Pleistocene and Holocene rupture history of each of these
faults. Data for some faults is more complete than others,
and ages of earthquakes are also better constrained at some
sites than others. We use these new data, in conjunction with
information collected by Rubin and Sieh (1997), Zachari-
asen and Sieh (1995), and Hecker et al. (1993) to test several
ideas that were generated by this large, and largely unex-
pected, event.

Issue 1. Did the 1992 rupture proceed onto the Kicka-
poo and Homestead Valley faults because the northern
Johnson Valley fault had recently failed? At the Melville
Gap site, we have established that the northern portion of
the Johnson Valley fault has not ruptured since about 5.8 ka
or slightly thereafter. We can also demonstrate the occur-
rence of two large events (at about 5.8 and 7.5 ka) during
the past 12 ka at the Melville Gap site, with one other, prob-
ably smaller, event at about 11.5 ka B.P. Thus, the average
return time for large surface ruptures appears to be on the
order of several thousand years, but not ten thousand years

or longer. These observations counter the idea that the Land-
ers rupture proceeded onto the Kickapoo fault rather than
the northern Johnson Valley fault because it was insuffi-
ciently stressed to rupture in 1992. In fact, because it has
been over 5 ka since the most recent event, we suggest that
the northern Johnson Valley fault is a candidate for a near-
future event.

In discussing whether rupture of the southern Johnson
Valley fault may just as well have proceeded northward
along the northern Johnson Valley fault, we suggest that
rupture direction may have played a role. Further, it is pos-
sible that rupture direction, and possibly point of nucleation,
influences extent of faulting during any given event cycle.
The 1992 earthquake nucleated near the southern end of the
Johnson Valley fault and propagated northward. The Kick-
apoo fault is nearly colinear with the southern portion of the
Johnson Valley fault, so northward rupturing events may
simply be favored up this pathway rather than toward the
northwest, which requires the rupture to jog left through a
restraining single bend (Fig. 1). In contrast, ruptures that
begin in the north and propagate southward would view this
bend as a releasing or extensional bend. Sowers et al. (1994)
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noted that sinter mounds are present along the southernmost
portion of the northern Johnson Valley fault, as well as just
south of its intersection with the Kickapoo fault, indicating
extensive hydrothermal flooding at some time in the past.
These deposits may reflect hydrothermal activity that occurs
after southward-directed rupture propagation, which should
produce extension in the bend area. Releasing steps and
bends commonly form the endpoints of strike-slip fault rup-
tures (Sibson, 1985; Knuepher, 1989) so southward ruptur-
ing events may terminate at the bend rather than continue
south of the Kickapoo-Johnson Valley fault intersection.
This may explain the additional Holocene event at the Mel-
ville Gap site at about 7.5 ka, which is not recognized on
either the southern Johnson Valley or Kickapoo faults (un-
less E3 at the Hondo site is the same event as E2 at the
Melville Gap site, which we consider unlikely although not
implausible). A 30-km-long rupture of only the northern
Johnson Valley fault would correspond to about a Mw 6.8
event, assuming Wells and Coppersmith (1994) relation-
ships among rupture length, moment magnitude, and aver-
age slip. In any case, considering the length of time since
the most recent event at Melville Gap, it is fair to conclude
that the 1992 rupture path was not substantially influenced
by a recent past event.

At the juncture of the Johnson Valley and Kickapoo
faults, we see evidence for only two pre-1992 surface rup-
tures during the past 20 ka, which probably reflects the rup-
ture history of the Kickapoo fault. At the Bodick site on the
Kickapoo fault, we date the penultimate event to 5.3 � 0.5
ka, indistinguishable from the northern and southern John-
son Valley faults, and the prepenultimate event as late Pleis-
tocene, consistent with the Batdorf site data. Thus, it appears
that the Kickapoo fault and the northern and southern John-
son Valley faults may all have failed together in the penul-
timate event, or failed as a cluster over a short time interval.
Prior to that event(s), they appear to have had independent
slip histories, at least during the late Quaternary.

Issue 2. Was there evidence for the occurrence of simi-
lar earthquakes in the past and could we have forecast the
likelihood of these five faults failing together in one large,
complex event? Another primary issue that we addressed
was whether there have been past events similar to the 1992
event, and whether we could have forecast the likelihood
that the 1992 earthquake would be as large as it was. The
latter issue is easier to address. The timing of the penultimate
event on the southern Johnson Valley and Kickapoo faults
are indistinguishable at close to 5 ka, so they could have
been the same event. However, it appears that the Emerson
fault failed substantially earlier, at about 8.7 ka (Rubin and
Sieh, 1997), and was not involved with the penultimate
Johnson Valley event. The penultimate Homestead Valley
event (Hecker et al., 1993) is permissibly the same as the
penultimate Johnson Valley and Kickapoo events, although
the age data suggest that it may have been as much as a
thousand years earlier. Furthermore, based on our Thrust site
data on the Homestead Valley fault, we argue that the event

P2 recognized by Hecker et al. is smaller than that which
occurred in 1992. These observations indicate that the 1992
surface rupture was not simply a repeat event. Thus, without
the hindsight provided by the 1992 event, it is doubtful that
anyone would have proposed the magnitude, rupture pattern,
or amount of displacement.

However, there are earlier candidate earthquakes that
may have been similar to the 1992 event, and the most plau-
sible candidate occurred at about 15 ka. We argue that the
last large surface rupture along the Homestead Valley fault
occurred about that time, based on activation of the thrust
fault at the Thrust site. Although Hecker et al. (1993) report
evidence for another surface rupture after 15 ka and prior to
1992, we suggest that it may have been smaller than the 3
m that occurred in 1992. This inference is based on the idea
that only large displacements, similar to 1992, will activate
the secondary thrust fault whereas smaller slip events will
bypass it.

Rubin and Sieh (1997) documented that the Emerson
fault slipped between about 15 and 24 ka. However, their
radiocarbon dates were on pedogenic carbonate which has
inherent residency problems (Gile et al., 1981). Thus, it is
possible that the penultimate Emerson event was younger,
at about 15 ka, than the mean age suggested by Rubin and
Sieh (1997), in which case it may have been involved with
a Landers-type earthquake. Nevertheless, taken at face
value, that Emerson event was likely older than the 15 ka
date inferred for the last large Homestead Valley event, and
thus, there may be no other event similar in size and extent
to 1992 for the past 20 ka or so. Consequently, it is unlikely
that if we had completed all of our trenching prior to 1992,
that we would have recognized the potential for all five faults
failing in one earthquake sequence.

Issue 3. Do the Kickapoo and southern Johnson Valley
faults have a common history, supporting the suggestion
(Sowers et al., 1994) that they are essentially the same struc-
ture? We have dated several surface ruptures on the northern
Johnson Valley, southern Johnson Valley, and Kickapoo
faults to test the idea that the southern Johnson Valley and
Kickapoo faults are essentially the same structure, as sug-
gested by Sowers et al. (1994). The penultimate event at all
trench sites on northern and southern Johnson Valley and
Kickapoo faults are indistinguishable at about 5 ka, within
the bounds of uncertainty, and may represent the same event.
However, the mean values of the age data suggest that the
northern Johnson Valley fault failed up to several hundred
years earlier than the Kickapoo or southern Johnson Valley
faults. This would be a different pattern than the 1992 event,
which did not rupture the northern extent of the Johnson
Valley fault. Prior to the circa 5 ka event, each of these faults
appears to have a different rupture history. The northern por-
tion of the Johnson Valley fault also failed at about 7.3 �
0.8 ka, apparently with less slip. The southern Johnson Val-
ley fault also ruptured during the early Holocene, at approx-
imately 10 � 2 ka. Considering that the age ranges of these
events barely overlap, it is plausible (but unlikely) that they
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are the same event. The Batdorf trench exhibited only three
surface ruptures on the Kickapoo fault during the past 20 ka,
with the prepenultimate event at about 18.5 ka. If the rupture
history at the Batdorf site is complete, then the earlier events
of the southern Johnson Valley fault between about 7 and
18 ka did not rupture the Kickapoo fault. These data suggest
that each of these faults, although structurally linked, have
a different rupture history. Considering this, we have chosen
to preserve the adopted names of each of these fault seg-
ments. Nevertheless, the similarity in strike between the
southern Johnson Valley and Kickapoo faults, along with
the observation that they may rupture together in some
events supports the contention of Sowers et al. (1994) that
they are essentially the same fault.

Issue 4. What are the recurrence rates, and therefore
the inferred slip rates, for faults along the 1992 rupture?
One result that came out of this trenching is that the return
time for surface ruptures at individual points along any and
all of the faults involved in the 1992 earthquake is relatively
long, on the order of 5–15 ka. This long return period is
comparable to that for other faults studied after the earth-
quake, which also show correspondingly long recurrence in-
tervals (Hecker et al., 1993; Padgett and Rockwell, 1994;
Bryan and Rockwell, 1995; Houser and Rockwell, 1996;
Rubin and Sieh, 1997). We use the estimated return times
for large displacement events on each of the faults studied
to estimate a slip rate, assuming that slip was similar in prior
events as in 1992. As discussed later, that assumption is
generally supported by similar amounts of dip separation
from event to event.

For the southern Johnson Valley fault, we have estab-
lished an average return period of approximately 5 ka, which
is consistent with the lapse time since the penultimate event.
Using this interval and the �3 m of slip measured along the
southern Johnson Valley fault, we suggest a slip rate of about
0.6 mm/yr for this structure. Similarly, the Kickapoo fault
has sustained three surface ruptures during the past 20 ka,
with the penultimate event possibly larger than 1992. Nev-
ertheless, assuming that they all exhibited about the same
amount of strike slip, 2.5 m in 1992 at Bodick Road, and
using an average return period of �9 ka, we calculate a rate
of about 0.2 mm/yr.

For the northern Johnson Valley fault, the data are less
constrained so any slip-rate estimate is poor. Nevertheless,
we have established that two significant surface ruptures
have broken this fault during the past 11.5 ka, with possibly
a third, smaller displacement at about 11.5 ka. The most
recent event appears to have produced the most damage to
the stratigraphy so we suspect that it was the largest. Beyond
the mismatch in stratigraphy across the fault between trench
walls (about 1 m), there are no constraints as to the amount
of slip in the 5 ka event. Nevertheless, in that �3 m seems
to have been a fairly average amount of slip in the 1992
event, and Padgett and Rockwell (1994) established that the
Lenwood fault has failed with 3-m slip events, we assume a
similar amount (3 � 1 m) for the most recent northern John-

son Valley event. For the 7.5 ka event, however, the rupture
did not activate the entire width of the fault zone so it may
have been smaller. From our observations, it is not likely
that more than 6 m of slip has been released in the past 12
ka, suggesting a rate of less than 0.5 mm/yr. Future work
should concentrate on resolving slip in past Mojave earth-
quakes, especially along the northern Johnson Valley fault
where no data exist.

Resolving the slip rate on the Homestead Valley fault
also is problematic due to the disparate records at the two
trench sites. We speculate that only the large events, like
1992, activate the thrust faults at our Thrust site, although
we allow that smaller events may have occurred for which
we do not see any evidence. If most of the strain is released
in these large events with about 3 m of slip, and our obser-
vations of about 5–6 events in the past 60–100 ka are valid,
then a return period of 10–20 ka is estimated. Notably, the
average recurrence interval of 15 ka is about how long it has
been since the penultimate event. If all other slip events, such
as the one recognized at the Playa site, are small (perhaps
similar to the 1975 or 1979 events with centimeters of dis-
placement), then the slip rate for the Homestead Valley fault
is on the order of 0.15–0.3 mm/yr.

It is interesting to note that the Homestead Valley and
Kickapoo faults have similar inferred rates at about 0.2 mm/
yr, and that the southern Johnson Valley fault has the highest
inferred rate at about 0.6 mm/yr. It is also interesting that
the combined rates of the Homestead-Kickapoo trend and
the northern Johnson Valley fault more or less equal that of
the southern Johnson Valley fault. This suggests a relatively
simple transfer of strain in this part of the ECSZ.

Issue 5. Finally, is there any evidence to suggest a
change in the late Quaternary behavior or rate of earth-
quake occurrence that would indicate the development of a
new system of faults, as suggested by Nur et al. (1993a,
1993b) and Du and Aydin (1996)? Our observations can, to
some degree, test recent suggestions that there has been a
change in the late Quaternary behavior or rate of earthquake
occurrence that would indicate the development of a new
system of faults, as suggested by Nur et al. (1993a, 1993b)
and Du and Aydin (1996). They suggest that the northerly
striking faults are “new” and now accommodate slip that had
formerly occurred on the northwesterly striking set of faults.
Part of this model suggests that the northwest-striking faults
are now inactive, or becoming so.

It is plausible that the southern Johnson Valley fault has
evolved over the past several hundred thousand years, al-
though this is difficult to prove because there are no esti-
mates of total slip across the fault. However, using our re-
currence interval and inferred slip rate of 0.6 mm/yr, the
expected amount of slip is small. The Homestead Valley
fault has only a few hundred meters of total slip (Zachariasen
and Sieh, 1995), and the northern Johnson Valley also has
relatively little displacement with about a kilometer of right-
lateral slip (Manson, 1986), so the total expected slip for the
southern Johnson Valley is little more than a kilometer.
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If the total slip for the southern Johnson Valley fault is
simply the sum of the northern Johnson Valley and Home-
stead faults (about 1.3 km) and assuming that 0.6 mm/yr has
been the slip rate since fault inception, then the age of the
southern Johnson Valley fault would be about 2 Ma. This is
similar to the ages (or perhaps older than) that Dokka and
Travis (1990a) place on faults of the western Mojave desert.
It does not support the hypothesis that northerly striking
faults are newer than the northwest-striking ones. It is pos-
sible that the southern Johnson Valley fault has less slip than
expected (�1.3 km), and that activity has propagated south-
ward during the Quaternary. However, that does not really
favor one model over another.

In summary, we see no evidence that the late Pleisto-
cene to Holocene behavior has changed for any of the faults.
In fact, none of the faults that we trenched have a relatively
short recurrence interval that would indicate a significant slip
rate. We observe that dextral shear is distributed across the
Mojave shear zone, as previously inferred by Dokka and
Travis (1990a, 1990b). The northerly striking faults have
similar return periods to the northwest-striking faults and
there has been no observable changes within the latest Qua-
ternary. The return periods for 1992-type events are proba-
bly quite long in that we see no strong evidence for a prior
combination of ruptures during the past 20 ka or so. We
interpret our observations to mean that there have been no
recent changes in fault behavior in the south part of the Mo-
jave shear zone. Comparing the long and short-term activity
of these faults, as inferred from the faults’ total slip and our
trenching, suggests that the last 20 ka of earthquake activity
reflects the status quo for the ECSZ in southern California.

A surprising result from our work is that moment release
in the western portion of the ECSZ appears to have clustered
during the past 10–15 ka, with distinct bursts of seismic
activity at 0–1 ka, 5–6 ka, and 9–10 ka. This may reflect a
number of processes that are fundamental to our understand-
ing of regional deformation such as episodic strain accu-
mulation or episodic strain release due to the nature of the
loading. Further work is certainly warranted in this region
of infrequent, large earthquakes, both from a current seismic
hazard perspective and to further our understanding of the
physical processes involved in the generation of large earth-
quakes.
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Appendix
Dating Methods

We used four dating techniques to constrain the ages of
alluvial deposits in our studies: soil geomorphology, ther-
moluminescence (TL) and proton-stimulated-luminescence
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(PSL) dating of fine-grained and sandy sediments, and con-
ventional radiocarbon dating on detrital charcoal. Each of
the techniques provides largely independent assessments of
age, and each therefore help constrain the actual age of al-
luvial deposits. We use the radiocarbon, TL and PSL dates
to constrain the ages of some of the soil units described in
this study, so the soil age estimates are not completely in-
dependent of the other techniques.

Soil Dating. Soil, in the context of our study, is the weath-
ering profile that develops at the Earth’s surface due to
physical and chemical changes that occur over time (Birke-
land, 1984; Rockwell, 1998). It is the time element or factor
in soil formation that we use to assess the ages of faulted
and unfaulted deposits, and for correlation of deposits across
faults. A sequence of soils that vary as a function of their
ages is termed a soil chronosequence. If independent age
control can be determined for some chronosequence mem-
bers, or if the soils can be correlated to dated soils elsewhere
that have developed under similar climatic conditions and in
similar parent materials, we can also use those dated soils to
help constrain the ages of undated profiles in our study.

Previous soil studies in the Mojave region include de-
velopment of chronosequences (McFadden, 1988; Reheis et
al., 1989; Herzberg, 1996), as well as more general studies
of soil genesis (Machette, 1985; Eghbal and Southard,
1993). We include the data from these previous studies,
along with independently dated soil data from our studies,
to provide calibration for undated soils described herein.

About 40 pedons were described in alluvial deposits
along the 1992 rupture (Herzberg, 1996) according to guide-
lines set forth by the USDA Soil Conservation Service
(Birkeland, 1984, Soil Survey Staff, 1991, 1992). Ten of
these pedons are used in this study (Table 1)). Samples were
collected from many of the described pedons and analyzed
for particle size distribution, bulk density, and carbonate
content, where appropriate. Many of the soil exposures were
backhoe trenches used to expose the fault during the paleo-
seismic studies. We also utilized natural and road-cut ex-
posures where necessary.

The older (Pleistocene) soils can be generally separated
into two groups: Argids (those with argillic horizons and
little or no calcium carbonate) near the range-front of the
San Bernardino Mountains and Orthids (those with calcium
carbonate and little or no translocated clay) farther out into
the Mojave Desert. The Holocene soils are generally very
weak and display little to no pedogenic development. These
observations indicate that a substantial rainfall gradient ex-
isted during the late Pleistocene near the range-front out onto
the desert floor and that the expression of the soil in deposits
of a common age may vary as a function of the local paleo-
climate.

In this study, the significance of the expression of in-
dividual soil profiles is discussed in the context of the fault
relationships at each trench site, as applicable. For some
soils, we can make rather strong estimates of their ages,

based on comparison to well-dated soils elsewhere in the
Mojave region. In others, comparable dated soils are few
and the soil age estimates are poorly constrained. In each
case, however, the soils have been useful in helping to con-
strain and interpret the faulting relationships, even where
errors on the age estimates are large.

Thermoluminescence and PSL Dating. Under ideal con-
ditions, TL and PSL dating techniques measure the time
since the sediments were last exposed to daylight, and there-
fore the time since their burial. We collected and analyzed
28 samples (21 samples as presented in Table 2 and an ad-
ditional seven samples for zeroing tests, with detailed results
to be described elsewhere) to determine ages of some of the
soils and faulted alluvial deposits in this study. For TL dat-
ing, we measured the blue-UV emission, which arises from
both feldspar and quartz, but dominantly from feldspar. For
PSL dating, we used 1.4 eV (880 nm, near-infrared) exci-
tation and measured the 3.1 eV (400 nm, violet) emission
characteristic of K-feldspars (Aitken, 1998; Huntley et al.,
1991; Ollerhead et al., 1994). Both methods are based on
the observation that during radioactive decay occurring in
the sample and its surroundings, some of this radiation en-
ergy is stored in the mineral grains of the sediment. The
energy is stored in the mineral lattice partly as a potential
energy of “trapped” electrons. The rate at which radiation
energy is absorbed is called the dose rate and is a function
of the concentration of radioactive elements present within
the sample and in the soil immediately around it (up to about
a 30-cm radius). The longer the exposure to the radiation,
the greater the luminescence measured later in the laboratory
when the trapped electrons are released by heat, in the case
of TL, or light, in the case of excitation by photons.

An important distinction between the techniques is that
in TL dating all the trapped electrons are sampled, both light-
sensitive and light-insensitive, while in PSL dating only
light-sensitive trapped electrons are released. Daylight ex-
posure just prior to sediment burial releases electrons from
traps, thereby resetting the clock. Alluvial material in which
each grain has been exposed to many hours of direct sunlight
will still yield a measurable “residual” or relict TL, which
arises from light-insensitive electron traps, and the dating
technique corrects for this. In contrast, grains exposed to
only a few minutes of direct sunlight yield a usually negli-
gible luminescence under photon excitation. The ideal sam-
ple is one which was very well exposed to daylight before
burial, in which case both techniques should yield the same
age. Conversely, if both techniques yield the same age then
the sample was well bleached prior to burial. Possibly the
daylight exposure could be such that PSL dating would give
the correct age, but TL dating would give an incorrectly high
age. With the multialiquot procedures that we used, if some
grains were not bleached at all, but some were, the measured
age from both methods would be a maximum for the age of
deposition. This can occur, for example, if some grains were
clumped or shielded by a coating during transport, or if some
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were transported during darkness, such as at night or in a
sandstorm (Aitken, 1985, 1998; Berger, 1988, 1995; Lian
and Huntley, 1999).

To assess the potential utility of these dating techniques
in the study area and for the alluvial materials generally pres-
ent in our trench exposures, we tested the adequacy of the
daylight exposure by collecting and measuring three surface
samples. In the area of the Hondo trench site along the south-
ern Johnson Valley fault, we collected soil material from a
ground squirrel midden and from the topmost 4 cm of sed-
iment on the 1992 scarp face. The ground squirrel midden
material was an important test because there is abundance
evidence for squirrel activity around the Hondo trench site
and this activity may be a significant cause of mineral grains
becoming exposed to daylight. We also collected material
from a two-month-old ant mound in Homestead Valley. Of
the three samples, the zeroing test on the scarp face sample
is perhaps the most important such test because this material
is presumably the source material for the colluvium shed
from the scarp after an earthquake.

The results of these tests showed that zero-age samples
from this area are likely to yield apparent TL ages of 500
� 100 years and apparent PSL ages of 50 � 20 years.
Consequently, 500 years has been subtracted from the cal-
culated TL dates on samples recovered from the trench stra-
tigraphy to better constrain the actual ages of the respective
deposits (Table 2). In the text these are listed as “corrected”
ages, rounded to the closest 0.1 ka, with the analytical lab-
oratory errors rounded up to the nearest 0.1 ka. No such
subtraction was made for the PSL ages.

All of the foregoing assumes that the measured signals
from the feldspars contain no significant uncorrected anom-
alous-fading component. Certain feldspars, notably those

from volcanic regions (Aitken, 1985, 1998) have an unstable
signal that cannot be removed by laboratory preheating, such
as we employed here (Berger, 1994; Ollerhead et al., 1994).
However, as mentioned in the text (Melville Gap site), there
is widespread evidence that significant age underestimation
arising from uncorrected anomalous fading is a regional ef-
fect, that it is less serious for multialiquot samples than for
single-aliquot and single-grain samples, and that our study
region is not likely to yield multialiquot samples having this
problem. Furthermore, it is unlikely that such an effect
would be as dramatic in Holocene 14C dates reported in our
text for the Melville Gap site.
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